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GEOPHYSICS

Heterogeneous strong asperities and tectonic
complexity control irregular cascading ruptures

Chuanchao Huang‘, Wenbin Xu'*, Roland Bijrgmannz, Lei Xie', Guangcai Feng1, Baojun Shan',
Zhiwei Li’, Yosuke Aoki?, Yijun Zhang4, Jianjun Zhu', Xiaoge Liu®

Rupture characteristics and heterogeneity of large earthquakes are essential for seismic hazard assessments. We
use relocated aftershocks, geodetic measurements, and seismic waveform data to distinguish contributions from
closely separated fault structures of the 2024 M,, 7.5 Noto earthquake. We find that the initial rupture triggered
slip on a complex fault of a preceding swarm and led to bilateral slow rupture there. The earthquake ruptured two
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fault segments with contrasting dip angles along the eastern and western segments. Aftershocks continued to
rupture the preexisting swarm faults. A delayed rupture occurred southwest of the hypocenter, implying that
substantial resistance caused by a barrier temporally hindered rupture propagation. Additional stress from sur-
rounding slip eventually overcame the strength of the barrier fault section, leading to a compound rupture. The
mainshock triggered a small earthquake swarm, in which the relatively larger events were not followed by abun-
dant aftershocks. Our findings demonstrate the influence of strong asperities and complex geometry in the pro-

gression of cascading ruptures.

INTRODUCTION

Geological and seismic studies indicate that the transition from
extensional to contractional deformation promoted the reactivation
of normal faults in back-arc extensional basins behind the Eurasian
Plate on the eastern side of the Sea of Japan, transforming them
into reverse faults around 2 to 3 million years ago (1, 2). The pro-
cess of reactivation resulted in a complex network of fault-oriented
southwest-northeast (SW-NE) with varying dip and strike direc-
tions (I). These faults are seismically active structures, as evidenced
by several devastating earthquakes with magnitude (M) ~ 7 that
have struck the western coast of Japan since the 20th century. No-
table events include the 1940 M7.5 Shakotan-Oki earthquake, the
1983 M7.7 Central Japan Sea earthquake, the 1939 M6.8 Oga earth-
quake, and the 1964 Niigata earthquake (Fig. 1A) (3). These occur-
rences indicate the region’s susceptibility to catastrophic earthquakes
capable of triggering tsunamis.

On 1 January 2024, a moment magnitude (M,,) 7.5 earthquake
struck the Noto Peninsula, an area recently known for earthquake
swarms and associated deformation transients from 2020 through
2023 (4-6). According to the Japan Meteorological Agency (JMA),
aftershocks of the 2024 Noto earthquake extended ~160 km along a
SW-NE direction and suggest a southeast (SE)-dipping rupture geometry
(7). Fifteen events with M > 5 occurred during 1 to 30 January 2024.
The aftershocks triggered by the 2024 earthquake overlap with
those of the 2007 Noto M6.9 event (Fig. 1B). The epicenter of the
2024 Noto earthquake was located within the earthquake swarm
zone, with a focal depth of ~9.2 km, similar to the depth of the
swarm activity. This implies a potential connection between the ini-
tiation of the 2024 Noto event and the preceding earthquake swarm.
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Two large earthquakes (2022 M5.1 and 2023 M6.2) occurred on
different preexisting fault structures within the earthquake swarm
area, reflecting the structural complexity of the earthquake swarm
region (5).

The fault database from the National Institute of Advanced In-
dustrial Science and Technology shows that there is a northwest
(NW)-dipping fault to the east of the epicenter and an SE-dipping
fault on the west side, suggesting that the 2024 Noto earthquake may
have involved two complex, opposite dipping faults (8). Okuwaki et al.
(7) analyzed the rupture process of the 2024 Noto earthquake on the
basis of teleseismic P-wave data and found a low-energy initial rup-
ture phase coinciding with the earthquake swarm area in the first 10 s.
Due to the high uncertainty of aftershock locations reported by the
JMA, it is difficult to independently determine the dip of the eastern
fault segment. As a result, their inversion uses two models to deter-
mine the dip of this section of the fault. Ma et al. (9) found that the
2024 Noto earthquake experienced a very slow rupture velocity last-
ing from 15 to 20 s, along with a strong release of high-frequency
energy. They suggested that the complex evolution of rupture was
controlled by low fault strength and variability in the fault’s proper-
ties. Xu et al. (10) found that an initial slow rupture followed by a
delayed rupture of an asperity located southwest of the hypocenter,
indicating that a notable asperity impeded the slip. Yoshida et al.
(11) analyzed the spatiotemporal relationship between the main-
shock and foreshocks by relocating aftershocks and found that sev-
eral earthquake swarm faults are located beneath the main fault of
the 2024 Noto earthquake. Yang et al. (12) used Global Navigation
Satellite System (GNSS) data to invert for coseismic slip and early
postseismic afterslip, suggesting an overlap between coseismic slip,
afterslip, and aftershocks. They proposed that the early afterslip
might have triggered subsequent aftershocks. Fuji et al. (13) used
tsunami wave and GNSS data for a uniform slip inversion and con-
cluded that the 2024 Noto earthquake only affected the SE-dipping
fault, leaving the NW-dipping fault in the eastern segment unruptured.
Liu et al. (14) analyzed near-field waveforms of four earthquakes in the
swarm region and found evidence of gradual fluid accumulation,
highlighting the role of fluids in earthquake nucleation. However,
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Fig. 1. Tectonic setting and location of the 2024 Noto M,, 7.5 earthquake. (A) Red beach ball represents the focal mechanism of the 2024 Noto M,, 7.5 earthquake from
the Japan Meteorological Agency (JMA). Purple circles and beach balls represent the locations of large historical earthquakes and their focal mechanisms, respectively.
Gray lines denote active faults, with serrations indicating the fault’s dip direction (8). The faults marked in red indicate those likely involved in the 2024 Noto earthquake.
Yellow and orange triangles represent GNSS stations and SM stations, respectively, while dark green triangles represent broadband seismic stations used for aftershock
relocation. The inset shows the study region with a colored rectangle, indicating the spatial coverage of ALOS-2 data used in this study. (B) Distribution of relocated after-
shocks of the 2024 Noto M,, 7.5 earthquake during 2024.1.1-2024.1.28 (dark red circles) and earthquake swarms during 2020-2023 (yellow circles) (4). Magenta circles
represent the aftershocks of the 2007 M6.9 Noto earthquake (4). The red focal mechanisms represent the epicenters of the 2024 M,, 7.5 Noto earthquake and its two larg-
est aftershocks. Gray focal mechanisms represent other large-magnitude earthquakes in the region over the past 30 years. Purple lines indicate the locations of twelve
fault-perpendicular profiles (AA’-LL’), shown in (C) and (D). (C and D) The projections of the 2024 Noto aftershocks, the 2020-2023 earthquake swarms, and the 2007 re-
located aftershocks are shown at the position of the purple profile lines in (B) profile AA’ represents the projection of seismic events onto the along-strike profile section,
from within 5-km distance from the line. The remaining profiles represent the projection of seismic events onto profiles perpendicular to the strike direction.

