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A B S T R A C T

We investigated the interplay of seismic and aseismic processes during the 2024 Mw 7.5 Noto Peninsula earth
quake sequence. Comparing pore fluid pressure evolution from prior swarm activity with Coulomb stress per
turbations from the 2023 Mw 6.3 sequence, we find that high pore pressure likely played a more significant role 
in triggering the 2024 mainshock than elastic triggering. Using our template matching catalog for the 2024 
sequence and existing slip models, we show that physical drivers vary spatially. To validate our interpretations, 
we modeled the temporal evolution of background seismicity rates in the 2020–2025 Japan Meteorological 
Agency catalog. Static stress changes from the mainshock contributed to early seismicity, with strong effects in 
the southwest. The southwest and central zones exhibit signs of migrating afterslip, while the northeastern 
seismicity is primarily driven by more localized afterslip. Using evidence of swarm cessation in the central zone, 
we found that the Noto Peninsula experienced poroelastic rebound effects after pressure release, consistent with 
a cyclical fault-valving mechanism.

1. Introduction

Earthquake sequences typically follow a mainshock–aftershock 
pattern, in which numerous smaller aftershocks follow a large- 
magnitude earthquake (the mainshock). The frequency-magnitude dis
tribution of an earthquake sequence typically follows the Gutenberg- 
Richter law (Gutenberg and Richter, 1944) while the temporal decay 
of aftershocks is well-described by the Omori–Utsu law (Omori, 1894; 
Utsu, 1961). In some sequences, however, there is no clear mainshock, 
but many earthquakes of similar size that occur over time. These are 
referred to as seismic swarms. While the distinction between swarm-like 
and mainshock–aftershock sequences is not always clear-cut, seismic 
catalogs can be analyzed to assess the dominant pattern. Understanding 
these patterns provides insight into the physical mechanisms that drive 
seismicity – swarms are typically associated with crustal fluid migration, 
while mainshock-aftershock sequences result from tectonic loading and 
subsequent elastic stress triggering.

One of these swarm-like sequences is the 2020–2024 Noto Peninsula 
sequence in central Japan, near the boundary between the Amur and 
Okhotsk tectonic plates (Fig. 1). This sequence initially exhibited swarm 

behavior that began in late 2020, with increasing seismicity in 2021 and 
2022. The swarm included episodes of upward earthquake migration 
from ~15 km depth to shallower levels, largely attributed to fluid 
migration (Amezawa et al., 2023; Nishimura et al., 2023; Yoshida et al., 
2023a, 2023b), related to fault-valve behavior (Kato, 2024). In 
mid-2023, the sequence began to show mainshock-aftershock charac
teristics, marked by a Mw 6.3 earthquake followed by hundreds of 
smaller events.

On January 1, 2024, at 16:10:22 local time, a Mw 7.5 earthquake 
struck, with the Japan Meteorological Agency (JMA) locating the hy
pocenter at 37.496◦N, 137.270◦E, 15.9 km depth. This event triggered a 
tsunami with an estimated maximum inundation of ~5.5 m (Yuhi et al., 
2024), causing 299 fatalities and 1208 injuries (Ishikawa Prefectural 
Government, 2024). The aftershocks of the Mw 7.5 event extended 
southwest and offshore to the northeast, contrasting with the preceding 
years' seismicity, which had been largely confined on land to the 
northeastern portion of the peninsula.

This sequence provides a unique opportunity to examine the role of 
different physical mechanisms in earthquake sequences over time. 
Seismic catalogs are typically analyzed in space and time to track 
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earthquake migration patterns. To improve precision, resolution is 
enhanced by detecting more lower magnitude earthquakes. This can be 
achieved using an advanced detection technique known as template 
matching (e.g., Gibbons and Ringdal, 2006; Shelly et al., 2007; Vuan 
et al., 2018).

Peng et al. (2025)’s analysis of the spatiotemporal evolution of the 
relocated JMA catalog suggests that seismicity along dip followed a 
diffusive expansion that began in late 2020 with a possible reinjection or 
change in diffusivity in early 2021. However, the seismicity later that 
year cannot be fully explained by this diffusive front, suggesting that 
other processes, such as aseismic slip or stress changes, drove the seis
micity thereafter. Kato (2024) identified fluid upwelling as a possible 
cause of the rapid migration of early aftershocks following the 2023 Mw 
6.3 Noto earthquake. Ishikawa and Bai (2024) argue that the faulting 
orientation in the Noto peninsula prevented fluids from spreading over a 
wide area in the horizontal plane, leading to a build-up of fluid pressure 
and thus, decrease in fault strength that triggered the 2024 Mw 7.5 Noto 
earthquake. Yang et al. (2024) found evidence of afterslip in the first 19 
days following the 2024 mainshock that matched with aftershock lo
cations and argued that afterslip may play an important role in driving 
those events.

