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Abstract

Major intraplate earthquakes pose a substantial threat to nearby inhabited regions, but their rupture characteris-

tics are often unclear due to limited observations. The 2024 Mw 7.5 Noto Peninsula earthquake in Japan, recorded

by numerous near-fault strong-motion seismometers, high-rate GNSS, and satellite data, presents a unique opportu-
nity to investigate fault rupture evolution and the resulting strong ground motions in detail. Using kinematic rupture
modeling, we developed a source model that reproduces SAR-based and GNSS data, as well as near-fault velocity
and displacement waveforms with periods longer than 4 s. Our approach integrates 3D velocity and inelastic attenua-
tion models for Japan, incorporating regional topography and bathymetry. To reduce the number of unknown param-
eters, we used an a priori fault slip model derived from SAR and GNSS data and fixed the fault geometry and final

slip distribution, adjusting only the rupture timing and rise time of individual fault segments. The preferred source
model reveals multiple slip episodes and intricate rupture evolution, including a backward-propagating rupture
toward the mainshock hypocenter likely triggered by abrupt changes in local fault geometry. The mainshock hypo-
center and subsequent rupture initiations occur in areas of increased shear stresses along the periphery of the pre-
ceding swarm activity. These subsequent ruptures propagated bilaterally along southwestern and northeastern fault
segments with rupture speeds ranging from 1.4 to 2.1 km/s, slower than those of other intraplate thrust earthquakes
of similar magnitude. The southwestward rupture broke large slip asperities (up to ~ 10 m) on non-planar fault seg-
ments offshore Monzen, where the coseismic uplift was ~ 4 m. Our results suggest that the 2024 Noto Peninsula
earthquake is a remarkable example of a complex intraplate earthquake involving multi-segment rupture with mul-
tiple slip episodes, providing important insights into the physics of rupture propagation and the resulting ground
motions.
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1 Introduction

On January 1st, 2024, at 7:10 UTC, a powerful earth-
quake with a moment magnitude (Mw) of 7.5 struck the
Noto region in Ishikawa Prefecture, Japan. According
to the Japan Meteorological Agency (JMA), a Mjna5.9
foreshock occurred at 07:10:09.5 UTC, 13 s before the
Mijma7.6 mainshock at 07:10:22.5 UTC. The mainshock
resulted in the tragic loss of 462 lives (including disaster-
related deaths) and left 1345 individuals injured (Fire and
Disaster Management Agency 2024) as of November
26th, 2024 The earthquake also triggered a tsunami with a
maximum amplitude of 1.4 m (Fujii and Satake 2024) and
caused up to 4 m of coastal uplift in the western part of
the region (Ma et al. 2024; Masuda et al. 2024). The main-
shock rupture extended approximately 160 km, from the
northwestern Noto Peninsula to offshore regions in the
northeast, as indicated by aftershock distribution pat-
terns (Yoshida et al. 2024). Extensive data sets, including
records from strong-motion sensors, GNSS stations, and
satellite observations, were collected, offering a valuable
opportunity for in-depth analysis of the rupture process
during the mainshock.

Prior to the mainshock, the source region had been
characterized by seismic swarm activity, as well as
moderate and large earthquakes. Active faults in the
Noto region, initially formed as normal faults during
the Japan Sea’s opening approximately 15 to 20 million
years ago, now predominantly exhibit reverse faulting
due to northwest—southeast compression (Okamura
et al. 1995; Sato 1994). A notable earlier event was a Mw
6.7 earthquake that occurred in 2007 in the northwest-
ern part of the Noto Peninsula (Asano and Iwata 2011;
Hiramatsu et al. 2008; Kato et al. 2008, 2011; Kato and
Obara 2014). Seismic activity in the epicentral region
began increasing in 2018 and intensified significantly
after 2020 (Amezawa et al. 2023; Yoshida et al. 2023).

This increase in activity has been attributed to fluid
upwelling through a shallowly dipping, permeable fault
zone at a depth of ~16 km (Nishimura et al. 2023). The
seismic swarm exhibited three key characteristics: ten
earthquakes with Mw greater than 4.0, the formation of
four seismic clusters, and diffusive hypocenter migra-
tion (Amezawa et al. 2023). In particular, the northern
and eastern parts of these clusters became particularly
active, with the largest earthquake of Mw 6.5 on May
5th, 2023 (Amezawa et al. 2023; Yoshida et al. 2023).
Several finite-fault source models have been pro-
posed to explain the 2024 mainshock. Shortly after the
event, the USGS released a finite fault model based on
the inversion of teleseismic body waves and GEONET
GNSS data (https://earthquake.usgs.gov/earthquakes/
eventpage/us6000mOxl/finite-fault). Using teleseismic
waveforms, Okuwaki et al. (2024) applied the potency-
rate density tensor inversion method, identifying a
series of discrete rupture episodes on differently ori-
ented fault segments during the mainshock. Ma et al.
(2024) developed a finite-fault source model through
a joint inversion of SAR-derived displacements and
GNSS horizontal offsets, and a back-projection method.
Their results indicated a very slow rupture speed of ~
0.5 km/s in the epicentral region accompanied by high-
frequency radiation. Similarly, Xu et al. (2024) applied
back-projection and finite-fault inversion techniques,
revealing notable complexity during the initial stages of
rupture. Their analysis identified two distinct rupture
initiations separated by 16 km and ~10 s, with the sec-
ondary rupture initiating at the opposite edge of an ~
14 m slip patch and propagating back toward the hypo-
center (Xu et al. 2024). While these models provide
valuable insights and fit their respective data sets well,
significant discrepancies remain between the finite-
fault slip models, likely due to differences in assumed
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fault geometry, simplified velocity structures, and
inherent non-uniqueness. The performance of these
models in explaining far-field vertical displacements is
also unclear, as their models either include only a few
GNSS sites or even exclude vertical displacements from
the inversion.