the role of one or more fluid-weakened, stress-sensitive swarm faults
in the 2024 Noto rupture sequence remains unclear.

The 2024 Noto earthquake is the largest instrumentally recorded
earthquake in the swarm areas (2). Seismic and geodetic evidence
suggest that the Noto earthquake swarm during 2020-2023 in-
volved slip on multiple faults and substantial volume strain, associ-
ated with aseismic creep and upward fluid migration (4-6, 15-17).
This indicates that the reactivation of preexisting fault systems and
fluid enrichment have contributed to the complex seismic envi-
ronment in the Noto Peninsula region. Numerous laboratory ex-
periments and seismological studies suggest that seismic swarms
associated with fluid migration and aseismic creep consist predom-
inantly of small earthquake events associated with the weakening
of faults and large earthquakes above M7 are rare in swarm areas
(4, 18-20). The 2024 Noto earthquake, due to its well-constrained

seismological and geodetic observations, provides an excellent op-
portunity to better understand how a major seismic event can nu-
cleate and evolve from a previously active earthquake swarm. In
particular, this cascading event sequence illuminates how earth-
quake swarm faults, characterized by complex structures and the
weakening effect of fluids, affect the dynamics of the subsequent
mainshock rupture.

Here, we investigate the fault geometry and rupture character-
istics of the 2024 Noto earthquake using relocated aftershocks,
geodetic and near- and far-field seismic data. We use near-field broad-
band seismic stations to relocate aftershocks to better constrain
the fault geometry and evolution of aftershocks. Then, we obtain
the spatiotemporal evolution of high-frequency radiators using
slowness-enhanced back projection (SEBP) of teleseismic data col-
lected by North American (NA) and Australian (AU) seismic arrays.
Huang etal,, Sci. Adv. 11, eadv6771 (2025)
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Last, we constrain the spatiotemporal evolution of fault slip using
finite fault inversion on the basis of synthetic aperture radar (SAR)
pixel offsets, teleseismic, GNSS, and strong-motion (SM) data.
The complementary constraints of multiple datasets enabled us to
obtain a more detailed understanding of the kinematic rupture
evolution. Our results reveal the complex rupture characteristics
of this large earthquake in an earthquake swarm area, including
its slow initial rupture phase involving multiple faults, delayed
and intense rupture of strong asperities, and triggering of an after-
shock sequence and a distinct small earthquake swarm. These
findings contribute to a better understanding of the nature of cas-
cading rupture mechanisms of large earthquakes in structurally
complex regions.

RESULTS

Relocated aftershocks

We used broadband seismic data from 21 near-field stations (Fig. 1A)
to relocate earthquake events between 1 and 28 January 2024, as
detailed in Materials and Methods. Using the HypoDD software
(21) and conducting four iterations (22), we ultimately identified
13,053 earthquake events. A comparison with the earthquake cata-
log released by JMA revealed a sharpened spatial clustering in our
locations, leading to a more robust depiction of the underlying fault
geometries. The aftershock distribution notably differentiates be-
tween the western (profile BB’-HH' in Fig. 1D) and eastern seg-
ments (profile II'-LL’ in Fig. 1D) separated at about 137.5°E (Fig. 1C).
Most aftershocks in the western section are focused at depths of up
to 13 km, following a trend of around 50°. In contrast, aftershocks
in the eastern section reach depths of up to 30 km and are spread
out along a trend of ~40°. Oppositely dipping trends are observed in
profiles HH’ and II’ (~25 km northeast of the epicenter). Profile HH’
and its western counterparts exhibit southeastward dipping bands
of seismicity, whereas profile II’ and its eastern counterparts
show northwestward dips (Fig. 1). The aftershocks of the 2024 Noto
earthquake notably overlap with the 2020-2023 earthquake swarm,
indicating that the 2024 Noto earthquake induced rerupture of
earthquake swarm-related faults (profile GG’ in Figs. 1D and 2D).
We also find that the 2007 M6.9 event likely occurred on different
faults from the 2024 M, 7.5 rupture (profile BB’-CC’ in Fig. 1D),
reflecting the complexity of the fault distribution in this area. The
substantial overlap between the distribution of 2024 Noto after-
shocks and the earthquake swarm, with the hypocenter located in
the gap between four clusters of the earthquake swarm, suggests a
connection between the nucleation of the 2024 Noto M,, 7.5 earth-
quake and the earthquake swarms and associated fluids.

A high number of aftershocks is found near 137.25°E, with more
than 3000 events around M1 occurring within a 0.05° to 0.1° region
(Fig. 2A). Our analysis reveals the presence of a small earthquake
swarm triggered by the mainshock, located at a depth of about 13 km
(Fig. 2, B and D). This swarm lasted about 1 month, reaching a max-
imum magnitude of M4.6 (Fig. 2C). The earthquake swarm began
on 1 January 2024, with a generally decreasing trend in the frequency
of seismic events, effectively concluding around 25 January 2024.
Notably, larger seismic events in the swarm area did not generate the
usual number of secondary aftershocks, which are commonly seen
with typical seismic activity (Fig. 2, B to D). For instance, a M4.6
earthquake on 7 January 2024 occurred during a notable drop in
swarm activity.

