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Abstract

Monitoring and detecting marine volcanic activities are key for scientific understanding and disaster prevention. However, this

is difficult because they are hidden under water. Near Torishima Island in the Izu Islands, Japan, intensified seismic activity was

observed during October 2023, including a mysterious tsunami-triggering earthquake on October 8 (UTC), which was considered

to be linked to a volcanic activity. On October 20, 2023, aerial surveys confirmed an 80-km stretch of floating pumice near

Torishima Island. This study conducted a Lagrangian back-tracking drift simulation using the ocean current data and surface

wind data to trace the origin of the pumice while clarifying the theoretical basis of Lagrangian back-tracking from the Bayesian

perspective. Results indicate that the pumice drifted southward from around extensional back-arc basins near Myojinsho Reef

and Sumisujima Island approximately 3–5 days before its discovery. These findings are consistent with independent observations

such as biological traces and the geochemical characteristics of sampled floating pumice, which is considered identical to that

found on October 20 by an airplane. This indicates the presence of unknown volcanic activity around back-arc basins west

of the major active volcanic zone. This study demonstrates the utility of combining drift simulations with geochemical and

biological data to identify the sources of marine volcanic events, particularly in regions where direct observations are limited.

The results of this study contribute to our understanding of volcanic mechanisms and their potential hazards.
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Key Points:15

• A back-tracking drift simulation was conducted for floating pumice discovered on16

October 20, 2023, near Torishima Island in the Izu Islands17

• The pumice drifted southward and originated from around back-arc basins near18

Myojinsho Reef and Sumisujima Island about 3–5 days before19

• Results are consistent with petrology, biology, and geochemistry studies and sug-20

gest an unknown pumice source21
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Abstract22

Monitoring and detecting marine volcanic activities are key for scientific understand-23

ing and disaster prevention. However, this is difficult because they are hidden under wa-24

ter. Near Torishima Island in the Izu Islands, Japan, intensified seismic activity was ob-25

served during October 2023, including a mysterious tsunami-triggering earthquake on26

October 8 (UTC), which was considered to be linked to a volcanic activity. On Octo-27

ber 20, 2023, aerial surveys confirmed an 80-km stretch of floating pumice near Torishima28

Island. This study conducted a Lagrangian back-tracking drift simulation using the ocean29

current data and surface wind data to trace the origin of the pumice while clarifying the30

theoretical basis of Lagrangian back-tracking from the Bayesian perspective. Results in-31

dicate that the pumice drifted southward from around extensional back-arc basins near32

Myojinsho Reef and Sumisujima Island approximately 3–5 days before its discovery. These33

findings are consistent with independent observations such as biological traces and the34

geochemical characteristics of sampled floating pumice, which is considered identical to35

that found on October 20 by an airplane. This indicates the presence of unknown vol-36

canic activity around back-arc basins west of the major active volcanic zone. This study37

demonstrates the utility of combining drift simulations with geochemical and biological38

data to identify the sources of marine volcanic events, particularly in regions where di-39

rect observations are limited. The results of this study contribute to our understanding40

of volcanic mechanisms and their potential hazards.41

Plain Language Summary42

In October 2023, volcanic pumice was found floating over a large area of the ocean43

near Torishima Island, part of the Izu Island chain, Japan. This occurred during a pe-44

riod of increased seismic activity near Torishima Island, including an earthquake that45

caused a tsunami, with no clear explanation of its mechanism. We conducted a computer46

simulation using ocean current data to trace the journey of this pumice backward in time47

to determine its source. The results of this study suggest that the pumice originated from48

an unknown underwater volcanic eruption that occurred 3–5 days before the discovery49

of the floating pumice. The eruption likely occurred around a underwater basin region,50

which is an area where the Earth’s crust is being pulled apart, allowing magma to reach51

the ocean floor. Our research shows the effectiveness of using such simulations to trace52

the origins of floating pumice and to identify hidden underwater volcanic activities. Such53

simulations add to our understanding of the complexities of underwater volcanic activ-54

ities and their potential hazards.55

1 Introduction56

Understanding marine volcanic activity, including submarine volcanoes and vol-57

canic islands, and elucidating their formation mechanisms, as well as predicting their ac-58

tivity, are important in academic fields and for disaster prevention and mitigation. How-59

ever, marine volcanoes are commonly located in remote areas and are hidden under wa-60

ter. Hence, directly observing and monitoring such volcanoes even by geophysical ob-61

servations and remote sensing are difficult. Therefore, it is challenging to determine the62

location, scale, and duration of marine volcanic activity.63

In the ocean near Torishima Island in the Izu Island chain (Figure 1), seismic ac-64

tivity intensified after October 2, 2023. According to observations by the Japan Mete-65

orological Agency (JMA), four earthquakes with a magnitude (M) of 6.0 or higher were66

recorded up to October 9. Furthermore, numerous earthquakes occurred after 4:00 A.M.67

on October 9, including small earthquakes with undetermined epicenters (Japan Mete-68

orological Agency, 2023a). Despite the magnitude of these earthquakes being smaller than69

those typically expected to generate tsunamis, tsunamis were observed along the Pacific70
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coasts of the Izu–Bonin Islands, Chiba Prefecture, Shikoku, and Kyushu Islands. The71

mechanisms and causes of these seismic activities and tsunamis, which are potentially72

related to volcanic activities, are not well understood. Various investigations, including73

seismological observations, physical exploration, and marine surveys using research ves-74

sels, are currently underway to elucidate the details and mechanism of these geological75

events and to monitor the evolving situation. Additionally, numerous rapid reports were76

released by organizations such as the National Institute of Advanced Industrial Science77

and Technology (AIST), Earthquake Research Institute (ERI) at the University of Tokyo,78