Our goal was to assess in more quantitative detail the spatiotemporal 
contribution of fluid migration, aseismic slip, and elastic stress trig
gering to this sequence. To ensure robustness in our analysis, we inte
grate multiple independent approaches. First, we calculate changes in 
fault strength due to pore pressure perturbations and Coulomb stress 
changes in the months preceding the 2024 mainshock. Then, we refine 
the JMA earthquake catalog using a template-matching technique over a 

two-month period, spanning one month before and one month after the 
2024 mainshock. Using this enhanced catalog and postseismic defor
mation models, we obtain the spatial distribution of the seismic-to- 
geodetic ratio, which can be used to map in finer detail the spatial dis
tribution of seismic and aseismic processes in the aftershock sequence. 
Moreover, we estimate aftershock migration rates and perform clus
tering analysis of the enhanced catalog to highlight finer-scale fault 
structures that were likely affected by Coulomb failure. Finally, to 
validate our analysis and monitor longer-term changes in physical 
mechanism contribution, we model the background seismicity across 
different zones of the Noto Peninsula using events from the 2020–2025 
JMA catalog.

2. Methods

2.1. Pore fluid pressure modeling

To model the pore fluid pressure and fault strength evolution at the 
depth of the mainshock’s hypocenter since the onset of diffuse seismicity 
in late 2020 (Peng et al., 2025), we followed the approach of Malagnini 
et al. (2012). This method assumes that the fault strength was purely 
hydrostatic before the time of interest. Because the pore fluid pressure 
coefficient (ratio of pore pressure to lithostatic pressure) can vary widely 
in hydrothermal and subduction zone systems (0.5–1.0; Bhowmick 
et al., 2024; Seno, 2009), we tested values between 0.6 and 1.0. We 
assume a static friction coefficient of 0.4, rock and fluid densities of 
2990 and 1000 kg/m3, respectively, and that the system is in a 
non-steady-state to account for large changes in pore fluid pressure. We 

Fig. 1. Map showing all events in our obtained seismicity catalog from 2023/12/01 to 2024/02/02 on the Noto Peninsula, colored by depth. Orange squares show 
the location of Hi-Net seismometers used to detect earthquake signals. The top left inset shows Japan's regional tectonics with general plate motion directions from 
the USGS (U.S. Geological Survey, n.d.). The black rectangles show the different zones we examine in Fig. 3.
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assume wet conditions to calculate the evolution of fault strength on a 
41◦ dipping thrust fault using the equations described in Text S1a. The 
dip angle was chosen from the nodal plane determined by the United 
States Geological Survey (USGS) focal mechanism that best fits the 
observed seismicity. We use the injection point location and diffusivity 
(D) values of 0.1 and 0.2 m2/s from Peng et al. (2025). The 3D distance 
from the injection point is used in our calculations. To evaluate the 
change in fault strength at the time of the Mw 7.5 mainshock, we take the 
fault strength at the time of the Mw 6.3 in 2023 as the initial value and 
subtract the subsequent values from it. More details about the meth
odology we used for our pore fluid pressure modeling can be found in 
Text S1a.

2.2. Coulomb stress changes

To evaluate the static stress changes caused by foreshocks, the 2024 
mainshock, and aftershocks, we used the Coulomb 3.4.2 software (Toda 
et al., 2011). In this software, the change in Coulomb failure stress at a 
particular location or receiver fault is evaluated using the following 
equation: 

ΔCFS = Δτ + μʹ Δσ (1) 

where Δτ and Δσ are the changes in shear and normal stress, respec
tively. We assumed an effective friction coefficient (μʹ) of 0.4 for all our 
calculations. We used the model from Xu et al. (2024) as the input fault 
for the mainshock calculation. We selected all M ≥ 5 events from our 
relocated catalog (see the subsequent section) for the aftershocks 
calculation. We generated fault geometries using the USGS's moment 
tensor fault parameters with lengths and widths based on the empirical 
relations from Wells and Coppersmith (1994), assuming the fault type is 
not known. We then evaluated their cumulative ΔCFS at the average 
depth of the aftershocks (10.60 km). For the foreshocks that occurred 
since the 2023 Mw 6.3 Noto earthquake, we used all M ≥ 5 events from 
the JMA catalog. We evaluated their cumulative ΔCFS at the depth of the 
mainshock hypocenter (15.86 km). The fault slip model we used for the 
2023 Mw 6.3 event was from Liu et al. (2024). For the other events, we 
used the strike, dip, and rake of the USGS moment tensor for the 2023 
Mw 6.3 event (59, 44, and 99◦, respectively) and the empirical relations 
from Wells and Coppersmith (1994) to obtain the length and width for 
faults of unknown type. The receiver fault we assumed for the foreshock 
calculation uses the USGS moment tensor parameters for strike, dip, and 
rake (49, 41, and 102◦, respectively). For the main and aftershock cal
culations, we used optimally oriented thrust faults as the receiver. 
Coulomb 3.4.2 defines optimally oriented faults as those with strikes and 
dips that maximize the ΔCFS caused by an assumed source fault with an 
assumed regional stress tensor and μʹ value for the receiver fault. We use 
the stress tensor from the stress map of Uchide et al. (2022) that is closest 
to the epicenter of the 2024 mainshock. To verify the robustness of our 
results, we varied the assumed calculation depths and effective friction 
coefficient (Text S1b).

2.3. Earthquake detection

To identify earthquakes potentially missing from the JMA catalog, 
we applied the template-matching approach of Vuan et al. (2018). This 
method utilizes waveform recordings of known earthquakes (template 
events) to scan streams of continuous data. For each template event, 
cross-correlation (CC) functions from multiple stations are synchronized 
based on S-wave arrival times and summed to obtain a stacked network 
function. In the CPU version of the code, a new detection is registered 
when the function exceeds a user-defined threshold, set as N times the 
daily median absolute deviation (MAD). To speed up the computation, 
we used the GPU version, which uses the mean CC across multiple 
channels to register a new detection.