Huangetal,, Sci. Adv. 11, eadv6771 (2025) 13 August 2025

Slowness-enhanced back projection

Using the SEBP method, we used teleseismic data from the AU and
NA arrays to perform a rupture process inversion for the 2024
Noto earthquake (23). Additionally, we used six aftershock events
(M > 4.5) to correct for velocity structure heterogeneity, ensuring
more robust results (22). The SEBP results effectively illuminate the
complex spatiotemporal evolution of the high-frequency radiation
of the 2024 Noto earthquake. As shown in Fig. 3, the high-frequency
radiations of the M,, 7.5 mainshock indicate that the bilateral rup-
ture mainly occurred in two stages. During the initial 18 s, the rup-
ture propagated slowly southwestward at ~0.6 km/s, showing good
consistency in both arrays. Notably, the locations of high-frequency
radiations in the first stage overlap well with the earthquake swarm
region (Fig. 3A). In the second stage, the rupture began to accelerate
bilaterally. From 20 to 40 s, it continued to rupture southwestward at
~2.7 km/s. Between 20 and 56 s, the rupture propagated northeastward
at a speed of ~3.1 km/s. Given the resolution limitations of SEBP
and the bilateral rupture, particularly in the complex geometry of
the swarm-fault region, the apparent back-propagating rupture
observed between 0 and 18 s is likely an artifact rather than a real
physical process. However, the slow rupture evolution is a reliable
feature. It is noteworthy that the strongest high-frequency radia-
tions at the AU array appeared between 30 and 37 s, accompanied by
deceleration of the rupture.

Coseismic deformation

We used the pixel offset method on ALOS-2 SAR (Stripmap) data
from three tracks to obtain the coseismic line-of-sight deformation
field. Additionally, we used differential measurements from 71 GNSS
stations within 200 km of the epicenter to obtain three-dimensional
coseismic displacements (24). The range pixel-offset maps derived
from the ALOS-2 data indicate that the deformation observed in the
Noto Peninsula is mainly characterized by uplift, with line-of-sight
decreases of up to 4 m at the northwestern end (Fig. 4). The GNSS
coseismic displacement field reveals that the nearby stations are
predominantly displaced toward the west and uplifting, with a 2-m
southwestward displacement near the epicenter and prevailing
northwestward movements in the southeastern part of the source
region (fig. S1). The general deformation pattern is consistent with a
thrust mechanism, coupled with a minor right-lateral component
(figs. S1 and S2). The deformation fields obtained from the SAR and
GNSS data exhibit a high degree of consistency, indicating the reli-
ability of our observations (Fig. 4, A to C).

Finite fault inversion

Guided by the relocated aftershocks, we performed an inversion us-
ing three faults with opposing dips. In the western section, west of
137.5°E, the main model fault dips 45° to the SE. We use a fault that
dips 38° to the SE to approximate one or more closely spaced faults
that fit the 2020-2023 earthquake swarm. The swarm faults are lo-
cated beneath the main fault of the 2024 Noto earthquake and are
nearly parallel to it (Fig. 2D). While there are apparently multiple
subparallel swarm faults, in the inversion, the slip is only inverted
for a single planar fault. In the eastern section, the model fault dips
53° to the NW. The hypocenter was placed on the main fault. Our
finite fault inversion results fit well with both seismic and geodetic
data. The fitting of the horizontal GNSS data is excellent (fig. S1).
The SM data are also well fit, but the peak values of simulated ground
motions at some stations are slightly lower than the observed values,
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Fig. 2. Aftershocks, normalized coseismic slip, and SEBP energy of 2024 M,, 7.5 Noto earthquake compared with the pre-earthquake earthquake swarm.
(A) Circles and triangles, color-coded by rupture times, represent the longitude of high-frequency radiators determined with data from North American (NA) and Australian
(AU) arrays. Orange lines show the depth-averaged and normalized along-longitude slip distribution inverted from this study. Purple bars represent the M > 0.5 aftershock
distribution in 12-km intervals along longitude between 1 and 28 January 2024. The gray-shaded area indicates the region of the 2020-2023 earthquake swarm. The
red star represents the epicenter of the 2024 Noto M,, 7.5 earthquake. (B) Spatial relationship between the 2020-2023 earthquake swarm (yellow circles) and the 2024
earthquake swarm (dark red circles). Cyan circles represent M > 3 events that are accompanied by decreases in the rate of events in the 2024 swarm shown in
(C). (€) Magnitude-time plot of the earthquake swarm triggered by the 2024 M,, 7.5 aftershock. Blue sticks represent the occurrence time and magnitudes of
M > 0.5 events within the black rectangle shown in (B). The black line indicates the rate of the triggered earthquake swarm (number of events per 6 hours). Red sticks
represent events with M > 2.5, and red circles represent the M > 3 events marked by blue circles in (B) and (D). (D) Vertical cross section along the purple line in (B).
(E) Magnitude-time plot (blue and red sticks) and event rate (black line) of the 2020-2023 earthquake swarm (number of events per 4 days). Red stars represent the events

that are not accompanied by abundant aftershocks. (F) Profiles CC’ in Fig. 1D. EQ, earthquake.

which may be due to simplifications in the fault and velocity models.
Some near-field stations exhibit large errors, possibly because our
inversion uses displacement data, and the baseline drift at near-field
stations is too large, making it difficult to accurately integrate accel-
eration into displacement, as seen in station ISK001 (Fig. 4, D to I,
and fig. $4). The fitting of the first-order features of the teleseismic
waveforms is also good (Fig. 4, J to O, and figs. S5 to S8), although
the fitting of high-frequency information is slightly worse, possibly
due to limitations in the velocity model (fig. S9). Overall, the simu-
lated and observed data from the optimal model are consistent. A
static checkerboard test indicates that the resolution above a depth
of ~15 km is high (fig. S10), noting that the slip from the 2024 Noto
M, 7.5 earthquake mainly occurs above 15 km. The geodetic data

Huangetal,, Sci. Adv. 11, eadv6771 (2025) 13 August 2025

provide very weak constraints on the eastern fault, so we rely on the
SEBP results to analyze the rupture characteristics of the eastern seg-
ment. There is certainly some trade-off between slip on the swarm
fault and the main fault. However, our resolution test demonstrates
that the model and data have sufficient resolution to distinguish be-
tween slip on these closely spaced faults and the sequential order
of their rupture. This provides a robust foundation for subsequent
analyses of the involvement of these faults in the rupture process
(fig. S11).

