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Key Points:

« The 2024 Mw 7.5 Noto Peninsula earthquake involves a multi-segmented rup-
ture sequence on differently oriented faults

« A long and quiet initial rupture domain coincides with the preceding earthquake
swarm region

* Fluid-induced earthquake swarms and segmented fault network control the com-
plex earthquake rupture growth

Abstract

A devastating earthquake with moment magnitude 7.5 occurred in the Noto Peninsula,
central Japan. We estimate the rupture evolution of this earthquake from teleseismic
P-wave data using the potency-density tensor inversion method, which can give spatiotem-
poral slip distribution including the information on fault orientations. The result shows
a long and quiet initial rupture phase, which overlaps the regions of the preceding earth-
quake swarms and the associated aseismic deformation. The following three major rup-
ture episodes evolve on segmented, differently oriented faults, which are bounded by

the initial rupture region. The irregular initial rupture process followed by the multi-
scale rupture growth are considered to be controlled by the preceding seismic and aseis-
mic processes and the geometric complexity of fault system. Such a discrete rupture sce-
nario, including the triggering of an isolated fault rupture, add critical inputs on the as-
sessment of strong ground motion and associated damages for future earthquakes.

Plain Language Summary

On 1st January 2024, a moment magnitude 7.5 earthquake occurred in the northern Noto
Peninsula, Japan. The strong ground motion and tsunami associated with the earthquake
caused severe damage to the buildings and infrastructures, resulting in at least 241 causal-
ities in the affected areas as of writing this paper. The Noto Peninsula is affected by northwest-
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southeast compression, and the active reverse faults are known along the northern coast
of the peninsula and the offshore region. Before the 2024 earthquake, the source region
has experienced long-lasting earthquake swarm activity, which is a set of seismic events
without an obvious mainshock-aftershock pattern. Our seismological analysis finds that
the earthquake rupture is characterized by a series of three different rupture episodes
on differently oriented fault segments, following the 10-s long initial rupture episode
around the hypocenter, which overlaps with the swarm region. The 2024 Noto Penin-
sula earthquake highlights a multi-scale rupture growth across the segmented fault net-
work, following a very quiet initial rupture process that is controlled by the preceding
earthquake swarms and the associated aseismic deformation related to the fluid injec-
tion from depth. The rupture process advances our understanding of earthquake source
physics, leading to a better assessment of future earthquake hazards.

1 Introduction

A growing observational evidence has unveiled diverse earthquake rupture behav-
iors, which showcase for example, multiplex triggering ruptures (Meng et al., 2012; Hicks
& Rietbrock, 2015; Fan et al., 2016; Vasyura-Bathke et al., 2024), transient rupture de-
celeration and acceleration (Bao et al., 2019; Ding et al., 2023), or an apparent backward
rupture propagation (Hicks et al., 2020; Vallée et al., 2023). Configuration of a complex
fault network can be a key driver of multi-scale cascading ruptures with alternate rup-
ture directions (Yamashita, Yagi, & Okuwaki, 2022; Ohara et al., 2023; Okuwaki et al.,
2023). Even without apparent geometric complexity of fault system, complicated by-
passing or boomerang-like rupturing can be induced by inhomogeneous barriers on the
fault surface due to heterogeneous fracture energy or strength (Hicks et al., 2020; Yagi
et al., 2024). Complex rupture sequences on differently oriented faults can impact gen-
erating strong ground motion (e.g. Aochi & Madariaga, 2003; Chu et al., 2021; Yagi et
al., 2023; Taufiqurrahman et al., 2023). Robust estimates of diverse rupture behaviors
are beneficial for our better understanding of earthquake-source physics, which also adds
critical inputs into better assessment of earthquake hazards, especially when it involves
a complex fault network within heterogeneous media.

Noto Peninsula in central Japan (Fig. 1) is one such environment. Active faults are
distributed in the off-shore region along the northern coast of the peninsula, forming
a segmented fault network (AIST, 2012). The active faults are characterized by reverse
faulting resulted from northwest-southeast oriented compression, which are considered
to the ones re-activated under inversion tectonics from normal faulting formed at the
opening event of the Japan Sea before 15-20 Ma (e.g. Sato, 1994; Okamura et al., 1995).
It is not rare to have modest to large magnitude (M) 6 class earthquakes in this region;
recent major events were the 2007 M 6.9 and the 2023 M 6.5 earthquakes (Japan Me-
teorological Agency, 2024; Hiramatsu et al., 2008; Yoshida, Uno, et al., 2023) (Fig. 1).
The 2023 M 6.5 event, which occurred in the northern tip of the peninsula, was preceded
by the long-lived earthquake swarms from early November 2020 (Amezawa et al., 2023;
Yoshida, Uno, et al., 2023; Yoshida, Uchida, et al., 2023; Kato, 2024; Shelly, 2024). Geode-
tic analyses suggest a series of transient aseismic to seismic deformation from deep to
shallow domains, that is aseismic deformation caused by fluid spread from depths, which
triggered up-dip earthquake swarm activity (Nishimura et al., 2023). Thus, the Noto Penin-