Our templates consisted of JMA events within 100 km of the 2024 

mainshock’s epicenter, occurring between 2024/01/01 16:10:22 and 
2024/02/02 00:00:00 and at depths shallower than our assumed crust- 
mantle boundary (29.5 km) of the velocity model (Ueno et al., 2002; 
Figure S1). This resulted in 19,694 template events.

To generate the template recordings, continuous waveform data 
from 62 Hi-Net three-component seismometers (Fig. 1) were down
sampled from 100 Hz to 20 Hz for efficiency. After only keeping tem
plates whose waveforms had sufficient signal-to-noise ratio on at least 4 
seismogram components (see Text S1c), this left 19,686 templates to be 
used for detection. We employed a GPU-based template-matching 
implementation (Sugan et al., 2023) for detections in the 2–8 Hz band. 
The frequency range is selected based on mean inter-station and 
station-event distances to optimize detection capability. Detections 
required a mean CC ≥ 0.3 across at least four channels and a minimum 
separation of six seconds between consecutive detections. We then 
removed events that had N < 8 and mean CC ≥ 0.3 across fewer than 5 
channels. More methodology details and justifications for the detection 
parameters can be found in Text S1c.

2.4. Earthquake relocation

We relocated the detected events using GrowClust (Trugman and 
Shearer, 2017), a hierarchical clustering algorithm that iteratively re
fines event locations based on differential travel times between pairs of 
events with similar P and S waveforms. Each event is paired with the 200 
nearest detections within 5 km of the event using the ph2dt software of 
HypoDD (Waldhauser, 2001), with CC coefficients calculated using Fast 
Double-Difference Cross-Correlation (FDTCC) (Liu et al., 2022a, 2022b). 
FDTCC defines CC as the cross-correlation between P and S phase win
dows of two stations based on a user-defined threshold of time before 
and after the phase arrivals. We use a 1-second window before and after 
the phase arrivals. Only event pairs with at least six P/S-phase windows 
with CC ≥ 0.65 were selected for relocation with GrowClust. How un
certainty is determined as well as justifications for the selected reloca
tion parameters can be found in Text S1d.

2.5. Comparing earthquake catalogs

To visualize the magnitude range at which new events are being 
added, we plotted the magnitude-frequency distributions of both the 
JMA and our relocated catalog (Figure S2). Additionally, we calculated 
the match rate of our catalog with the JMA catalog by first converting 
event coordinates in each catalog from spherical (Longitude, Latitude, 
Depth) to cartesian (Universal Transverse Mercator). Then, we iterated 
over all events in the JMA catalog, searching for events in our catalog 
that were within 3 s and 3 km of a particular event in the JMA catalog. 
This helps highlight how many of the events in our catalog are newly 
detected.

2.6. Clustering and orientation for coulomb failure

To examine clusters of earthquakes that are spatially close, we 
employed the Density-Based Spatial Clustering of Applications with 
Noise (DBSCAN) algorithm (Ester et al., 1996). DBSCAN will group 
points of sufficiently high density together and label the rest of the 
points as noise. We required that a given cluster have at least 75 events, 
and the maximum distance between two samples for them to be 
considered part of the same neighborhood (the parameter ℇ) was 1.0 
km. We conduct sensitivity tests of the DBSCAN parameters in Text S1e. 
The fault planes were then fitted to the resulting clusters using the al
gorithm from Ross (2024). This algorithm iterates over a range of spe
cific fault orientations, treating each fault as a cylindrical volume with a 
characteristic half-height (t) and radius (rc). We have chosen t = 0.4 and 
rc=4 km, following the rc/t ratio from Ross (2024). For each point in the 
cluster, the algorithm centers a cylinder and counts the number of other 
points that fall within it. The orientation with the highest cumulative 
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count is considered the best-fitting fault plane.
Uchide et al. (2022) inverted focal mechanisms from 220,000 mi

croearthquakes to obtain a nationwide stress map for Japan, providing 
stress tensors at every 0.2◦ interval. Using this data, we found the de
viation (θ) of the normal vector of our fitted fault planes from the 
maximum principal stress direction of the closest stress tensor to a 
cluster’s centroid. The following equation, based on Mohr-Coulomb 
theory, from Sibson (1974) and Twiss and Moores (2007): 

μ =
1

tan(2θ)
(2) 

allowed us to then estimate a value for the coefficient of friction (μ) for 
each fault plane, assuming no cohesion. If the obtained μ value is be
tween 0 and 1, then we define the cluster as in the reasonable range for 
Coulomb failure.

2.7. Spatiotemporal evolution of seismicity

Seismic migration speeds were estimated by projecting all events 
onto the USGS-assumed strike and dip (49◦ and 41◦, respectively) of the 
mainshock fault plane. We assumed the seismicity occurred on a fault 
plane extending 70 and 97 km NE and SW (black-dotted line in Fig. 1). 
We exclude earthquakes that are in the ~7 % most distant from this 
assumed fault plane. This threshold was determined by calculating the 
3-D distance from each event onto the USGS-determined strike and dip 
of the mainshock fault plane. The 90th percentile of the resulting dis
tribution of distances (Figure S3c) is ~30 km, located just outside the 
bulk of the distribution. So, excluding all events with a distance greater 
than this removes outliers from the projection, amounting to 7 % of the 
resulting catalog. Each event’s along-strike and along-dip distance 
relative to the mainshock was computed.

