
Supplementary Materials for  

Frequency-dependent seismic radiation process of the 2024 Noto 

Peninsula earthquake from teleseismic P-wave back-projection  

 

K. Tarumi1,* and K. Yoshizawa1,2 
1 Department of Natural History Sciences, Graduate School of Science, Hokkaido University, Sapporo 060-

0810, Japan 
2Department of Earth & Planetary Sciences, Faculty of Science, Hokkaido University, Sapporo 060-0810, 

Japan. 
*Corresponding author: tarumi.kotaro.jp@gmail.com  

 

 
 
This is a preprint that is submitted to EarthArXiv. The original manuscript has been submitted 
to Earth and Planetary Science Letters.  



Highlights1

Frequency-dependent seismic radiation process of the 2024 Noto2

Peninsula earthquake from teleseismic P-wave back-projection3

Kotaro Tarumi, Kazunori Yoshizawa4

• The source process of the 2024 Noto earthquake is imaged by P-wave5

back-projection.6

• Multi-frequency back-projection images reveal complex fault rupture7

sequences.8

• Main source rupture propagates bilaterally toward inland and o!shore9

regions.10

• High-frequency P-waves are radiated before the rapid main rupture11

propagation.12

• Frequency-dependent P-wave radiations reflect the e!ects of complex13

fault geometry.14
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Abstract19

A large devastating earthquake of Mw 7.5 struck the Noto Peninsula, Japan,

on January 1st, 2024. Persistent seismic swarms have continued around

the hypocenter since 2020, likely driven by crustal fluids migrating upward

from the lower crust. In this study, we investigated the frequency-dependent

seismic radiation process using multi-frequency teleseismic P-wave back pro-

jection. The resulting source process reveals complex frequency-dependent

behavior, which can be divided into four episodes. The initial episode lasts

15–20 s, characterized by high-frequency energy preceding low-frequency ra-

diation. The second episode is marked by intense high-frequency P-wave

emission with the absence of low-frequency signals. Then, intensive low-

frequency P-waves are radiated from the source region, with ruptures prop-

agating bilaterally from the hypocentral area toward the southwestern in-

land (third episode) and northeastern o!shore (fourth episode) regions. The

fluid-rich condition near the hypocenter likely plays an important role in

Preprint submitted to EPSL November 22, 2024



controlling fault rupture, contributing to the observed complex rupture pro-

cesses. The intricate fault geometry around the source region may have also

contributed to the characteristic frequency-dependence of P-wave radiation

during this earthquake.

Keywords: 2024 Noto Earthquake, P-wave radiation, back projection,20

source process, crustal fluid, fault geometry21

1. Introduction22

On January 1st, 2024, a large and devastating earthquake with a mo-23

ment magnitude (Mw) of 7.5 (Dziewonski et al., 1981; Ekström et al., 2012)24

occurred in the Noto Peninsula in Japan, causing widespread destruction25

and collapse of numerous buildings, with over 400 casualties reported by the26

Fire and Disaster Management Agency (FDMA; FDMA (2024)) of Japan.27

Several locations recorded the maximum seismic intensity of 7, the highest28

on the Japan Meteorological Agency (JMA) scale, with the Noto Peninsula29

experiencing strong ground motion and coastal uplift. This earthquake also30

generated a tsunami with a maximum height of 5 meters, which was observed31

not only around the peninsula but also in Korea, North Korea, and Russia32

(Fujii and Satake, 2024; Mizutani et al., 2024).33

This destructive earthquake has been identified as a thrust fault based on34

local JMA (2024a) and global seismic waveform analyses (e.g., global CMT;35

Dziewonski et al., 1981; Ekström et al., 2012) (Figure 1). The aftershock dis-36

tribution provided by JMA indicates that the source fault length extends to37
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Figure 1: (a) The locations of the Mw 7.5 2024 Noto Peninsula Earthquake on January

1st, 2024, and its aftershocks as well as recent large earthquakes in our study area. All

origin times are in UTC. The yellow star and focal mechanism represent the epicenter

of the Mw 7.5 event on January 1st, 2024, and its focal mechanism from Global CMT

(Dziewonski et al., 1981; Ekström et al., 2012). Blue dots indicate the distribution of

aftershocks until January 14th, 2024 (JMA, 2024a). The other two stars and corresponding

focal mechanisms denote past large events in 2007 and 2023. Magenta dots represent the

preceding seismic events (since November 2020) leading to the Mw 7.5 mainshock, as

reported by Yoshida et al. (2023a). Seven black rectangles exhibit the fault models from

the Japan Sea earthquake and tsunami project (JSPJ) (MEXT, 2013), NT2, NT3, NT4,

NT5, NT6, NT8, and NT9, in which solid black lines indicate the top of each fault. Inset

(b) displays a broader-scale map indicating the location of the study area. The black

rectangle encompasses the area shown in (a), where the red star marks the epicenter of

the Mw 7.5 main event reported by USGS (USGS, 2024).
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about 150 km (JMA, 2024a) (gray dots in Figure 1), which is more extensive38

than other inland earthquakes of similar magnitude in Japan. In addition, the39

fault geometry appears complex; the inland region mainly dips toward the40

southeast, while the o!shore region may involve northwest-dipping faults.41

Several studies have analyzed the seismic source process using the seismic42

records from near-field and teleseismic stations, geodetic data (e.g., GNSS),43

and local tsunami waveforms (e.g., Fujii and Satake, 2024; Okuwaki et al.,44

2024; Mizutani et al., 2024; Kutschera et al., 2024; Ma et al., 2024; Xu et al.,45