To address these issues, we develop a finite-fault
slip model based on a kinematic wavefield simulation
approach to explain the near-fault data. This method
accounts for the local 3D velocity structure, as well as
topography and bathymetry. Our source model integrates
strong-motion, GNSS, and SAR imagery data. In addi-
tion, we incorporate near-fault strong-motion records
that were not used in previous studies, offering a more
comprehensive understanding of the earthquake’s rup-
ture evolution.

2 Methods

To develop a kinematic source model that can reproduce
dominant signals observed in near-field waveform data,
we compute synthetic seismograms using the open-
source seismic wave propagation software SPECFEM3D
(Peter et al. 2011). Our approach employs 3D velocity
and attenuation models of the relevant region (Koketsu
et al. 2012) (Fig. S1), incorporating both topography
and bathymetry. Sea water is not included in the com-
putational mesh. We adopt a finite-fault approach (e.g.,
Hjorleifsdottir et al. 2009; Holden et al. 2017), represent-
ing the spatiotemporal evolution of slip during the Noto
Peninsula earthquake using a series of point sources. The
model domain spans from 36.0° N to 38.0° N, 135.5° E to
139.0° E, with a depth range extending from the Earth’s
surface to 400 km. The average spacing between the com-
putational nodes is approximately 1.25 km on the Earth’s
surface and increases with depth. Absorbing boundary
conditions are applied at the lateral domain boundaries
to minimize artificial wave reflections.

To reduce the number of unknown variables in our
source model, we use the static slip model of Fukushima
et al. (2024) as a priori information, fixing both the fault
geometry and final slip distribution (Fig. 1a). The static
slip model is informed by SAR-based coseismic displace-
ments and GNSS measurements from both near- and far-
field regions, and it is also equally compatible with direct
coastal uplift observations from post-earthquake surveys
(Fig. S2). The fault geometry is based on mapped active
faults (Inoue and Okamura 2010), JMA’s mainshock
CMT solution, and 30-day relocated aftershocks (Fig.
S$3), with dip angles ranging from 40° to 60°. Various dip
angles of planar faults and a listric fault geometry were
evaluated against the geodetic data, among which the
adopted geometry yielded the smallest variance reduc-
tion [Table S3 of Fukushima et al. (2024)]. The model
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consists of seven planar fault segments, each discretized
into sub-faults measuring ~2.0 km by 1.75 km (Fig. 1a).
The static slip model identifies two major slip areas: one
near the mainshock epicenter and another near the west-
ern end of the peninsula, with a maximum coseismic slip
of ~10 m (Fig. 1a).

To construct a kinematic rupture model, we vary only
the distributions of local rupture arrival times and rise
times, while assuming the final slip distribution from
the aforementioned static slip model. The local rise time
(Tyise), measured in seconds, is assumed to be propor-
tional to the square root of the slip (D, in meters) accord-
ing to the relation Tyie = Crisev/D (Holden et al 2017;
Graves and Pitarka 2010), with the constant C;is set to
1.6 unless otherwise specified. The simulations are exe-
cuted on the Wisteria/BDEC-01 supercomputer at the
University of Tokyo, with each run taking ~3 min using
4 GPU cores. We verify the numerical resolution using a
mesh refined by a factor of 1.5 and find the resulting syn-
thetic seismograms to be virtually identical to the origi-
nal, ensuring a sufficient resolution.

We use strong-motion waveform data from the K-NET,
KiK-net, and JMA networks, collecting records from 38
stations (Fig. 1a). The acceleration data, sampled at 100
Hz, are integrated to derive velocity time series, which
are bandpass-filtered between 4 and 50 s. This filtering is
applied, because uncertainties in the local velocity struc-
ture prevent reliable deterministic modeling of higher
frequency waveforms. In addition, we incorporate unfil-
tered displacement data from three 1-Hz GNSS stations
near the mainshock faults to further validate the source
model.

3 Results

3.1 Parametric study

To quantitatively assess waveform similarity, we define
the misfit y as follows:

d—mp
2 " diim] )

n=1 i=1

N

1
X = 3N

where d is the observed waveform vector, m is the syn-
thetic waveform vector, | - | denotes Ly norm of a vector,
and the summation is taken over three components and
N stations (Kaneko and Goto 2022). Both observed and
synthetic velocity waveforms are resampled to 1 Hz for
the misfit calculation, excluding a few stations with data
gaps. Unless specified otherwise, we use the first 100 s
of velocity data from the origin time of the Mjm,5.9 fore-
shock (07:10:09.5 UTC), which occurred 13 s before the
Mima7.6 mainshock (07:10:22.5 UTC). This is because
the assumed final slip distribution includes contribu-
tions from the foreshock, and many waveform records in
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Fig. 1 a Slip distribution and fault geometry as determined from the inversion of geodetic data (Fukushima et al. 2024). Inverted triangles denote
strong-motion stations from K-NET (purple), JMA (blue), and KiK-net (brown), labeled with the last four station digits. The yellow star marks

the epicenter of the Mjm5.9 foreshock (07:10:09.5 UTC), the green star indicates the Mjma/.6 mainshock epicenter (07:10:22.5 UTC), and the red
star represents the mainshock epicenter assumed in this study. Blue lines depict surface traces of known active faults. The inset zooms in on the
black-outlined area. b Rupture arrival times (centroid times) in the best-fitting model. Contours indicate arrival times, with text labels marking fault
segments. The inset details the second rupture episode on Segment #6, labeled as Segment #8 for clarity
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the epicentral region contain simultaneous phase arriv-
als from both the foreshock and the mainshock. Note
that previous finite fault models of the Noto earthquake
(Ma et al. 2024; Xu et al. 2024) also assumed the fore-
shock origin time (+1.2 s) as the mainshock origin time
(Table S1).