Japan Agency for Marine-Earth Science and Technology (JAMSTEC), and JMA (AIST,79

2023a, 2023b; ERI, U Tokyo, 2023; JAMSTEC, 2023a, 2023c, 2023d; Japan Meteorolog-80

ical Agency, 2023b). Recent geophysical studies have clarified the details of earthquakes,81

revealing that they occurred around Sofu seamount caldera located 20–30 km west of82

the Sofugan Rock (Fig. 1(b)) (Mizutani & Melgar, 2023; Sandanbata et al., 2024; Kub-83

ota et al., 2024; Fujiwara et al., 2024).84
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Figure 1. Bathymetric maps of the study area. (a) Japan and the northern part of the Izu–

Bonin arc. Red triangles represent active volcanoes in the Izu–Bonin arc, listed by the JMA. (b)

Enlarged map of the southern Izu Islands (within yellow framework shown in [a]). Orange line

indicates the distribution of the floating pumice observed by the Japan Coast Guard’s observa-

tion airplane on October 20, 2023 (Japan Coast Guard, 2023b). The location of Sofu seamount is

indicated by yellow star. The bathymetric map is based on ETOPO1 (Amante & Eakins, 2009).

(c) Floating objects observed by the Japan Coast Guard’s observation airplane (shot at 14:25

(JST) October 20, 2023) (Japan Coast Guard, 2023b).

On October 20, 2023, a Japan Coast Guard observation airplane confirmed the pres-85

ence of pumice floating in the sea scattered over approximately 80 km in a north–south86

direction about 50 km west of Torishima Island (from 30°41’N, 139°51’E to 29°59’N, 139°36’E)87

(Japan Coast Guard, 2023b) (Fig. 1). Maritime warnings were issued, and vessels in the88

vicinity were alerted. An expert noted that there were no recognized active volcanoes89

in this area, suggesting the possibility of new volcanic activity and, potentially, the for-90
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mation of a submarine volcanic body. Subsequently, the JMA’s research vessel ”KEI-91

FUMARU” collected pumice samples (Japan Meteorological Agency, 2023b), and pre-92

liminary petrological descriptions and geochemical analyses were reported (AIST, 2023a,93

2023b; ERI, U Tokyo, 2023). These reports suggested that one type of pumice samples94

may be a part of the same pumice raft. This will be discussed in detail in the Discus-95

sion section. However, pumice rafts were not detected in the satellite imagery in the96

nearby area during this period, and we could not find any evidence in publicly available97

satellite imagery data including Sentinel.98

Drift pumice is often found washed up on coasts. According to Bryan et al. (2004),99

massive drifts of pumice occur globally every few to several decades. In recent years, sig-100

nificant pumice raft drifting events have occurred, including the 2012 eruption of the Havre101

Volcano in the Tonga–Kermadec Arc (Jutzeler et al., 2014), the 2019 eruption of the Tonga102

F Volcano (Jutzeler et al., 2020), and the 2021 eruption of the Fukutoku-Oka-no-Ba sub-103

marine volcano (e.g. Tada et al., 2021; Yoshida et al., 2022; Maeno et al., 2022; Fauria104

et al., 2023). These pumice rafts pose hazards to maritime traffic, fisheries, tourism, and105

local ecosystems (Jutzeler et al., 2014, 2020). They also serve as crucial physical evidence106

for understanding the eruption mechanisms of submarine volcanoes, and various stud-107

ies have been conducted on the formation, floating, and sinking mechanisms and drift-108

ing phenomena of pumice produced by submarine volcanic eruptions (e.g. Fauria et al.,109

2017; Kano, 2003; Cas & Simmons, 2018; Mitchell et al., 2021; Yoshida et al., 2022; Knafelc110

et al., 2022).111

Forward drift simulations, in which a large number of virtual particles are moved112

in accordance with the flow fields of ocean currents, are effective for predicting the spa-113

tial dispersal of pumice. Previous research using drift simulations for predicting the dis-114

tribution of pumice rafts focused on a previously unknown volcano (0403-91) (Bryan et115

al., 2004) and Home Reef volcano eruptions (Bryan et al., 2012) along the Tonga arc,116

the 2012 Havre Volcano eruptions (Jutzeler et al., 2014), and the 2019 Tonga F Volcano117

eruptions (Jutzeler et al., 2020). Several drift simulations focusing on the pumice drift118

caused by the 2021 eruption of the Fukutoku-Oka-no-Ba submarine volcano were con-119

ducted (Chang et al., 2023; Iskandar et al., 2023; Miyama, 2023). In addition to these120

studies that simulated actual drift events, forward drift calculations have been conducted121

for hazard and risk preassessment purposes, assuming eruptions of various submarine122

volcanoes near Japan (Nishikawa et al., 2023; Kuwatani et al., 2023). Moreover, using123

simulation results, a preliminary report about the future drift of pumice discovered near124

Torishima Island was submitted to agencies responsible for volcanic disaster prevention125

(JAMSTEC, 2023b).126

Drift simulations can be used not only for predictions but also for back-tracking127

estimations (e.g. Van Sebille et al., 2018; Kuroda, 2023). In particular, several research128

groups conducted back-tracking simulations to estimate the crash location of Malaysia129

Airlines Flight MH370, which went missing in flight in 2014, based on debris found around130

the Indian Ocean from 2015 to 2016 (Jansen et al., 2016; Trinanes et al., 2016; Al-Qattan131

et al., 2023). In addition, our group conducted a back-tracking simulation to estimate132

the drift start time and path of an ocean bottom electromagnetometer that had been133

installed on the seafloor of the Nishinoshima Volcano in the Ogasawara Islands and went134

missing in 2019 (Tada et al., 2021). It was found on the coast of Iriomote Island in the135

Ryukyu Islands, more than 1,700 km away from the Ogasawara Islands, in February 2021.136

This research enabled the immediate provision of information to relevant organizations137

following the eruption of the Fukutoku-Oka-no-Ba submarine volcano in 2021, as we had138

been studying pumice drifting from the Ogasawara Islands to the Ryukyu Islands and139

its potential hazards. In addition, Tada et al. (2021) preliminarily mentioned the pos-140

sibility of exploring unknown submarine volcanoes as a source of pumice, as was con-141

ducted in the current study.142
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This study had two primary objectives: to provide independent insights that con-143

tribute to understanding the series of enigmatic geological events occurred near Torishima144