2024). Many of these studies have identified two large-slip areas in the west-46

ern inland and eastern o!shore regions of the Noto Peninsula, resulting from47

bilateral rupture propagation from the hypocentral region toward these slip48

areas.49

Seismic swarms have occurred near the hypocenter of the Mw 7.5 event50

since November 2020 (e.g., Amezawa et al., 2023; Nishimura et al., 2023;51

Yoshida et al., 2023b), likely driven by the upward migration of fluid Nishimura52

et al. (2023). The presence of high pore pressure may be related to the com-53

plex fault rupture processes, such as super-shear rupture (Pampillón et al.,54

2023). Additionally, fluids can e!ectively weaken the fault cohesion, possi-55

bly causing the fault to slip more easily (Gabriel et al., 2012; Madden et al.,56

2022). Earlier works employing seismic data (Okuwaki et al., 2024; Kutschera57

et al., 2024; Ma et al., 2024; Xu et al., 2024) suggest that the complex source58

process within the intricate fault network may be controlled by upward-59

migrating crustal fluids. Interestingly, Kutschera et al. (2024) argued that60
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the fault rupture may have been renucleated in the hypocentral region 20 s61

after the origin time (2024-01-01T07:10 UTC), which may result from the62

fault weakening by the high pore pressure. Meanwhile, Yoshida et al. (2024)63

relocated the aftershock distribution and discussed the relationships among64

the local seismicity, the Mw 7.5 earthquake, hidden faults, and the upward65

migrating fluid. Investigations into this devastating Mw 7.5 earthquake are66

crucial for understanding the influence of the crustal fluids on fault behavior.67

The frequency dependence of the rupture process remains a controversial68

topic in seismic source studies (Koper et al., 2011; Ishii, 2011; Koper et al.,69

2012; Yagi et al., 2012). Low-frequency signals are particularly useful for70

imaging the macroscopic rupture process, as they are sensitive to regions71

of large slip. High-frequency seismic energy radiation, on the one hand, is72

essential for understanding the complexities of the seismic source process73

(e.g., Okuwaki et al., 2018). Previous studies including theoretical analysis,74

laboratory experiment, and seismic waveform analysis have shown that high-75

frequency P-waves can reflect abrupt changes in slip and/or rupture velocity76

on the fault surface (e.g., Bernard and Madariaga, 1984; Spudich and Frazer,77

1984; Beresnev, 2017), as well as the fault roughness, such as the fault barriers78

and branching (e.g., Adda-Bedia and Madariaga, 2008; Uchide et al., 2013;79

Bruhat et al., 2016; Okuwaki and Yagi, 2017). Furthermore, many classical80

studies suggest that high-frequency radiation coincides with the termination81

of fault rupture or slip, a phenomenon known as the stopping phase (e.g.,82

Savage, 1965; Bernard and Madariaga, 1984). Thus, incorporating both high-83
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and low-frequency teleseismic signals enables a comprehensive understanding84

of earthquake rupture process across a broad range of frequencies.85

For the Noto peninsula earthquake, Okuwaki et al. (2024) and Kutschera86

et al. (2024) highlighted the complexities of the fault geometry through so-87

phisticated teleseismic waveform inversion, which may have contributed to88

the generation of high-frequency seismic waves. In the Mw 7.9 Türkey-89

Kahramanmaras earthquake, Mai et al. (2023) used teleseismic P-wave back-90

projection in two frequency bands (0.1–0.5 Hz; 0.5–1.0 Hz) to detect the91

stopping phase, which has proven useful for investigating the mechanisms92

of small earthquakes (e.g., Imanishi and Takeo, 1998, 2002), resulting from93

abrupt rupture termination. High-frequency seismic waves are crucial for un-94

derstanding complex seismic source processes, making frequency-dependent95

radiation analysis valuable in elucidating the mechanisms of this devastating96

earthquake.97

In this study, we investigate frequency-dependent seismic-wave radiation98

processes using the back-projection (BP) of teleseismic P-waves across mul-99

tiple frequency ranges (0.03–0.3 Hz; 0.05–0.5 Hz; 0.1–1.0 Hz; 0.3–2.0 Hz).100

By analyzing the time series of BP images for di!erent frequency ranges,101

we explore the relationship between high-frequency seismic wave radiation102

and the large-scale rupture process characterized by lower-frequency P-wave103

radiation.104
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2. Data and Method105

This earthquake is listed as two separate events in the earthquake catalog106

of the Japan Meteorological Agency (JMA, 2024a); Mjma 5.9 and Mjma 7.6.107

However, for the purpose of our analysis, we treat these two earthquakes as108

a single Mw 7.5 event.109

2.1. Multi-frequency Teleseismic P-wave110

We used three-component seismograms at global seismic stations down-111

loaded from the IRIS Data Management Center. Prior to waveform process-112

ing, we removed the instrument response from the raw data, converted them113

to displacement waveforms, and resampled them at 0.1 s intervals.114

Our data selection method generally follows Tarumi and Yoshizawa (2023).115

First, we selected seismic stations located between 30→ and 95→ from the epi-116

center, as our target phase is the teleseismic P-wave. Second, we grouped117

displacement waveforms based on a cross-correlation coe”cient (CC) greater118

than 0.7 and corrected the travel time using the lag time to account for 3-D119

structural e!ects. In this process, the time window was set to 15 s before and120