2.8. Seismic to geodetic moment ratio calculation

Discrepancies between seismic and geodetic moments can indicate 
aseismic slip. We estimated the seismic moment (M₀) of an earthquake 
using: 

M0 = 101.5(ML+9.05) (3) 

where ML is the local magnitude of an earthquake estimated by template 
matching.

The geodetic moment of each slip patch in the co- and 19-day post- 
seismic slip models from Yang et al. (2024; Figure S4) was obtained 
by multiplying the area of a patch by its slip value and an assumed ri
gidity value (30 GPa). We compared seismic and geodetic moments for 
each patch in the northeast and southwest fault segments. For the 
seismic moment, we summed the seismic moments of earthquakes 
above/below the fault patches and within 20 km of the patch at 3 and 19 
days post-mainshock (days 0–4 and 4–19, respectively).

2.9. Deep gaussian process epidemic type aftershock sequence (DGP- 
ETAS) modeling

To investigate the temporal evolution of the background seismicity 
μb, we employed the Deep Gaussian Process Epidemic Type Aftershock 
Sequence (DGP-ETAS) approach from Muir and Ross (2023). The typical 
Epidemic Type Aftershock Sequence (ETAS) parametric-based modeling 
approach (Ogata, 1988, 1998) assumes that seismic events are primarily 
caused by aftershock triggering with a fixed background seismicity rate 
that can be solved using the Maximum Likelihood Estimation (MLE). 
This means that it is challenging to model the seismicity rates of more 
complex sequences, such as fluid-driven swarms, which have a variable 
μb (Hainzl and Ogata, 2005; Kumazawa and Ogata, 2013; Llenos et al., 
2009). Kumazawa and Ogata (2013), Marsan et al. (2013) and 
Trugman et al. (2016) expanded on this system to allow for temporal 
evolution in background rates, thus enabling the study of sequences with 
significant fluctuations in background seismicity rates (e.g., swarms). 
More recently, Muir and Ross (2023) implemented a DGP-based 
approach for determining the temporal evolution of background seis
micity rates. The DGP-ETAS approach assumes time-varying μb, which 
may or may not be swarm-driven. The DGP builds on the 
semi-parametric single GP implementation by Molkenthin et al. (2022)
by allowing for more abrupt changes in the rate to be detected. Some 
extra details about the DGP-ETAS method can be found in Text S1f.

We used earthquakes in the JMA catalog M ≥ 2.5 occurring between 

Fig. 2. (a) Pore fluid pressure (increasing green line) and fault strength (decreasing blue line) over time at the location of the 2024 Mw 7.5 mainshock with associated 
uncertainties due to using pore fluid pressure coefficients ranging between 0.6–1.0. Green and blue dots on the vertical axis correspond to the hydrostatic pressure 
and strength, respectively. The green and blue-dashed lines are calculated assuming a pore fluid pressure coefficient of 0.8. The red dots on the horizontal axis 
correspond to the timing of the change in diffusivity value from Peng et al. (2025), and the origin times of the 2023 Mw 6.3 and 2024 Mw 7.5 earthquakes. (b) Fault 
strength decrease (increasing blue dotted line) and the cumulative Coulomb stress change (red line) between the 2023 Mw 6.3 and 2024 Mw 7.5 earthquakes. The 
cumulative Coulomb stress change is calculated at the location of the 2024 Mw 7.5 mainshock for each M5+ earthquake that occurred between the two large 
earthquakes, assuming a receiver fault geometry of strike = 49◦, dip=41◦ and rake=102◦ from USGS’s focal mechanism. A zoom-in of the ~10 days since the 2023 
Mw 6.3 event can be found in Figure S7. A map view of the cumulative Coulomb stress changes shown in (b) is plotted in Figure S19b.
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2020/01/01 and 2025/03/07 in our study region. This magnitude 
threshold was chosen based on computational limitations. Although 
excluding lower-magnitude events may reduce observable triggering 
information, DGP-ETAS propagates the resulting uncertainty through 
posterior credible intervals that may widen under sparse observational 
conditions.

For this complex sequence, the seismic swarm has largely been 
restricted to the northeast portion of the peninsula from 2020–2024. It 
was only after the nucleation of the 2024 mainshock that seismicity 
appeared northeast and southwest of the central zone. To investigate 
how differing mechanisms may have driven seismicity over space, we 
split the catalog into 3 different sub-regions as indicated in Figure S5 
(southwest; SW, central; C, northeast; NE). These were chosen so that 
the central region of swarm activity was separated from the surrounding 
areas that saw little to no seismicity during the 2020–2024 swarm. Each 
sub-region was separated by a buffer zone to minimize the influence of 
physical mechanisms from neighboring sub-regions and contained 1706, 
1455, and 1021 events, respectively. To obtain reference parameters for 
the model priors, we followed the approach from Muir and Ross (2023), 
which used Statistical Analysis of Point Processes with R (SAPP; Ogata, 
2006) to model the typical ETAS (constant μb) seismicity rate in our 
study region (36.746–38.246◦N, 136.52–138.02◦E) between 2010 and 
2020. The reference parameters and the associated model we obtained 
are shown in Figure S6. We assumed all the same sampling parameters 
as in Muir and Ross (2023) for each Gaussian layer.