Island in 2023 and to evaluate the utility of drift simulations in understanding and mon-145

itoring submarine volcanic activities. To achieve these objectives, a back-tracking drift146

simulation using the ocean current data was conducted to estimate the source of the float-147

ing pumice discovered near Torishima Island on October 20, 2023, while clarifying the148

theoretical basis of the back-tracking simulation. The results are compared with other149

studies that have employed independent approaches (i.e., biological traces and geochem-150

ical studies). The connection of the floating pumice to the seismic activity near Torishima151

Island since October, including the tsunami event occurred on October 9, is also explored.152

The discussion further includes methodological observations on Lagrangian back-tracking153

simulations, submarine volcanic activity, and directions for the future research.154

2 Back-Tracking Simulation Using Ocean Re-analysis Data155

In this section, we initially present a simple theoretical foundation for back-tracking156

numerical experiments, which have been empirically applied in many studies, using the157

framework of the Bayesian inversion analysis. We then describe the problem settings and158

parameters assumed for the drift simulation of the 2023 Torishima floating pumice and159

present the simulation results.160

2.1 Method161

Lagrangian data analyses or particle tracking simulations are often used for ana-162

lyzing floating or suspended organisms and particles in the ocean (e.g. Van Sebille et al.,163

2018; Kuroda, 2023)．The random-walk motion of a Lagrangian particle in a velocity164

field can be simply expressed using the advection and diffusion terms as follows:165

xt+|∆t| = xt + u(xt, t) · |∆t|+
√
2D · |∆t| · ξN , (1)

where xt is the particle position at time step t; u(x, t) is the velocity field vector at po-166

sition x and time t; |∆t| is a small interval of the time step; D is the diffusion coefficient167

of the random walk; and ξN is a random-number vector in which each element indicates168

the standard normal distribution. The last term of the right-hand equation represents169

diffusion due to the random-walk motion, where the standard deviation σ equals
√
2D · |∆t|.170

Because the diffusion process is irreversible, Eq. (1) holds only in the forward time di-171

rection. To clearly distinguish between the forward and backward times directions, the172

absolute value |∆t| is used to represent the time step. Equation (1) provides a general173

and simple formulation for representing the Lagrangian particle motion and is widely174

used in various natural science fields, including ocean modeling.175

Because Eq. (1) represents an irreversible diffusion process, it cannot be directly176

used for the back-tracking simulation by reversing the sign of either the velocity field u177

or ∆t. In this study, using the Bayesian framework, we try to estimate the past position178

of the particle from the present position. Bayesian estimation is based on the posterior179

probability, which is the probability of unknown estimates for a given observable or known180

values. Using Bayes’ theorem, the posterior probability of the one-step-back past posi-181

tion xt−|∆t| that yields the present position xt can be written as follows:182

p
(
xt−|∆t| | xt

)
∝ p

(
xt | xt−|∆t|

)
· p

(
xt−|∆t|

)
, (2)

where p
(
xt | xt−|∆t|

)
is a likelihood function that can be represented by a general type183

of probabilistic physical models in the forward time direction and p
(
xt−|∆t|

)
is a prior184

probability using which our prior knowledge regarding the past position can be incor-185

porated into the analysis.186

The Lagrangian particle motion equation (Eq. 1) can be directly used as the like-187

lihood function by only shifting one time step backward as t → t − |∆t|. Specifically,188

–5–



manuscript submitted to AGU Advances

the likelihood function indicates that xt shows the Gaussian distribution with a mean189

of x̄t = xt−|∆t| + u(xt−|∆t|, t)∆t and variance of σ2 = 2D · |∆t|. Furthermore, we as-190

sume that the prior probability p
(
xt−|∆t|

)
has a continuous uniform distribution, in which191

case there is no useful prior knowledge about the past.192

By substituting these expressions into the likelihood function p
(
xt | xt−|∆t|

)
and193

prior probability p
(
xt−|∆t|

)
in Eq. (2), the posterior distribution of the previous step194

is given by195

p
(
xt−|∆t| | xt

)
∝ exp

(
−
||xt−|∆t| − (xt − u(xt−|∆t|, t) · |∆t|)||2

4D · |∆t|

)
. (3)

Using this equation, we can probabilistically estimate the previous position xt−|∆t| from196

the present position xt as a normal distribution with a mean of xt−u(xt−|∆t|, t)·|∆t|197

and variance of σ2 = 2D · |∆t|. Similar to considering the Lagrangian particle motion198

equation (Eq. 1) as a probability when substituted to the likelihood function, the pos-199

terior probability (Eq. 3) can be directly reversed to a virtual Lagrangian particle mo-200

tion equation as follows:201

xt−|∆t| = xt + urev(xt, t) · |∆t|+
√

2D · |∆t| · ξN , (4)

where urev(xt, t) is a reversed velocity field defined as urev(xt, t) ≡ −u(xt, t). When202

deriving the above equation, we used the approximation u(xt−|∆t|, t) ∼ u(xt, t), which203

holds in a natural situation where |∆t| is sufficiently small and the velocity field does not204

change abruptly in time and space. Equation (4) is similar to the motion equation that205

has been empirically used in Lagrangian back-tracking simulations.206

2.2 Experimental Settings207

Using Eq. (4), we conducted a back-tracking drift simulation of Lagrangian par-208

ticles to trace back the possible pathways of floating pumices from the region from which209

they were found (Fig. 1(b)). In this study, the pumice is assumed to horizontally move210

on the sea surface so that its position xt indicates a horizontal location, which comprises211

east–west and north–south coordinates at time t. The horizontal movement of the pumice212

is known to be driven by a combination of ocean currents, windage, and waves (e.g. Bryan213