15 s after the theoretical P-wave arrival times based on the AK135 model.121

Finally, we retained the group containing the largest number of waveforms122

for the back-projection analysis.123

To estimate the frequency-dependent seismic radiation, we applied multi-124

ple bandpass filters to three-component seismograms with multiple frequency125

ranges: 0.03-0.3 Hz, 0.05-0.5 Hz, 0.1-1.0 Hz, and 0.3-2.0 Hz. The prescribed126
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waveform-selection steps were conducted in each frequency range. Figure 2127

shows an example of our teleseismic dataset for the lowest-frequency range,128

0.03-0.3 Hz, while Figures S1-S3 in Supplementary Material display the129

datasets for the other frequency bands. For all frequency bands used in this130

study, our teleseismic datasets exhibit good azimuthal coverage (e.g., Figure131

2), ensuring high resolution in the back-projection analysis (e.g., Okuwaki132

et al., 2014; Kiser and Ishii, 2016).133

2.2. Back Projection with LQT coordinate system134

Seismic back-projection (BP) analysis time-reverses observed seismograms135

to the source time and locations from which the target seismic phase is ra-136

diated. BP was originally developed to image the rupture evolution (Ishii137

et al., 2005, 2007) and has been widely used in seismic source studies in-138

volving the detection of aftershocks hidden in large earthquakes (e.g., Kiser139

and Ishii, 2013a), the estimation of tsunami-generating regions (Mizutani140

and Yomogida, 2022), and tracking the eruption sequence on the 2022 Tonga141

eruption (Tarumi and Yoshizawa, 2023).142

BP analysis has generally been performed using the vertical-component143

seismograms (e.g., Ishii et al., 2007; Kiser and Ishii, 2013b; Xu et al., 2009;144

Okuwaki et al., 2014; Kehoe et al., 2019; Tarumi and Yoshizawa, 2023), as145

teleseismic P-waves are primarily recorded in the vertical component. How-146

ever, the particle motion of teleseismic P-waves is inclined, involving some147

amount of signals in the horizontal (radial) component, even at epicentral148
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(a)

(b)

(c)

Figure 2: Teleseismic waveform dataset used for the BP analysis with a frequency range

of 0.03-0.3 Hz. (a) Map of the stations used. The red and blue triangles indicate the

hypocenter and seismic stations, respectively. (b) Histogram of the azimuths from the

source to the stations. (c) Vertical-component seismograms, scaled by the maximum

amplitude of direct P phase. The blue, orange, and green lines represent the travel-time

curves for P, PP, and S waves, respectively.
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distances of around 90→. This inclination increases at stations closer to the149

source. Thus, to consider the total amplitude of P-waves, it is preferable to150

incorporate the two horizontal components in addition to the vertical com-151

ponent. In this study, we employ the LQT coordinate system (also known152

as the ray-coordinate system) (Vinnik, 1977) to implement the BP analysis153

(hereafter referred to as the LQT-BP method). Figure S4 illustrates the ray-154

coordinate system. This new coordinate system, commonly used in receiver155

function studies (e.g., Kind and Yuan, 2011), is derived by rotating the three-156

component seismograms into the direction of the P-wave incidence (L), the157

perpendicular direction to the L-component (Q), and the transverse direction158

(T) (Vinnik, 1977) (Figure S4). The use of the LQT system enhances the159

direct P-wave signal, potentially leading to more refined BP images.160

In our BP analyses, we utilized the N -th root stacking method (Rost161

and Thomas, 2002), which e!ectively enhances coherent signals. This robust162

stacking approach has been applied in many previous BP studies (Xu et al.,163

2009; Honda et al., 2011, 2013; Mizutani and Yomogida, 2022; Tarumi and164

Yoshizawa, 2023), enabling us to suppress noises and to enhance the BP165

images for target signals, such as P-waves.166

Our LQT-BP analysis can be formulated as follows,167

L↑
j(t,xj) =

1

M

M∑

i=1

| li(t+ ωij) |
1
N ·sgn(li(t+ ωij)) (1)

168

Lj(t,xj) =| lj(t) |N ·sgn(L↑
j(t,xj)) (2)