3. Results

3.1. Contribution of coulomb stress and pore fluid pressure to the 
nucleation of the 2024 mainshock

The results of the pore fluid pressure calculations in Fig. 2a show that 
the effective fault strength decreased by about 40 ± 15 MPa from the 
beginning of fluid injection in 2020 to 2024. Zooming into the time 
range between the 2023 and 2024 mainshocks (Fig. 2b), we find that the 
effective fault strength decreased by about 1.6 ± 0.7 MPa. This is three 
times the Coulomb stress increase of ~0.4 MPa caused by all events M ≥
5 since the 2023 event, suggesting that pore fluid pressure changes since 
2023 still played a significant role in bringing the 2024 mainshock’s 
fault closer to failure. To validate our result, we varied the assumed 
coefficient of friction (Text S1a, Figures S7-S10) and found that the 
effective fault strength decrease consistently exceeds the Coulomb stress 
increase caused by all events M ≥ 5 since the 2023 event.

3.2. Spatiotemporal evolution of seismicity one month before and after the 
2024 earthquake

Using 19,686 template events from the JMA catalog, we detected 
138,889 events and assigned them the same locations as their associated 
templates. The match rate of this catalog with JMA was ~97 %. These 
events were then relocated using the GrowClust software. Our final 
catalog contained 44,498 events, compared to the original 20,356 in the 
JMA catalog during the same time period. Most of our final catalog’s 
new events are in the lower magnitude ranges of 0–2 (Figure S2). The 
match rate of our relocated catalog with JMA’s was ~79 %, suggesting 
that our catalog contains 28,506 previously undetected events. Some 
JMA events were missed in our final catalog due to not meeting the 
criteria for relocation (see Methods). The match rate in the month before 
the mainshock was lower than that of the month after the mainshock 
(~39 % compared to ~80 %). This is expected as we only used after
shocks as templates. Figure S3a-b shows that our relocated catalog’s 
location errors are relatively low (average of ~400 m). Additionally, the 
seismicity generally gets deeper as you go from southwest to northeast 
(Fig. 1) even if the depths are perturbed by their error bars (Figure S11), 
towards the Amur-Okhotsk plate boundary. This boundary has been 
interpreted as a developing or nascent convergence zone (Nakamura, 

1983), so the depth of seismicity increasing as it approaches the 
boundary could be indicative of a developing subduction zone.

Examining the results of our projection onto the USGS-based fault 
plane, we find that the foreshocks in the month before the mainshock are 
mainly concentrated close to the mainshock’s hypocenter in the north
east part of the Noto peninsula, where the ~4 year-long swarm had been 
occurring. We also see that the aftershock seismicity migrates northeast 
in the central zone, southwest in the southwest zone, and up/down-dip 
in both the central and SW zones along fronts of ~4.4 and 3.3 km/ 
decade. Aftershock migration has been reported to follow a log(t) rela
tionship with slopes in the range of 0.7–31 km/decade in the case of 
aseismic afterslip (Kato and Obara, 2014; Perfettini et al., 2019; Sugan 
et al., 2019). Near the Noto Peninsula, it has been reported in the 
range of 1–7 km/decade (Kato and Obara, 2014; Takahashi et al., 2026).

3.3. Seismic to geodetic moment ratios

Yang et al. (2024) obtained co and 19-day postseismic slip models of 
the earthquake using Global Navigation Satellite System (GNSS) data 
(Figure S4). We overlaid our seismicity on these slip models (Fig. 4a-b) 
and found that the peak seismicity density on both the northeastern and 
southwestern fault segments for the coseismic slip model is located near 
the main slip patch’s edges. This is expected because the mainshock’s 
principal fault patches relieve stress after the earthquake and trigger 
stress in the surrounding patches. This is shown in Figure S12, where the 
coseismic slip model’s positive Coulomb stress change map on optimally 
oriented thrust faults coincides with zones of peak seismicity in the 
southwest, central and northeast zones. For the postseismic model, we 
also find that the peak seismicity density is located on the main slip 
patch’s edges, which is to be expected as afterslip-induced deformation 
would load the surrounding parts of the fault. In this case, the stress map 
shown in Figure S12 indicates that the zones of peak seismicity density 
in both the northeast and central regions align well with areas of positive 
Coulomb stress change. In the southwest region, several zones of peak 
seismicity density zones coincide with positive stress changes. This 
overall pattern persists even after we varying the parameters used in the 
Coulomb stress calculations, as demonstrated in the robustness tests for 
the stress change maps (Text S1b; Figures S13-S15).

The seismic-to-geodetic moment ratio results in Fig. 4c highlight that 
the SW segment had generally higher ratio values than the NE segment 
(~4 % compared to 0.6 %). Both the NE and SW segments had a shallow 
portion of low ratio values, with higher values at intermediate depths. 
This, combined with the ΔCFS of the slip models (Figures S12-S15), 
suggests a combination of seismic and aseismic processes occurring in 
this aftershock sequence. Namely, the peak density of 4–19-day after
shocks is located above zones of ΔCFS>0 in the NE. In the SW, they are 
located near the slip patch’s edges but not fully above zones of ΔCFS>0.

