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Abstract29

The eastern margin of the Sea of Japan is a zone of great seismic and tsunami hazard30

due to multiple o!shore and nearshore reverse faults as shown by the 2024 Mw 7.5 Noto31

Peninsula Earthquake. Here we compare coseismic deformation of the 2024 Noto Penin-32

sula Earthquake with 4767 individual marine terraces attributed to 16 successive sea-33

level stages over the last Myr. This reveals that the earthquake faults started slipping34

between 326 and 238 ka. The emerged landscape is still adjusting to it while nearshore35

underwater scarps mark the active faults. Applied to nearby Sado Island, these obser-36

vations reveal the likely location of an active fault that drives its fast deformation. Ac-37

tive faults defining the edge of uplifting land are likely found in the near shore domain,38

drowned by the current sea-level high stand.39

Plain Language Summary40

Earthquakes are a major source of risk for society, through the shaking, landslides,41

and tsunami they can generate. Along the northwest coast of Japan, it is di”cult to iden-42

tify which of the multiple of active tectonic faults, are more likely to cause violent earth-43

quakes. On January First 2024, the Mw 7.5 Noto Peninsula earthquake ruptured along44

one of these faults, lifting land more than four meters at the coast. This event allows us45

to understand the relationship between its ground deformation and the landscape of the46

peninsula. We find that the repetition of a similar earthquakes every 2000 years for about47

250’000 years can explain many features of the peninsula. The earthquake faults are as-48

sociated with an underwater scarp, a steeper slope, following the coast. On the nearby49

island of Sado’s northwestern coast, the landscape shares many similarities with the Noto50

Peninsula. However, no large earthquakes have been documented along this coast over51

the last centuries. We find a similar underwater scarp on Sado and propose that this could52

be the location of a fault capable of large earthquakes.53

1 Introduction54

Tectonics and associated earthquakes shape landscapes. Along Japan’s back-arc,55

seismic hazards are characterized by earthquakes up to M7 and M8 distributed on a large56

number of mostly o!shore reverse faults (Earthquake Research Committee, 2024) up-57

lifting inverted basins along the coast (Fig. 1) (Okamura et al., 1995). Through their shal-58

low depths and close proximity to the coast, these faults produce strong surface shak-59

ing and short tsunami arrival times (Study Group on Research into Large-Scale Earth-60

quakes in the Sea of Japan, 2016; Earthquake Research Committee, 2024). The rarity61

of earthquakes on individual faults (Earthquake Research Committee, 2024) makes it hard62

to identify which of the many faults are most active.63

On land, surface morphology is a good proxy for the degree of fault activity be-64

cause e”cient subaerial erosion progressively removes inactive fault scarps (Avouac &65

Peltzer, 1993). This selective removal largely vanishes at water depths untouched by wave66

erosion where rates of erosion are extremely low (Hughes et al., 2024). The nearshore67

domain is in an intermediate situation, eustatic cycles periodically expose the seafloor68

to wave and subaerial erosion in a gradient spanning ca. -125 m to modern sea level (Jara-69

Muñoz et al., 2017; Johnson et al., 2017; Malatesta et al., 2021, 2022; Kluesner et al.,70

2023). While well-understood topographic breaks mark active faults onland (Avouac &71

Peltzer, 1993; Wobus et al., 2006; Picotti et al., 2009), the landscape expression of seis-72

mogenic activity is not equally well understood o!shore. Here, we analyzed long-term73

strain from the record of 16 sea-level stages captured by over 5000 marine terraces on74

the Noto Peninsula and Sado Island, coseismic deformation of the 2024 Mw 7.5 Noto Penin-75

sula earthquake, and landscape evolution modeling to gain a better understanding of the76

earthquake cycle topography on- and o!shore in the back-arc region.77
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Figure 1. Regional map and tectonic context of the central coast of the Japan Sea. Mapped

active faults are marked in pink, thicker ones slipped in the Noto Peninsula Earthquake

(Okamura, 2019; Earthquake Research Committee, 2024). The local -120 m last sea-level low

stand is traced (Gowan et al., 2025). Inset shows the main tectonic plates Eurasia (EUR), North

America (NAM), Pacific (PAC), Philippine Sea (PHS); the Niigata-Kobe-Tectonic-Zone (NKTZ)

(Sagiya et al., 2000), Itoigawa-Shizuoka-Tectonic-Line (ISTL), and Median-Tectonic-Line (MTL);

Purple dots in inset are Mw > 7 earthquakes along the Japan Sea coast since 1900. Bathymetry

from Japan Hydrographic Association, topography from ASTER (ASTER Science Team, 2019).