sula provides an intriguing environment that can cause earthquake rupture under ge-
ometrically complex fault segments and spatially heterogeneous strength fields due to
existence of fluids.

On January 1st, 2024, a moment magnitude (My) 7.5 earthquake occurred in the
northern Noto Peninsula, Japan (Japan Meteorological Agency, 2024) (Fig. 1). The 2024
Noto Peninsula earthquake has severely affected people and infrastructures due to strong
shaking, leaving at least 241 causalities as of March 5, 2024 (Fire and Disaster Manage-
ment Agency, 2024). The global centroid moment tensor (GCMT) project (Dziewonski
et al., 1981; Ekstrom et al., 2012) finds the earthquake is characterized by reverse fault-
ing due to northwest-southeast oriented compression. Aftershocks determined by the
Japan Meteorological Agency (Japan Meteorological Agency, 2024) extend out about 150
km in the northeast-southwest direction, slightly changing the strike with a subtle S-
shaped curve (Fig. 1). Dipping directions of the aftershocks are not obvious, but they
roughly show a southeast-dipping in the western side of the epicenter, while northwest-
dipping in the eastern side (Fig. S1). The Synthetic Aperture Radar (SAR) data (Geospatial
Information Authority of Japan, 2024) shows major two patches of deformation in the
western side of the epicenter, including up to around 4 m vertical displacement. Tsunami
has also been recorded at the gauges along the coast (Fujii & Satake, 2024; Mizutani et
al., 2024; Kutschera et al., 2024).

These early observations collectively suggest that the mainshock fault geometry
is not as simple as defined by a sole rectangle plane, but has curved and/or segmented
planes, which stimulates us to know how the earthquake rupture is related to the ge-
ometric complexity of faults. It is inherently challenging to understand a causal rela-
tionship between rupture evolution and geometric feature of faults in an observational
basis, because an inappropriate assumption of fault geometry, which is one of the ma-
jor sources of modeling errors, can easily bias the solution, making it difficult for robust
interpretation of source processes (e.g. Ragon et al., 2018; Shimizu et al., 2020). Here
for the analysis of the 2024 Noto Peninsula earthquake, we apply a recently developed
potency-density tensor inversion (PDTI) method, which can flexibly estimate rupture
evolution without strong assumption on fault geometry (Yagi & Fukahata, 2011; Shimizu
et al., 2020; Yamashita, Yagi, Okuwaki, Shimizu, et al., 2022). We discuss a multiplex
rupture sequence across the segmented fault network and its relation to the preceding
earthquake swarm, which control the nucleation process and irregular rupture behav-
ior of the 2024 Noto Peninsula earthquake.

2 Data and Methods

Inappropriate assumption of fault geometry is one of the major sources of mod-
eling errors in a finite-fault inversion (Ragon et al., 2018; Shimizu et al., 2020; Dutta et
al., 2021). One can assume a realistic fault geometry by prescribing a single or multi finite-
fault planes guided by active faults, slab geometry models, or aftershock distributions,
which however is not necessarily the true fault geometry that hosts the co-seismic rup-
ture of interests. Especially the conventional finite-fault inversion method requires to
strictly force the fault slip vectors to span the prescribed model surface, which is a strong
constraint that may induce modeling errors when the assumption of fault geometry is



inappropriate, leading to bias in both the modeling and interpretation. A recently de-
veloped PDTI method (Shimizu et al., 2020) solves for the potency-rate density tensor
distribution by alternatively representing a fault slip as a composite of five-basis mo-

ment tensors (e.g. Kikuchi & Kanamori, 1991), which is independent of the prescribed
model fault plane and thus enables us to simultaneously estimate both the rupture evo-
lution and fault geometry. The flexible approach has helped avoid modeling bias, and

lead to robust modeling of the earthquake source processes, which has been proven ef-
ficient to model the diverse rupture processes over variety of tectonic environments or
unknown fault configurations (e.g. Shimizu et al., 2020; Tadapansawut et al., 2021; Okuwaki
& Fan, 2022; Yagi et al., 2023; Ohara et al., 2024).