Our preferred finite fault slip model suggests that the total en-
ergy released during the 2024 Noto earthquake is equivalent to an
event of M,, 7.54. Initially, early bilateral rupture growth occurs
within the 2020-2023 earthquake swarm zone, consistent with the
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Fig. 3. SEBP result of the 2024 Noto M,, 7.5 earthquake. (A) Circles and triangles represent high-frequency radiators determined with the AU and NA arrays, respec-
tively, which are color-coded by rupture time and scaled proportionally to the normalized back projection power. The red star indicates the epicenter of 2024 Noto earth-
quake. Red lines represent the top edge of the model faults. The cyan circles are the 2020-2023 earthquake swarm events. The inset shows a vertical cross section along
the purple dashed line PP’, showing the spatial relationships between the main fault (black line), the swarm fault used for inversion (blue line), the 2024 Noto aftershocks
(dark red circles), and the 2020-2023 earthquake swarm (cyan circles). (B and C) Along-strike distances from the epicenter versus times of high-frequency radiators for the
NA (B) and AU (C) arrays. Dashed lines indicate reference rupture velocities. Positive distance values on the x axis are toward 40° (B) and toward 58° (C) from the epicenter.

findings from the SEBP (Figs. 3 and 5). The initial rupture during
the first ~18 s was almost fully confined to within the swarm region.
Notably, the initial rupture took place on the main fault of the 2024
Noto earthquake, while the nearby swarm fault started to rupture
about 6 s afterward. After 18 s, the slip on the main fault overlap-
ping with the 2020-2023 earthquake swarm area nearly stopped,
but the slip on the swarm fault persisted until 36 s. Subsequent rup-
ture of the western segment of the fault involved four main asperi-
ties, with the largest one located 40 to 55 km southwest of the
epicenter, having a slip value of up to 10 m. The seismic moment
(assuming a shear modulus of 30 GPa) of the largest asperity is
equivalent to an M, 7.1 earthquake. The energy release reached its
peak between 30 and 35 s, corresponding to the rupture of this largest
asperity. Notably, the southwestern rupture also extended to the
edge of the asperity located 25 km southwest of the hypocenter at 27 s,
leaving a gap of ~10 km by 5 km. Subsequently, this asperity rup-
tured the gap within 9 s, with the asperity’s shape outlined by the
1-m slip contour (Fig. 5M). During this period, the westernmost
asperity ruptured from bottom to top, with a maximum slip exceed-
ing 10 m, accompanied by a surge in the energy release rate of the
earthquake (Fig. 5M and figs. S12 and S13). On the eastern segment,
there is a shallower asperity above 10-km depth, with a seismic
moment equivalent to an M, 7.0 earthquake. This is consistent with
the primary features of the rupture along this segment identified
through potency-density tensor inversion results by Okuwaki et al.
(7). In the inversion without swarm fault, early slow rupture and
delayed asperity rupture were still observed, suggesting the stability
of these phenomena (fig. S14). To evaluate the necessity of includ-
ing swarm fault in the rupture modeling, we compared the two-
fault and three-fault models. We found that the three-fault model
shows a better SAR data fitting in the swarm fault region (within the

Huangetal,, Sci. Adv. 11, eadv6771 (2025) 13 August 2025

black rectangle in Fig. 4C), with the root mean square (RMS) misfit
decreased from 14.5 to 12.9 cm, an 11% reduction. This indicates
that the swarm fault might have slipped aseismically, eluding detec-
tion by seismic data. This provides further evidence for the involve-
ment of earthquake swarm-related fault in the rupture of the 2024
Noto earthquake.

DISCUSSION

The role of complex swarm faults in initial rupture and
aftershock activity

Preexisting complex swarm faults played an important role in the
initial slow rupture and post-earthquake aftershock activity. In-
cluding the swarm fault in the inversion reduced the SAR data RMS
misfit by 11% and relocated aftershocks align along swarm fault
(Fig. 2D). By calculating the stress changes on the swarm fault plane
induced by either the early slip or the total slip on the main fault, the
results consistently indicate that shear, normal, and Coulomb stress
changes in the up-dip portion of the swarm fault promote fault slip.
This region experiences a Coulomb stress loading of ~1.5 MPa, with
a strong spatial correlation between the slip area and the stress-
loaded region (fig. S15). This indicates that the swarm fault might
have slipped aseismically. These findings support the involvement of
swarm fault in the 2024 Noto earthquake rupture. The inversion of
the rupture process, using SAR pixel offsets, GNSS, SM, and teleseis-
mic data, reveals that only the main fault experienced rupture in
the first 6 s. Following this, the swarm fault began to slip, with both
swarm fault and main fault exhibiting bilateral and up-dip rupturing
at a very slow speed (~0.6 km/s). This indicates that the rupture of
the main fault likely triggered the rupture of the swarm fault, possi-
bly accompanied by aseismic slip. The earthquake swarm activity