2 Regional tectonics and earthquakes78

The Noto Peninsula is marked by northeast-striking reverse faults inherited from79

the back-arc opening (Ishiyama et al., 2017). The area experienced extensional tecton-80

ics from ca. 25 to 13 Ma, neutral stress from ca. 13 to 3.5 Ma, and compressional de-81

formation from ca. 3.5 Ma to the present (Sato, 1994). Reverse slip on the normal faults82

uplifted asymmetric inverted basins (Okamura et al., 1995). Most active reverse faults83

in Noto are located just offshore of its northern coastline (Fig. 1, Inoue & Okamura,84

2010). Another fault system, dipping northwest, flanks the peninsula to the south on the85

bottom of Toyama Bay at ca. 1 km depth (Ishiyama et al., 2017). These structures oc-86

cur within the Eurasia-North America diffuse plate boundary, a distributed zone that87

includes several fault systems. It runs along the back-arc of the Japan subduction, ei-88

ther offshore or along the coast according to different models (Fig. 1 inset, Nakamura,89

1983; Sagiya et al., 2000; Ohzono et al., 2011; T. Tamura et al., 2020).90

On 1.1.2024, a Mw 7.5 earthquake shook the northern coast of the Noto Peninsula91

(Fig. 1, 2 A–D, Ma et al., 2024; Okuwaki et al., 2024; Yoshida et al., 2024; Fukushima92

et al., 2024). The quake ruptured multiple southeast-dipping reverse faults off the coast93

and capped a 36-month period of sustained swarm activity linked to migrating fluids (Fig. S1,94

Nishimura et al., 2023; Yoshida et al., 2023; Kato, 2024; Japan Coast Guard & Hokuriku95
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Electric Power Company, 2024). As of January 2025, the earthquake cost the lives of 51596

persons and close to 150,000 structures were destroyed or damaged (Cabinet Office of97

Disaster Management in Japan, 2025). Several faults had failed individually (Mw > 6)98

over the last decades (Inoue et al., 2007; Ozawa et al., 2008; Awata et al., 2008; Hamada99

et al., 2016) but a combined rupture had not been observed in historical records. Three100

levels of Holocene marine terraces up to 7 m high along the northwest coast of the penin-101

sula suggest the recurrence of earthquakes with meter-scale throw at the coast (Shishikura102

et al., 2020).103

The Noto Peninsula Earthquake tilted the land along an uplift gradient with a max-104

imum of +4.4 m at the northwest coast and decaying to the southeast (Fig. 2 D, H, Fukushima105

et al., 2024). Bedrock platforms up to 200 m wide were lifted out of the water (Fig. 2 A–C,106

Fukushima et al., 2024; Goto et al., 2026). If the emerged volcaniclastic platforms re-107

sist wave erosion, they will become new marine terraces, record the coseismic uplift, and108

act as passive strain markers (Otsuka, 1932; Yoshikawa, 1964; Ota & Yoshikawa, 1978).109
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Figure 2. A–C: Coseismic uplift and coastal advance in Yoshiura, Kamiozawa, and Ozawa,

March 2024. Tidal range is 0.4 m. D: Noto Peninsula with offshore active faults (Earthquake

Research Committee, 2024), coseismic GPS deformation, coseismic coastal uplift (Fukushima et

al., 2024), and marine terraces (Koike & Machida, 2001; Ota & Hirakawa, 1979). E: Rock up-

lift rate from terraces of last two interglacial highstands, MIS 5e and 7e (121 and 238 ka) and

position of Holocene terraces. F: Uplift rate from terraces MIS 9e (326 ka) and older. G: Eleva-

tion and age of marine terraces along distance orthogonal to the faults’ average strike (see Fig.

1 E). Inset: same data highlighting tilt of MIS 5e terraces relative to MIS 15 (572 ka). H: Uplift

rates from marine terraces with power law fits for ages younger and older than 238 and 326 ka.

Younger terraces show a pronounced decay similar to coseismic deformation (Nishimura et al.,

2024; Fukushima et al., 2024), while older terraces, shifted by recent deformation, have a mod-

erate decay. Inset shows the entire scale for coastal survey, and power law fit of GPS data. See

Fig. S3–S5 for additional information.
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3 Methods110

The Noto Peninsula hosts one of the longest and best mapped series of erosive ma-111

rine terraces on the globe with 4767 unique terraces (discrete mappable platforms) at-112

tributed to 16 sea-level stages over the last million years (Fig. 2 D, Ota & Hirakawa,113

1979; Koike & Machida, 2001). Marine terraces result from the combined action of rock114

uplift and coastal erosion and can be cautiously interpreted as records of past sea-level115

high stands (Yoshikawa, 1964; Anderson et al., 1999; Malatesta et al., 2022). The high-116

est terraces are correlated to Marine Isotope Stage (MIS) 29, with an age of 1.02 Ma.117

Radiometric age and tephro-stratigraphic constraints for MIS 5e exist in the southeast118

of the peninsula (Omura, 1980; Toyokura et al., 1991). Successive older terrace levels were119

attributed to successive sea-level high stands (Koike & Machida, 2001; Ota & Hirakawa,120

1979).121

We digitized the marine terraces’ outline as well as those of the northern range of122

nearby Sado Island (537) from the Atlas of Quaternary Marine Terraces in the Japanese123