For the 2024 Noto Peninsula earthquake, both the active faults and the aftershocks
show spatial changes of fault strike and dipping orientation (Figs. 1 and S1). Such fea-
tures motivate us to use the PDTI method to analyze the source process of the 2024 Noto
Peninsula earthquake. We echo here that our PDTI approach does not need a strict as-
sumption about the fault geometry; the adopted model space geometry (model fault)
does not necessarily coincide with the actual fault geometry. Such a flexible represen-
tation of earthquake sources can be made by projection of intrinsically volumetric dis-
tribution of potency-rate density tensors onto a 2-D model faults (Shimizu et al., 2020).
Teleseismic body waves have rich information about source evolution, including the vari-
ation of focal mechanisms (Kikuchi & Kanamori, 1991; Shimizu et al., 2020, 2021), whilst
the spatial resolution is relatively low compared to other near-field datasets (e.g. SAR).
The PDTI method using the teleseismic body waves is not very sensitive to the error of
source location, which is in turn a theoretical ground that our PDTI approach does not
require strict assumption of fault geometry. However still, the dipping angle of model
geometry may affect the final solution, as the Green’s function changes in depth. Because
of that, the horizontal location of slip can vary according to the horizontal location and
the dip direction of model faults. In this study, we build source models upon alterna-
tive two model faults (Fig. S1): (1) a twin model fault with a composite of southeast and
northwest dipping planes (strike/dip: 55°/35° and 225°/35°) and (2) a single model fault
with a southeast dipping plane (55°/35°). For the twin model fault, fault lengths are 95 km
in the western section and 55 km in the eastern section. For the single model fault, the
fault length is 150 km. For both the models, a fault width is 35 km, and the model faults
are discretized into 5 km x 5 km subfaults both along the strike and dip directions. In
the following, we primarily focus on the result of the twin model fault, but we will dis-
cuss in the later section how this model setup may affect the solution and our interpre-
tation of the source process of the 2024 Noto Peninsula earthquake.

We adopt a hypothetical model rupture front that defines a timing of rupture ini-
tiation at each source element, propagating at 3.9 km/s based on the S-wave velocity
around the source region (Table S1), which is fast enough to allow various rupture sce-
narios. We represent a slip time function at each source element by a series of linear B
splines at 0.6-s interval. We set a duration of the slip time function at each source el-
ement from the hypothetical rupture initiation to the rupture termination, which is set
45 seconds later from the start of this earthquake. Such a wide model space enables us
to flexibly represent potentially irregular rupture or slip behaviors, including the mul-



tiple peaks of slip, reverse migration of rupture front or re-rupture at a certain source
point.

We use a vertical component of the teleseismic waveforms at 32 globally operated
broadband stations via the SAGE Data Management Center (Fig. 1). The data are selected
based on clear P-wave arrivals that can be reliably picked and on a good azimuthal cov-
erage (e.g. Okuwaki et al., 2016). The data are then resampled at 0.6 s interval after re-
moving instrumental responses, and converted into velocity. Green’s functions are cal-
culated based on the method of Kikuchi and Kanamori (1991). The structural velocity
model of the ak135 (Kennett et al., 1995) is adopted for near the source region to cal-
culate the Green’s functions. The selection of the velocity model is evaluated by adopt-
ing an alternative model of the CRUST 1.0 (Laske et al., 2013) (Table S2); we find that
the selection of the velocity model does not significantly affect the solution (Fig. S2). The
JMA registers the information of the mainshock as the JMA magnitude (Mja) 7.6 at
37.496°N, 137.271°E at 2024-01-01 07:10:22 (UTC), but preceding that event, they also
register the Myya 5.9 foreshock at 37.508°N, 137.230°E at 2024-01-01 07:10:09 (UTC)
(Japan Meteorological Agency, 2024). After inspecting the teleseismic dataset, clearer
onsets of P waves can rather be identified for the signals associated with the preceding
event. Thus, we regard both the My 5.9 and 7.6 events as a series of the mainshock
sequence, and an initial rupture point (hypocenter) is adopted as 37.508°N, 137.230°E,
and 12 km depth for our modeling of the 2024 Noto Peninsula earthquake.