50f 11

G202 ‘22 13BNy U0 BI0'80US 105 MMM,/:SANY WO | PSPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
Observation Synthetics | | . e
50+1cm o N
37°30'N - SuzH 1 y _
A p!
& UCUH
8 j\»
S
37°00'N - 1 ] _
e —
e ) A
P ;A "
_ / P ) . x
¥a : X
136°30°E 137°00°E 137°30°E 136°30°E 137°00'E 137°30'E 136°30'E 137°00°E 137°30'E
D E F G H |
207 1SK003 E 207 1SK003 N 20 1SK003 Z 57 ISKH06 E 57 ISKHO06 N 14 ISKH06 Z
0+ 0—%— 0+ O-ﬂﬁ{\—'va 0+ 0+
-20- 20 —20- _5- _54 —1-
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
J K L M N o
75 nouc | o] Nouc | 027 wRaAB| 0.2 wras | 027 FAkl | 0-27 FAKI
0-1 0.0 0.0 Y, 0.0 0.0
0 4
— Obs
-754 P 100 SH _0.24 Reyl _0.2- Love —0.2- Reyl —0.2 — Syn
0 40 80 0 40 80 0 1000 2000 3000 O 1000 2000 3000 O 1000 2000 3000 O 1000 2000 3000

Fig. 4. Data fitting of SAR pixel offsets, GNSS data, and seismic waveform data. (A to C) From left to right are observation data from descending orbit Path 26 from
ALOS2, simulated data based on the optimal coseismic slip distribution, and residuals. The colors of the triangles represent the three-component GNSS displacements
projected into the corresponding SAR data line of sight. The arrows represent observations (black), simulations (red), and residuals (red) of the horizontal GNSS displace-
ments. Purple circles represent broadband seismic stations in (A). The purple labels indicate the three GNSS stations closest to the 2020-2023 earthquake swarm in (C).
(D to I) Observed and simulated SM data, where the black line represents observational values and the red line represents simulated waveforms. Specifically, (D) to (F)
denote the east-west, north-south, and vertical components at station ISK003, while (G) to (l) denote station ISKH06. (J and K) Teleseismic P wave and SH wave at station
NOUC, respectively. (L to O) Teleseismic Rayleigh waves and Love waves at stations WRAB and FAKI, respectively. Seismic station locations are shown in fig. S3 and addi-

tional waveform data and model fits are shown in figs. S4 to S8.

since 2020 is notably related to fluid influence, revealing that fluid-
weakened faults are highly sensitive to stress perturbations and are
easily triggered to slip together by nearby fault ruptures. Earlier re-
search also observed slow initial rupture phase (7, 9, 10, 14). In the
swarm region, aftershocks of the 2022 M5.1 and 2023 M6.2 events
continued migrating upward along the swarm faults after the main-
shock, possibly reflecting pore pressure diffusion (4, 5). Liu et al.
(14) provided direct evidence of fluid accumulation through initial
rupture analyses of four events in the swarm region. The initial rup-
ture point corresponds to the upper edge of the 2020-2023 earth-
quake swarm, where fluid accumulation occurred, also implying a
possible link between earthquake nucleation and fluid triggering.
By using the SEBP technique, we identified strong high-frequency
radiators in the earthquake swarm area, which is generally associ-
ated with fault strength and geometry changes. In the swarm region,
we found that slip on the main fault nearly stopped after 18 s, while
slip on the swarm fault persisted for almost 36 s. Resolution tests
indicate some uncertainty in the rupture duration of the swarm
fault (fig. S11), but the pronounced differences suggest a likely pres-
ence of this trend. The slip on the swarm fault likely reflects the
combined contributions of one or more small faults within the
swarm region, and the extended duration may be attributed to fault
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weakening. Yoshida et al. (11), on the basis of aftershock relocation,
identified several foreshocks occurring on the swarm faults before
the mainshock and suggested that rupture on the swarm faults trig-
gered the rupture of the overlying main fault. We propose that
smaller foreshocks may have occurred on the swarm fault, which
did not exhibit notable slip. The slip on the main fault could have
triggered slip on the swarm faults through dynamic and static
stress transfer.

Aftershock relocation revealed that the aftershocks from the
2024 M,, 7.5 Noto earthquake were closely aligned with the preexist-
ing faults in the swarm area (Fig. 2D), indicating rerupture of these
structures, further underscoring the swarm fault’s role in the earth-
quake rupture. According to the earthquake catalog provided by
JMA, the M,, 7.5 main shock occurred at 16:10:22, but a M5.9 seis-
mic event occurred 2 km west of the main shock 13 s earlier. Due to
the overlap of the P-wave arrivals of the main shock and the wave of
M?5.9 event at near-field stations (fig. S16), we cannot accurately de-
termine the initial time of the M,, 7.5 event. The contribution of the
MS5.9 event is included in the rupture process inversion and SEBP,
which may also be one reason for the unusually slow initial rupture.
The 2024 M,, 7.5 earthquake involved multiple faults during its ini-
tial rupture phase, with complex fault geometry, fluid-induced fault
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Fig. 5. Finite fault inversion results based on SAR, GNSS, SM, and teleseismic data. Snapshots of the rupture process at 6-s intervals are shown in (A) to (I) and at 9-s
intervals in (J) to (U). [(A), (D), (G), (J), (M), (P), (S), and (V)] The SE-dipping fault of the southwest segment, where the black square on the main fault represents the position
of the swarm fault projected onto the main fault in map view. [(B), (E), (H), (K), (N), (Q), (T), and (W)] The SE-dipping swarm fault within the 2020-2023 swarm activity, and
[(C), (F), (), (L), (O), (R), (U), and (X)] the NW-dipping fault of the northeast segment. (V to X) Total slip, and arrows show slip direction. The blue lines represent the rupture
time contours. [(J), (M), and (P)] Black line outlines the position of the asperity with delayed rupture. Purple dots represent the 2020-2023 earthquake swarm. (Y) The mo-
ment rate function.
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weakening, and interactions among multiple faults being crucial
factors in the slow rupture observed in the first 18 s.