Islands (Fig. S2, Ôta, 1964; Ota & Hirakawa, 1979; Koike & Machida, 2001). We used124

a 1 m DEM of the Noto Peninsula provided by the Ishikawa Prefecture to trace the dig-125

itized outline of each terrace surface with improved accuracy on Noto. We recorded the126

elevation of the highest point of each polygon (paleo-shoreline angle, Figueiredo & Rock-127

well, 2022), the coordinates of their centroid and the presumed age (the entire terrace128

dataset and the list of shoreline markers are available as a shapefile and table in the data129

repository). At the time, Ota and Hirakawa (1979) used the terraces as strain markers130

deviating from the horizontal sea level to identify a recent phase of faster uplift in the131

northwest (Fig. 2 G inset). Now, we can derive the rate of rock uplift for each terrace132

by calculating the ratio between elevation gain from original sea level and age of the ter-133

race and recover an uplift pattern across space and time (Fig. 2 G H). We used the sea-134

level reconstruction by Bintanja et al. (2005) for its 1.07 Myr length that covers all ter-135

races of the Noto Peninsula. In the absence of radiometric controls, we relied on the pub-136

lished chronology assuming that successive terrace levels correspond to successive sea-137

level high stands (Ota & Hirakawa, 1979; Koike & Machida, 2001).138

We did not derive an uplift rate from Holocene terraces. They are not radiomet-139

rically dated but proposed to span 6 to 2 ka across three levels (Shishikura et al., 2020).140

These ages are too close to the timescale of the earthquake cycle to capture long-term141

deformation. We only used a representative age of 3.5 ka for display purpose in Fig. 2142

D and G. For sea-level interstages 5a and 5c, we used the revised estimates by Creveling143

et al. (2017) at -8.5 m and -9.4 m below present sea level respectively instead of long-144

term record by Bintanja et al. (2005) (-37 m and -35 m). The revised rates are coher-145

ent with terrace levels only few meters lower than MIS 5e. We excluded fast uplifting146

terraces on the topographic ridge to the southeast of the peninsula and the eastern part147

of Noto Island (Fig. 2 D) as they lie across a large active structure.148

4 Results149

Terraces are extensively distributed on the southeastern half of the peninsula, while150

only Last Interglacial (MIS 5e) and Holocene terraces are found in the northwest (Fig. 2 E,151

F). Coseismic uplift varies along the Noto coast and there are no MIS 5e marine terraces152

where it is highest (Fig. 2 D). But a MIS 5e terrace lies at ca. 85 m elevation above the153

mouth of the Machino River (Fig. 3) (Koike & Machida, 2001). Within 2 km along coast,154

coseismic uplift of the 2024 earthquake was 1.7±0.05 m (site #39, Fukushima et al.,155

2024). Factoring in 10% postseismic relaxation on that uplift value (Chen et al., 2024),156

we obtain a crude recurrence interval estimate of around 2.2 kyr for earthquakes of sim-157

ilar throw.158
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Two deformation trends emerge once terrace-derived uplift rate is plotted against159

the distance from the earthquake faults (Fig. 2 G, H). Terraces of the most recent two160

interglacials (MIS 5e and 7e) display a strong gradient, from up to ca. 1 mm/yr at the161

highest MIS 5e terraces down to ca. 0.25±0.08 mm/yr at > 20 km from the active faults.162

This trend has a similar wavelength to coseismic GPS and coastal displacement (Fig. 2 H).163

But MIS 5e and 7e terraces record an additional uplift component as they still lie tens164

of meter above water where coseismic uplift goes to zero. In contrast, terraces MIS 9e165

(326 ka) and older all collapse around a near uniform rate of uplift of mean value 0.28±166

0.06 mm/yr that still includes a tilting component from the more recent deformation.167

We tested different timings for the change in deformation by back-tilting older terraces168

and fitting power law decays to each group. A start of tilting between MIS 9e and 7e169

yielded the lowest total error in power-law fits and MIS 11–9e is an alternative option170

(supplementary text S1 and Fig. S5).171

The Noto Peninsula is segmented by secondary faults that offset the elevation of172

some terraces by up to tens of meters, adding scatter without obscuring dominant trends173

(Ota & Hirakawa, 1979). For example, the northwestern block of the peninsula moved174

independently by a few cm during the Mw 7.5 Noto Peninsula Earthquake (Fukushima175

et al., 2024). Given the dominance of the tilting signal, the lack of radiometric dating176

for precise strain rate estimates, and that we only aimed to identify when the main mode177

of deformation shifted, we considered the peninsula as a single block and ignored mo-178

tion across the sub-blocks.179
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shore active faults are traced in pink with thicker lines for the faults of the Mw 7.5 Noto Penin-

sula Earthquake (Earthquake Research Committee, 2024). The Machino River and its catchment

are traced. B: 20 km-wide topographic swath profile across the Peninsula with the projected

profile of the Machino River highlighting mismatch between drainage divide and high topog-

raphy. The footprint of the swath is shown in A. C: Swath profile across a synthetic numerical

landscape adjusting to tilting uplift. The mismatch of drainage divide and topographic high is

replicated, see Fig. S7. Bathymetry from Japan Hydrographic Association, topography from

ASTER (ASTER Science Team, 2019).
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5 Discussion180

5.1 Transient landscape response to changing tectonics181

The o!shore faults of the Noto Peninsula Earthquake trace a scarp at ca. -100–182

