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Abstract 

An MJMA 6.5 crustal earthquake occurred during earthquake swarm activity around the northeastern tip of the Noto 
Peninsula, central Japan, on May 5, 2023. To elucidate the position of this earthquake in the continuing seismic 
swarm activity, it is necessary to clarify the relationships between the source rupture process, crustal structure, 
and the earthquake swarm activity. The kinematic source rupture process of this event was analyzed using strong-
motion waveform records observed at strong-motion stations surrounding the source region using the finite source 
inversion method, incorporating a three-dimensional velocity model in the target area. The rupture propagated 
mainly in the up-dip direction on a source fault plane dipping southeastward at an angle of 40°. A significant slip 
with a maximum slip amount of 0.8 m was found in the depth range of 8–11 km, which is approximately 4 km 
in the up-dip direction from the hypocenter. The slip direction was thrust type, with a small right-lateral strike-slip 
component. The location of this asperity corresponded to the region of low VP/VS ratio. The total seismic moment 
was 2.40 ×  1018 Nm (MW 6.2). Most slips occurred at depths shallower than those of the preceding seismic activity, 
which occurred primarily at depths from 10 to 14 km. The seismic activity immediately after this earthquake occurred 
around the large-slip area, with intensive earthquakes occurring at shallow depths (< 10 km). Active seismic activity 
in and around the rupture area of the MW 6.2 earthquake on May 5, 2023, continued intensively even after this 
earthquake, and then the rupture of the 2024 Noto Hanto earthquake (MJMA 7.6) on January 1, 2024, started 
at the southwestern edge of the asperity of the MW 6.2 earthquake. Therefore, this earthquake can be interpreted 
as one of turning point in this earthquake swarm activity to connect the preceding swarm in the depth range from 10 
to 15 km with seismic activity in shallower depths including the further destructive event.
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1 Introduction
Earthquake swarm activity has been intense for 
more than 3  years since December 2020 around the 
northeastern tip of the Noto Peninsula, central Japan. 
This earthquake swarm consists of four seismic clusters, 
and their spatiotemporal characteristics were investigated 
in terms of the diffusive migration of hypocenters driven 
by the fluid supply (Amezawa et  al. 2023; Kato 2024; 
Nishimura et  al. 2023; Yoshida et  al. 2023b). According 
to Amezawa et al. (2023), the earthquake swarm activity 
started in the southern cluster (S cluster in their paper) 
located near the southern coast of the Noto Peninsula, 
and the subsequent intense activity started in other 
three clusters distributed west, north, and northeast 
of the southern cluster. Details of the spatio-temporal 
swarm activity in each cluster can be found in the above-
mentioned papers.

Most of the earthquakes in each cluster were distrib-
uted over a depth range of 10–15  km in the crust until 
May 5, 2023. Subsequently, an earthquake with an MJMA 
of 6.5 occurred at a depth of 12.1 km near the northeast 
coast of the Noto Peninsula in the northeast cluster of 
earthquakes at 14:42:04.10 JST (5:42:04.10 UTC) on May 
5, 2023 (Fig. 1). The earthquake was the largest event of 

the swarm. After the occurrence of MJMA 6.5 earthquake, 
small earthquakes became widespread at shallower 
depths of 5–10  km (Yoshida et  al. 2023a). This seismic 
activity was followed by a devastating MJMA 7.6 earth-
quake on January 1, 2024, called the 2024 Noto Hanto 
earthquake (e.g., Yoshida et al. 2024).

Seafloor active faults around the Noto Peninsula were 
identified using ocean-floor seismic profiling (e.g., Inoue 
and Okamura 2010; Ishiyama et al. 2017). The earthquake 
on May 5, 2023, occurred near one of these seafloor 
active faults, the Suzu–oki segment (Inoue and Okamura 
2010) or the NT5 fault (MEXT and ERI 2021; Sato et al. 
2020). The Suzu–oki (NT5) fault is a southeast-dipping 
reverse fault. Thus, this earthquake drew particular 
attention to the relationship between the seafloor active 
faults and this event. The geometry of the source fault 
and its rupture process should be investigated to clarify 
this point.