3 Results

As shown in Figs. 2—4, the source model built by the PDTI for the 2024 Noto Penin-
sula earthquake shows a series of discrete rupture episodes: E1, E2, and E3, which fol-
lows a long (about 10 s) and quiet initial rupture episode EO around the hypocenter. The
timing and location of these rupture episodes can be referred to Fig. 4. The total seis-
mic moment is 2.5x102° N m (My 7.5). The general faulting mechanism extracted from
the space-time integration of all the potency-rate density tensors is characterized by re-
verse faulting with northwest-southeast compression (Fig. 1), but involving consider-
able changes of fault geometry in space and time, which will be described below. In this
section, we primarily focus on the result built upon the twin model fault. We empha-
size here in advance that both the models of the single and twin model faults share com-
mon features of rupture evolution and fault geometry with comparable data fits (Figs. S7
and S8). The discrepancy of these models that may affect interpretation of the results
will be discussed in the Discussion section.

3.1 A quiet initial rupture episode: EO

During the first 10 s after the origin time, there is a minor initial rupture episode
around the hypocenter, which corresponds to 1% of the total seismic moment (Myy 6.3).
The best-fitting double couple solution extracted from the resultant potency-rate den-
sity of this episode shows reverse faulting with the strike of 68° at the maximum loca-
tion of the potency rate. The rupture direction is not clearly inferred, but mainly prop-
agates toward west from the hypocenter (Fig. 2).



3.2 A minor rupture episode: E1

From 10 s after the origin time, a higher potency-rate event than the E0 begins around
from 0 km to 40 km west from the hypocenter; this episode continues until 24 s. The
strike angle extracted from the potency-rate density tensors of this episode is 55° at the
maximum location of the potency rate, which is the same as the strike angle (55°) of the
corresponding section of the model fault (Figs. 3 and 4). The E1 ruptures mostly a shal-
low domain (< 15 km).

3.3 A major rupture episode in the western section: E2

In the western section of the model fault, a major event occurs from 25 s to 36 s
after the origin time. It extends from around 0 km to 65 km west of the hypocenter. The
strike angles during the E2 rotate counter-clockwise from those in E1 toward the north-
south direction with a range of 21° to 48° (Fig. 4). The strike at the maximum location
of the potency rate is 37°. This E2 event ruptures up to 20 km in the depth, which is deeper
than the E1.

3.4 A major rupture episode in the eastern section: E3

At almost the same timing as E2, another major rupture episode E3 occurs in the
eastern section during 26-34 s. It extends from 10 to 60 km east of the hypocenter. The
strike angles during the E3 also rotate counter-clockwise from those in E1 with a range
from 215° to 224°, which are more aligned than during the E2 (Fig. 4); the strike at the
maximum location of the potency rate is 215°. Note that for E3, the strike angle is se-
lected from the ones of the double-couple solution that is close to the northwest-dipping
model plane. As discussed in the later section, the highest potency rate is generally ob-
tained in the shallow part for both the twin and single fault models; because of the al-
ternate dipping sense of the model faults, the twin fault model finds the highest potency
rate close to the southern side of the model fault, whilst the single model finds it to the
northern side of the model fault (Figs. 4, S4 and S6). The rupture becomes suddenly faint
after 34 s, with a minor moment-rate release during 38 to 42 s.

4 Discussion
4.1 Discrete rupture episodes robustly estimated against model setups

As described in the preceding section, the source process of the 2024 Noto Penin-
sula earthquake can be characterized by spatiotemporally segmented multiple rupture
episodes. Our model finds the rupture episodes in the western (E1, E2) and eastern (E3)
model domains are separated by the hypocenter region, which only hosts the minor ini-
tial rupture episode E0. In order to evaluate if such a discrete nature of rupture process
is artificially made by the segmented domains designed for the twin model fault, we per-
form the same inversion procedure, but using an alternative model fault geometry com-
posed of a single southeast-dipping plane without imposing any prescribed segments
(Figs. S3-S5). Even in this case, the subtle initial rupture episode (E0) is robustly esti-
mated, which is followed by the E1 and E2 rupture episodes in the western side. The
near-field records from the local stations show the relatively larger amplitude at the sta-



tion in the western side of the epicenter (Fig. S11), which may indicate a directivity of
rupture during the first 10 s and be consistent with the westward rupture direction of

the EO. The E3 is also found in the eastern section across the hypocenter. The strike changes
among the rupture episodes are similar to what has been estimated for the twin fault
model; the strike orientations of both E2 and E3 rotate counter-clockwise from the ref-
erence model strike (55°) (Fig. 4). These common features retrieved from the two dif-

ferent model setups suggest that the segmented rupture episodes separated by the hypocen-
ter are robust features of the 2024 Noto Peninsula earthquake.