-50 m that marks the edge of the faster rock uplift recorded by onshore terraces (Fig. 4 A183

& C). The coastline follows the scarp 2–3 km landward and reflects the present short-184

lived sea-level high stand following a -120 m low stand during the Last Glacial Maximum185

(Gowan et al., 2025). The scarp is thus drowned by the current high stand and the dom-186

inant active faults are hosted in the repeatedly emerged and submerged nearshore do-187

main.188

On land, the fluvial landscape of the peninsula is not equilibrated to a faster up-189

lift rate in the north. In the Machino River catchment, largest of the peninsula, the high-190

est point (544 m) lies about 16 km north of the water divide (Fig. 3 B). The Machino191

catchment occupies nearly 90% of the width of the peninsula and reaches the sea flow-192

ing across a wide alluvial plain. At equilibrium, the uplift gradient recorded by the younger193

terraces would result in gentler and longer catchments draining south.194

The paradox of fluvial landscape and marine terraces reflecting incompatible up-195

lift fields can be solved considering two important points: 1) the strong tilting is a ge-196

ologically recent event and the landscape currently adjusts to it, and 2) the Noto Penin-197

sula has inherited an asymmetric topography as it emerged from the sea. The tilting of198

marine terraces 238 ka and younger supports the first point. The previously uniform and199

steady uplift rate recorded by older terraces would lead to initially steep and short catch-200

ments to the south due to the inherited submarine topography of an inverted basin (Fig. S6,201

Okamura et al., 1995).202

We simulated the peninsula emerging from the sea with a landscape evolution model203

(Gailleton et al., 2024) to show how a 250 ka change from uniform to tilting uplift fields204

o!sets highest topography and drainage divide during the transient response (Fig. 3 C,205

Fig. S7, supplementary text S2). The model uses stream power incision (Howard, 1994)206

with an implicit finite scheme described by Braun and Willett (2013) and parametriza-207

tion from Ruetenik et al. (2023). The initial emerging landscape starts the strong asym-208

metry of an inverted basin and large catchments develop on the gentler left flank. Once209

the tilting uplift field starts, larger catchments can maintain a passage across the zone210

of faster uplift having already accumulated a large drainage area. This allows the main211

valleys to keep up with increased rock uplift rate, as the interfluves steepen. Rapidly,212

the topographic high migrates north, while the drainage divide remains south, a char-213

acteristic feature of the Noto Peninsula. Eventually, topographic high and divide con-214

verge in the north (Fig. S7).215

The earlier uniform and steady uplift of Noto’s inverted basin could have resulted216

from the north-dipping faults on the peninsula’s south flank in Toyama Bay (Ishiyama217

et al., 2017), in potential combination with antithetic faults further north (Fig. 3 A). Ma-218

rine terraces from the last million year (MIS 29–9e) document the uplift on the Penin-219

sula’s southeastern flank. The northwest flank is exposed to the stronger waves of the220

open sea and a beveled shelf would have widened southeastward. Between MIS 9e and221

7e (326 and 238 ka), the reverse faults eventually responsible for the 2024 earthquake222

started slipping and led to a new and di!erent uplift gradient across the peninsula (e.g.,223

Ellis & Densmore, 2006; Nakajima et al., 2006). The absence of terraces older than MIS224

5 on the northwest coast suggests that the coast was retreating until that time. The faults225

built a scarp, now o!shore, that was repeatedly reworked by wave and subaerial erosion226

across eustatic cycles.227

The initial steadiness of uplift rate derives from the assumed age model of succes-228

sive terrace levels corresponding to successive sea-level high stands by Ota and Hirakawa229

(1979). This might not always be the case due to the morphodynamics of wave erosion230

–8–
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(Malatesta et al., 2022). Changes in the age or sea-level model could result in tempo-231

ral variations of rock uplift rate but the nearly uniform elevation of each terrace level232

remains and supports the change in uplift pattern from uniform to tilting.233
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1992; Koike & Machida, 2001). The marker colors are shared across the subplots and indicated

in B. The representative position of the Sotokaifu offshore fault is placed according to Ota et al.

(1992). B: Uplift rates on Oosado as a function of distance from the proposed offshore Sotokaifu

fault.

5.2 Application to the neighboring Sado Island234

The relationship between landscape and seismicity exposed in the Noto Peninsula235

sheds light on the nearby Sado Island (Fig. 1), where data about the earthquake cycle236

is scant. Sado Island marks the southwestern end of the Sado Ridge (Okamura et al.,237

1995). Similar to the Noto Peninsula, a pattern of strong tilting to the southeast is recorded238

by MIS 7e and 5e terraces on Oosado, the northern range of Sado Island (Fig. 5, Fig. S8).239

The island is smaller, steeper, and higher (1172 m) than the Noto Peninsula and does240

not have an equivalent record of older terraces (Ôta, 1964). The MIS 9e–13 marine ter-241

races are too tightly clustered at both tips of Oosado to reveal a spatial pattern of up-242

lift (Fig. 5).243

Ota et al. (1992) noted the paradox of Last Interglacial marine terraces recording244

a strong tilt to the southeast while the landscape of Oosado has steeper, shorter, catch-245

ments to the southeast, with evidence of stream capture and divide migration towards246

the northwest (Fig. 4B, Sakashita & Endo, 2023). The steeper catchments could result247

from past activity on the northwest-dipping reverse fault flanking the southeastern coast.248