To clarify the position of this earthquake in the ongoing 
seismic swarm activity, since it is the largest event at the 
time of its occurrence, it is seismologically necessary to 
clarify the relationships between the heterogeneous source 
rupture process, the crustal structure, and the earthquake 
swarm activity. Therefore, this study focused on the rupture 
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process of the source fault during the MJMA 6.5 earthquake. 
The source rupture process was analyzed by kinematic 
waveform inversion of strong-motion waveforms. A 
three-dimensional velocity model was used to compute 
the theoretical Green’s functions, considering the 
complex underground structures of this region, including 
thick Neogene and Quaternary sediments. Finally, the 
relationships between the rupture process, seafloor active 
faults, crustal structure, and seismic activity are discussed.

2  Methods and data
2.1  Kinematic finite source inversion
The kinematic source rupture process of the earthquake 
was estimated using the linear waveform inversion 

method with multiple time windows (Hartzell and 
Heaton 1983; Olson and Apsel 1982). This inversion 
scheme solves the observational equation based on the 
representation theorem (Burridge and Knopoff 1964; 
Maruyama 1963). This technique has been applied to 
many earthquakes in earlier studies (e.g., Asano and 
Iwata 2019, 2021; Ma et  al. 2001; Sekiguchi et  al. 2000; 
Wald and Heaton 1994; Yoshida et al. 1996).

A planar fault model is used to represent the source 
fault of the earthquake. Considering the variety of seismic 
moment tensor solutions routinely determined by 
various Japanese and overseas organizations, strike and 
dip angles were searched during the inversion process. 
Therefore, the strike and dip angles were searched among 

Fig. 1 Index map of the study area. The epicenter of the MJMA 6.5 earthquake on May 5, 2023, located by JMA is represented by the red star (JMA 
2023). Solid triangles indicate the locations of strong motion stations utilized for the kinematic finite source inversion analysis. The topography 
in land area is drawn using the 10 m mesh digital elevation model produced by the Geospatial Information Authority of Japan. The bathymetry 
is based on SYNBATH V2.0 (Sandwell et al. 2022). The gray lines represent the prefectural boundaries. The inset map shows the location of the study 
area in the Japanese Islands. The dark green area indicates the Hokuriku region
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six (41°, 45°, 49°, 53°, 57°, and 61°), and seven (25°, 30°, 
35°, 40°, 45°, 50°, and 55°) cases, respectively. The length 
and width of the assumed fault plane were 14 and 18 km, 
respectively, after preliminary analysis. The assumed fault 
plane was divided into small sub-faults (2 × 2 km) along 
the strike and dip directions. The rupture starting point 
was fixed at the hypocenter (37.5390°N, 137.3045°E, 
depth 12.14  km) located by the Japan Meteorological 
Agency (JMA). Recently, Yoshida et al. (2024) published 
the relocated catalog of this earthquake swarm, and the 
location of the hypocenter in their relocated catalog was 
37.53658°N, 137.30161°E at a depth of 12.24  km. The 
spatial difference of the hypocenter between the JMA 
catalog and Yoshida et  al. (2024) for this earthquake is 
much smaller than the sub-fault size used in this study.

A point source was assigned at the center of each sub-
fault, and the moment-rate function of each sub-fault 
was represented by the superposition of several time 
windows. The basis function of each time window is given 
by a bell-shaped source-time function. The duration 
of each time window is 0.8  s, and each successive time 
window is time-shifted by 0.4  s. We assigned six time 
windows for each sub-fault after a preliminary analysis. 
The rupture of the first time window was triggered at the 
time of rupture, assuming circular rupture propagation 
at a constant velocity initiated from the hypocenter. 
The spatiotemporal smoothing constraint among the 
unknown parameters was introduced following the 
way proposed by Sekiguchi et al. (2000). The best strike 
and dip angles were selected together with the relative 
weight of the smoothing constraint by minimizing 
Akaike’s Bayesian Information Criterion (ABIC) (Akaike 
1980; Fukahata and Wright 2008). The variation in the 
rake angle was limited to within 90° ± 45° using the 
nonnegative least squares method (Lawson and Hanson 
1974).