10



where M is the number of stations, ωij the predicted arrival time between the169

i-th station and the j-th source grid, li an L-component seismogram at the170

i-th station, xj the coordinate point of j-th source grid, and Lj(t) the stack171

of L-component waveforms at the j-th source grid associated with the total172

radiation power of seismic waves. In this study, we adopted N = 4 for all173

frequency ranges. Finally, to extract the spatiotemporal radiation intensity174

BP (t,xj), we integrate Lj(t,xj) as follows,175

BP (t,xj) =

∫ t+ωt

t↓ωt

Lj(t
→
,xj)dt

→
, (3)

where εt represents an integration interval. In this study, the interval is176

adaptively defined as half of the averaged period T
→
for each frequency range,177

with a minimum εt of 1 second.178

The LQT-BP method employed in this study requires both the travel179

time and the incident angle of the P-wave before stacking (eqs. (1) and (2)).180

To calculate the theoretical arrival times and incident angles of P-waves, we181

used a 1-D spherical structure model AK135 (Kennett et al., 1995). Potential182

source grids are distributed between →1.5→ and +1.5→ around the epicenter183

(E137.2, N37.5) at a depth of 10 km, su”ciently covering the potential source184

region (Figure 1). The source grid interval is set to 0.05→, except for the185

highest frequency range (0.3–2.0 Hz), where it is reduced to 0.015→ to take186

account of the shorter wavelength.187
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3. Results188

Our BP analysis successfully estimated the frequency-dependent P-wave189

radiation process. The results are displayed in Figures 3 and 4, as well190

as in Supplementary Movie S1. Figure 3 presents the multi-frequency BP191

snapshots at 5-second intervals, with the fault models from the Japan Sea192

earthquake and tsunami project (JSPJ; MEXT (2013)) superimposed. Figure193

4 (a) shows a temporal radiation power of P-waves for each frequency band.194

Figure 4 (b) displays the contribution of each frequency band, providing195

a clear view of which frequency bands dominate at each time step during196

seismic radiation. Figure 5 shows the time evolution of P-wave radiation,197

projected along the N60→E line, with the projected points indicated in Figure198

S5.199

Across all frequency ranges, the radiation areas cover the JSPJ fault200

model (black dotted squares in Figures 3). The P-wave radiation extended201

from the epicenter toward the western inland and eastern o!shore regions202

(Figure 3) and persisted for approximately 44 s, with peak radiations occur-203

ring 30-40 s after the origin time (07:10:10 UTC) (Figure 4). The radiation204

sequence can be divided into four main episodes (Figures 5): [E1] initial ra-205

diation near the hypocenter (0–18 s), [E2] intense high-frequency radiation206

between the initial stage and the subsequent main radiation phases (18–28 s),207

[E3] strong radiation in the inland region of the Noto Peninsula (25-44 s), and208

[E4] significant radiation in the eastern o!shore region (25-44s). Hereafter, in209

each episode, relatively higher-frequency P-wave radiations are denoted with210
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a superscript prime (e.g., E1
→
for higher frequency signals corresponding to211

the first episode, E1).212

The rupture episodes characterized by low-frequency radiation are con-213

sistent with previous studies using teleseismic P-waves (Okuwaki et al., 2024;214

Kutschera et al., 2024; Ma et al., 2024; Xu et al., 2024), which identified a215

bilateral rupture propagating toward the southwest inland and eastern o!-216

shore regions from the hypocenter over approximately 40 s. However, prior to217

this main bilateral migration, during [E2], high-frequency P-waves (0.1–1.0218

Hz and 0.3–2.0 Hz, E2
→
) were radiated intensely from the hypocentral area219

between 18–25 s, despite the absence of low-frequency energy (Figures 3, 4,220

and 5), a distinct feature of this Mw 7.5 earthquake.221

Figure S6 displays the BP results derived from conventional BP imaging222

using only the vertical component of P-waves. The LQT-BP results (Figure223

3 and 4) resemble those from the traditional BP (Figure S6), but the LQT-224

BP method slightly enhances the P-wave sources, suggesting that the ray-225

coordinate system allows us to extract P-wave amplitudes e!ectively. Still,226

for the discussion of the source rupture process, the choice of a coordinate227

system for stacking seismograms seems not to be critical.228

3.1. E1: Initial radiation around the hypocenter (0–18 s)229

This episode corresponds to the initial rupture stage of the Mw 7.5 earth-230

quake in the hypocentral area. At this initial stage, relatively high-frequency231

P-wave radiation (0.3–2.0 Hz, E1
→
) is observed preceding the low-frequency232
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(b) 0.05 – 0.5 Hz

(c) 0.1 – 1.0 Hz

(d) 0.3 – 2.0 Hz

(a) 0.03 – 0.3 Hz

E2′

E2

E4′E1′

E3′

E1

E1

E3E3 E3

E4
E3

E4 E4

E4 E4

Figure 3: BP snapshots with 5-second intervals for multiple frequency bands: (a) 0.03–0.3

Hz, (b) 0.05–0.5 Hz, (c) 0.1–1.0 Hz, and (d) 0.3–2.0 Hz. Rectangles with black dotted

lines represent the fault models from the JSPJ (MEXT, 2013), NT2, NT3, NT4, NT5,

NT6, NT8, and NT9, marked in Figure 1. Yellow stars indicate the epicenter of the Mw

7.5 event (USGS, 2024), which occurred at 07:10:10 (UTC). Magenta thin contour lines

show radiation intensities at 30 %, 60 %, and 90 %. Radiation power is normalized to

the maximum value for each frequency band. The red arrows highlight the locations of

notable higher-frequency (HF) radiation (E1
→
, E2

→
, E3

→
, and E4

→
) and the corresponding

lower-frequency radiation (E1, E2, E3, and E4).
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component near the hypocenter during the first 0–10 s (Figures 3 (d), 5 (d)).233