That fault belongs to the series of reactivated normal faults that built the Sado Ridge249

since the Pliocene (Okamura et al., 1995; Watanabe et al., 1994). Ota et al. (1976, 1992)250

explained the recent tilting, as well as an onshore splay fault, by the activation of reverse251

thrusts “sometime before 300 ka” on the narrow shelf northwest of Oosado: the Sotokaifu252

Fault system. Due to its close proximity to the coast, the fault is not covered by exist-253

ing seismic surveys and is not listed in the catalogue of “large offshore earthquake faults”254

(Study Group on Research into Large-Scale Earthquakes in the Sea of Japan, 2016; Oka-255

mura, 2019).256

Bathymetry reveals similarities between Sado and Noto (Fig. 4). A scarp at a depth257

of ca. -80 to -50 m follows the Oosado coastline at a distance of 2–4 km (Fig. 4 B). At258

both sites, the scarp sets the upper limit of a gentle shelf and the transition to the emerged259

land. Its location is compatible with the offshore main segment of the Sotokaifu Fault260
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system proposed by Ota et al. (1992). Over 45 km long, the segment has a potential for261

M → 7 ruptures (Wells & Coppersmith, 1994). Based on the Noto Peninsula observa-262

tions, we propose that the nearshore scarp records the position of the dominant fault sys-263

tem while the subaerial landscape is still adjusting to the new uplift pattern.264

On Sado Island, the coseismic deformation resulting from a rupture similar to the265

Noto Peninsula Earthquake would cause significant uplift along the northwest coast. Most266

of the population, agriculture and infrastructure of the island is located in the Kuninaka267

Plain, southeast of Oosado. A total 24 likely tsunami deposits over the last 9 kyr iden-268

tified in the plain’s lacustrine system confirm that risk (Urabe, 2017). A deposit (KAM-269

Ev3 ) dated at 1678–1781 CE is compatible with the 1762 CE M7 Horeki Earthquake (Kawauchi,270

2000). Villages in North Oosado were damaged by the tsunami of this event and its roughly271

estimated epicenter (Kawauchi, 2000) could match the Sotokaifu Fault system. Oosado272

is prone to landslides across critical roads (Shimizu & Oyagi, 1988) and the island ex-273

perienced liquefaction from the distant 2024 Noto Peninsula Earthquake (Cabinet Of-274

fice of Disaster Management in Japan, 2025). The similarities in recent deformation and275

bathymetry with the Noto Peninsula and the faster uplift rates on Sado Island warrant276

attention to the seismic risks from the Sotokaifu Fault.277

The sole presence of a scarp at depths between 0 and -120 m in the nearshore do-278

main is however not su”cient to derive an active tectonic interpretation. Shorter ramps279

also follow segments of the coast south of the Noto Peninsula and southeast of Oosado280

(Fig. 4). The onshore record of uplift pattern is necessary to attribute a tectonic origin281

to the nearshore scarp and help rank fault activity. Only the joint interpretation of on-282

shore and nearshore topography can shed light on the nearshore bathymetry in such cases,283

ideally confirmed by nearshore seismic profiles (Johnson et al., 2017; Earthquake Research284

Committee, 2024).285

6 Conclusion286

The Mw 7.5 Noto Peninsula Earthquake of January First, 2024, provides unique287

information about the relationship between transient coastal landscapes and seismogenic288

faults characterized by long, often quiet, recurrence intervals. Repeated slip on the same289

fault system is responsible for the tectonic tilt on the peninsula since 324–238 ka follow-290

ing a previously uniform uplift. The ruptured faults are located o!shore at -50 to -100291

m, drowned by the current sea-level high stand. The coastline follows the continuous scarp292

that matches most of the faults, o!set by 2–3 km. These observations can inform other293

sites where seismic information is limited. Nearby, the northern range of Sado Island,294

Oosado, shares the same pattern of recent tilting and transient landscape. Based on the295

Noto Peninsula, we propose that the o!shore fault responsible for the tilting of Oosado296

is marked by a diagnostic nearshore scarp. Given the on- and o!shore similarities with297

the Noto Peninsula, we advise increased scrutiny of seismic hazards on Sado Island.298
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mising global landscape evolution models with 10Be. Earth Surface Dynamics,490

11 (5), 865–880. doi: 10.5194/esurf-11-865-2023491

Sagiya, T., Miyazaki, S., & Tada, T. (2000). Continuous GPS Array and Present-492

day Crustal Deformation of Japan. Pure appl. geophys., 157 .493

Sakashita, A., & Endo, N. (2023, January). Mobility and Location of Drainage Di-494

vides A!ected by Tilting Uplift in Sado Island, Japan. Remote Sensing , 15 (3),495