2.2  Strong motion waveform data
The observed strong motion waveform data were 
collected from the nationwide observation network 
MOWLAS (Monitoring of Waves on Land and Seafloor) 
of NIED (K-NET, KiK-net, and F-net) and the seismic 
intensity observation networks of the JMA and Ishikawa 
Prefectural Government. Sixteen strong-motion stations 
were selected considering the azimuthal coverage, site 
conditions, and data quality (Fig.  1). We used strong-
motion waveform records from the downhole sensor 
for the NIED KiK-net stations, records from the sensor 
installed in the observatory vault of the NIED F-net 
stations, and records on the ground surface of the other 
stations.

The original data are ground acceleration data, except 
for the NIED F-net stations, which are equipped with 

velocity-type strong motion sensors (Aoi et  al. 2020). 
The three components of the acceleration time histories 
were integrated into the velocity in the time domain and 
bandpass filtered between 0.05 and 1  Hz. Subsequently, 
all waveform data were resampled at 10 Hz. We used the 
time segment from 1 to 15 s before and after the S-wave 
onset at each station, respectively.

2.3  Green’s functions based on a three‑dimensional 
velocity model

Thick Neogene and Quaternary sediments exist in 
the Hokuriku region (e.g., Ito et  al. 2016). The velocity 
structures in the sedimentary layers are rather complex 
because of the back-arc rift structure formed during the 
opening of the Sea of Japan during the Neogene period 
and the compression caused by the subduction of the 
Pacific Plate beneath the Japanese archipelago (Ishiyama 
et  al. 2017; Sato 1994). We used several stations more 
than 100  km away from the epicenter to improve 
azimuthal coverage. However, a one-dimensional 
velocity model may not accurately reproduce the 
wave propagation in such a distance range for shallow 
earthquakes in some cases (Shimomoto and Kakehi 
2023). Therefore, the theoretical Green’s function, which 
accounts for seismic wave propagation from the source 
to a station, was prepared based on a three-dimensional 
velocity model for this region. Development of detailed 
velocity models in many countries in recent decades 
enable us to utilize realistic three-dimensional velocity 
models in finite source inversion studies (e.g., Asano and 
Iwata 2019; Gallovič et  al. 2015; Guo et  al. 2013; Kubo 
et al. 2016; Lee et al. 2023; Somala et al. 2018; Yun et al. 
2016).

The theoretical Green’s functions were computed using 
the staggered-grid finite difference method (FDM) in 
Cartesian coordinates, which solves the elastodynamic 
wave equation in a velocity–stress formulation with 
fourth-order accuracy in space and second-order 
accuracy in time using the Fortran code developed and 
used in Asano et al. (2016). The Japan Integrated Velocity 
Structure Model (JIVSM) version 1, a nationwide three-
dimensional velocity model released by the Headquarters 
for Earthquake Research Promotion (HERP) of the 
Japanese government, was used to compute the 
theoretical Green’s functions. This velocity model is 
composed of many isotropic homogeneous velocity layers 
down to the upper mantle. Each of the layer boundaries 
was modeled simultaneously and sequentially using 
various types of data sets, such as extensive refraction/
reflection experiments, gravity surveys, surface geology, 
borehole logging data, microtremor surveys, and 
earthquake ground motion records (Koketsu et  al. 
2012). The lowest S-wave velocity VS in this model was 



Page 5 of 15Asano and Iwata  Earth, Planets and Space           (2025) 77:54  

350  m/s; however, it was 500  m/s in most areas of the 
target region. Figure S1 shows a map of the bedrock 
depth (top surface of VS = 3.2 km/s) and the vertical cross 
section of the S-wave velocity of the JIVSM, including the 
hypocenter. The bedrock along the Toyama Trough was 
relatively deep.