et al., 2004; Jutzeler et al., 2014). Ocean currents and windage are incorporated into the214

reverse velocity vector field (urev(x, t)) in the advection term. Furthermore, the effect215

of waves is included in the diffusion term (+
√
2D · |∆t| · ξN ).216

The effect of surface winds on the pumice movement remains a subject of debate217

in several studies (Jutzeler et al., 2020; Chang et al., 2023; Iskandar et al., 2023; Chi-218

ang et al., 2024). In this study, the following four cases are considered for analyzing the219

effect on the velocity field: no wind effect (0%) and the addition of 1%, 3%, and 5% of220

the surface wind speed to the velocity field of the ocean current. These windage values221

are consistent with recent studies: 1–4 % used for the 2019 Tong F pumice (Jutzeler et222

al., 2020) and 0–2 % (Chang et al., 2023), 2-3% (Iskandar et al., 2023), and 3% (Chiang223

et al., 2024) for the 2021 Fukutoku-Oka-no-Ba pumice. In addition, our values are con-224

sistent with previous simulations for other floating objects, for example, 0 and 1 % em-225

ployed for a study on pelagic Sargassum (Putman et al., 2018) and 0 % for an ocean bot-226

tom electromagnetometer (Tada et al., 2021).227

The reverse velocity vector field (urev(x, t) ≡ −u(x, t)) comprises the eastward228

and northward velocities at position x and time t and is given by the negative of com-229

bination of ocean currents and windage (0%, 1%, 3%, and 5% surface wind speed). For230

ocean currents, we used horizontal velocity obtained from an ocean re-analysis dataset231

provided for operational numerical weather prediction by Japan Meteorological Agency232

(2013a). This is daily data, and their horizontal resolution is 0.02◦ × 0.030303◦ (2.23233

km × 2.89 km) for latitude and longitude, respectively. For surface wind, we used the234

–6–



manuscript submitted to AGU Advances

wave-speed dataset based on the meso-scale model (MSM) reported by JMA (Japan Me-235

teorological Agency, 2024). This is daily data, and their horizontal resolution is 0.05◦×236

0.0625◦ (5.57 km × 5.96 km) for latitude and longitude, respectively. The diffusion term237

(+
√
2D · |∆t|·ξN ) indicates horizontal diffusion, which comprises east–west and north–238

south components, each of which is generated by the standard normal distribution. This239

term is derived from two probabilistic causes: one is a random Brownian motion of par-240

ticles, called horizontal eddy diffusion, resulting from waves, wind, and other forces in241

the natural system, and the other is uncertainty. In this study, we set diffusion coeffi-242

cient D at 10 m2 s−1 based on the general value of horizontal eddy diffusion for small243

to meso-scale processes (e.g. Okubo, 1971). Note that the equation for particle back-tracking244

(Equation 4) and the diffusion coefficient are the same as those reported in Tada et al.245

(2021).246

In each experiment, we used 2,600 particles (100 particles at each 26 initial posi-247

tion spaced according to the horizontal resolution of the ocean re-analysis dataset), with248

the region where the pumice was observed (Fig. 1(b)) being the initial condition. Par-249

ticles are assumed to move at a depth of 1 m, which corresponds to the shallowest depth250

in the ocean re-analysis dataset and are released at 00:00 UTC on October 20, 2023. The251

particles are tracked hourly for 30 days, with the time step |∆t| set to 20 min.252

2.3 Results253

Myojinsho

Sumisujima

Torishima

Sofugan

Aogashima

Kuroshio current

(a) (b)

(d)(c)

Figure 2. The spatial distribution of particle locations obtained from the back-tracking simu-

lations show each day’s distribution. The pseudocolors indicate the number of days the particles

were traced back from the start of the drift back-tracking on October 20, 2023 (UTC). Particle

locations were traced back for up to 14 days without the effect of wind (a) and with 1% (b), with

3% (c), and (d) 5% effect of wind. Magenta line in each panel represents the Kuroshio Current

streamlines during October 10—17, and these data are provided by Japan Coast Guard (2023a).
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Figures 2 (a), (b), (c), and (d) show the results of particle tracing back at 0 %, 1%,254

3%, and 5% windage, respectively, for up to 14 days. Videos showing the dispersal of the255

particle distribution over time in the forward and backward time directions for 30 days256

is available in Supplementary Materials. By comparing the time evolution of the spa-257

tial pattern across different cases, they can be classified into two main categories: the258

weak windage cases (0% and 1%), where windage has no or a negligible effect, and strong259

windage (3% and 5%), where windage has a significant impact. Below, the temporal change260

in the spatial pattern is explained for each category. Unless otherwise noted, the expla-261

nation will be in the direction of tracing back in time.262

For the weak windage (0% (without wind) and 1%) cases (Figure 2(a,b)), in a time-263

reversed direction, particles initially moved northward, passing west of Sumisujima Is-264

land around October 17, and then changed course toward northwest. Around October265

14, near the west side of Myojinsho Reef, they started to significantly disperse in the south-266

west and easterly directions. After the split around October 7, particles that entered the267

southwest side of Myojinsho Reef were approximately aligned with the Kuroshio Cur-268

rent axis and rode this faster current along its axis, moving up to the vicinity of Kyushu269

Island within 30 days (refer to Supplementary Materials). Those that moved eastward270

initially reached the east of the volcanic front and then moved northward near Hachi-271

jojima; then, a large portion of the particles rode the Kuroshio Current and moved west-272

ward (see the Supplementary Materials).273

For 3% and 5% windage cases (Figure 2(c,d)), particles initially moved northward,274

similar to the weak windage effect cases. They also passed the vicinity area of Sumisu-275

jima Island around October 17 and then changed course toward northwest. As the ef-276

fect of the windage increased, particles tended to take a more easterly path (the front-277

arc side). Although they moved to the western region of Myojinsho Reef, they were pushed278

back to a slightly more Southerner area, compared with the weak windage cases. Around279