729. doi: 10.3390/rs15030729496

Sato, H. (1994, November). The relationship between Late Cenozoic tectonic497

events and stress field and basin development in northeast Japan. Jour-498

nal of Geophysical Research: Solid Earth, 99 (B11), 22261–22274. doi:499

10.1029/94JB00854500

Shimizu, F., & Oyagi, N. (1988). National Research Institute for Earth Science501

and Disaster Prevention, Landslide topography distribution map Volume 4502

”Murakami and Sado” (109th ed.). National Research Center for Disaster503

Prevention.504

Shishikura, M., Echigo, T., & Namegaya, Y. (2020). Activity of the o!-shore active505

faults along the northern coast of the Noto Peninsula deduced from the height506

distribution of the lower marine terrace and emerged sessile assemblage. Active507

Fault Research, 53 , 33–49.508

Study Group on Research into Large-Scale Earthquakes in the Sea of Japan. (2016).509

Report of the Study Group on Large-Scale Earthquakes in the Sea of Japan510

(in Japanese) (Tech. Rep.). Ministry of Land, Infrastructure, Transport and511

Tourism.512

Tamura, A. (1979). Holocene marine terraces and crustal movements of Sado Island,513

Central Japan. Geographical Review of Japan, 52 (7), 339–355. doi: 10.4157/grj514

.52.339515

Tamura, T., Oohashi, K., Otsubo, M., Miyakawa, A., & Niwa, M. (2020, Decem-516

ber). Contribution to crustal strain accumulation of minor faults: A case study517

across the Niigata–Kobe Tectonic Zone, Japan. Earth, Planets and Space,518

72 (1), 7. doi: 10.1186/s40623-020-1132-5519

Toyokura, I., Ohmura, K., Arai, F., Machida, H., Takase, N., Nakadaira, K., &520

Ito, T. (1991). Identification of the Sambe Kisuki Tephra found in Marine521

Terrace Deposits along Coastal Areas of Hokuriku District, and its Impli-522

cations. The Quaternary Research (Daiyonki-Kenkyu), 30 (2), 79–90. doi:523

10.4116/jaqua.30.79524

Urabe, A. (2017, October). Reconstruction of tsunami history based on event de-525

posits in the Niigata area, eastern coast of the Sea of Japan. Quaternary Inter-526

national , 456 , 53–68. doi: 10.1016/j.quaint.2017.05.045527

Watanabe, M., Okamura, Y., & Satoh, M. (1994). Diatom fossil and geologic struc-528

ture of the southeastern margin (o! Tohoku) of the Japan Sea. Bulletin of Ge-529

ological Survey of Japan, 45 , 405–436.530

–15–



manuscript submitted to Geophysical Research Letters

Wells, D. L., & Coppersmith, K. J. (1994, August). New empirical relationships531

among magnitude, rupture length, rupture width, rupture area, and surface532

displacement. Bulletin of the Seismological Society of America, 84 (4), 974–533

1002. doi: 10.1785/BSSA0840040974534

Wobus, C. W., Whipple, K. X., Kirby, E., Snyder, N., Johnson, J., Spyropolou, K.,535

. . . Sheehan, D. (2006). Tectonics from topography: Procedures, promise,536

and pitfalls. Geological Society of America Special Paper , 398 , 55–74. doi:537

10.1130/2006.2398(04)538

Yoshida, K., Takagi, R., Fukushima, Y., Ando, R., Ohta, Y., & Hiramatsu, Y.539

(2024, August). Role of a Hidden Fault in the Early Process of the 2024 M540

w 7.5 Noto Peninsula Earthquake. Geophysical Research Letters, 51 (16),541

e2024GL110993. doi: 10.1029/2024GL110993542

Yoshida, K., Uchida, N., Matsumoto, Y., Orimo, M., Okada, T., Hirahara, S., . . .543

Hino, R. (2023, November). Updip Fluid Flow in the Crust of the North-544

eastern Noto Peninsula, Japan, Triggered the 2023 M w 6.2 Suzu Earthquake545

During Swarm Activity. Geophysical Research Letters, 50 (21), e2023GL106023.546

doi: 10.1029/2023GL106023547

Yoshikawa, T. (1964). On the Geomorphic Development of Ria Coasts in the548

Japanese Islands. The Quaternary Research (Daiyonki-Kenkyu), 3 (5), 290–549

296. doi: 10.4116/jaqua.3.290550

–16–



GEOPHYSICAL RESEARCH LETTERS

Supporting Information for ”Earthquake faults
recorded in the near-shore bathymetry of Japan’s
back-arc”
Luca C. Malatesta1, Shigeru Sueoka2, Nina-Marie Weiß1, Boris Gailleton3,

Sumiko Tsukamoto4,5, Daisuke Ishimura6,7, Naoya Takahashi8, Takuya

Nishimura9, Kyoko Kataoka10, Tetsuya Komatsu2, Yoshiya Iwasa11

1Earth Surface Process Modelling, GFZ Helmholtz Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

2Tono Geoscience Center, Japan Atomic Energy Agency, 509-5102 Toki, Japan

3Geosciences Rennes, University of Rennes, 35042 Rennes, France

4LIAG Institute for Applied Geophysics, Stilleweg 2, 30655 Hannover , Germany

5Department of Geosciences, University of Tübingen, Schnarrenbergstr. 94-96, 72076 Tübingen, Germany