Between 10 and 15 s, the main seismic radiation shifts to the lower-frequency234

range (0.05-0.5 Hz), which becomes the dominant seismic energy source in235

this stage. The seismic radiation then fades (Figures 3 (b) and 5 (b)). The236

early stage of this episode (0–10 s) may be comparable to the initial quiet237

slip and slow rupture process described by Okuwaki et al. (2024), Ma et al.238

(2024), and Xu et al. (2024).239

3.2. E2: High-frequency radiation lacking low-frequency (18–28 s)240

Between 18 and 28 s, intense high-frequency P-waves radiation (0.1–2.0241

Hz, E2
→
) emerges from the hypocentral region, while low-frequency P-waves242

(0.03–0.5 Hz) are notably absent. This frequency-dependent behavior is243

reflected in the time-dependent radiation power (Figure 4). The highest-244

frequency P-wave radiation is concentrated around the hypocenter between245

18 and 25 s (E2
→
), during which low-frequency radiation temporarily ceases246

(Figures 3, 4, and 5), creating a hole in the low-frequency radiation. Dur-247

ing this gap, the high-frequency component (0.1–2.0 Hz) dominates the total248

radiation power (Figure 4). This distinct high-frequency radiation may be249

essential to understanding the rupture process of this Mw 7.5 earthquake,250

possibly serving as a bridge between the initial stage (E1) and the main251

rupture stages (E3 and E4).252
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(b) Contribution of each frequency to total radiation (a) Frequency-dependent Radiation Amplitude

Figure 4: P-wave radiation power as a function of time. (a) Temporal radiation power

across multiple frequency bands, with colored lines indicating di!erent frequency ranges:

blue (0.03–0.3 Hz), orange (0.05–0.5 Hz), green (0.1–1.0 Hz), and red (0.3–2.0 Hz). (b)

Relative contributions of each frequency band to the total radiation power of the four

frequency bands. The colored areas correspond to the same frequency bands as in (a).

3.3. E3: Intense radiation in the inland of the Noto Peninsula (25–44 s)253

This episode represents one of the most significant stages of seismic ra-254

diation, extending across the entire peninsula (Figure 3 (a)). The dominant255

frequency content of this episode is in the lowest frequency range (0.03-0.3256

Hz) of our analysis. The substantial low-frequency radiation propagates to-257

ward the southwestern inland areas of the Noto Peninsula from 25 to 44258

s (Figure 3 (a)). From 28 s to 40 s, the low-frequency P-wave radiation259

reaches its peak intensity, representing the most powerful phase of this Mw260

7.5 earthquake (Figures 3 and 5). This intense low-frequency radiation may261

have contributed to the destructive damage in the inland areas of the penin-262

sula. The migration speed of the fault rupture area between 28 and 35 s is263

estimated to be approximately 3.0 km/s (Figure 5). This stage notably lacks264
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high-frequency signals, but after 40 s, the low-frequency radiation gradu-265

ally diminishes, accompanied by a weak emission of higher-frequency signals266

(0.1–1.0 Hz, E3
→
) near the southwestern tip of the peninsula (Figures 3 and267

5).268

3.4. E4: Intense radiation in the eastern o!shore region (25–44 s)269

E4 corresponds to intense radiation in the eastern o!shore region, pri-270

marily within the frequency ranges of 0.05-0.5 Hz and 0.1–1.0 Hz (Figures 3271

and 5). During this stage, the P-wave radiation source propagates from the272

vicinity of the hypocenter toward the eastern o!shore region, lasting from273

20 to 25 s. The radiation peaks at 30–35 s in the o!shore regions, similar274

to the inland radiation in E3 (Figures 3, 4, and 5), potentially contribut-275

ing to tsunami generation. The migration speed of the rupture front during276

this stage is somewhat slower than that in E3, with an estimated speed277

of less than 3.0 km/s (Figure 5). Around 38 s, this stage abruptly ceases278

seismic radiation, accompanied by a notable increase in higher-frequency P-279

wave emissions (E4
→
in Figures 3, 4, and 5). The location of this frequency280

transition coincides with the eastern o!shore fault (N2) (Figure 3 (c,d)).281

4. Discussion282

The resultant BP images reveal a notable frequency dependence, indi-283

cating significant complexity in the seismic radiation processes of this Mw284

7.5 earthquake. These complex processes may be attributed to crustal fluids285
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(a) 0.03 – 0.3 Hz (b) 0.05 – 0.5 Hz

(c) 0.1 – 1.0 Hz (d) 0.3 – 2.0 Hz

E1

E1�?
E1

E1′

E3
E4

E2

E3

6 km/s

1 km/s

N240ºE (Inland)N240ºE (Inland) N60ºE (Offshore) N60ºE (Offshore)

E4

E2 ′

N240ºE (Inland)

E4 ′

N60ºE (Offshore) N240ºE (Inland) N60ºE (Offshore)