October 14, they began to disperse in the southwest and easterly directions. However,280

they did not split two parts, unlike in the weak windage cases, and most particles moved281

in the northeast direction and reached the east side of the volcanic front. After drifting282

in that area for several days, a group of particles rode the Kuroshio Current near Hachi-283

jojima and moved westward with the current, similar to the weak windage case. After284

the ride, particles might escape the Kuroshio Current relatively easily, unlike the weak285

windage cases (see Supplementary Materials). In fact, a part of particles sometimes moved286

in the east direction, which might have been caused by the effect of strong windage that287

might have continued from hours to days, and they came back to the Izu Islands area.288

Figure 3 shows the ocean current velocity field on October 15 (UTC). Near N32◦,289

E138◦, west of the Myojin Reef, there is a collision point where an east-to-west current290

collides with the northward-flowing Kuroshio Current. From the southeastern corner of291

this point, an ocean current flows southward along the west side of the Izu Islands. Par-292

ticle movements near the discovery date can be interpreted in the forward time direc-293

tion based on the spatial pattern of the ocean current as follows. In the weak windage294

cases, two groups of particles emerged: particles that followed the northward Kuroshio295

Current and those that rode the east-to-west current from the front-arc to the back-arc296

side. These groups converged near the collision point west of Myojinsho Reef and then297

moved southward toward the discovery area near Torishima, riding the southward Kuroshio298

countercurrent. In the strong windage case, all particles moved through the Myojinsho299

Reef area by riding the east-to-west current and then traveled southward by riding the300

Kuroshio countercurrent to the discovery area near Torishima .301

The overall movement of particles was predominantly governed by stable and con-302

sistent ocean currents, which persisted in the same locations over extended periods. In303

contrast, the wind field, which tends to fluctuate in terms of the direction and speed over304

short periods, exerted perturbative influences on the particles’ movement, particularly305

during strong windage events. The extent of this impact depended on the intensity of306
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the windage. Differences in the particle behavior between the weak and strong windage307

cases likely stemmed from the windage effect from the northeast direction. In the strong308

windage case, the windage likely impeded the inflow of particles from the Kuroshio Cur-309

rent.310

Myojinsho

Sumisujima

Torishima

Sofugan

Kuroshio Current

Aogashima

Figure 3. Ocean current patterns on October 15 at 00:00 (UTC). The Kuroshio Current axis

is based on the numerical information published by the Japan Coast Guard’s Oceanographic

Information Division. https://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/kurosio-num.html

Green circle indicates a southeastern corner of the collision point where an east-to-west current

collides with the northward-flowing Kuroshio Current.

3 Estimating the Spatial and Temporal Source of the Floating Pumice311

3.1 Method312

By assuming that all pumice particles originated from a single event, we try to es-313

timate the time and location of the pumice origin. This assumption aligned with our in-314

tuition that it was unlikely (although not impossible) for pumice widely scattered across315

the Pacific to have coincidentally gathered. When assuming that the pumice originated316

from a single event, the following condition is likely to be met: the initial pumice dis-317

tribution near the source should be concentrated in a narrow region. In other words, we318

expect to identify a time and location that satisfy this condition to some extent. Here,319

we evaluate the concentration at a given time t by the spread of distances from the cen-320

troid of the point cloud as follows:321

S(t) =

√√√√d2lon
N

N∑
n=1

(xlon,n(t)− x̄lon(t))
2
+

d2lat
N

N∑
n=1

(xlat,n(t)− x̄lat(t))
2
, (5)

where xlon,n(t) and xlat,n(t) are the longitude and latitude of a particle n for time t, re-322

spectively; x̄lon(t) and x̄lat(t) are the mean values of the longitude and latitude, respectively;N323

is the total number of particles, and dlon and dlat are the coefficients used to convert dif-324

ferences in the longitude and latitude into distances, respectively. We used 95.42 and 111.32325
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km for 1◦ by assuming a latitude of around 31◦N. A larger S(t) indicates a lower con-326

centration, whereas a smaller S(t) indicates a higher concentration.327

In addition to the pumice concentration, we monitored isotropy as the initial pumice328

distribution around the source is expected to be isotropic to some extent rather than highly329

elongated in cases where the pumice raft spans more than several kilometers. For isotropy,330

we calculated the aspect ratio α(t) from the ratio of the eigenvalues obtained by the eigen-331

value decomposition of the covariance matrix of the point cloud coordinates.332

α(t) =
√
λI(t)/λII(t), (6)

where λI(t) and λII(t) represent the larger and smaller eigenvalues at time t, respectively.333

An aspect ratio closer to 1 indicates isotropy, whereas a ratio closer to 0 indicates a highly334

elongated, straight-line distribution.335

3.2 Results336

Myojinsho

Sumisujima

Torishima

Sofugan

Aogashima

Myojin Rift

Sumisu Rift

Torishima Rift

Aogashima Rift
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Figure 4. Results of the pumice source estimation. The time evolution of the spatial spread

(a) and aspect ratio (b) are shown as time progresses backward from 00:00 on October 20 (UTC),

corresponding to the discovery of the floating pumice. In (a), blue dotted line represents the

initial spread value, which serves as the criteria for identifying a small spread value. (c) Spatial

distribution of pumice particles when the spread is lower than the initial distribution observed on

October 20. Using kernel density estimation, a contour line representing the 95% credible region

is shown for each case: without wind effect (white) and 1% (green), 3% (orange), and 5% (ma-

genta) wind. In (c), the initial positions of particles and active volcanoes are marked by small

yellow circles and red triangles, respectively. The location of the Sofu seamount is indicated by a

white star, and back-arc rifts are shown by yellow dashed lines.