The reciprocal Green’s function technique was used to 
reduce the computational cost (Eisner and Clayton 2001; 
Graves and Wald 2001). As we tested 42 combinations 
of strike and dip angles, as explained above, the 
reciprocal technique is indispensable for completing 
this study within a realistic timeframe. Figure S2 shows 
a comparison of the forward and reciprocal Green’s 
functions. The source assumed for this verification was 
a double-couple point source located at the hypocenter 
with pure dip slip. This comparison confirms that the 
reciprocal Green’s function technique works satisfactorily 
in the 3D ground motion simulation.

The FDM space comprised an area of 170  km 
(E–W) × 170  km (N–S), corresponding to the 
geographical area, as shown in Fig. S1, and extended to 
a depth of 40  km below the ground surface. The FDM 
space was discretized using a uniform grid (0.05  km 
along each Cartesian axis. Thus, the total number of 
FDM grid points is 9,276,574,402. The time step in the 
FDM calculation was set to 0.0025 s to satisfy the stability 
condition of the staggered-grid FDM scheme. The 
resultant Green’s functions were filtered and resampled 
in the same manner as the observed records.

3  Results
A strike angle of 49° and dip angle of 40° were selected 
as the best fault geometries based on the ABIC, as indi-
cated in Fig.  2. This fault geometry correlates well with 
the early aftershock distribution based on the relocated 
hypocenter catalog by Yoshida et al. (2024) (Fig. 3). This 
comparison confirmed that the kinematic source inver-
sion using strong motion data has enough capability to 
determine the fault geometry. However, the seafloor-
active fault NT5 in this region did not match with that of 
the source fault of the earthquake (Fig. 3). The dip angle 
is also lower than that of the NT5 fault, although the 
strike angle is close to that of the NT5 fault (52°). There-
fore, it can be concluded that this earthquake ruptured 
another blind fault located deeper than NT5.

The final slip distribution and moment-rate function 
of each sub-fault are shown in Fig. 4. The fault slip was a 
thrust motion with a small right-lateral strike-slip com-
ponent. The largest slip (0.8 m) was found in a large-slip 
area (asperity) in the depth range of 8–11  km, which is 
at an up-dip of approximately 4 km from the hypocenter. 
The rupture propagated mainly in the up-dip direc-
tion (Fig.  5). The rupture of the asperity continued for 

approximately 5  s and the total rupture duration of the 
earthquake was approximately 8 s. The rupture propaga-
tion velocity of the first time-window was selected to be 
2.3 km/s, which was 68% of the shear wave velocity at the 
source depth. The total seismic moment of the estimated 
source model is 2.40 ×  1018 Nm, which corresponds to a 
moment magnitude MW of 6.2. The average slip is 0.3 m.

A comparison of the observed and synthetic velocity 
waveforms is presented in Fig.  6. The model explained 
the overall features of the observed waveforms. The best 
set of strike and dip angles was determined based on 
ABIC as explained above. An additional comparison of 
synthetic velocity waveforms at six stations in the Noto 
Peninsula among three cases with different strike and dip 
angles is shown in Fig. S3. (strike, dip) = (49°, 40°) is the 
best case with the minimum ABIC value. On the other 
hand, the case of (strike, dip) = (61°, 25°) is the worst 
case among all the tested cases with the maximum ABIC 
value, and the case of (strike, dip) = (41°, 50°) is a moder-
ate case. The minimum ABIC case (red traces in Fig. S3) 
looks the best in terms of waveform reproduction. The 
difference in waveforms from the moderate case (green 
traces in Fig. S3) is not significant, because difference of 
strike and dip angles is not large, but the initial part of 
the S-wave at about 1.5 s in the east–west component at 
WJM of NIED F-net, where the site condition is relatively 
good, because the sensor is installed in an observatory 
tunnel in mountain, does not match the characteristics 
of the observed waveform such as polarity even in the 
moderate case possibly due to inconsistency of the focal 
mechanism. The maximum ABIC case (blue trace in Fig. 
S3) looks the worst among the three cases. In particular, 
the amplitude of ISK001 is quite small. Therefore, the 

Fig. 2 Matrix plot of ABIC value for different strike and dip angles. 
The white circle indicates the minimum ABIC
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authors believe that the ABIC approach worked well in 
this problem. Nevertheless, further updates of the three-
dimensional velocity model may be necessary to improve 
the waveform fit at some stations, such as ISKH01 
and ISKP41 in the Noto Peninsula and TYM004 and 
TYMH04 in the Toyama Plain.