Delayed rupture behavior of strong asperity

Our finite fault inversion findings indicate a fascinating rupture pro-
cess involving delayed failure of an asperity during the 2024 Noto
earthquake. Before 27 s, the southwestward rupture left a gap mea-
suring 10 km by 5 km, located about 25 km southwest of the epicen-
ter. Between 27 and 36 s, the asperity within this gap experienced a
delayed rupture. Initially, the robust asperity notably impeded the
slip, causing the rupture to navigate around it from 18 to 27 s after
the rupture began. During this time, the strong asperity acted as a
barrier, but the slip occurring around it increased stress on the as-
perity. Eventually, the dynamic and static stress loading overcame
the rock strength, resulting in rapid failure of the strong asperity.
The delayed rupture of strong asperities can be a secondary source
of powerful ground motions, sometimes referred to as compound
rupture (25). Xu et al. (10) also found another delayed rupture as-
perity located 10 km southwest of the epicenter, to the east of the
asperity identified in this study. We believe that there may be more
than one instance of compound rupture behavior in that heteroge-
neous area, but the different fault geometries used have varying lev-
els of analytical capability. Numerical simulations have indicated
that increasing local fault strength can lead to such delayed ruptures
(26). This compound model suggests that barriers not only can ar-
rest ruptures but also can create additional sources, which can exac-
erbate earthquake damage.

We found that the rupture mechanism of the peak-slip asperity at
the far western end was a bottom-to-top rupture instead of a lateral
rupture in the horizontal direction of propagation (fig. S13). This
could again be due to stronger locking at the shallower asperity, with
the shallow asperity following along after slip had already occurred
below. This can also be referred to as a compound rupture.

Cascading rupture mechanism in complex earthquake
swarm region

Elucidating the mechanisms of large cascading ruptures in earth-
quake swarm regions allows for a better understanding of the large-
scale seismic failure of complex fracture networks. Earthquake
swarms are often linked to the movement of fluids and/or aseismic
slip and are generally characterized by small to moderate earth-
quakes, with only a few experiencing larger events. For instance, the
largest earthquake of the Matsushiro earthquake swarm in central
Japan, lasting over 5 years, was a M5.4 event, and the UAquila earth-
quake swarm in Italy had a seismic event of M,, 6.3 (27, 28). How-
ever, earthquakes larger than M7 are rare in earthquake swarm areas.
To enhance our understanding of the mechanisms behind this large
earthquake, we conducted a comprehensive analysis of fault struc-
tures and rupture processes of the 2024 Noto earthquake event.
First, both finite fault inversion and SEBP results indicate that the
earthquake rupture is mainly divided into two stages. The first phase
is largely confined to the 2020-2023 earthquake swarm area, during
which the rupture on the main fault triggered the rupture of under-
lying swarm fault segments. This prolonged slow rupture includes
the contribution from the M5.9 foreshock and may also involve
the M5.9 foreshock triggering the onset of the M, 7.5 main shock
through dynamic stress. After 18 s, the event transitioned into the
second stage. The slow rupture further triggers the main asperity in
the southwest direction by stress changes, also triggering another
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fault in the northeast direction, representing an M,, 7.0 subevent.
This forms a typical cascading rupture event involving multiple
faults, which is observed in several large earthquakes, such as the
2016 M,, 7.8 Kaikoura Earthquake and the 2021 M,, 7.4 Maduo
earthquake (29, 30). In summary, complex fault structures and in-
homogeneous asperities played a crucial role in the extensive cas-
cading rupture of the M,, 7.5 Noto earthquake in 2024.

Characteristics of the 2024 earthquake swarm and its
distinct aftershock patterns

We find that the 2024 M,, 7.5 Noto mainshock triggered a small
earthquake swarm located 3 km above the 2020-2023 swarm (Fig. 2,
B and D). We assumed the receiver fault geometry of the modeled
swarm fault and adopted a generic effective coefficient of friction of
0.4 to calculate the stress changes on the swarm fault. Although the
normal stress change derived from the mainshocks slip distribution
is compressive, the shear stress loading is relatively high. As a result,
the Coulomb stress change indicates that stress loading exceeding
1 MPa occurred at the location of the 2024 swarm (see Materials and
Methods and fig. S17), providing direct evidence that the 2024 Noto
mainshock statically triggered the small earthquake swarm. This re-
cent swarm began on 1 January 2024 and subsided around 25 January.
After 6 January, the number of earthquakes started to decay. Nota-
bly, the larger quakes in this swarm did not produce many after-
shocks, which is unusual compared to typical earthquake sequences.
Until 25 January, the swarm events released energy comparable to
an M, 5.4 earthquake. Figure 2C shows the earthquake frequency in
an area of 0.1° X 0.1° within the 2024 swarm region. Two notable
events (M4.6 on 7 January and M4.5 on 12 January) occurred during
declines in earthquake rate, and the event rate continued to drop
afterward. To verify whether larger events do not produce a rich
aftershock sequence due to noise levels, station outages, or during
times of frequent events, we used the maximum curvature method
to calculate the daily changes in the minimum completeness magni-
tude (M,) for the 28 days following the M,, 7.5 Noto earthquake in
2024 (31). Our findings indicate that, aside from the first 3 days—
when a higher number of seismic events during early aftershock ac-
tivity resulted in a larger M.—M. remained relatively stable around
M1 for the remainder of the period (figs. S18 and S19). This suggests
that the phenomenon of larger seismic events occurring without a
rich aftershock sequence is a valid observation. A similar pattern
was noted in the 2020-2023 swarm (Fig. 2E), where many events
greater than M3.5 also did not lead to numerous aftershocks. Lei et al.
(32) used the epidemic-type aftershock sequence (ETAS) model and
found that earthquakes caused by hydraulic fracturing do not pro-
duce as many aftershocks as tectonic earthquakes do. This may be
due to the absence of preexisting fault damage zones in fluid-
induced earthquakes, which are typically found in tectonic events.
Consequently, fluid-induced seismic events may not trigger after-
shocks in the same way as conventional earthquakes.