Figures 4(a) and (b) show the temporal evolution of the spread S(t) and the as-337

pect ratio α(t), respectively. Regardless of the effect of windage, the spread initially in-338

creased slightly and then decreased as time was traced back from the discovery of the339

floating pumice. It then bottomed out at around 89 h (3 days and 17 hours) for with-340

out wind case and at 120 h (5 days) for 1% wind case, 78 h (3 days and 6 hours) for 3%341
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wind case, and 94 h (3 days and 22 hours) for 5% wind case. Subsequently, all cases ex-342

hibited a monotonically increasing trend with a steep slope from around 5–7 days. For343

all cases, the aspect ratio initially started from zero as it is distributed in a straight line,344

which is a simplified representation of the pumice observed on October 20, and exhib-345

ited the first peak around 3–5 days. It demonstrated distinct second peaks around 5–346

7 days for the 0%, 3%, and 5% cases, while it did not increase so largely for the 1% windy347

case.348

Because the spread did not show a distinct minimum value in each case, identify-349

ing the source timing at the hour or one-day scale was difficult. However, it was consid-350

ered to be around 3–5 days for all cases based on the time at which the spread exhib-351

ited a low value, similar to the minimum value for each case. The spread and aspect ra-352

tios showed extreme values (the first peak) at a similar time for each case. The source353

region was assumed to be the area with a dense particle distribution when the spread354

S(t) is at its lowest.355

Figure 4(c) shows the estimated source region overlaid on the seafloor topography.356

As mentioned earlier, the spread values did not display distinct minima in any of the cases;357

instead, they exhibited similar values over several days. To establish uniform and ob-358

jective criteria while minimizing the risk of missing the source region and avoiding over359

interpretation, we set the threshold as inclusively as possible: the source timing was de-360

fined as the period when the spread values are smaller than the initial observed value361

and source region corresponded to an area containing 95% of particles. The estimated362

source regions were generally located on the back-arc side, including the northern part363

of the Sumisu Rift, Myojin Rift, and Sumisu Caldera. In the stronger windage cases, there364

was a slight shift toward the fore-arc side and southern regions, in comparison to the weaker365

windage cases.366

4 Discussion367

4.1 Lagrangian back-tracking simulation368

Note that the Lagrangian back-tracking equation (Eq. 4) cannot either be inter-369

preted as an equation of motion in the real physical world nor can it be physically and370

mathematically derived from the original forward Lagrangian equation alone properly.371

However, it can be regarded as an equation of motion for a virtual particle used in the372

probabilistic estimation of the past position in inversion analysis and can be properly373

derived through the Bayesian framework. Such a probabilistic particle representation is374

commonly employed in many inversion problems, such as in the Markov chain Monte Carlo375

algorithm (e.g. Metropolis et al., 1953; Gilks et al., 1995), and has been widely applied376

in Earth material sciences (e.g. Kuwatani et al., 2012; Morishige & Kuwatani, 2020; Mat-377

sumura et al., 2021).378

Furthermore, probabilistic particle expressions for the time evolution of unknown379

variables are employed in data assimilation through sequential Monte Carlo algorithms,380

also known as particle filters, (e.g. Kitagawa, 1987; Doucet et al., 2000), and have been381

applied to Earth material sciences (e.g. Omori et al., 2016; Kuwatani et al., 2018; Ito382

et al., 2021). In adjoint-based data assimilation, used to estimate past states following383

an advection-diffusion equation, the diffusion term (with its sign reversed relative to the384

normal advection term) also appears in an adjoint equation for backward calculations,385

similar to Eq. (4). Ismail-Zadeh et al. (2004) demonstrated that this inverted diffusion386

term is necessary to accurately estimate a diffusive physical variable, such as heat, in a387

past state. Therefore, Eq. (4) can be seen as an approximate representation of the un-388

certainty in estimating particle positions, which increases as we move backward in time,389

and manifests as a diffusion term from a macroscopic view.390
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Although we adopted the Lagrangian particle simulation approach to trace the back-391

ward paths of the pumice in this study, we did not exclude the possibility of using other392

approaches to estimate past particle positions. Recently, we have developed advanced393

adjoint-based data assimilation methods that integrate Eulerian and Lagrangian perspec-394

tives to estimate the past state from the present state of the Earth’s interior (Nakao et395

al., 2024a, 2024b). Further development of these methods may allow for the more pre-396

cise estimate of particle trajectories compared with using only the Lagrangian method397

and also provide insights into reconstructing macroscopic velocity fields in which par-398

ticles move.399

4.2 Origin of the Pumice400

The results of the back-tracking simulation suggest that the floating pumice drifted401

southward from the back-arc rift area located west of active volcanic fronts, such as My-402

ojinsho Reef and Sumisujima Island, finally arriving at the position where it was found403

on October 20. This leads to the natural conclusion that the drifting pumice found near404

Torishima Island on October 20 via the airplane observation is unlikely to be directly405

related to a seismic activity near Torishima Island; more specifically, it is not related to406

Sofu seamount that occurred in October, particularly the earthquake event on October407

8 (UTC) that caused an unexplained tsunami, which is considered to be related to a sub-408

marine volcanic activity. Instead, it seems likelier that they have different origins.409

Because it is unlikely that the pumice originally spread over a wide area and co-410

incidentally gathered, its source is presumed to have appeared after October 15 when411

particles began to widely disperse in the time-reverse direction under the influence of the412

Kuroshio Current and east-to-west current (Figure 2). Our analysis of the concentra-413

tion and aspect ratio of the simulated particle cloud indicates that areas including the414

Myojin Rift, Sumisu Rift, and Sumisu caldera are reasonable source regions. The area415

east of the presumed source area, Bayonnaise Rocks including Myojinsho Reef, is located416

on a volcanic front, which is part of an active caldera, the Myojinsho caldera; addition-417

ally, several eruptions have occurred here over the past century, often accompanied by418

the formation and disappearance of islands (Japan Meteorological Agency, 2013b). In419

1953, a research vessel encountered an eruption in this area, leading to a tragic incident420

in which 31 crew members lost their lives, and a tsunami was also observed. Eruption421

warnings have been continuously issued around Bayonnaise Rocks (Myojinsho Reef) since422