We first compute synthetic waveforms using the USGS
finite-fault model and compare them with the observed
waveforms. All the source parameters, including slip
distributions and rise times, are directly taken from the
USGS model. We find that the USGS model does not
match the observed strong-motion data well, either in
the 4-20 s period range (Fig. S4) or the 10-50 s range
(Fig. S5). Significant phase misfits are evident at many
stations (e.g., 7600), and the synthetic waveforms often
exhibit smaller amplitudes than the observed waveforms
(e.g., KHO3).

Next, we test a simple source model based on the geo-
detically constrained slip distribution and fault geometry
(Fukushima et al. 2024). Since the JMA hypocenter of the
Mijma5.9 foreshock (yellow star in Fig. 1a) is located at
a depth of 10 km and does not lie on the assumed fault
plane, we project it to the nearest point on the fault plane
at a depth of 8.7 km and define this as the mainshock
hypocenter (red star in Fig. 1a). We assume a spherically
expanding rupture front originating from this hypo-
center, with a constant rupture speed of V; = 2.0 km/s,
representing quasi-uniform rupture propagation. This
simplified rupture model yields an improved overall fit
(x = 2.363) compared to the USGS model (x = 3.299),
although the main phases in this model still arrive earlier
than the observed data (Fig. S6). Furthermore, observed
waveforms at some stations (e.g., KOO1 and 7274) in the
epicentral region display two or more distinct main phase
arrivals separated by several seconds, which cannot be
reproduced by a single, continuous rupture episode (Fig.
S6).

To develop a more accurate source model, we carefully
analyze the timing of dominant phases at near-fault sta-
tions. We then adjust the location, initiation time, and
rupture arrival time across all sub-faults, assuming a con-
stant propagation speed (V;) for each fault segment. The
rupture initiation depths, ranging from 4 to 16 km along
the lateral edges of individual fault segments, are visually
evaluated to match the timing of dominant phases in the
synthetic and observed waveforms at near-fault stations,
identifying their optimal locations. This trial-and-error
approach yields a preliminary source model that roughly
matches the observed waveforms.

Following this trial-and-error approach, we employ
a grid search method to identify the optimal rupture
initiation times and speeds that best fit the observed
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waveforms (Fig. S7, S8). For a given fault segment, one
parameter (e.g., Vy1 or T7) is varied while keeping the
others fixed (Fig. S7). Once a new optimal combina-
tion of V; and T is determined for a given fault seg-
ment, it is combined with the remaining best-fitting
parameters (Fig. S7). To mitigate the effects of param-
eter trade-offs between fault segments, this process is
iterated (indicated by the left arrow in Fig. S7) until
the optimal parameters for all fault segments converge
and stabilize.

The trial-and-error and grid-search procedures result
in a total of 815 source scenarios, with the misfit calcu-
lated for each. The results reveal a strong dependence
of misfit on V; across the fault segments, indicating a
high waveform sensitivity to changes in the rupture ini-
tiation time and rupture speed on individual fault seg-
ments (Fig. S8). We also examine a range of rise times
by varying Cyise = 1.2 to 2.4, although their influence on
waveform fit is relatively minor compared to variations
in rupture initiation time and V;, consistent with lim-
ited resolution of local rise times inferred from a kine-
matic source inversion study (Ozgun Konca et al. 2013).

The best-fitting model, with a misfit of x = 1.464,
demonstrates that the geodetically derived final slip
model, when combined with variable rupture times,
effectively reproduces local ground velocities across
both the 4-20 s and 10-50 s period ranges (Fig. S9,
S$10). The onset, amplitude, and polarities of domi-
nant phases are well-matched for all three components
(Fig. S9). Notably, this result highlights the necessity of
multiple rupture episodes on one of the fault segments
(Segment #6) to explain waveforms featuring two or
more distinct main phase arrivals separated by several
seconds near the epicenter (Fig. 1b). Segment #6 expe-
rienced two slip episodes, followed by a subsequent
rupture on the same segment, referred to as Segment
#8 (Fig. 1b). For Segment #8, the model with a north-
eastward rupture starting at the eastern edge of Seg-
ment #8 produces a slightly smaller waveform misfit
compared to one with the northeastward rupture origi-
nating from the mainshock hypocenter (Fig. S8g, h),
suggesting that the second rupture episode represents a
backward-propagating rupture toward the hypocenter.
In the first slip episode on Segment #8, 30% of the total
slip occurred, followed by 70% in the second episode, as
determined by an additional grid search exploring dif-
ferent slip partitioning scenarios (Fig. S8i).

The parameters of the best-fitting model are summa-
rized in Table S1, and the slip distribution with corre-
sponding rupture timings is illustrated in Fig. 1. Below,
we provide a detailed description of the rupture charac-
teristics in this best-fitting source model.
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3.2 Rupture characteristics in the best-fitting model

To illustrate the complex rupture process in the best-fit-
ting model, snapshots of slip accumulation are presented
in Fig. 2. At the origin time (Tp =7:10:09.5 UTC), the pri-
mary rupture on a 58° dipping fault initiated at a depth
of 8.7 km, propagating southwestward along Segment #6
during the first 10 s (Fig. 2a). This initial rupture is evi-
denced by early wave arrivals at near-fault stations, such
as K0O1 (Fig. 2a). The rupture progressed at a speed of 1.5
km/s, ultimately breaking the entire fault segment (#6)
and accounting for 30% of the total slip on this segment,
with a corresponding moment magnitude of Mw 6.4.
Most of the slip was concentrated within the top 9 km of
Segment #6.

Right after the initial rupture ceased in the western
part of Segment #6, a secondary rupture began at a depth
of ~9 km at T + 11.5 s, propagating bilaterally (Fig. 2b).
The timing of the secondary rupture initiation roughly
coincides with the arrival time of the first rupture at the
secondary rupture initiation point. Although the rupture
start times on Segment #8 and #5 are Tp + 11.5 s and
To + 13.5 s, respectively, the ~3 km separation between
their initiation points suggests that the southwestward
rupture front may have propagated continuously toward
the initiation point on Segment #5. The southwestward
rupture front extended at a speed of 1.4 km/s on Seg-
ment #5, while the backward rupture toward the hypo-
center propagated at 1.5 km/s on Segment #8, as inferred
from the main phases around Ty + 20 s at Stations 7018
and K001 (Fig. 2a, b). This backward rupture propaga-
tion accounted for the remaining moment release (70% of
slip) on Segment #6 (Fig. S8i).