A significant difference of the results among the two models is their slip locations
in the eastern section. For the twin fault model adopting the northwest-dipping segment
in the east, the highest potency rate locates in the south-eastern side of the eastern fault,
whilst the single fault model finds the highest potency rate in the north-western side
(Fig. S6). Here, it should be noted that our modeling approach leaves an ambiguity of
the dipping sense, mostly due to the lower spatial resolution of the teleseismic data, com-
pared to those of the near-field data sets. Absolute slip locations will still need to be fur-
ther evaluated with the other data sets that have enough sensitivity to the slip location,
such as tsunami data, although this is beyond the primary scope of this study. Our ap-
proach is advantageous to robustly estimate rupture evolution and the fault geometry
changes against a selection of model setup. Also this exercise adopting conjugate dip-
ping planes suggest that our modeling approach can constrain the rupture depth, which
shows concentration on the shallower domain for both the model faults.

4.2 Control of rupture behavior due to preceding earthquake swarms

Our source model shows the initial rupture episode (E0Q) is quiet and lasts 10 s be-
fore the main rupture initiates. As mentioned in the Data and Methods section, we re-
gard the preceding M\ 5.9 and the subsequent Mo 7.6 events as one continuous earth-
quake. The near-field strong motion records show the My 5.9 event had an unusu-
ally long duration, when compared with other similar-sized events, and did not termi-
nate before the My 7.6 event initiated (Fig. S11). An irregular initial rupture phase
has been observed for other earthquakes (e.g. Ellsworth & Beroza, 1995; Abercrombie
& Mori, 1994), although the 10-s duration of our EO episode is longer than most cases
documented in the literature. One exception is the 2014 My 8.1 Iquique, Chile, earth-
quake, which has a long (20 s) initial rupture phase (e.g. Yagi et al., 2014), and was pre-
ceded by 2-weeks long swarm-like foreshock activity (e.g. Ruiz et al., 2014; Kato & Nak-
agawa, 2014). These observations then raise the question of what environment fosters
the development of such rupture behavior observed for the 2024 Noto Peninsula earth-
quake.

The northern tip of the Noto Peninsula near the hypocenter of the 2024 Noto Penin-
sula earthquake has experienced long-lived earthquake swarm activity since early Novem-
ber 2020, which seemingly ended up by the adjacent M 6.5 earthquake on May 5, 2023
(Amezawa et al., 2023; Kato, 2024) (Figs. 1 and S9). Geodetic studies find aseismic crustal
deformation accompanies the swarm activity, suggesting upwelling fluid migration from
around 16 km depth to the shallow permeable fault zone, which triggers a series of dif-
fusive aseismic processes to seismic deformation (Nishimura et al., 2023). The E0 do-



main overlaps the earthquake swarm region, and the eastern edge of E1 coincides with
the western edge of the swarm region (Figs. 3 and 4). It is likely that the E0 domain has
experienced strain release preceding the mainshock due to the fluid-induced earthquake
swarms and the associated aseismic deformation, which has left an unfavorable envi-
ronment for spontaneous fast rupture with large stress drop. Such a development prior
to the mainshock is considered to be the cause of the long-lasting initial rupture phase
of E0. Earthquake-swarm activity has often been interpreted to be associated with aseis-
mic slip and/or fluid migration (e.g. Vidale & Shearer, 2006; Shelly et al., 2016; Fukuda,
2018; Ross et al., 2020; Nishikawa et al., 2021; Im & Avouac, 2023), which has been eval-
uated with numerical simulations under variable physical conditions (e.g. Zhu et al.,
2020; Dublanchet & De Barros, 2021; Wang & Barbot, 2023). For example, the model
incorporating permeability changes predicts fluid-driven aseismic slip and swarm seis-
micity, together with fluid pressurization ascending through the seismogenic zone, which
can eventually lead to a large earthquake (Zhu et al., 2020). Here the 2024 Noto Penin-
sula earthquake should provide an additional observational evidence that the co-seismic
rupture process itself is also controlled by the preceding fluid-induced swarms, which
contributes to the irregular initial rupture phase and the following multiplex rupture
episodes across the swarm region (Figs. 2-4).