MATERIALS AND METHODS

Aftershock relocation

To compile a precise catalog of aftershocks following the 2024 Noto
earthquake, seismic data were gathered from 21 broadband stations
with an epicentral distance of 100 km. These data were obtained
from Hi-net, F-net, and JMA networks operated by the National Re-
search Institute for Earth Science and Disaster Resilience (NIED).
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The data collection period spanned from 1 to 28 January 2024. The
aftershock zone was divided into a western segment beneath the
Noto Peninsula with dense station coverage and an eastern segment
offshore with less station coverage, primarily concentrated on the
landward side in the SE direction. Notably, a station was also posi-
tioned on an island to the NW. The seismic waveform data were
processed using the PALM code through a two-step procedure (22).
First, a joint algorithm using STA/LTA and kurtosis was used to
identify pairs of P and S arrivals. This involved band-pass filtering
continuous waveforms between 1 and 20 Hz, followed by a search for S
waves within a 16-s window after the P arrivals. Second, a matched-
filter detection technique was applied with a cross-correlation threshold
of 0.2. For differential travel time calculation, we used a cross-correlation
threshold of 0.3. To ensure accurate association of the same seismic
event, a minimum of four stations with an original time deviation of
less than 2.0 s and a P travel time residual of less than 1.5 s were re-
quired. We adopted the one-dimensional (1D) velocity model by JMA
for the analysis (fig. S9).

Slowness-enhanced back projection

Back projection is a method of array processing that relies on the
similarity of seismic waveforms within the same array. It can eluci-
date the kinematic characteristics of rupture, such as rupture direc-
tion, velocity, and energy release size, with minimal prior knowledge
of fault geometry or rupture velocity. Traditional back projection
assumes a uniform velocity structure within the source region,
which may lead to errors in cases of large and laterally heteroge-
neous source regions. To address this limitation, the SEBP method
is used, which incorporates spatially varying slowness correction
terms derived from aftershock events to better account for the het-
erogeneous structure and provide more accurate source process in-
formation (23).

The AU array to the southwest and the NA array to the northeast
of the study area were selected because of their good constraints on
the rupture process. Teleseismic distances between 30° and 90° were
chosen to mitigate the influence of strong depth phases. A total of
121 and 322 broadband seismograms from the AU and NA arrays,
obtained from the Incorporated Research Institutions for Seismol-
ogy (IRIS), were separately analyzed (fig. $20). The Multiple Sig-
nal Classification back projection method was applied, aligning
P arrivals through band-pass filtering across multiple frequency
bands (33). Six aftershocks with magnitudes above M4.5 distributed
throughout the aftershock zone were selected to evaluate the accu-
racy of the velocity structure.

We found that the average spatial bias of back projection-inferred
locations for the AU and NA arrays, based on a uniform velocity
structure, was 11.1 and 12.1 km, respectively. To mitigate spatial
bias caused by crustal heterogeneity, slowness correction terms were
derived from the spatial bias of the six selected aftershock events
(tables S1 and S2). After applying spatially variable slowness correc-
tions across the entire source region, the average spatial bias im-
proved notably to 5.2 km for the AU array and 7.7 km for the NA
array (fig. S21). This enhanced accuracy allows for a more detailed
understanding of the spatiotemporal evolution process of the earth-
quake rupture.

SAR pixel offsets and GNSS observations
We used SAR data obtained from the L-band ALOS-2 satellite oper-
ated by the Japan Aerospace Exploration Agency. Three pairs of SAR
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images were processed from ascending tracks 121 and 127, as well as
descending track 26, as outlined in table S3. We processed the data
to obtain pixel range offset maps of the 2024 Noto earthquake
through the pixel offset-tracking (POT) method (34). Due to the
considerable coseismic deformation causing severe decorrelation, a
matching window size of 120 pixels in range and 84 pixels in azi-
muth was used, with a moving step of 30 X 21 pixels. The POT
method was implemented on each of the three consecutive frames,
and the resulting frames were combined to create a comprehensive
deformation map. To improve efficiency in the finite fault inversion,
a quadtree method was used to downsample the deformation field,
resulting in 944, 701, and 721 points for inversion (35).

Japan maintains a dense GNSS network operated by Geospatial
Information Authority of Japan. To study coseismic deformation, 71
stations located within 200 km of the earthquake epicenter were
chosen on the basis of data quality and proximity. Data from these
stations were collected at 30-s intervals. GNSS data recorded on
1 January 2024, underwent processing using precise point position-
ing with ambiguity resolution software (36). This processing in-
volved using final orbits from the Center for Orbit Determination in
Europe, phase clocks reestimated by Wuhan University, and phase
bias products, with a cutoff elevation angle of 10°. Thirty-second
time series on a single day were generated for the 71 selected stations
in the International Terrestrial Reference Frame 2014. Following es-
tablished methodologies, coseismic displacements were determined
by subtracting the average preseismic position from the postseismic
position within a 50-min time frame before and after the rupture
(fig. $22) (37, 38).

Local SM and far-field teleseismic data

Japan maintains a closely spaced network of SM stations, known as
k-net and kik-net, overseen by NIED. We identified 18 SM stations
located within a 150-km radius. These stations, unlike broadband
seismometers, do not experience instrument clipping and offer
high-frequency sampling rates, enabling detailed examination of
rupture processes (25, 39). For inversion efficiency, acceleration data
from SM stations typically need to be integrated twice to derive dis-
placement time series for rupture process inversion. However, SM
data often suffer from substantial baseline drift. To mitigate this
effect, we applied band-pass filtering in the frequency range of 0.02
to 0.125 Hz. Nevertheless, for some near-field stations with severe
baseline drift, integration to displacement may still introduce cer-
tain errors, as observed at station ISK001 (fig. S4).

We chose broadband teleseismic waveforms from 48 stations at
epicentral distances spanning 30° to 90° sourced from the IRIS data-
base, ensuring a comprehensive azimuthal distribution. Subsequent
to the removal of instrument response, the body waves (P and SH
waves) were subjected to bandpass filtering with corner frequencies
set at 0.005 to 1 Hz, while the surface waves (Rayleigh and Love
waves) underwent similar bandpass filtering with corner frequen-
cies ranging from 0.005 to 1 Hz.