At Tp + 16.0 s, another significant rupture was initi-
ated several km underneath the hypocenter at the north-
western edge of Segment #7, propagating northeastward
at a speed of 2.0 km/s (Fig. 2b). The depth and timing of
this rupture initiation roughly align with the JMA hypo-
central depth and origin time of the Mjm,7.6 mainshock
(7:10:22.5 UTC), although the horizontal locations dif-
fer by ~4 km. This rupture initiated a few seconds ear-
lier than the arrival of the back-propagating rupture at
the same location. On Segment #7, the rupture broke a
shallow asperity with up to ~8 m of slip and propagated

(See figure on next page.)
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northeastward, as evidenced by the main phases
observed at Ty + 40 s at Station 7274 (Fig. 2c).

After Tp+ 20.0 s, both the northeastward rupture
on Segment #7 and the southwestward rupture on Seg-
ment #3 continued further propagation, resulting in a
bilateral rupture pattern (Fig. 2c). The southwestward
rupture propagated at speeds of 1.4 to 2.1 km/s, break-
ing the remaining 45°-dipping, southern fault segments
(#3, #2, and #1) in sequence, without interruption. The
timing of this propagation is constrained by the large
velocity pulses observed at Stations K003 and 7016,
located several kilometers from the surface trace of each
fault segment (Fig. 2c, d). At approximately Ty + 34.0 s,
the southwestward rupture ultimately reached large slip
asperity (up to ~10 m) on Segment #3 offshore Monzen,
where the coastal region experienced ~4 m of coseismic
uplift (Fig. 2d). At approximately Ty + 48 s, the south-
western rupture terminated in the vicinity of the source
region of the 2007 Noto earthquake, while the northeast-
ward rupture terminated at the northeastern end of Seg-
ment #7 in the offshore region (Fig. 2e).

The moment rate function of the best-fitting model
reveals four peaks at Tp + 7, 25, 34, and 42 s, reflecting
complex rupture evolution (Fig. 2f). The first peak at
To + 7 s marks the rupture near the hypocenter (Fig. 2a).
The highest peak at T + 25 s reflects simultaneous rup-
tures in both the southwestern and northeastern fault
segments, where relatively large slip took place (Fig. 2c).
The third peak at Ty + 33 s corresponds to the rupture of
the largest asperity offshore Monzen (Fig. 2d). The trough
in the moment rate at Ty + 32 results from the absence of
a significant slip patch in the northern fault segment (#7)
during that time, combined with a kink in the fault geom-
etry between Segments #3 and #4 that slightly delays the
rupture progression. The fourth minor peak at Tp +42 s
reflects slip on the southwestern (#1, #2) and northeast-
ern (#7) segments (Fig. 2e).

3.3 The spatio-temporal pattern of ground motions

Ground motions of the mainshock are controlled by
both the complex rupture evolution and local veloc-
ity structure. The spatio-temporal pattern of ground
motions in the best-fitting source model is illustrated in

Fig. 2 a-e Snapshots of coseismic slip accumulation at 10-s intervals in the best-fit model. Black and red waveforms display the 4-20 s
bandpass-filtered observed and synthetic waveforms, respectively, at stations marked by white inverted triangles. The red star indicates

the mainshock epicenter, while white stars denote the rupture initiation points of individual fault segments. Arrows and accompanying numbers
represent the along-strike direction and speed of rupture propagation for each segment. f Normalized moment rate function for the best-fit model.
The solid red line represents the source time function for the entire fault, the dashed blue line shows the contribution from the southern segments
(Segments #1-6 and #8), and the dashed blue line indicates the contribution from the northern segment (Segment #7). Time zero corresponds

to the origin time assumed in this study (07:10:09.5 UTC)
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Fig. 3 Snapshots of three-component ground velocities on the Earth’s surface for the best-fit source model, taken at T + indicated times. The
ground motions reflect the combined effects of complex rupture evolution and 3D velocity structure, including influences from low-velocity

sediments. Time zero corresponds to the origin time assumed in this study (07:10:09.5 UTC)
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Fig. 3. During the first 10 s of the mainshock, the ground
motion is mainly generated by thrust faulting with south-
westward rupture propagation (Fig. 3a). Between Ty + 10
and Tp + 20 s, the ground motion reflects the presence
of multiple rupture fronts, producing a complex spa-
tiotemporal pattern near the source region (Fig. 3b). In
particular, around Ty = 19 s, the ground motion signa-
ture of the backward rupture on Segment #8 can be seen
(Fig. 3b). Between T + 20 and T + 30 s, nearly simul-
taneous ruptures of the northeastern (Segment #7) and
southwestern (Segment #4) large slip patches generated
two distinct wavefields (Fig. 3c). The most intense wave
radiation around TO + 36 s can be identified as a result of
breaking the largest asperity offshore Monzen (Fig. 3d),
which leads to the emergence of the second large phase
at around TO + 40 s at some stations (e.g., 7018 (Fig. 2b)
and KHO3 (Fig. S9)). Seismic waves encountered thick,
low-velocity sediments in Toyama Bay, resulting in
wave reverberations and prolonged velocity waveforms
(Fig. 3e), as observed at stations in Toyama and Niigata
(Fig. S9).