3.4. Clustering and coulomb stress

Using the DBSCAN algorithm allowed us to identify 21 clusters of 
earthquakes (larger dots in Fig. 5). After eliminating clusters whose fault 
geometry is highly uncertain, we find that 7 of the 21 clusters are in the 
orientation range for Coulomb failure, with 6 of the 7′s μ values being 
around 0.1–0.2 and 1 having a value of ~0.8 (Fig. 5). When we overlay 
the positive ΔCFS zones from the finite model of the mainshock (Xu 
et al., 2024), we find that most of the 7 clusters are in the zones of 
positive ΔCFS values caused by the mainshock (Figure 5; 
Figures S16-S18 for robustness validation) or large aftershocks 
(Figure S19a). Almost all the clusters that are in the reasonable orien
tation range for Coulomb failure (0<µ<1) are in the SW zone. Around 
half of the clusters not in the reasonable range for Coulomb failure are 
located outside regions of positive ΔCFS. Sensitivity tests of the DBSCAN 
and Coulomb stress parameters (Text S1b, S1e; Figures S20–31) led to 
similar results for the friction values. Additionally, most of the clusters 
in the reasonable range for Coulomb failure are still found in positive 
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ΔCFS regions in the southwest and/or central zones, demonstrating the 
consistency of our results.

Those clusters that were not in the reasonable range for Coulomb 
failure and occur outside of areas of positive ΔCFS may have been driven 
by some other mechanism, such as afterslip. When we overlay the 
clustering from Fig. 5 onto the stress map associated with Yang et al. 
(2024)’s postseismic slip model at various depths (Figure S32), we 
find that around 4 of those clusters coincide with regions of positive 
ΔCFS caused by that slip model. This was consistent even after we varied 
the frictional parameter (Figures S33-S35). An approach that a future 
study may use to further verify the contribution of afterslip is to search 
for repeating earthquakes and examine whether accelerating slip rates 
were observed offshore following the 2024 mainshock. For unfavorably 
oriented clusters located in regions of positive Coulomb stress change, 
the inferred friction values may be overestimated due to the assumption 
of zero cohesion. This assumption implies that all faults are mature, 
whereas some of these clusters may represent immature faults that 
would be favorably oriented for failure if cohesion were considered. 
Immature fault zones tend to have a distributed network of damage, 
while mature fault zones are more localized (Thakur and Huang, 2021) 
as the fault evolves and reduces its geometrical complexity. Takahashi 
et al. (2026) show that seismicity in the southwest zone revealed com
plex small-scale fault structures but lacks the large aftershock plane 
associated with the 2007 Mw 6.7 Noto Hanto earthquake. It is therefore 
likely that those clusters are associated with immature faults that would 
require an estimate for the cohesion. Another mechanism for driving 
aftershocks in unfavorably oriented clusters is an increase in 
fault-confined fluid pressure, as found in Terakawa et al. (2013)’s study 
of aftershocks after the 2011 Tohoku-oki earthquake. Additional limi
tations include uncertainties in the regional stress tensor (from Uchide 
et al., 2022) and receiver fault geometry used in the ΔCFS calcula
tions. Nonetheless, this approach serves as a first-order validation of the 
ΔCFS model and suggests that most favorably oriented faults likely 
consist of weaker materials, requiring lower stress to fail.

3.5. Validation with the background rate of the JMA catalog

Our results in Fig. 6 indicate that the SW and NE zones have an 

almost constant background rate despite increased seismicity in 2024. 
This suggests that seismicity in those regions follows a typical 
mainshock-aftershock system. However, the results for the central zone 
show a significant fluctuation in the background rate. Namely, we see 
the increase in background rate in mid-2021 with slight variations 
during upticks in seismicity, corresponding to the pre-2024 swarm ac
tivities. This is consistent with the results from Kumazawa and Ogata 
(2024b), who used a nonstationary ETAS modeling approach 
(Kumazawa and Ogata, 2024a) to solve the time-varying background 
rate and aftershock productivity. Our results, which extend into 2025, 
reveal a decrease in the background rate to pre-swarm levels following 
the 2024 mainshock. This could indicate a swarm cessation mechanism 
in the central zone.

3.6. Discussion

From our pore fluid pressure analysis, a 40 ± 15 MPa decrease in 
fault strength is reasonable for the time span we are looking at. 
Malagnini et al. (2012)’s study calculated a 7–10 MPa decrease in fault 
strength over 1–4 days at a similar depth (10 km). In our case, this value 
is over 4 years of a swarm. Our ~230 MPa initial effective fault strength, 
while high, is plausible. Behr and Platt (2014) suggest that while shallow 
brittle faults are weak, the more ductile middle crust can sustain higher 
effective frictional strength. Other studies suggest that pore pressure 
may approach lithostatic values at depth or may vary due to fault valve 
behavior, thereby keeping effective fault strength relatively low and less 
depth dependent (Zencher et al., 2006; Zhu et al., 2020). The fault we 
are working with also may have already been previously weakened by 
historical seismicity, so the initial value might be overestimated. 
Furthermore, our analysis assumes a constant friction parameter, which 
may not hold over the time scale considered. Frictional properties can 
evolve due to fluid migration and stress redistribution, potentially 
influencing our estimate of fault strength. However, the point of this 
calculation is more to assess the change in fault strength due to fluids 
compared to the increase in Coulomb stress due to foreshocks as opposed 
to constraining absolute values. Consequently, our results provide evi
dence that the 2024 Mw 7.5 Noto earthquake was primarily driven by 
pore fluid pressure buildup, with Coulomb stress changes generated by 