E3 ′

Figure 5: Time evolution of P-wave radiation projected along the N60
→
E line for multiple

frequency bands: (a) 0.03–0.3 Hz, (b) 0.05–0.5 Hz, (c) 0.1–1.0 Hz, (d) 0.3–2.0 Hz. Gray

stars represent the epicenter. Vertical dashed lines divide the positive and negative sides in

the horizontal axis, corresponding to the northeast o!shore and southwest inland parts of

the Noto Peninsula, respectively. Dashed lines in the lower left indicate rupture velocities,

ranging from 1.0 to 6.0 km/s. E1, E2, E3, and E4 represent the radiation episodes identified

in this study. In all panels, black and magenta contour lines indicate 30 %, 60 %, and 90

% of the highest-frequency radiation (black dashed: 0.1–1.0 Hz, magenta solid: 0.3–2.0

Hz).
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that have driven long-term seismic swarms in this region since November286

2020 (Amezawa et al., 2023). Nishimura et al. (2023) proposed that the287

upward migration of fluids weakened fault strength, generating the preced-288

ing seismic swarms in the Noto Peninsula. Yoshida et al. (2024) suggested289

that the crustal fluid may have triggered the main rupture process associated290

with E3 and E4 in this study. Additionally, Nakajima (2022) identified a high291

Vp/Vs ratio in the in the lower crust beneath the hypocentral area, indicat-292

ing fluid-rich material. The source region for this destructive event comprises293

a complex fault system (MEXT, 2013). While the southwestern faults dip294

toward the southeast, the northeastern o!shore region has an opposite dip-295

ping direction toward northwest (Figures 1 and 3, and MEXT (2013)), as296

evidenced by the aftershock distribution (JMA, 2024a). Relocated seismic297

events also revealed a fault system with multiple hidden faults (Yoshida et al.,298

2024), suggesting that the hypocentral area likely comprises at least three299

intersecting faults.300

In this section, we first reveal the sources of the prominent highest fre-301

quency P-waves (0.03–2.0 Hz), E1
→
, E2

→
, and E4

→
. Such high-frequency P-302

waves generally reflect complex and smaller-scale fault processes rather than303

the macroscopic rupture process. Typically, high-frequency seismic signals304

are generated by rapid changes in rupture and/or slip speed, complex fault305

branching, and interactions with fault barriers and asperities (e.g., Savage,306

1965; Madariaga, 1977; Spudich and Frazer, 1984; Bernard and Madariaga,307

1984; Madariaga, 2003; Adda-Bedia and Madariaga, 2008; Beresnev, 2017;308
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Marty et al., 2019), all of which are essential for unraveling this complex309

earthquake. Following the clarification of these smaller-scale complexities in310

seismic radiation, we further discuss the broader frequency-dependent char-311

acteristics of the radiation processes derived from our BP analysis.312

4.1. E1
→
: Starting phase of this Earthquake313

The first instance of high-frequency radiation, E1
→
(Figure 5), likely repre-314

sents the initiation of the fault rupture process or the starting phase (Madariaga,315

1977). At the onset of rupture, substantial energy is required to accelerate the316

rupture rapidaly as strain energy is released (Madariaga, 1983). E1
→
follows317

the lower-frequency energy (0.05–1.0 Hz) concentrated near the hypocentral318

region (Figure 5), suggesting that it may be the initial triggering event of319

this Mw 7.5 earthquake.320

Following this initiation phase, the region radiating P-waves does not321

spread significantly at this stage (Figure 3), which could result from a slower322

rupture speed (Okuwaki et al., 2024; Ma et al., 2024; Xu et al., 2024). Due to323

the presence of crustal fluid near the hypocentral region (Nakajima, 2022),324

the rupture front may not accelerate e!ectively. This observation supports325

the discussion of fluid-induced slow rupture initiation, accompanied by high-326

frequency seismic radiation, as proposed by (Ma et al., 2024).327

4.2. E2
→
: Triggering the low-frequency radiation of E2, E3 and E4328

The second event of high-frequency seismic emission (E2
→
in Figure 5 (d))329

likely reflects a secondary initiation within a doublet event sequence. Accord-330
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ing to the JMA earthquake catalog (JMA, 2024a), this Mw 7.5 earthquake331

involves two distinct events of Mjma 5.9 (at 16:10:9.54) and Mjma 7.6 (at332

16:10:22.57), where Mjma is JMA’s magnitude scale based on observed dis-333

placement and/or velocity waveform amplitude (JMA, 2024b). The larger334

event occurred about 10–15 s after the smaller Mjma 5.9 foreshock. The tim-335

ing of E2
→
inferred from this study is roughly consistent with the origin time336

of the larger Mjma 7.6 event. Yoshida et al. (2024) relocated the doublets337

and nearby earthquakes, suggesting that both the Mjma 5.9 foreshock and338

the Mjma 7.6 mainshock occurred on the same fault plane. Thus, E2 in our339

BP results from teleseismic records likely corresponds to the initiation of the340

larger mainshock in this doublet earthquake.341

Crustal fluids, identified by an anomalously high Vp/Vs ratio near the E2342

location (Figure 3 (c, d)) (Nakajima, 2022), likely influence the source of E2.343