4 Discussion

4.1 Best-fitting model’s validity and limitation

The best-fitting model accurately reproduces the
observed waveforms, especially at near-fault stations.
Compared to waveforms calculated using the USGS finite
fault model and a simple source model, the best-fitting
model better matches the onset, amplitude, and polar-
ity of the main phases in the observed records. Further-
more, it successfully explains the unfiltered displacement
waveforms recorded at 1-Hz GNSS stations (Fig. S11),
which are not included in the waveform fitting process,
reinforcing the validity of this source model. Notably,
the assumed final slip distribution from the geodetically
constrained slip model (Fukushima et al. 2024) does not
require modification and simple, quasi-circular rupture
propagation on individual fault segments is sufficient to
reproduce the comprehensive set of strong-motion and
high-rate GNSS waveforms.

While the overall fit to the waveforms is adequate and
the inferred southwestward rupture propagation on the
southern fault segments (#1 to #5) is well-constrained by
the data, notable waveform misfits are observed in the
swarm region (e.g., Stations K002 and KHO03). However,
synthetic waveforms fit the observed data well at longer
periods (>6 s) (Fig. S12), indicating that the best-fitting
model effectively resolves the rupture process at scales
of >9 km, assuming V; = 1.5 km/s. Hence, the discrep-
ancy at shorter periods may result from a more complex
rupture process involving intermittent arrest and restart,
rather than the simple quasi-circular rupture assumed
in this study, and/or the activation of two sub-parallel
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dipping faults during the mainshock, as inferred from
the relocation of early aftershocks (Yoshida et al. 2024).
Although our assumption that a single fault plane slipped
twice might not be accurate, a recent study utilizing tsu-
nami waveform inversion and multiple CMT solutions
(Kutschera et al. 2024) also supports the occurrence
of two distinct slip episodes originating from the same
location in the swarm region within the initial 25 s of
the mainshock, consistent with our interpretation of the
multiple slip episodes on the same fault plane.

In addition, the slip distribution and rupture episode
on the offshore portion of Segment #7 are likely over-
simplified due to uncertainties in fault geometry and slip
distribution, which are not well-constrained by inland
geodetic data. Future studies could incorporate tsunami
waveform inversion (Fujii and Satake 2024; Kutschera
et al. 2024) to better constrain the fault geometry and slip
characteristics in the offshore segment.

4.2 Relationship between the rupture processes
and the swarm activity in the Noto region

In the best-fitting model, fault segments near the main-
shock hypocenter is characterized by complex rupture
evolution with multiple rupture fronts activated at a
given instant in time, consistent with previously reported
earthquake swarm zones (Nishimura et al. 2023; Yoshida
et al. 2023). Our best-fitting model shows that the main-
shock hypocenter and the initiation points of the subse-
quent ruptures are located at the edges of these swarm
zones (Fig. 4). While the relevance of the Mjn,7.6 hypo-
center and these rupture initiation points remains
unclear, the M;jn,7.6 hypocenter is also situated at the
edge of the earthquake swarm (Fig. S13). The spatial cor-
relation between rupture initiation points and the edges
of earthquake swarms suggests that ruptures on different
segments originated in areas of increased shear stress at
the periphery of preceding swarm activity. The ruptures
propagating through the swarm region on Segments #6
and #8 may have been intermittent, likely due to the het-
erogeneous distribution of prestress, strength (Aki 1984),
frictional properties (Ito and Kaneko 2023), or a combi-
nation of these factors. Such heterogeneities would have
contributed to the delayed onset of the northeastward
rupture on Segment #7 and the re-rupture of the same
fault segments (#6 and #8) within the earthquake swarm
region (Fig. 4).

4.3 On multiple slip episodes on a fault segment

The fault segment (#6) near the mainshock hypocenter
ruptured twice, with the first and second ruptures con-
tributing 30% and 70% of the segment’s total moment
release, respectively (Fig. 4a, b). Re-rupturing of the
same fault segment during a large earthquake is a rare
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Fig. 4 Comparison of slip and rupture evolution near the epicenter in the best-fitting model with the locations of pre-mainshock earthquake
swarms, based on the relocated catalog (Yoshida et al. 2023). Red stars indicate the epicenter, while white stars denote the rupture initiation points
for individual fault segments. Arrows and associated labels illustrate the along-strike direction and rupture propagation speed for each segment.
The rupture initiation locations (red and white stars) are situated near the edges or gaps of the swarm regions. Time zero corresponds to the origin

time assumed in this study (07:10:09.5 UTC)

occurrence, as fault slip typically reduces the shear
stress. However, a similar phenomenon was observed
on the Kekerengu fault during the 2016 Mw 7.8 Kaik-
oura earthquake in New Zealand, where the second
rupture was larger than the first, as constrained by near-
fault strong-motion data (Holden et al. 2017). Unlike
the Noto earthquake, the Kekerengu fault did not expe-
rience preceding swarm activity, suggesting different
underlying mechanisms for the re-rupturing in these
events. Numerical models of foreshock generation with
fault frictional heterogeneities (Ito and Kaneko 2023)
indicate that foreshock sizes can increase over time, on
average, due to afterslip from preceding numerous fore-
shocks, which promotes coseismic rupture propagation
through these slowly slipping barriers, eventually cul-
minating in a larger rupture (i.e., the mainshock). For
the Noto earthquake, the mainshock was preceded by
numerous foreshocks (Peng et al. 2024), suggesting that
fault creep or afterslip induced by these foreshocks and
swarm activities may have facilitated the re-rupturing
of the same fault segment during the mainshock. The
presence of such slip heterogeneities is evidenced by
complex, multi-phase waveforms observed at epicen-
tral stations (e.g., Stations K001 and K002), which are
difficult to reconcile with our simplified rupture model
(Fig. S14b).