January 26, 2023 based on discolored water. Furthermore, Sumisu caldera also gener-423

ates tsunamis approximately once every ten years caused by subsidence through trap-424

door faults (Sandanbata et al., 2022).425

In the extensional back-arc basins, called the back-arc rift zone, which is included426

by the estimated source of the pumice in this study, there is no direct evidence for the427

presence of active volcanoes. Deep-sea drilling in the Sumisu Rift has shown that the428

upper layers of sediment predominantly consist of pumice, suggesting submarine calderas429

or back-arc rifts as primary sources (Fujioka, 1989). Moreover, near the Myojin Knoll,430

located just east of the back-arc rift (approximately 40 km south of Aogashima and about431

25 km north of the Bayonnaise Rocks), diving surveys by ”Shinkai 2000” have confirmed432

that the caldera walls are composed of pumice. These surveys have also identified blocks433

of pumice larger than 1 m (Yuasa, 1995) on the seafloor.434

The observed pumice raft area was roughly estimated to be 0.1–1 km2 based on435

its length of about 80 km reported by (Japan Coast Guard, 2023b) and width of about436

1–10 m roughly estimated by visualizing the photo Japan Coast Guard (2023b). The es-437

timated area was considerably less than the recent reports of the actually observed area438

of the pumice raft: 1,600 km2 for the 2006 Home Reef Volcano in Tonga (Bryan et al.,439

2012), 400 km2 for the 2012 Havre eruption (Jutzeler et al., 2014), 195 km2 for the 2019440

Tonga F eruption (Jutzeler et al., 2014), and 290 km2 for Fukutoku-Oka-no-Ba (Ikegami,441
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2021). The pumice found near Torishima was likely too minor to be detected via rou-442

tine satellite observations, and the volcanic activity from which it originated might be443

of such a low intensity that it was not recognized in distant monitoring systems such as444

seismic observations.445

The small volume of the drifting pumice indicated the possibility of the re-activation446

of the pumice that had previously washed ashore. The estimated source area included447

Sumisujima volcanic island (Fig. 4), which might be a potential source region for this448

re-activation. While our simulation did not exclude this possibility, AIST (2023a) reported449

that the likelihood of re-activation is low based on the geological observations of the sam-450

pled pumice, as discussed later.451

4.3 Sampling Floating Pumice452

Following the discovery of the pumice near Torishima Island by the observation air-453

craft, the JMA’s oceanographic observation ship ”KEIFUMARU,” sailed from October454

27–31 in the area from 28°N138°E to 30°N140°E to search for the pumice (Japan Mete-455

orological Agency, 2023b). They sampled the pumice scattered on the sea surface south-456

west of Torishima Island at ca. 100 km from Torishima Island.457

White pumice was collected around 12:00 on October 27 (JST) at N29◦18′, E140◦00′.458

They mostly have sizes of 1 cm to several centimeters, with the largest being slightly over459

10 cm (Japan Meteorological Agency, 2023b). According to AIST (2023a), the preser-460

vation of fragile surface structures, predominantly angular shapes, and the almost ab-461

sence of biological attachments excludes the possibility of them being drifted for a long462

period of several months or more. For similar reasons, the possibility of them being re-463

drifted beach-deposited pumice is considered low (AIST, 2023a). Therefore, it is con-464

sidered that the white pumice had been recently produced by volcanic activity, and AIST465

(2023a) concluded that it is highly likely to be part of the pumice raft observed from the466

air by the Japan Coast Guard on October 20 (JST).467

In addition to white pumice, ”KEIFUMARU” collected another pumice type, gray468

pumice, on October 27, 28, and 31 (JST), at locations N29◦54′,E139◦34′, N29◦54′,E139◦32′,469

and N29◦02′,E138◦00′, respectively (Japan Meteorological Agency, 2023b; AIST, 2023a).470

The sampling location of gray pumice was several tens of kilometers far away from that471

of the white pumice. Most of this pumice is well-rounded, with the largest being ap-472

proximately 3 cm, and many others being fine-grained, less than 1 cm, as seen in the pub-473

lished photos. The pumice universally has biological remains attached, particularly many474

serpulid worm tubes, approximately 1 mm in diameter. Serpulid worms are relatively475

late colonizers (c.a. 6 months) of floating material (Mesaglio et al., 2021). In addition,476

the pumice found on October 31 was reported to be scattered with plastic waste (Japan477

Meteorological Agency, 2023b). These characteristics suggest long-term drifting, indi-478

cating that the gray pumice had either drifted for an extended period or underwent re-479

peated re-drifting. AIST (2023b) concluded that this pumice was likely sourced from the480

2021 eruption of Fukutoku-Okanoba, based the chemical composition of the basaltic glass481

and the presence of dark inclusions similar to the drifting pumice reported by Yoshida482

et al. (2022). Clear differences in the sample location, biological attachment, and geo-483

chemistry between the white and gray pumices exclude the possibility of their coexis-484

tence within the same pumice raft during their drifting.485

4.4 Implications of Marine Organisms Attached to White Pumice486

According to the AIST’s November 7, 2023, report (AIST, 2023a), the white pumice487

collected by ”KEIFUMARU” around 12:00 on October 27 had almost no attached bi-488

ological remains, with only three goose barnacles less than 4 mm in length attached. Based489

on their morphological characteristics, they were identified as Lepas anserifera.490
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Lepas barnacles are rapid colonizers of floating materials ( < 17 days), and their491

growth rate in the capitular-length direction ranges from 0.33 to 1.45 mm/day (MacIntyre,492

1966; Inatsuchi et al., 2010; Mesaglio et al., 2021; Watanabe et al., 2024) The size of its493

cyprid or settlement-stage larvae is approximately 1.3 mm; therefore, it is plausible that494