4.3 Triggering of segmented fault ruptures

We observe changes of strike orientations among the rupture episodes: relatively
east-west orientations for the E1 in the central section and relatively north-south ori-
entations for the E2 and E3 in the western and eastern sections. Such changes of strike
are robustly retrieved even when adopting the different model fault geometry (Fig. 4);
in addition, the changes of strike are also consistent with the aftershock distribution (Japan
Meteorological Agency, 2024) and the surface displacement pattern observed in the in-
land by SAR (Geospatial Information Authority of Japan, 2024). The distinct features
of strike orientations suggest that E1 and E2 ruptures the differently oriented fault seg-
ments, which evolve from the smaller scale E1 to the larger scale E2. Such a multi-scale
rupture growth controlled by geometric features of the fault system is similarly observed
during the 2023 Tiirkiye and Syria earthquake doublet (e.g. Okuwaki et al., 2023). We
note that the duration of the western rupture (E1 + E2) is longer than that for the east-
ern rupture (E3) (Fig. 2b). The strike orientations in the western section displays a wider
range of variability than in the eastern section (Figs. 4 and S10). Although for conve-
nience we narrate our results by defining rupture episodes (e.g. E2), given the consid-
erable variability of the fault geometry seen during E2, the E2 domain is not necessar-
ily a single fault, but more likely to be multiple faults that take a longer time to be rup-
tured, which may be related to the complex aftershock distribution in the western side
of the peninsula (Fig. 1).

The E3 rupture is isolated from the other episodes, and a rupturing path either from
the hypocenter or other episodes is not obvious from our solution. Although it is gen-
erally difficult to rigorously estimate rupture speed from our solution due to the lim-
ited spatial resolution and smoothing effects, we note an apparent migration speed from
El to E3 is roughly estimated at ~3.4 km/s that is close to the S-wave speed around the
source region (e.g. Table S1). The distant rupture episodes such as E1 possibly contribute



to dynamic disturbances on the E3 domain and resultant rupture. As discussed in the
previous subsection, the absolute location of slip and dipping direction for E3 are dif-
ficult to be uniquely determined solely by our modeling using the teleseismic data, but
the northwest-dipping E3 rupture found on the twin fault model likely corresponds to
one of the potential tsunami source faults recognized by the Ministry of Land, Infras-
tructure, Transport and Tourism (MLIT) and Japan Sea Earthquake and Tsunami Re-
search Project before the 2024 Noto earthquake (Ministry of Land, Infrastructure, Trans-
port and Tourism, Japan, 2014). So far, such a tsunami scenario fault has been proposed
to be ruptured individually, and a triggering or simultaneous rupture along with other
adjacent scenario faults with considerably different fault geometry were not specifically
supposed. However, multiplex rupturing across a complex fault network or segmented
multi-fault triggering has been reported for earthquakes in variable tectonic environ-
ments (e.g. Kuge et al., 1996; Satriano et al., 2012; Fan et al., 2017; Nissen et al., 2016;
Hamling et al., 2017; Lay et al., 2018; Yamashita, Yagi, & Okuwaki, 2022; Vasyura-Bathke
et al., 2024), which results in diverse rupture behaviors, including the rupture of faults
with conjugate dip directions and the apparent backward rupture propagation.

As shown in the Results section, the E2 and E3 occur almost simultaneously, but
separated by the preceding earthquake swarm region around the hypocenter. This com-
plicates the apparent rupture directions of the 2024 Noto earthquake; that is, the rup-
ture firstly propagates toward west from the hypocenter, then, it apparently goes toward
both west and east of the hypocenter, resulting in the separated E2 and E3 with a change
of the dip direction across the hypocenter. The regions of the preceding earthquake swarm
and the 2023 M 6.5 source area around the 2024 hypocenter did not completely work
as the barriers that stop the 2024 ruptures. This may add critical inputs when consid-
ering earthquake hazards in a context of short-term assessment after a series of notable
events (e.g. geodetically detected aseismic deformation, intense earthquake swarms, and
a major earthquake). The 2024 Noto Peninsula earthquake suggests the triggering of seg-
mented fault ruptures with an opposite dip direction. It would be essentially important
to comprehensively consider interaction with preceding seismic or geodetic activities
when assessing future earthquake hazards.