4.4 Comparison with finite-fault models in previous
studies

Our preferred model shares similarities and differences
with previously published source models of the Noto
mainshock (Okuwaki et al. 2024; Ma et al. 2024; Xu
et al. 2024). The moment rate function in Okuwaki et al.
(2024) features three peaks: two associated with minor
and major rupture events in the southern fault area, fol-
lowed by a third, highest peak at approximately 7o + 30s,
resulting from combined slips in the southern and north-
ern fault sections. Similarly, Xu et al. (2024) and Ma et al.
(2024) describe moment rate functions with two peaks:
the first corresponding to an initial rupture near the
hypocenter, and the second to a distant fault patch, both
peaking around Tp + 30 s. A key difference is that Xu
et al. (2024) incorporates a large slip patch in the north-
ern fault, while Ma et al. (2024) omits it entirely.

In contrast, the moment rate function in our best-fit-
ting model shows four distinct peaks at Top + 7, 25, 34,
and 42 s (Fig. 2f). The primary difference from previ-
ous studies lies in the timing of the highest peak: in our
model, it occurs at Tp + 25 s, compared to Tp + 30 to
To + 35 s in other models. This discrepancy arises from
an earlier rupture of a large slip patch in the northern
fault in our model, which contributes to the earlier peak.
In contrast, Ma et al. (2024) excludes this slip patch, and



Enomoto et al. Earth, Planets and Space (2025) 77:83

Xu et al. (2024) positions it farther northeast of the hypo-
center, delaying the peak. We note that the shallow asper-
ity on Segment #7, which contributes to the Tp + 25 s
peak in our model, is well-resolved by on-land geodetic
data (Fig. S2), and the timing of the rupture is well-con-
strained by waveform fits at nearby stations, such as Sta-
tion KHO1 (Fig. S9).

The first 20 s of the mainshock rupture differ sig-
nificantly among source models. While all source mod-
els, including ours, depict a quiet start in the first 10 s
(Fig. 2f), our model estimates a faster rupture speed in
the epicentral region (1.5 km/s) than the 0.5 km/s and
0.8 km/s inferred by Ma et al. (2024) and Xu et al. (2024),
respectively. Differences in assumed hypocenters (Fig.
S13) are too small to explain these discrepancies, but Xu
et al. (2024)’s finite fault model assumes an origin time
1.2 s earlier than ours, partly contributing to the differ-
ence. To test slow initial rupture propagation, we vary
rupture speed (Vi) from 0.3 to 2.1 km/s (Fig. S8e), iden-
tifying a local misfit minimum at V¢ = 0.4 km/s (Fig. S8e)
with corresponding waveform fits in Fig. S14a. While a
slower rupture speed or more complex rupture behavior
involving intermittent arrest and restart cannot be ruled
out due to limited resolution from the configuration of
strong-motion stations in this region, this slow rupture
model cannot explain early phases in the first 10 s in the
nearby strong-motion stations (e.g., K001) (Fig. S14a, b).
We note that our inference of the ruptures being initiated
at the edges of the preceding swarm zone is not affected
by non-uniqueness in the initial rupture speed (Fig. S14c,
d).

Similar to Xu et al. (2024), our best-fitting source model
also exhibits back-propagating rupture toward the main-
shock hypocenter. However, the locations of large slip
patches differ significantly. In our source model, slip on
the relevant fault segments is more smoothly distributed,
with a maximum slip of approximately 6 m, and the 14-m
slip patch responsible for the back-propagating rupture
in Xu et al. (2024) is absent. In addition, the timing of the
backward rupture initiation in our model aligns with the
arrival of the first rupture propagating southwestward
on Segment #6, contradicting the previous inference of
dual-initiation ruptures (Xu et al. 2024). We attribute the
back-propagating rupture to the abrupt change in the
local fault geometry at the boundary between Segments
#5 and #6, consistent with numerical studies suggesting
that non-planar fault geometry can induce backward-
propagating ruptures (Madariaga et al. 2006; Ding et al.
2024).

To examine discrepancies between published source
models and our best-fitting model, we perform addi-
tional wavefield simulations using the source models of
Ma et al. (2024) and Xu et al. (2024), assuming the same
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velocity and attenuation structure (Section S1). The cor-
responding synthetic velocity waveforms fit well at sta-
tions used in their finite-fault inversions but not at others
(Fig. 5 and Fig. S15-S18; Section S1). The total misfits for
all stations are x = 2.060 for Ma et al. (2024) (Fig. S15)
and x = 2.014 for Xu et al. (2024) (Fig. S17), both exceed-
ing x = 1.464 for our best-fitting model (Fig. S9). Large
waveform misfits at near-fault stations (Fig. 5) suggest
velocity structure differences are not the main cause, but
rather variations in fault geometries, station selection,
and source modeling assumptions, where each sub-fault
is parameterized by local rise time, slip, and rupture time
(Ji et al. 2003). While our quasi-circular rupture propaga-
tion and rise time-slip scaling are simplifications, fewer
free parameters may have mitigated trade-offs and non-
uniqueness (Ozgun Konca et al. 2013; Mai et al. 2016).
These results also highlight the importance of near-fault
strong-motion data for accurate source modeling.

As stated above, one of the primary sources of discrep-
ancies among various source models likely stems from
differences in the assumed or inferred fault geometries
(Fig. 5). Previous studies (Ma et al. 2024; Xu et al. 2024)
positioned fault segments farther offshore from the Noto
Peninsula, requiring larger slip beneath the peninsula to
match on-land strong-motion waveforms (Fig. 5). In con-
trast, the fault geometry and final slip distribution used in
this study, adopted from Fukushima et al. (2024), may be
better constrained than those of other models (Okuwaki
et al. 2024; Ma et al. 2024; Xu et al. 2024), as it incor-
porates both near- and far-field geodetic data (Fig. S2).
While the fault geometry for the northeastern offshore
segment (Segment #7) remains less well-constrained, the
other fault segments, primarily beneath the Noto Penin-
sula, achieve a resolution of a few kilometers, particularly
within the top 10 km (Fig. S10-S12 of Fukushima et al.
(2024)), aligning with the spatial scale relevant for 4-s
velocity waveforms.