6Department of Geography, Tokyo Metropolitan University, 192-0364 Hachioji, Japan

7Department of Earth Sciences, Chiba University, 263-8522 Chiba, Japan

8Department of Earth Sciences, Tohoku University, 980-8578 Sendai, Japan

9Disaster Prevention Research Institute, Kyoto University, 611-0011 Kyoto, Japan

10Research Institute for Natural Hazards and Disaster Recovery, Niigata University, 950-2181 Niigata, Japan

11Center for Education and Research of Disaster Risk Reduction and Redesign, Oita University, 870-1192 Oita, Japan

October 10, 2025, 5:30pm



X - 2 MALATESTA ET AL.: EARTHQUAKE FAULTS IN JAPAN’S BACKARC

Contents of this file

1. Text S1 and S2

2. Figures S1 to S6

3. Table S1

Additional Supporting Information (Files uploaded separately)

1. Captions for Dataset S1

2. Captions for Dataset S2

Introduction

Text S1. Trends in uplift rates from marine terraces

To identify the time when deformation of the Noto Peninsula started to be dominated

by slip on the northwest fault, we analyzed patterns of uplift rates recorded by the ma-

rine terraces. The gradient in uplift reflected by the younger terraces impacted all older

terraces and we tested the e!ect of changing the mode of deformation at cut-o!s set be-

tween each of the marine terrace levels (MIS 5 to 29). We “back-tilted” the older terraces

(Fig. S5 A) by subtracting the elevation gain gradient identified in the younger terraces.

To do so, we fitted an power law decay to the terraces younger than the cuto! (red line

Corresponding author: L. C. Malatesta, Earth Surface Process Modelling, GFZ Helmholtz

Centre for Geosciences, Telegrafenberg, 14473 Potsdam, Germany. (luca.malatesta@gfz.de)
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in Fig. S5 B ) of the form:

y =
a

(x+ c)b
,

where parameters a, b, and c are strictly positive to fit a decreasing trend away from

the origin. The tilting is superimposed over a background rock uplift (assumed uniform)

as the coseismic deformation is null in areas far from the fault where MIS 5 terraces

are nevertheless tens of meters above sea level (Fig. 2 H). We derived the amount of

corrective back-tilting by removing the background rate of rock uplift from the power

law and multiplied it by the age of the cuto!. Increasingly older cut-o!s yield greater

magnitudes of back-tilting (Fig. S5 C and D).

We then fitted the same power law to the uplift rate derived from the back-tilted terraces

older than the cut-o! (blue line in Fig. S5 B and D). We could then track the goodness

of fit and the parameters of the power law for all potential cut-o!s (Fig. S5 E). The total

root mean square errors (RMSE) of the power laws on either side of the cuto! (taking the

square root of the summed squared RMSE of both fits) captures the opposing trends of:

1) increasing errors when fitting a power law to the back-tilted terraces with increasing

cut-o!s and 2) the reduced error of a power law fitted to the younger terraces as the

cut o! increases (Fig. S5 F). The minimum in total error is for a switch in deformation

between MIS 7 and 9.

Finally, we tracked the exponent b of the power law fitted to the uplift rate from the

back-tilted terraces (Fig. S5 F). The best fit of a power law decay requires an exponent

of b = 0 once only terraces of age MIS 11 and above are considered, i.e., the power law

decay signature of the coseismic deformation is completely absent. The limits forcing the
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power law to have a negative slope make it very close to a horizontal linear trend for MIS

9–11 cut-o!s and older (when b is near zero, Fig. S5 F).

Text S2. Landscape evolution model

To explore the likelihood of the Noto Peninsula being a transient landscape, we employ

a landscape evolution model (Gailleton et al., 2024) to simulate the emergence of an

inverted basin and its later tilting (Main text Fig. 3 C, and Fig S7). The simulation

does not seek to capture all processes at play, such as ocean waves, sedimentation, and

second-order faults (Ota & Hirakawa, 1979). It focuses on the transient response of the

fluvial system to the changing tectonics, a fundamental aspect of the landscape. We keep

track of the first-order morphology to reasonably compare this simplified model with the

complex reality.

We model fluvial erosion using the stream power incision (Howard, 1994) with an im-

plicit finite scheme described by Braun and Willett (2013). The governing equation is as

follow:

dz

dt
= U(x)→K A(x)m

(
dz

dx

)n

Where z is the elevation [L], x the distance along 1D flow lines following the steepest

descent [L], A the drainage area [L2] and K the erodibility [L→2m+1/T ], encompassing

rock strength and other local processes. We use n = 1.11, matching observations for

that drainage area (Ruetenik et al., 2023) and m = 0.45. We calibrated K = 4 · 10→5 to

reproduce the relief and elevation range observed at the field site.