4  Discussion
4.1  Spatial correlation with heterogeneous seismic 

velocity structure
It is crucial for evaluating seismic hazards to investi-
gate the relationship between the fault rupture process 
and crustal structure. To observe the spatial correlation 

with the heterogeneous crustal seismic velocity struc-
ture, the slip distribution is plotted in Fig. 7 together with 
the seismic velocity model (VP, VS, and VP/VS) obtained 
from the seismic tomography analysis by Matsubara 
et  al. (2022). Matsubara et  al. (2022) performed seismic 
tomography for the entire Japanese archipelago, includ-
ing the Sea of Japan and the Pacific Ocean, using arrival 
times from both the reflection surveys and the routine 
seismic network. The horizontal grid spacing in their 
tomography model is 0.1° (approximately 10 km), and the 
vertical grid spacing is 2.5  km (depth < 10  km) or 5  km 
(10  km < depth < 40  km). In particular, they successfully 
imaged the crust at shallow depth along the Sea of Japan, 

Fig. 3 Map view and vertical cross sections of hypocenters (open circles) in three different periods and the estimated source fault plane (black solid 
line). The earthquakes larger than M 2.0 in Yoshida et al. (2024) within 10 km across the cross section are plotted. The purple broken line in the cross 
sections represents the NT5 fault reported by MEXT and ERI (2021) and Sato et al. (2020)
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including the offshore area around the Noto Peninsula 
and Sado Island, using airgun data in the Sea of Japan. 
Thus, their velocity model is good for us to compare 
the fault slip and crustal heterogeneity in this region. 
Although we should keep in mind the spatial resolu-
tion of the seismic tomography model, we mainly focus 
on spatial change in the velocity structure along the dip 
direction on the source fault. The asperity or large-slip 
area correlates with the low VP/VS region (< 1.7), which 
suggests strong coupling of the asperity before the earth-
quake at these depths. This asperity is also located within 
the seismogenic zone (VP ~ 6.0 km/s) in the region.

The final slip distribution shown in Fig. 4a is consistent 
with that of another study of the same earthquake by 
Yoshida et al. (2023a), who estimated the slip distribution 
by inverting the apparent moment rate functions 
obtained by deconvolving the observed waveforms of 
21 Japanese broadband seismic stations (NIED F-net) 
using an empirical Green’s function. Therefore, we think 
that this spatial correlation between the asperity of this 
earthquake and the low VP/VS region might be robust. 
However, the rupture did not expand northeastward, 
although the low VP/VS region in Matsubara et al. (2022) 
extended northeastward outside the source fault of this 
MW 6.2 event. As discussed in the next subsection, there 
is a possibility that the fault segment northeast of this 
earthquake was ruptured during an MJMA 6.6 earthquake 

on February 7, 1993, or an MJMA 7.6 earthquake on 
January 1, 2024. Rupture growth to the northeast during 
the MW 6.2 earthquake on May 5, 2023, might be limited 
by fault segmentation, small-scale heterogeneity, or past 
seismic activity, etc.