5 Conclusions

We developed a kinematic rupture model of the 2024
Noto Peninsula earthquake by integrating seismic
wavefield simulations, a comprehensive set of near-
field strong-motion and high-rate GNSS data, and a
static slip model constrained by geodetic data. Our
best-fitting model reveals multiple large slip patches
and distinct rupture episodes, with propagation speeds
ranging from 1.4 to 2.1 km/s—slower than typical
intraplate earthquakes—indicating a complex rupture
process during the mainshock. The fault segment near
the epicentral region exhibits multiple slip episodes
and intricate rupture evolution. In particular, our
result suggests that the mainshock hypocenter and the
initiation points of subsequent ruptures are located in
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Fig. 5 Comparison of waveform fits at selected stations among the best-fitting model, the Ma et al. (2024) model, and the Xu et al. (2024) model.
Stars indicate the epicenters in the respective models. Inverted triangles indicate strong-motion stations. Station K003 (in blue) was used in all
three studies, while Stations 7274, 7018, and 7016 (in black) were not used in the finite fault inversions by Ma et al. (2024) and Xu et al. (2024).

All waveforms are filtered to a period range of 4-20 s and normalized to the maximum amplitude of the observed waveform at each station
(normalization factor in cm/s shown on the right of each waveform). Time zero corresponds to the origin time assumed in each respective source
model (Table S1). Stations used in the respective finite-fault inversions show good fits, while those not used exhibit poorer fits. Waveform fits

at other stations are shown in Fig. S15-518

offshore fault imaging and seafloor offset surveys, are
crucial to refining our understanding of this complex
rupture process.

areas of increased shear stresses in the periphery of
the preceding swarm activity. In addition, the inferred
backward-propagating rupture in the epicentral region
may have been triggered by an abrupt change in local
fault geometry. Further investigations, including
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S1 Waveform Calculation of Previous studies

Wavefield simulations based on the source models of Ma et al (2024) and Xu et al (2024) are set up as
follows. We extract the strike, dip, rake, slip, and area of each sub-fault from the respective finite-fault
models and convert them to moment tensors, assuming the same shear modulus distribution as in our

study. The centroid time of each point source is calculated as:

Trise

TCMT = Trup + 9

where T}, is the rupture start time of each sub-fault and Ty is the local rise time. Since Xu et al (2024)
used an asymmetric cosine function to approximate the derivative of the rise time (Ji et al 2003), we
assume that T}ige is the sum of the starting-phase and end-phase times in the asymmetric cosine function
(Jiet al 2003). For the Ma et al (2024) source file downloaded from https://zenodo.org/records/11314960,
a +11.5 s time shift to T1,p was required for their fault segments #2-4 to match the moment rate function
shown in Ma et al (2024). Applying this adjustment aligns the main phases between the synthetic and
observed waveforms at the stations used in the finite-fault inversion by Ma et al (2024).

The source models of Ma et al (2024) and Xu et al (2024) yield larger waveform misfits than our best-
fitting model, with misfit values of xy = 1.464 for the besting fitting model (Figure S9), x = 2.060 for Ma
et al (2024) (Figure S15) and x = 2.014 for Xu et al (2024) (Figure S17), respectively However, when
considering only the stations used in their respective inversions, the misfits reduce to x = 1.573 for the
Ma et al (2024) model (Figure S15) and y = 1.475 for the Xu et al (2024) model (Figure S17), which
are comparable to the best-fitting model. Longer-period (10 — 50 s) waveforms exhibit better agreement
with observed data (Figures S16 and S18), consistent with the best-fitting model. These results highlight
the importance of incorporating numerous near-fault strong-motion data to develop an accurate source

model.
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Figure S1. Maps of S-wave velocity Vi and shear quality factor Qs at depths of 3 km and 10 km. A
prominent low-V; region extends down several kilometers in Toyama Bay, which also corresponds to a

low-Qs area in the same region.
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Figure S2.  Slip distribution and fault geometry derived from the inversion of geodetic data from
Fukushima et al (2024), showing (a) the right-lateral strike-slip component, (b) the dip-slip component,
and (c—=x) corresponding surface displacements compared to geodetic observations. Panels (c—f) illus-
trate the fit between modeled and observed horizontal and vertical GNSS data, while (g—x) present the
comparison between SAR data and modeled coseismic displacements. Arrows indicate satellite flight
and line-of-sight (LOS) directions, and variance feduction (VR) values are provided. Modified from

Figures S7-S9 of Fukushima et al (2024).
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Figure S3. Epicenters of the Mw 7.5 Noto mainshock and subsequent aftershocks (recorded up to
January 31, 2024, 23:59 JST), sourced from the Japan Meteorological Agency (JMA) catalog. The
star marks the mainshock, while circles represent aftershocks, with color indicating the depth of their
hypocenters. Although the JMA reported two possible origin times for the mainshock (16:10:09.5 JST
and 16:10:22.5 JST), we use 16:10:09.5 JST as the origin time in this study. In each cross-section, the

fault plane location assumed in this study is shown by the purple line.
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Figure S4. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
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filtered to a period range of 4 — 20 s and normalized by the maximum amplitude of the observed
waveform for each station (indicated on the right side of each waveform). The normalization factor
is in units of cm/s. Time zero corresponds to the origin time of the USGS source model (07:10:09.0
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Figure S5. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, with synthetic waveforms generated using the USGS finite fault model. All waveforms are
filtered to a period range of 10 — 50 s and normalized to the maximum amplitude of the observed
waveform for each station (indicated on the right side of each waveform). The normalization factor is

expressed in cm/s. Time zero corresponds to the origin time of the USGS source model (07:10:09.0