Yoshida et al. (2024) suggested that the foreshock triggered the mainshock344

through the upward migration of fluids, while Ma et al. (2024) suggested345

that this earthquake sequence began with a slow rupture in a fluid-rich zone,346

followed by a faster rupture in a drier region. This sequence may be repre-347

sented in our BP images: i.e., E1 associated with the initial slow rupture,348

transitioning to the more rapid rupture propagation of E3 and E4, directed349

to the west and east, respectively (Figures 3 and 5). The high-frequency350

event E2 appears to mark the transition from E1 to the subsequent rapid351

propagation in E3 and E4 (Figures 3, 4, and 5), acting as a bridge for the352

abrupt change in rupture speed. While such a transition may occur without353
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elevated pore pressure conditions (e.g., Bruhat et al., 2016), crustal fluids354

may facilitate the e!ective acceleration of the rupture front (Pampillón et al.,355

2023). Consequently, the higher-frequency radiation of E2 may result from a356

combination of abrupt rupture speed changes due to upward-migrating fluids357

and the initiation of the secondary event in the doublet earthquakes.358

Although the complexity of fault geometry may also play a role (MEXT,359

2013; Yoshida et al., 2024; Okuwaki et al., 2024), the lack of high-frequency360

P-wave radiation during E3 and E4 (except for a minor emission at the end361

of E4) may indicate limited influence from the complex fault network or362

heterogeneities such as fault barriers.363

4.3. E4
→
: Stopping phase of E4364

The fourth high-frequency emission event (E4
→
in Figures 3 (d) and 5 (d))365

likely represents the stopping phase of fault rupture in the northeastern o!-366

shore area of the Noto Peninsula, coinciding with the location of the o!shore367

fault N2 (MEXT, 2013) shown in Figure 1. Classical studies have shown368

that abrupt rupture termination can e!ectively generate high-frequency seis-369

mic energy (Savage, 1965; Madariaga, 1977). Fault slip models by Fujii and370

Satake (2024) and Mizutani et al. (2024), based on geodetic and tsunami371

waveform data, suggested that the northeastern o!shore fault N2 did not372

slip. Besides, seismic waveform inversions including the near-field data (Ma373

et al., 2024; Xu et al., 2024) found minimal slip on the northeastern o!shore374

fault patch. These observations agree well with our results, which indicate375

22



a stopping phase at the northeastern end of the source region near the N2376

fault.377

4.4. Frequency-dependent P-wave radiation and complex fault rupture process378

The low-frequency BP image (0.03-0.5 Hz) reveals the large-scale rupture379

process, which is consistent with other results of seismic waveform inver-380

sions (Okuwaki et al., 2024; Kutschera et al., 2024; Ma et al., 2024; Xu381

et al., 2024), indicating the bilateral rupture from the hypocentral location.382

Unlike these previous studies, our multi-frequency BP approach uncovers383

complex frequency-dependent characteristics in P-wave radiation from the384

complicated rupture process of multiple fault segments. The most promi-385

nent P-wave radiation observed in this study occurs in the lowest-frequency386

range (0.03–0.3 Hz) in the inland regions of this peninsula (E3), and an-387

other notable low- to intermediate-frequency (0.05–0.5 Hz) radiation mainly388

originates from the northeastern o!shore region (E4) (Figure 3 (a, b)). Note389

that intense high-frequency components (0.1–2.0 Hz) precede these dominant390

lower-frequency radiations. In this subsection, we discuss the relationship be-391

tween these lower- and higher-frequency radiation processes in more detail.392

A distinct transition in the frequency components of radiated P-waves393

from high (0.1–2.0 Hz) to low (0.03–0.5 Hz) frequencies after 18 seconds394

is clearly shown in Figures 3 and 5. E3 appears to be triggered by the395

high-frequency emission event E2, transitioning smoothly into an intense396

low-frequency emission (0.03–0.3 Hz) (Figures 3 and 5). Notably, after this397
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frequency transition, E3 radiates almost no higher-frequency radiation and398

gradually fades after 40 s (Figures 3 and 5) . This behavior can be attributed399

to near-surface shallow large slip as inferred from the previous waveform400

inversions (Okuwaki et al., 2024; Ma et al., 2024; Xu et al., 2024). Fault slips401

at shallower depths often exhibit longer rise times, as seen in the previous402

inversion studies of other inland earthquakes (e.g., Ji et al., 2015; Hao et al.,403

2017). Although the exact depth of the P-wave source remains undetermined404

due to the lack of depth resolution, the lowest-frequency P-wave radiation in405

the southwestern inland region persists somewhat longer than in any other406

areas (Figure 3 and 5). Consequently, E3 may not release intense high-407

frequency energy due to the relatively low slip rate at shallow depths, while408

the crustal fluid may contribute to further suppressing the higher-frequency409

signals.410

At the end of E3, relatively higher-frequency energy (0.05–0.5 Hz and411

0.1–1.0 Hz) are emitted from the southwestern tip of the peninsula (E3
→
in412

Figures 3 and 5), which can be interpreted as the stopping phase of E3.413

However, this termination does not involve the highest-frequency P-wave,414

which instead appears in E4. In the recent tomographic model (Nakajima,415

2022), an anomalously high Vp/Vs ratio was observed in the southwestern416

area of the Noto Peninsula. A plausible explanation for this stopping phase417

without higher-frequency emission could be the fluid-rich conditions in this418

region (Noda and Lapusta, 2013; Madden et al., 2022).419

Meanwhile, from E2 to E4, the frequency components of radiated P-waves420
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evolve continuously. E4 can also be triggered by E2, after which the frequency421