The spatial relationship between heterogeneous fault 
slip and three-dimensional velocity structure has also 
been investigated in many studies of past inland crustal 
earthquakes in Japan (e.g., Hori et al. 2006; Okada et al. 
2007a, b, 2012; Shito et  al. 2017). For example, Okada 
et al. (2012) investigated the spatial relationship between 
the heterogeneous fault slip and three-dimensional 
velocity structure based on their analysis for the 2008 
Iwate–Miyagi Nairiku earthquake (MJMA 7.2) in northeast 
Japan and many previous studies for other crustal 
earthquakes. They summarized that large coseismic slip 
areas have been estimated in higher velocity regions in 
the upper crust. They discussed that such a high-velocity 
area might act as asperity that can store large strain and 
generate large slip. Therefore, Okada et  al. (2012) and 
their related studies mainly focused on the comparison 
between the coseismic slip and the spatial variation in 
the seismic velocity itself, but they have also pointed out 
that the low VP/VS ratio in the low-velocity region around 
faults in the upper crust could be interpreted as the area 
of relatively high aspect ratio pore with free aqueous 
fluids. These previous findings suggest that we should 

Fig. 4 Source model of the MW 6.2 earthquake in the Noto Peninsula on May 5, 2023. a Spatial distribution of the final slips on the assumed 
fault plane with a contour interval of 0.2 m. The open star indicates the hypocenter or the rupture starting point. The arrow shows the slip vector 
of the hanging wall relative to the foot wall. b Estimated moment rate functions of each sub-fault
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look at both the absolute seismic velocity and the VP/VS 
ratio to understand the seismogenic nature of the crust.

Hori et  al. (2006) found that the large-slip area of 
the 2005 West off Fukuoka earthquake (MJMA 7.0) 
corresponded to the high-velocity region and considered 
that a high-velocity medium has high strength. However, 
they reported that the VP/VS ratio in the large-slip area 
in the high-velocity medium was not low because of 

the complex elastic medium in the region. Their result 
on the VP/VS ratio is not similar to our result for MW 
6.2 earthquake in the Noto Peninsula on May 5, 2023, 
possibly because of the difference in the complexity of 
the crustal material. On the contrary, Shito et al. (2017) 
reported that a large-slip area of the 2016 Kumamoto 
earthquake (MJMA 7.3) corresponded to the region with 
moderate seismic velocities (VP = 6.0 km/s, VS = 3.5 km/s) 

Fig. 5 Snapshots of the temporal slip progression at every 1 s. The open star denotes the rupture starting point
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Fig. 6 Comparison of the observed velocity waveforms (black traces) and the synthetic velocity waveforms (red traces) in 0.05–1 Hz. The 
amplitudes were normalized by the maximum observed amplitude of each station. The maximum observed amplitude of each component 
is shown above each trace in units of cm/s. NS north–south, EW east–west, UD up–down
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and VP/VS < 1.73. Similarly, the asperity of the MW 6.2 
earthquake on May 5, 2023, also lies in the region of such 
seismic velocities and VP/VS ratio (Fig. 7).

In view of the above discussions, the role of the three-
dimensional heterogeneous velocity structure in the 
fault rupture process during large earthquakes should 
be studied in more detail by accumulating knowledge 
from such large crustal earthquakes. A higher resolution 
velocity model in the target area would help us to 
investigate the spatial relationship between rupture 
growth and the heterogeneous crustal structure.

4.2  Relationship with seismic activity
Figure  8 shows the spatial relationship between the slip 
distribution of the MW 6.2 earthquake analyzed in this 
study and small earthquakes over three different time 
periods. The relocated hypocenter catalog of this earth-
quake swarm, produced by Yoshida et  al. (2024), was 
used for the plots shown in Fig. 8a, b. The largest event 
in this earthquake swarm preceding the MW 6.2 event 
on May 5, 2023, was an MJMA 5.4 event that occurred 
on June 19, 2022, at a depth of 12.5  km (Fig.  8a). JMA 
(2023) determined the centroid moment tensor solution 
of the MJMA 5.4 event on June 19, 2022, and the resulting 
nodal plane was (strike, dip, rake) = (64°, 42°, 99°), which 
showed that this earthquake had occurred on a southeast 
dipping fault plane with moderate dip angle similar to the 
MW 6.2 earthquake on May 5, 2023. This earthquake and 
its aftershocks occurred primarily at depths of 10–14 km. 
The hypocenters of these aftershocks do not overlap with 
the area of significant slip during the MW 6.2 earthquake, 
although the 2022 MJMA 5.4 earthquake might share the 
same source fault plane as that of the 2023 MW 6.2 earth-
quake (Fig. 3).