We approximate the peninsula with a 60 by 40 km domain progressively emerging from

the sea (Fig. S7). The southern edge is steep to resemble the edge of the Toyama Bay,
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while the rest of the domain slopes gently to the north. After 750 kyr of uniform rock

uplift, a fault breaks in the upper third of the domain and tilts the southern section

with 1.5 mm/yr uplift to the north for 250 kyr. The emerging landscape first inherits a

strong asymmetry despite the uniform uplift. The larger north-flowing catchments can

then cross the newly established zone of faster uplift having already accumulated a large

drainage area. This allows the main valleys to keep up with increased rock uplift rate,

while the interfluves steepen. Rapidly, the highest topography grows in the north, while

the drainage divide remains in the south, a characteristic feature of Noto (Fig. ??B). This

period of o!set topographic high and drainage divide lasts for ca. 300 kyr under these

parameters and ends when the topographic high and the water divide get closer again as

the landscape finishes adjusting to the new forcing (Fig. S7 G).
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Data Set S1.

ds01.csv: Age, location, and elevation of all the marine terraces from Koike and Machida

(2001) used in this article.

Data Set S2.

Noto Sado terraces.zip: Shapefile format with outline of all terraces on the Noto

Peninsula and Sado Island from Koike and Machida (2001).
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Figure S1. Reproduction of Figure 4 “Post-earthquake seafloor topography (Japan Coast

Guard) and distribution of topographical changes before and after the earthquake” from the report

by Japan Coast Guard and Hokuriku Electric Power Company (2024) in the Earthquake Research

Committee Meeting 408-(3)-7.
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Figure S2. Screenshots from the Atlas of Quaternary Marine Terraces in the Japanese Islands

by Koike and Machida (2001). A: map of the Anamizu quadrant with marine terraces outlines

labeled, and the location of constraint points from the literature (numbered black dots). B:

position of terrace levels in the Anamizu quadrant on a chronostratigraphic table. Summary of

observations written by Yoko Ota, responsible for that quadrant, and reference for the constraint

points.
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Figure S3. Same data as in Fig. 2. A: marine terrace elevation as a function of age and

colored by distance from the reference fault trend. B: respective uplift rates presented in the

same manner. The horizontal scatter for each age is only there for visualization purposes.
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Figure S4. Rate of uplift recorded by marine terraces separating the last two interglacials

(MIS 5e and 7e) on the left and all terraces of age MIS 9e and older. Same data as Fig. 2 B.
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Figure S5. See text S1. A: elevation of terraces with terraces older than 282 ka back-tilted

after removing a power law decay fitted on the uplift rate of the terraces younger than 282 ka

(B). C & D, same as A & B but for a cut-off at 735 ka. E. Root Mean Square Errors (RMSE) for

power-law fits of uplift rates from terraces younger and older than the cut-off (x-axis). F value

of exponent b on the power-law fit of uplift rates for terraces older than the cut off.
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From Okamura, Y., Watanabe, M., Morijiri, R., & Satoh, M. (1995). Rifting and 
basin inversion in the eastern margin of the Japan Sea. Island Arc, 4(3), 
166–181. https://doi.org/10.1111/j.1440-1738.1995.tb00141.x

Figure S6. Reproduction of Figure 5 from the article by Okamura, Y., Watanabe, M.,

Morijiri, R., & Satoh, M. (1995): Rifting and basin inversion in the eastern margin of the Japan

Sea. Island Arc, 4(3), 166–181. doi:10.1111/j.1440-1738.1995.tb00141.x .
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Figure S7. Overview of the landscape evolution model. A to C: Map-view of the landscape

responding an uplift gradient faster to the north starting at t = 0 from an equilibrated asymmetric

ridge inherited from an inverted basin. D to F: North-south swath profiles across the range

showing the minimum, maximum, 25th, 75th percentiles, and mean elevations as well as the

location of the highest peak and lowest drainage divide. G: Trajectory of topographic high and

water divide through time as the model run adjusts to a new uplift field.
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Figure S8. A: age of marine terraces on Sado Island. B: uplift rates derived from the last

two interglacial marine terraces in the northern range of Oosado. C: same as B for terraces older

than the last two interglacials (MIS 9e, 11, and 13).
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Table S1. Coseismic displacement recorded by GPS stations on the Noto Peninsula.

Station ID Latitude (↑) Longitude (↑) EW (m) NS (m) UD (m)
00NTYD 137.0926 37.3659 -0.9345 0.0429 0.4867
00SZHK 137.2837 37.5258 -1.8135 1.2373 0.9677
00SZID 137.2871 37.46 -0.7186 0.0637 0.2733
00SZMS 137.3392 37.4869 -0.9202 0.1494 0.4008
00SZOT 137.1764 37.5 -1.1932 0.59 1.9024
20971 137.034 37.4323 -1.9561 -0.5349 1.2881
20972 136.9088 37.2264 -0.9142 0.2463 0.0115
71158 136.7727 37.0007 -0.0958 0.0021 -0.1374
229094 137.3188 37.5265 -1.1221 0.2164 0.9714
229095 137.2368 37.4896 -0.8895 -0.3509 0.8833
940053 136.8892 37.3824 -1.2144 -0.2188 1.017
950253 137.27 37.446 -0.7905 0.0358 0.223
960574 137.1386 37.307 -0.6628 0.2259 0.0006
00SZMT 137.2167 37.5084 -1.6584 0.7963 1.3877
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