UTC).
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Figure S6. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, with synthetic waveforms generated using our developed finite fault model with a simple-rupture
scenario assuming a constant V,, = 2.0 km. All waveforms are filtered to a period range of 4 — 20 s
and normalized to the maximum amplitude of the observed waveform for each station (indicated on
the right side of each waveform). The normalization factor is given in cm/s. Observed waveforms at
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Figure S8. Results of the parameter exploration conducted during the final iteration of the grid search
procedure shown in Figure S7. (a-h) A grid search is conducted for 16 parameters: V; shown in each
subplot and the corresponding rupture initiation times (e.g., Ty, T3, etc.), excluding the origin time.
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best-fitting parameter for each fault segment, corresponding to the smallest misfit value except for
Segment #6 where the smallest misfit with V4 = 0.4 km/s (blue square). The purple square shows the
smallest misfit among the cases with the southwestward rupture on Segment #8. (i) A grid search to

identify the optimal partition of the total slip between Segments #6 and #8.
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Figure S9. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
strong-motion station, with synthetic waveforms computed using the best-fit fault model. All waveforms
are bandpass-filtered to a period range of 4 — 20 s and normalized to the maximum amplitude of the
observed waveforms at each station. Stations are sorted by observed peak vertical velocity, from largest
(bottom) to smallest (top). The normalization factor, displayed on the right side of each waveform, is

given in cm/s. Time zero corresponds to the origin time assumed in this study (07:10:09.5 UTC).
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Figure S12. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at Stations
K002 and KHO03, with synthetic waveforms calculated from the best-fitting model. All waveforms are
filtered to period ranges of 4 — 20 s, 6 — 20 s, and 10 — 50 s, and normalized by the maximum
amplitude of the observed waveform at each station (normalization factor in cm/s shown on the right
of each waveform). While the model does not fit shorter-period waveforms well, it provides a good
fit for long-period waveforms (>6 s). Time zero corresponds to the origin time assumed in this study

(07:10:09.5 UTC).
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(a) Model with Vr = 0.4 km/s on segment #6
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Figure S14. A source model with Vg = 0.4 km/s (indicated by the blue square in Figure S8e).
Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at stations in the
epicentral region for (a) the source model with Vi = 0.4 km/s and (b) the best-fitting model. (c-d)
Slip and rupture evolution in the epicentral region for the source model with Vi = 0.4 km/s. A red
star indicates the epicenter, while white stars denote the rupture initiation points for individual fault
segments. Arrows and associated labels illustrate the along-strike direction and rupture propagation
speed for each segment. Time zero corresponds to the origin time assumed in this study (07:10:09.5

UTC).
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Figure S15. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, computed using the Ma et al (2024) source model. Stations in blue indicate those used in the
finite fault inversion by Ma et al (2024). All waveforms are bandpass-filtered to a period range of 4 — 20
s and normalized to the maximum amplitude of the observed waveforms at each station (normalization

factor in cm/s shown on the right of each waveform). Time zero corresponds to 07:10:09.0 UTC.
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Figure S16. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, computed using the Ma et al (2024) source model. Stations in blue indicate those used in the
finite fault inversion by Ma et al (2024). All waveforms are bandpass-filtered to a period range of 10 — 50
s and normalized to the maximum amplitude of the observed waveforms at each station (normalization

factor in cm/s shown on the right of each waveform). Time zero corresponds to 07:10:09.0 UTC.
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Figure S17. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, computed using the Xu et al (2024) source model. Stations in blue indicate those used in the
finite fault inversion by Xu et al (2024). All waveforms are bandpass-filtered to a period range of 4 — 20
s and normalized to the maximum amplitude of the observed waveforms at each station (normalization

factor in cm/s shown on the right of each waveform). Time zero corresponds to 7:10:08.33 UTC.

21



EW NS ub
2322 ;(])- 0.7 9§ a 0.4
7605—_M.2 ——owo'
1332 ——s0 A= —W- ———ow
7272———%0%——-;"2 ———-\I\WO —oowp%o—ﬁog
232 1 ————=o0Aommn ——-A’thoﬁi- _."W
7606 A, 3.7 1. 0.9
1330 w@% =>CP N
G004 : =0 A -——-eo<\d>woo¢~§
2323 (Z; 1.0 - 0.0
1329 ——-Wogbz __-M’Mrl-l
A i ~ . :
529; A 2.0 1.6 N 1.2
KHO6 o 2.9 ‘Q 9 3.6 v 1.2
7273 1.2 1.1 ~0 A 1.2
1333 2.8 3O : 1.8 1.3
7607—-00%”—3& ——JWV%-% ——“W‘%
GHIB———— DA ———— o~ RQomtZ  ————=c(Roprolis
2320 A n22 .5 1.4
7602 Apes —-eoko——é- —°°0V\‘°°1‘Z
1331———— YA ' =N
7254 > —‘°°O°°Oo°°r'6‘
G025 5' —'°00000000§o§
—_—A = ' o : —_— A=
Egig ,V 10.1 4 8.6 A 4.0
727 4=~ 2.2 w s 2.4
7018 o 5.3 6.9 N 4.7
KOOZV 3.6 -—W—6—6- “& 5.8
KHO04———ys ~A : —_——— P
= 10.9 12.2 A 6.3
K005 N 4.3 _A, 7.9 N 6.6
. — . .
I;ggé 7 'Q 6.1 v 8.8 A 10.1
19.3 N 8.4 =~ 14.7
KOOl=\ = B N AN 2
o 16.5 12.3 19.7
KHOl—~y —~ANAN— = A —
€003 20.2 — 15.5 N 22.0
7600 v 18.6 18.3 A 24.2
T~ 5.8 ~ - 16.2 T 37.4
7016——“\:# =/ —
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
time [s] time [s] time [s]

Figure S18. Comparison of observed (black lines) and synthetic (red lines) velocity waveforms at each
station, computed using the Xu et al (2024) source model. Stations in blue indicate those used in the
finite fault inversion by Xu et al (2024). All waveforms are bandpass-filtered to a period range of 10 — 50
s and normalized to the maximum amplitude of the observed waveforms at each station (normalization

factor in cm/s shown on the right of each waveform). Time zero corresponds to 7:10:08.33 UTC.
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