As presented in the Introduction section, seismic 
activity extended to shallower depths after the MW 6.2 
earthquake on May 5, 2023 (Kato 2024; Yoshida et  al. 
2023a). Most aftershocks within approximately 7  h of 
the MW 6.2 event were distributed around the asperity 
(Fig. 8b). Such complementary distribution of aftershocks 
is common in many crustal earthquakes (e.g., Asano 
and Iwata 2011; Mendoza and Hartzell 1988; Shito et al. 
2017). An immediate MJMA 5.4 aftershock occurred 29.8 s 
after the MW 6.2 earthquake at a depth of 14.6 km (JMA 
2023) or 14.4  km (Yoshida et  al. 2024) in the down-dip 
direction on the same fault plane, which is the opposite 
direction of the rupture propagation during the MW 6.2 
event. This fact suggests that the down-dip portion of the 
source fault ruptured by the MJMA 5.4 aftershock with 
a delay of 30  s. Contrarily, the largest aftershock (MJMA 
5.9, MW 5.7) occurred at 21:58:04 JST on the same day 
at a depth of 13.7  km (JMA 2023) or 13.2  km (Yoshida 
et al. 2024). This depth is approximately 4 km deep from 

Fig. 7 Comparison between the slip distribution and seismic 
velocity structure by Matsubara et al. (2022) in the depth range 
along the source fault plane. (Top) P-wave velocity (VP), (middle) 
S-wave velocity (VS), (bottom) VP/VS ratio
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Fig. 8 Comparison of slip distribution and hypocenters in three different time periods. The open star indicates the epicenter of the MW 6.2 
earthquake on May 5, 2023. a Earthquakes (M ≥ 2.0) from 15:08 June 19, 2022 to 14:42 May 5, 2023 in the relocated hypocenter catalog of Yoshida 
et al. (2024). b Aftershocks (M ≥ 2.0) from 14:42 to 21:58 on May 5, 2023, in the relocated hypocenter catalog of Yoshida et al. (2024). c Mainshock 
and aftershocks (M ≥ 3.5) of the 1993 Off Noto Peninsula earthquake located by Tsukuda et al. (1994). Red lines represent the traces of seafloor 
active faults reported by Inoue and Okamura (2010)
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the source fault plane of the MW 6.2 event. Therefore, the 
largest aftershock may have ruptured another fault plane 
in the area (Kato 2024; Yoshida et al. 2023a).

Another remarkable earthquake occurred in this 
region. A large earthquake (M 6.6) occurred northeast 
of the Noto Peninsula on February 7, 1993 (hereafter, 
the 1993 Off Noto Peninsula earthquake). This was also 
a reverse-fault-type earthquake (Kamata and Takemura 
1999; Tsukuda et  al. 1994). Figure  8c shows the spatial 
distribution of the relocated hypocenters of earthquakes 
with magnitudes greater than 3.5 in a period from 
February 7 to May 8, 1993, published by Tsukuda et  al. 
(1994). Most of the aftershocks occurred at depths 
of 10 to 15  km. Tsukuda et  al. (1994) reported that the 
1993 Off Noto Peninsula earthquake occurred on a fault 
plane dipping northwestward, considering the three-
dimensional aftershock distribution, and concluded that 
the extension of the source fault plane of the 1993 Off 
Noto Peninsula earthquake did not coincide with any 
known seafloor active faults. Contrastingly, Kamata and 
Takemura (1999) proposed that a source fault model 
dipping southeastward is more plausible based on 
modeling long-period surface waves observed at local 
strong-motion stations. Regardless of the fault geometry, 
the aftershock distribution suggests that the MW 6.2 
earthquake on May 5, 2023, ruptured a different fault 
segment next to the source fault of the 1993 Off Noto 
Peninsula earthquake.