Inversion method and model parameters

We used the methodology introduced by Ji et al. (40) to conduct a
joint inversion of SAR pixel offsets, static GNSS, SM, and teleseismic
data for the detailed rupture characterization of the 2024 Noto M,
7.5 earthquake. This approach involves nonlinear inversion tech-
niques to optimize the agreement between observed and simulated
data to derive parameters such as slip amplitude, rake, rupture time,
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and duration for individual subfaults (41). The optimization process
is carried out using simulated annealing. A source time function
was constructed for each subfault using an asymmetric cosine func-
tion with eight half-durations of 1.5 s to account for variable rupture
velocity and duration. The configuration of fault geometry was de-
termined from the relocated aftershocks. The western segment was
defined as centered on the epicenter, extending 98 km along a 58°
strike and 35 km along a 45° dip angle, with the upper edge of the
fault positioned close to the surface. The eastern segment extends
55 km along a 40° strike and 30 km along a 53° dip angle. To en-
hance our understanding of the relationship between the initial
rupture, the main fault, and the faults associated with the earth-
quake swarm, we incorporated the swarm fault into the inversion
analysis. By analyzing the earthquake swarm from 2020 to 2023, we
found that two main fault planes are situated closely together in a
vertical alignment, which are both positioned beneath the main
fault (Fig. 2D). Accordingly, our inversion uses a single fault plane to
represent the contribution of one or more swarm-related faults
(Fig. 3A). The fault was discretized into subfaults of dimensions
3.5 km by 3.4 km. For the inversion of the regional data, we adopted
the 1D velocity model proposed by JMA and used the frequency-
wave number integration method to compute Greens functions
(42). The propagator matrix approach was used for teleseismic data
to calculate Green’s functions (43). Laplacian regularization was ap-
plied over the fault plane to ensure the spatiotemporal stability of
slip evolution. We set the rupture velocity range to 0.3 to 3.5 km/s,
with a reference velocity of 2.5 km/s. We use moment magnitude as
the target in the inversion process, automatically searching for an
appropriate smoothing parameter that matches the target magni-
tude. Different observational data have different uncertainties. Given
that SH waves have a lower signal-to-noise ratio and greater arrival
time errors, we assign P waves a weight twice that of SH waves. The
Green’s function of long-period surface waves is more reliable than
that of body waves (44), so we assign surface waves a weight twice
that of P waves. Because near-field data provide higher resolution,
we give SAR pixel offsets, horizontal GNSS, and SM data the same
weight as surface waves. Vertical GNSS, which is less accurate than
horizontal GNSS, is assigned one-quarter the weight of horizontal
components (45). Thus, the data are weighted as follows: SAR pixel
offsets:horizontal GNSS:vertical GNSS:SM:P:SH:Rayleigh:Love =
4:4:1:4:2:1:4:4.

Resolution tests

To assess the resolution capability of the data and model in captur-
ing rupture evolution, we conducted three resolution tests using the
aforementioned parameters. First, static data (SAR, GNSS, and stat-
ic SM offsets) were used to evaluate the ability of the data and model
to constrain the static slip distribution (fig. S10). Second, to investi-
gate the resolution capability of the dataset in distinguishing slip on
two closely spaced parallel faults (main fault and swarm fault), we
performed a resolution test using all available datasets (SAR, GNSS,
SM, and teleseismic data). In the synthetic test, two 6.5-m slip as-
perities were assigned to the main and swarm fault, respectively.
The asperity on the main fault ruptured between 5 and 11 s, while
the asperity on the swarm fault ruptured between 13 and 17 s. In the
inversion, we imposed two separate nucleation points on the main
fault and the swarm fault. This test aimed to evaluate the ability of
the data and model to resolve the sequential rupture of the two
faults (fig. S11). Third, to evaluate the necessity of including a swarm
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fault in the rupture inversion, we performed an additional rupture
inversion excluding the swarm fault while using the same dataset as
the three-fault inversion (SAR, GNSS, SM, and teleseismic data)
(fig. S14).

Stress change calculation

We calculated the shear stress, normal stress, and Coulomb stress
changes on the swarm fault using the slip distribution on the main
fault to evaluate the triggering effect of the rupture on the swarm
fault. The stress changes of each subfault were computed at its center
to evaluate the distribution of stress changes encouraging slip in the
coseismic slip direction. Snapshots of the rupture process indicate
that notable slip on the swarm fault occurred after 18 s (Fig. 5).
Therefore, we estimated the stress changes imparted to the swarm
fault by the slip on the main fault within the first 18 s. To further
assess whether the stress changes remained encouraging and com-
parably high after the rupture had completed, we also calculated the
stress changes on the swarm fault induced by the total slip on the
main fault. The rake angle of each subfault was set according to its
coseismic slip vector (strike, 51; dip, 38; and rake, 120). We assume
an effective coefficient of friction of 0.4. The results consistently re-
veal a relatively high Coulomb stress loading in the up-dip direction
of the swarm fault (fig. S15).

To assess the triggering effect of the 2024 Noto mainshock on the
2024 earthquake swarm, we calculated shear stress, normal stress, and
Coulomb stress changes induced by the mainshock slip. As shown
in Fig. 2D, the triggered swarm events are primarily concentrated
at depth of 13 km. Therefore, we computed stress changes at depth of
13 km using the slip distributions of the three faults. Given the prox-
imity of the 2024 earthquake swarm to the swarm fault and the pos-
sibility of rupture on a smaller fault within the swarm fault, the
receiver fault was set with the swarm fault parameters (strike, 51° dip,
382 rake, 120°) and adopted a generic effective coefficient of friction
of 0.4. The results indicate that the 2024 earthquake swarm at depths of
13 km is located within the Coulomb stress loading region (fig. S17).

Supplementary Materials
This PDF file includes:

Figs.S1to S22

Tables S1 to S3
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