Fig. 3. Spatiotemporal evolution of our seismicity results along strike (left panel) and (right panel) along dip (angle = 41◦) of the black dotted line in Fig. 1, with 
respect to the location of the mainshock. Plots are shown in log-linear scale. Positive dip direction corresponds to increasing depths. Red and blue lines show afterslip 
relations at expansion rates of 4.4 and 3.3 km/decade, respectively.
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the 2023 Mw 6.3 earthquake playing only a minor role (Fig. 2). This may 
be indicative of loading of the shallower brittle crust by the more ductile 
middle-to-deep crust. Incorporating temporal variations in the friction 
parameter in future analyses could further validate and refine this 
interpretation.

Our aftershock analysis indicates different behaviors in different 
regions of the fault system. In all sub-regions studied, the early after
shocks were located near the edges of the major coseismic slip patch 
(Fig. 4), indicating that interaction between earthquakes was likely the 
primary driver. This was especially prevalent in the SW zone, where 
several seismicity clusters were in the orientation range for Coulomb 
failure.

Additionally, the seismic-to-geodetic moment ratios indicate that the 
portions of all zones exhibit some sort of aseismic process (Fig. 4c). The 
ratio between the seismic moment release rate and the plate-motion- 
derived moment release rate, also known as seismic coupling, can be 
used to infer seismic hazard along a fault (Clarke et al., 1998; Palano 
et al., 2018). Locked regions (high coupling) are accumulating stress 
that will eventually be released in the form of seismic slip during 
earthquakes. Unlocked regions (low coupling) account for plate motion 
through aseismic slip driven by fault creep. Typically, geodetic and 
seismic data are analyzed over long terms (e.g., years or decades) and 
are used to derive ratios between seismic and geodetic moment rates 
(Mazzotti et al., 2011; Sparacino et al., 2022). In our study, the 
seismic-to-geodetic moment ratios we obtain offer a snapshot of the 

coupling state of the fault segments. It is important not to over-interpret 
fine-scale heterogeneities in our results, as there are uncertainties in our 
earthquake locations and the slip model we are using. However, we can 
generally say that the shallow portion of both the NE and SW segments 
(with low ratio values) have lower coupling than its intermediate depths 
in the time period examined. For the intermediate depths, the seismicity 
there results both from the Coulomb stress perturbation of the co and 
postseismic slip, indicating that zone was fully locked previously (there 
was little to no seismicity in the decades prior) and is now at least 
partially locked and unlocking as time goes on. In the SW and central 
zones, the seismicity is the result of perturbation from the significant 
coseismic slip but also from migrating aseismic afterslip. Given the large 
amount of Coulomb Stress imparted on the NE zone without as much 
seismicity being triggered, the material in the intermediate-depth NE 
zone may have higher frictional strength and thus is more resistant to 
unlocking compared to similar depths in the SW.

The migration velocities in the central and SW zones reveal a clear 
afterslip front (Fig. 3), with rates consistent with previous studies of 
seismicity on the Noto Peninsula. However, in the SW zone, the peak 
seismicity densities do not align well with areas of postseismic positive 
Coulomb stress change (Figure S12). One possibility is that the afterslip 
most strongly influencing aftershocks in this region occurred predomi
nantly within the first four days, making its contribution difficult to 
isolate from the dominant coseismic elastic-triggering effects. Alterna
tively, dynamic triggering may also have contributed to the occurrence 

Fig. 4. (a) co- and (b) 19-day post-seismic slip models from Yang et al. (2024) with 3- and 19-day (days 0–4 and 4–19, respectively) aftershocks overlaid as red dots. 
The blue dashed circles show peak seismicity densities. Black lines show interpolated contours at (a) 1 and (b) 0.2 m intervals, respectively. A map view of the slip 
models can be found in Figure S4. (c) 19-day seismic-to-geodetic ratio model using our catalog and the geodetically-derived slips in (b). Subfaults with non-zero 
values are outlined with solid black lines.
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of these aftershocks. Despite the low ratio and significant postseismic 
slip observed in the shallow portion of the NE zone, there is no clear 
migration front evident in the NE, suggesting that the aseismic slip there 
is more localized. The decrease in the modeled background seismicity 
indicates that the central zone is showing signs of swarm cessation.

Several studies (Kato, 2024; Liu et al., 2024; Yoshida et al., 2023b) 
suggest that fluids upwelled from a zone near the crust-mantle boundary 
and progressively weakened the fault, eventually leading to the 2023 
Mw 6.3 and 2024 Mw 7.5 earthquakes in the central zone. In particular, 
Kato (2024) proposes that this updip fluid migration follows the fault 
valve model (Sibson, 1992; Zhu et al., 2020), in which fluid pressures 
slowly increase in the interseismic period, eventually resulting in rock 
fractures that increase permeability and allow further diffusion and rock 

failure. Takano et al. (2024) support this interpretation and found that 
the seismicity occurring on the peninsula between 2018–2022 had 
largely occurred on optimally oriented faults relative to the regional 
stress field, save for a deeper cluster that likely tracked the updip 
migration of the fluid. The results of our DBSCAN-based analysis (Fig. 5) 
show that 2024 aftershock clusters in those locations occur on faults that 
are not optimally oriented for failure. Thus, these clusters may also be 
tracking the fluid diffusion. While this interpretation is plausible, the 
assumptions relating to Coulomb Stress and cohesion invite a 
stress-tensor-based post-2024 mainshock analysis, similar to that of 
Takano et al. (2024), so that this interpretation may be validated.