Active seismic activity in and around the rupture area 
of the MW 6.2 earthquake on May 5, 2023, continued 
intensively even after this earthquake, and then a dev-
astating earthquake of MJMA 7.6 occurred at 16:10:09 
JST on January 1, 2024, as described in Yoshida et  al. 
(2024). The hypocenter of the MJMA 7.6 earthquake was 
located at the southwestern edge of the asperity of this 

event (Fig. 8b). The stress concentration produced by the 
rupture of this asperity may have controlled the rupture 
initiation of a devastating earthquake. Details of the spa-
tiotemporal rupture process of the MJMA 7.6 event will be 
reported in a subsequent study.

A brief summary of the above-mentioned seismic 
activity in and around the source region of the MW 6.2 
earthquake is listed in Table 1.

5  Conclusions
The rupture of the MW 6.2 earthquake propagated mainly 
in the up-dip direction on a source fault plane dipping 
southeastward at a dip angle of 40° with a strike of 49°. 
This fault geometry did not correspond to the nearby 
seafloor active fault (NT5), and it was deeper than NT5. 
Therefore, it was concluded that this earthquake ruptured 
another blind fault located deeper than NT5. The rupture 
of the source fault continued for approximately 8 s, and a 
significant slip was found in the depth range of 8–11 km, 
which was approximately 4  km in the up-dip direction 
from the hypocenter. The slip direction was thrust 
type, with a small right-lateral strike-slip component. 
The total seismic moment and moment magnitude of 
the estimated source model were 2.40 ×  1018 Nm and 
6.2, respectively. The rupture process and final slip 
distribution correlated well with the VP/VS ratio along the 
dip direction. Particularly, the location of the significant 
slip corresponded to the region of low VP/VS ratio.

The large-slip area is located on the shallower extension 
of a fault corresponding to the preceding seismic activity 
occurring primarily at depths from 10 to 14 km, includ-
ing an MJMA 5.4 event on June 19, 2022. The slip during 
the MW 6.2 earthquake is relatively low in the aftershock 
area of the 2022 MJMA 5.4 earthquake. The seismic activ-
ity immediately after this earthquake occurred around 

Table 1 List of significant earthquakes in the studied area and their relationship with the MW 6.2 (MJMA 6.5) earthquake on May 5, 2023

Origin time, hypocenter and magnitude are from the JMA Unified Hypocenter Catalog except for the 1993 event, which is from Tsukuda et al. (1994)

Origin time
(JST)

MJMA
(MW)

Latitude
(°N)

Longitude
(°E)

Depth
(km)

Is fault plane same? Dip direction

1993/2/7 22:27:43.67 6.6 37.641 137.313 14.9 No Unclear
(Northwest or Southeast)

2022/6/19 15:08:07.59 5.4
(5.1)

37.515 137.276 13.1 Yes
(Down-dip)

Southeast

2023/5/5 14:42:04.10 6.5
(6.2)

37.539 137.305 12.1 Yes Southeast

2023/5/5 14:42:33.87 5.4 37.519 137.314 14.6 Yes
(Down-dip)

Southeast

2023/5/5 21:58:04.18 5.9
(5.7)

37.526 137.236 13.7 No Southeast

2024/1/1 16:10:09.54 7.6
(7.5)

37.508 137.230 10.1 Partly Yes
(West)

Southeast
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the large-slip area, with intensive small earthquakes 
occurring at shallow depths (< 10  km). Active seismic 
activity in and around the rupture area of the MW 6.2 
earthquake on May 5, 2023, continued intensively even 
after this earthquake. The rupture starting point of the 
2024 Noto Hanto earthquake (MJMA 7.6) on January 1, 
2024, was located at the southwestern edge of the asper-
ity of the MW 6.2 earthquake. From the above compari-
son between the source rupture process and the temporal 
seismic activities, this earthquake can be interpreted as 
one of turning point in this earthquake swarm activity to 
connect the preceding swarm in the depth range from 10 
to 15 km with seismic activity in shallower depths includ-
ing the further destructive event.
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