Conclusions

We find a series of discrete rupture episodes on the differently oriented fault seg-
ments for the 2024 Noto Peninsula earthquake. The 10-s long quiet initial rupture do-
main overlaps the preceding earthquake swarm region, which hosts the irregular nu-
cleation process that leads to the following dynamic instabilities of the major ruptures.
The multi-scale rupture growth are controlled by the complex fault network and the het-
erogeneous source environment that is highlighted by the swarm activity and the as-
sociated aseismic deformation. A possibility of co-ruptures of the segmented faults or
triggering of isolated fault rupture with different fault orientations add critical inputs
into better assessment of future earthquake hazards.
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Figure 1. Summary of the study region of the 2024 Noto Peninsula earthquake. (a) The star
denotes the epicenter. The beachball shows the estimated total moment tensor obtained by the
integration of all the potency-rate density tensors. The black circles show the 24-hour aftershocks
(Japan Meteorological Agency, 2024). The cross markers show the past major events. The shaded
area show the regions of the 2020-2023 earthquake swarms (pink) and the 1-week aftershocks

of the 2023 M 6.5 earthquake (gray) based on the Gaussian kernel-density estimates (> 5% of the
normalized density). The red lines are the active faults (AIST, 2012). The topography is from SRT-
MGLI1 tiles (NASA JPL, 2013). (b) The regional map of the study region. The rectangle shows the
area of Fig. 1a. (c) The station distribution (triangles) used for the analysis. The star denotes the

epicenter. The dashed circles show the epicentral distances.
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Figure 2. (a) The potency density tensor distribution, calculated by the integration of the
potency-rate density tensors with respect to time. The star shows the hypocenter, which gives

the initial rupture point. The rectangle outlines the regions of model faults. The thick black lines
represent the top of the model faults. The black contour outlines potency every 1.1 m. (b) Potency-
rate density evolution projected along the line of each model strike. The star represents the initial
rupture point. The dashed rectangles highlight the notable rupture domains that are displayed in

Figs. 3 and 4. The lines of Vp and Vg show the P and S wave speeds from the near-source structural

model (Table S1). 1o
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Figure 3. Selected snapshots of the strike orientations, extracted from the corresponding
potency-rate density tensors. The bar represents the strike orientation, which is one of the two
possible nodal planes of the best-fitting double couple solution that minimizes the inner product of
fault-normal vectors of the candidate plane and the corresponding model plane. The bar length is
scaled with the potency rate. The full snapshots of the potency-rate density tensor distribution can

be seen in Movie S1.

-13-



(a)

E2 otwin E1 E3
80 osingle 80 A 80 -
& 60 455° 60 - 3 °o 60
"B [T T o 8 '3';"0'"""; """"""""""""""
+ o o
540'80.'80 404 © o oo°:4o o o
fa E B fo) _
o 89 o b o b © 8 o 0o0® §
g o0 b S o o (e )¢
@ 20 1 © | 20+ 201
q
0 T T 0 T T 0 T T
25 30 35 10 15 20 26 29 32
Time (s) Time (s) Time (s)
(b)

38.0°N - @23 aftershock
52020—2023 swarm

[ —
15 26 36

Time (s)

37.5°N A

«EO0-»—E1— <E2—
L@ 2qf HeE3s |
CECOL LN
£z M
g2 1 i ‘
s |
=X
O T T T
37.0°N A 0 20 40
Time (s)
136.5°E 137.0°E 137.5°E

Figure 4. (a) The evolution of strike orientations for the twin and single fault models, focusing
on the E1-E3 rupture episodes. (b) The summary of potency-rate density distributions and the
corresponding strike orientations. The colored contours show the areas of > 50% of the maximum
potency rate from 15 to 36 s in the western segment and from 26 to 33 s in the eastern segment.
The bar represents the strike orientation for the maximum potency rate in the corresponding time

window. The inset shows the moment rate function.
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Table S1.
model (Kennett et al., 1995).

Near-source structure used for calculating Green’s functions, adopted from ak135

Vp (km/s) Vs (km/s) Density (g/cm3) Thickness (km)
5.80 3.46 2.45 20.0
6.50 3.85 2.71 15.0
8.04 4.48 3.30 - (below moho)

Table S2. Near-source structure used for calculating Green’s functions, adopted from CRUST1.0

model (Laske et al., 2013).

Vp (km/s) Vs (km/s) Density (g/cm3) Thickness (km)
6.00 3.50 2.72 6.22
6.60 3.80 2.86 7.92
7.10 3.90 3.05 13.20
7.70 4.29 3.17 - (below moho)

380N

375N

370N

Qus1
Susi
o Mal
o M3

Depth (km)

136.0°F 1365 137.0 137.5% 138.0°F 136.0°F 1365 137.0% 137.5% 138.0°F

Figure S1.