Given the cyclic nature of the fault valve model, it is possible that 
newly formed fracture pathways during the past four years of swarm 

Fig. 5. Our obtained catalog (faint black dots) with clusters obtained from our DBSCAN analysis marked as larger dots. Black clusters were not found to be in the 
reasonable orientation range for Coulomb failure or had too much uncertainty in their fault orientations. Clusters with other colors had orientations within the 
reasonable range for Coulomb failure. We overlay regions of ΔCFS > 0 in yellow, calculated from Xu et al. (2024)’s fault model at the average depth of the af
tershocks using optimally oriented thrust faults as the receiver fault. All overlaid seismicity is at depths within 5 km of the calculation depth. Contours are shown at 
0.1, 0.3, and 0.5 MPa intervals.

Fig. 6. DGP-ETAS results for background rate of the JMA earthquake catalog (M ≥ 2.5) in the zone (a) southwest (SW), (b) center, and (c) northeast (NE) of the 
swarm region as indicated in Figure S5. For all plots, catalog events are shown as grey circles, and the 90 percent credible interval, 50 percent credible interval, and 
median of the posterior are shown in increasingly dark shades of blue. The first event date (M ≥ 2.5) in the associated region is marked in red. The black line shows 
the total earthquake rate, smoothed over a 5-event window. The rates are plotted in log space.
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activity enabled rapid diffusion of fluids into the surrounding rock, 
releasing the built-up pressure. In the long term, the fluid pressure can 
build up gradually while the swarm subsides. Given the modeled drop in 
background seismicity (Fig. 6), it is likely that the swarm cessation is 
dominant after the 2024 earthquake. This hypothesis is also supported 
by Yang et al. (2024), whose 19-day poroelastic rebound modeling 
predicted subsidence within the rupture area and uplift outside the 
rupture area, indicating possible migration of fluid away from the 
epicenter. On longer time scales (months to years), viscoelastic relaxa
tion is expected to play a more dominant role in postseismic deformation 
(Chen et al., 2025). The initial poroelastic rebound may have facilitated 
fluid redistribution away from the rupture zone, contributing to 
long-term relaxation in the crust above the Noto Peninsula and poten
tially the significant postseismic slip seen in the shallow portion of the 
NE segment. Since our background seismicity results for the NE zone 
(Fig. 6c) do not show fluctuating background seismicity, as would be 
expected if there was a redistribution of fluids, we suggest that the 
poroelastic rebound effects are restricted to the central zone. This sup
ports Yang et al. (2024)’s analysis that showed afterslip occurring in the 
weeks after the earthquake, with some near-field (closer to the central 
zone) subsidence explained by poroelastic rebound. Suito (2025)
showed that not one mechanism (poroelastic rebound, afterslip, or 
viscoelastic relaxation) can fully explain the 100-day postseismic 
deformation at nearby geodetic stations. Note that the shallow NE 
portion did not experience coseismic slip or significant aftershocks. This 
could be indicative of a velocity-strengthening region that acts as a 
barrier to coseismic rupture and facilitates localized afterslip that trig
gers aftershocks in surrounding locked zones. This is evidenced by af
tershocks being primarily located on the edges of the postseismic slip 
patch (Figs. 4b, 4c). Being near a partially convergent zone, this shallow 
zone of aseismic slip may indicate the location of a sediment-rich 
accretionary wedge. Further validation of this interpretation can be 
done by modeling the temporal evolution of the Omori-Utsu law pa
rameters from ETAS in our different zones. Changes in aftershock pro
ductivity can indicate how the volume of brittle zones evolves 
(Dascher-Cousineau et al., 2020), helping to confirm the spatiotemporal 
distribution of seismic and aseismic processes in this four-year-long 
sequence.

4. Conclusion

Our high-resolution template matching catalog has allowed us to 
examine the spatiotemporal contributions of Coulomb failure, afterslip, 
and swarm activity during the 2024 Mw 7.5 Noto Peninsula earthquake 
sequence. We first showed that the elevated pore pressure was likely the 
primary trigger of the 2024 mainshock. Our subsequent seismicity 
analysis reveals that: 1) the southwest and central zones exhibit typical 
mainshock-aftershock behavior, where the seismicity is primarily driven 
either by the Coulomb stress changes or by aseismic afterslip, 2) the 
northeast zone’s seismicity overlaps with areas of positive Coulomb 
stress change but has fewer signs of migrating aseismic afterslip, despite 
significant post-seismic deformation. Our findings from background 
seismicity evolution indicate a swarm-cessation mechanism in the cen
tral zone. We interpret this as the pressure-release phase of the cyclic 
fault valve model that leads to poroelastic rebound. Since the north
eastern zone’s background seismicity does not show signs of diffusive 
behavior related to the central zone’s rebound, we attribute localized 
afterslip as the primary driver of the early northeastern postseismic slip.

Data availability
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available in CPU (Sugan et al., 2023; Vuan et al., 2018) and GPU (Sugan 
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