range of emitted P-waves gradually shifts to lower frequencies (0.05–0.5 Hz)422

(Figures 3 and 5), possibly reflecting the evolution process of fault rupture423

propagation. After around 36 s, an opposite transition occurs, with the main424

frequency range smoothly shifting from low to high frequencies (Figures 3425

and 5).426

A plausible reason for the frequency transition observed toward the end427

of E4 can be the fault geometry. As suggested by the JSPJ model (MEXT,428

2013), aftershock distribution (JMA, 2024a), and the results by Okuwaki429

et al. (2024), the source region comprises a complex, multi-segmented fault430

system. Di!erences in the strike angles are evident between the southwestern431

inland and northeastern o!shore areas. Comparing the two frequency bands432

(0.05–0.5 Hz and 0.1–1.0 Hz) visualized in Figure 3 (b, c), we observe that,433

despite the limited resolution of teleseismic P-wave data, the higher- and434

lower-frequency P-waves at 40–45 s are radiated from the locations near435

NT3 and NT4, respectively (Figure 3 (b,c)). NT3 and NT4 have apparently436

di!erent dipping directions (Figure 1 and MEXT (2013)). This significant437

frequency transition toward the end of E4 may result from such complex438

multi-segmented fault geometry.439

Thus, the intriguing frequency-dependent P-wave radiation sequence of440

the Mw 7.5 Noto Peninsula earthquake likely results from the e!ects of the441

complex fault network under fluid-rich conditions. The presence of crustal442

fluid may play a key role in triggering the initial stage of this earthquake443
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(E1) and the main bilateral rupture process (E3, and E4). The complex fault444

geometry beneath this area likely contributes to the observed variations in445

frequency-dependent behavior between E3 and E4, indicating the influence of446

the fault geometry on the slip and rupture processes during this earthquake.447

5. Conclusions448

In this study, we performed multi-frequency P-wave back-projection to449

image the frequency-dependent source radiation process for the Mw 7.5 Noto450

Peninsula earthquake on January 1st, 2024 (or the doublet earthquake of451

Mjma 5.9 and Mjma 7.6). Our main findings on the complex radiation process452

are summarized in the following points:453

1. The main source radiation process of the Mw 7.5 Noto Peninsula earth-454

quake lasted approximately 44 s, which can be divided into four episodes455

(E1–E4).456

2. Episode 1 (E1, 0–15 s): The P-wave radiation initiates from the hypocen-457

ter, with the intense high-frequency energy preceding the lower-frequency458

radiation, concentrated mainly in the hypocentral region.459

3. Episode 2 (E2, 15–30 s): This stage bridges E1 and the subsequent460

episodes, radiating the most intensive high-frequency P-waves from the461

hypocentral area. This stage likely represents the initial growth for the462

larger event in the doublet earthquake sequence.463

4. Episodes 3 and 4 (E3 and E4): These stages encompass the main464

rupture process, propagating bilaterally from the hypocentral region465
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towards the southwestern inland and northeastern o!shore areas. The466

rupture during E4 appears to terminate abruptly at the northeastern467

fault patch, marked by the high-frequency emission at the end of E4.468

5. During E3, the low-frequency signals dominate the P-wave radiation,469

suggesting a relatively longer rise time for the main rupture propagating470

towards the southwestern inland region.471

6. In the initial half of E4, the frequency range of the P-wave radiation472

transitions smoothly from low to high frequencies, then reverses to473

a high-to-low frequency transition in the latter half of E4, likely in-474

fluenced by the complex fault geometry in the northeastern o!shore475

region.476
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Figure S1. Teleseismic dataset for the frequency range 0.05-0.5 Hz. The figure 

configuration follows that of Figure 2 in the main text.     

(a)

(b)

(c)



 

 

Figure S2: Same as Figure S1, but for 0.1-1.0 Hz.    20 

(a)

(b)

(c)



 

 

Figure S3: Same as Figure S1, but for 0.3-2.0 Hz.      

(a)

(b)

(c)



 

 

Figure S4: Schematic illustration of the LQT coordinate system at a seismic station.     



 

 

25 

Figure S5: Map view of projected potential source grid points used to generate Figures 5 

and S6. (a) 0.05deg girds used for 0.03-0.3, 0.05-0.5, and 0.1-1.0 Hz, (b) 0.015deg used 

for 0.3-2.0Hz 

 

  30 

(a) (b)



 

 

Figure S6: Examples of selected multi-frequency back-projection results using the vertical 

components without the LQT conversion, following the conventional method. (a, b) 

Snapshots of BP (left panels) and time-dependent P-wave radiation from the source (right 

panels), projected along N60Eº, as in Figure 3 but using the conventional BP approach. (c) 35 

Same as Figure 4, but for the conventional BP method.        

(a) 0.03 – 0.3 Hz

(b) 0.3 – 2.0 Hz

(c) Time-series BP Amplitude 



 

 

Movie S1: Snapshots of the P-wave back-projection results: (a) 0.03–0.3 Hz, (b) 0.05–0.5 

Hz, (c) 0.1–1.0 Hz, and (d) 0.3–2.0 Hz. 
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