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• With 299 fatalities, the 2024 New Year’s Day earthquake and subsequent
tsunami that struck the Noto Peninsula was the deadliest since the 2011
Tohoku earthquake and tsunami.

• Resolving the coseismic slip using a combination of tsunami, SAR-derived
deformation and GNSS data can paint a more comprehensive picture of the
rupture of the mainshock.

• Obtaining a more complete catalog of seismicity to analyze its
spatiotemporal evolution can better illuminate the physical drivers of this
earthquake.

Source inversion
1) Static inversion [1] of tsunami, SAR-derived 3D-deformation and GNSS data to
obtain slip and rake values on modified fault geometry from [2].

2) Adjoint inversion ([3], [4]) of tsunami data.

• No assumptions of fault geometry needed

• Relies on time-reversal imaging [5] to obtain an initial estimate for the initial
water elevation of the tsunami source.

• Initial estimate is updated using a form of gradient descent to minimize the
gradient of the L2-norm misfit between observations and predictions. The
gradient is equivalent to the adjoint wavefield itself.
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Analysis continued
Static inversion
Slip and seafloor deformation

Figure 6: (a) Initial water elevation after 50 iterations of the adjoint inversion. Areas highlighted with 
thick solid black circles and numbers indicate possible landslide sources examined in our validation 

analysis in (c). (b) Seafloor deformation from a tsunami-only static inversion. Contours in (a) and 
(b) are in intervals of 0.25 m. (c) waveform fitting of (a) to some of the stations used in the 

inversion. These plots have the same legend as that of Figure 5. Green arrows on selected stations 
show the arrival time of a landslide-induced tsunami wave. Purple arrows show the arrival time of 

the earthquake-induced tsunami wave. Stations examined for landslide signals have a circle marked 
with the candidate landslide number. The VRTsunami was ~76% for the adjoint inversion. 

Azimuth = 239°

• The mainshock ruptured multiple fault segments along the Noto Peninsula,
including a deeper offshore fault with a dip angle of 70°.

• Adjoint inversion of tsunami data suggests a submarine landslide occurred in
Toyama Bay.

• Template matching and earthquake relocation reveal afterslip along both
strike and dip. Fluid diffusion along dip seems to follow a healing front as
opposed to the typical expansion associated with swarm activity.
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Figure 4: (a) GNSS data results. 
Black arrows are observations, 

red are predictions. (b) SAR-
derived deformation data 

results. The labels on the y-axis 
show the components and the 

positive direction of 
deformation.

Tsunami data (VRTsunami = 72%, weight = 0.3)
Figure 5: Results of the tsunami stations used in
the inversion. Number in the upper right corner
of each plot corresponds to the variance
reduction (VR) of each station. Each station
shown was given a weight of 1 in the inversion.

Dataset weights were chosen by finding the
combination of weights that achieves the
highest average VR across the 3 datasets.

A smoothing parameter of 0.3 was chosen by
finding the value with the highest average VR
when using the best dataset weight
combination.
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Figure 1: Workflow for the seismicity portion of the 
study. The temporal range of seismicity is 

12/01/23-02/02/24.
Create templates using 

PyMPA37 [6]

Run template matching 
using EQTM [7] software (CC 

> 0.3)
Template matching catalog

Japan 
Meteorological 
Agency catalog

62 Hi-Net seismic 
stations

Form event pairs between 
templates and non-template 
events (∆<5 km) using ph2dt 

[8]

Calculate P, S-phase cc of 
event pairs (CC>0.5) using 

FDTCC [8]

Relocate based on waveform 
cross-correlation using 

GrowClust [9]

Final relocated catalog

Figure 9: Our seismicity (M≥0.5) overlayed on (a) our coseismic slip model presented in 
Figure 3a and (b) the 19-day post-seismic slip model from [11], derived from geodetic data. 
(c) Map view of (b) with (d) showing a comparison of the geodetically-derived moment to 

seismicity-derived moment across the SW and NE fault segments.

Figure 10: Temporal evolution of fault strength and pore fluid 
pressure [12] 1 km along the dip from the injection point in the 

2021 swarm at a depth of 10 km for various coefficients of static 
friction (a, b, c) and pore fluid pressure coefficients. Vertical solid 

black lines show the time of the 2023 and 2024 earthquakes. Fault 
strength changes are shown in the table below. 

(b)(a) (c)

Time Frame/Friction !" = 0.2 !" = 0.525 !" = 0.85

2021-2023 (avg. annual) ~3-10 MPa ~11-43 MPa ~54-217 MPa

2023-2024 ~0.2-0.7 MPa ~0.7-2.9 MPa ~3.7-15 MPa

(b)

Diffusive healing?

Figure 8: Spatiotemporal evolution of our seismicity (top panel) results along strike and 
(bottom panel) dip (angle = 41º) of the black dotted line in Figure 2. The plots on the right 

show a log scale on the horizontal axis.
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Figure 2: Map showing an overview of the study area, station locations and seismicity results. 
Figure legend shows the names of various agencies the stations were obtained from. 

Inverted triangles are tide gauges, circles are water gauges and squares are seismometers. 
OK=Okhotsk Plate, AM=Amur Plate, PSP=Philippine Sea Plate, PA=Pacific Plate. 

Tsuruga

NESW

M0 = 2.39 x 1020 [N m]
Mw = 7.6

(a)

Contrast in calculated 
moments for the NE 
segment!

Potential aseismic 
process occurring on the 
NE segment, where the 
earthquakes are deeper

Figure 3: (a) Coseismic slip model with rakes shown (green arrows) and (b) associated seafloor 
deformation.
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Figure 7: Spatiotemporal evolution of seismicity from the JMA catalog along (a) strike and (b) dip of 
the black dotted line in Figure 2 from 01/01/2020-03/06/2024. Modified from [10]. 
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Figure 1: Workflow for the seismicity portion of the 
study. The temporal range of seismicity is 

12/01/23-02/02/24.
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