1360

136.5°F 137.0%

are the locations of source elements. The star shows the initial rupture point. The black circles

show the 24-hour aftershocks (Japan Meteorological Agency, 2024). (c) The 24-hour aftershocks

(Japan Meteorological Agency, 2024) colored by depth.

Model geometries for the (a) twin and (b) single fault models. The blue and pink dots
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the inner product of fault-normal vectors of the candidate plane and the corresponding model
plane. The lower panel shows the summary of the selected snapshots of the potency-rate density

distribution and the strike orientations. The figure style and legends are the same as Fig. 4. The full

snapshots can be seen in Movie S2.
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Figure S7. Waveform fits of the twin fault model. The black and red traces are the observed and
synthetic waveforms. The station code and channel, the maximum amplitude of observed wave-
form, the station azimuth (¢), and the epicentral distance (A) are shown on the left of each panel.
The bottom map is an azimuthal equidistant projection of the station distribution (triangle). The

star shows the epicenter. The dashed lines are the epicentral distances at 30° and 90°.
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Figure S8. Waveform fits of the single fault model. The black and red traces are the observed and
synthetic waveforms. The station code and channel, the maximum amplitude of observed wave-
form, the station azimuth (¢), and the epicentral distance (A) are shown on the left of each panel.
The bottom map is an azimuthal equidistant projection of the station distribution (triangle). The

star shows the epicenter. The dashed lines are the epicentral distances at 30° and 90°.
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Figure S9. Summary of the 2020-2023 earthquake swarms (from 2020-11-01T00:00:00 to 2023-
05-05T05:42:04 (UTC)) and the 2023 M 6.5 aftershocks (from 2023-05-05T05:42:04 to 2023-05-
12T05:42:04 (UTC)) (Japan Meteorological Agency, 2024) with My > 1. The dots show the epi-
centers. The contours show the regions of the 2020-2023 earthquake swarms (blue) and the 1-week
aftershock of the 2023 M 6.5 earthquake (gray) based on the Gaussian kernel-density estimates,
delimiting the areas with > 5% of the normalized density. The star shows the initial rupture point

adopted for the source process modeling for the 2024 Noto Peninsula earthquake in this study.
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Figure S10. Spatiotemporal distribution of the strike orientations. (a) The abscissa is a distance
from the initial rupture point along each model strike, and the ordinate is a strike orientation (a re-
mainder of dividing the strike angle by 180°). The strike orientation is extracted from the resultant
potency density tensor, selected from the one of the two possible nodal planes of the best-fitting
double couple solution that minimizes the inner product of fault-normal vectors of the candidate
plane and the corresponding model plane. The star represents the initial rupture point. (b) The ab-
scissa is a time from the origin time, and the ordinate is a strike orientation. The dashed rectangles

highlight the notable rupture domains that are displayed in Figs. 3 and 4.
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Figure S11. Compilation of the near-field records from the NIED K-NET and KiK-net (National
Research Institute for Earth Science and Disaster Resilience, 2019b). The map shows the stations
(triangles) and the JMA epicenters (stars) (Japan Meteorological Agency, 2024). The beachballs

on a map show the lower-hemisphere projection of the moment tensors from the available NIED
F-net moment tensor catalog (National Research Institute for Earth Science and Disaster Resilience,
2019a, 2024). The inset beachball shows the lower-hemisphere projection of the moment tensor
obtained from the potency-rate density tensor for the maximum potency-rate density during the
EO episode (Fig. 2). The lower panels show the highpass (0.05 Hz) filtered vertical component of
velocity records for the 2024 Noto Peninsula earthquake (second row) and other two earthquakes
with similar sizes (third and fourth row). The red dashed line denotes the first phase arrival of the
corresponding event. The black dashed line marks the relative origin time (13.03 s) between the

Mjma 5.9 (2024-01-01) and 7.6 events.
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Movie S1. Snapshots of the potency-rate density tensor distribution from the twin fault
model. https://rokuwaki.github.io/geol/tmp/2024_royyamyf_eartharxiv_movieS1l.mp4

Movie S2. Snapshots of the potency-rate density tensor distribution from the single fault
model. https://rokuwaki.github.io/geol/tmp/2024_royyamyf eartharxiv_movieS2.mp4
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