Lepas barnacles settled on the pumice formed and released less than approximately 20495

days before collection.496

Although growth rates vary depending on the environment, based on these exper-497

imental growth rates, it is unlikely that L. anserifera attached more than half a month498

before collection on October 27. This is consistent with the fact that the pumice is the499

same as that observed by the aircraft on October 20.500

4.5 Implications of Geochemical Characteristics of White Pumice501

According to ERI, U Tokyo (2023) and AIST (2023a), the whole-rock chemical com-502

position obtained via XRF analysis indicated dacitic to rhyolitic compositions with the503

SiO2 contents ranging from 70.5 to 74.6 wt.% and the Na2O + K2O contents ranging504

from 6.3 to 6.7 wt.%. These compositions differ from the recent eruptive products of ac-505

tive volcanoes on the volcanic front of the Izu–Ogasawara region (e.g., Nishinoshima, Iwo506

Jima, and Fukutoku-Okanoba). Additionally, ERI, U Tokyo (2023) and AIST (2023a)507

suggested that these pumices might be derived from rhyolitic volcanoes distributed along508

the back-arc rift zone west of the volcanic front (e.g., the Torishima depression). Fur-509

thermore, the whole-rock trace element composition (i.e., Ba/La and La/Sm) showed val-510

ues similar to those of volcanic ejecta from submarine volcanoes in the back-arc rift zone511

(North and South Sumisu Basins, Hachijo Basin), as reported by AIST (2023b).512

Tamura et al. (2009) geochemically identified three types of Quaternary rhyolites513

in the Izu-Ogasawara arc front, which are closely related in terms of the volcano type514

and crustal structure. The predominantly basaltic islands in the volcanic front produce515

small volumes of rhyolites (R1), submarine calderas in the volcanic front erupt mostly516

rhyolites (R2), and seamounts, knolls, and pillow ridges in the back-arc extensional zone517

are mostly basaltic but also contain rhyolites (R3). In addition to the possibility that518

the white pumice corresponded to R3 (ERI, U Tokyo, 2023; AIST, 2023b), we proposed519

that it might correspond to R2.520

The back-tracking drift simulation used in this study demonstrated that the float-521

ing pumice drifted southward around the back-arc rift on the west side of the active vol-522

canic front, reaching the observation position on October 20. Additionally, the source523

analysis suggested that the pumice could have originated from around the back-arc side524

of the Sumisujima and Myojinsho area, which included the back-arc extensional zone as525

well as submarine caldera or submarine volcanoes. The simulation results were consis-526

tent with geochemical analyses.527

4.6 Pumice Tracing to Infer Hidden Submarine Volcanism528

While some submarine volcanic eruptions, such as the 2021 Fukutoku-Oka-no-Ba529

and 2022 Hunga Tonga–Hunga Ha’apai eruptions, were clearly observed by geophysical530

measurements and confirmed visually, others, such as the 2012 Havre and 2019 Tonga531

F eruptions, were recognized only after the discovery of pumice rafts and subsequent in-532

vestigations to identify the eruptions. In addition, deep-sea submarine volcanoes are gen-533

erally believed to exhibit effusive rather than explosive eruptions (Kano, 2003; Allen et534

al., 2010; Manga et al., 2018; Cas & Simmons, 2018), making it extremely challenging535

to detect these volcanic activities. AIST (2023a) reported that the white pumice dis-536

covered near Torishima Island notably lacked prominent quench textures, indicating that537

eruption occurred in deep-sea rather than in shallow waters. While detailed satellite im-538

agery investigations have identified eruptions, such as Havre in 2012 and Tonga F in 2019,539
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it is particularly difficult to detect smaller-scale eruptions from satellite images because540

they produce less pumice and are presumably smaller in scale. At present (September541

2024), there have been no reports of such traces being found by satellite imagery for erup-542

tions related to the pumice found on October 20.543

However, such ”unknown” eruptions of submarine volcanoes that eject small amounts544

of pumice might usually go undetected and therefore, might be not as rare as thought.545

This study represents the first case in which a back-tracking drift simulation has proven546

effective in pinpointing the eruption sites of such unknown submarine volcanoes. In the547

future, by using satellite imagery observations and autonomous drones, it might be pos-548

sible to automatically detect pumice rafts (e.g. Zheng et al., 2022). Combining this with549

back-tracking simulations, numerous small-scale submarine volcanic activities that were550

previously invisible could be detected. In addition to locating the eruption site, detailed551

analyses of the pumice microstructures and in situ marine surveys are expected to con-552

tribute to elucidating the eruption mechanisms and monitoring of submarine volcanic553

activities.554

5 Conclusion555

Our study conducted back-tracking drift simulations of floating pumice found near556

Torishima Island in the Izu–Ogasawara Islands on October 20, 2023. By integrating the557

ocean current data and surface wind data, we traced the pumice’s journey, revealing its558

likely origin as near the back-arc side region west of Myojinsho and Sumisujima Island559

3–5 days before its discovery. This timing and location are not consistent with either the560

increased seismic activity observed in the region since October or the unexplained tsunami-561

accompanied earthquake on October 9.562

These findings suggest that the pumice originated from an unknown volcanic event,563

possibly distinct from the activities of known active volcanic sites in the area. Prelim-564

inary reports (AIST, 2023a, 2023b; ERI, U Tokyo, 2023) suggest that geochemical anal-565

yses indicated a composition consistent with volcanoes in the back-arc rift zone, and the566

lack of extensive biological traces on the pumice implies a relatively recent eruptive source567

(AIST, 2023a). These results highlight the significance of back-tracking drift simulations568

in uncovering hidden submarine volcanic activities and their potential impacts.569

Furthermore, our research underscores the challenges in detecting and understand-570

ing deep-sea volcanic activities, especially those that are effusive and not immediately571

apparent. By combining drift simulations with geological, petrological, and biological anal-572

yses, we can gain a more comprehensive understanding of such phenomena. This approach573

not only aids in identifying the sources of marine volcanic events but also contributes574

to the broader field of submarine geology and volcanic hazard assessment.575
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Key Points:15

• A back-tracking drift simulation was conducted for floating pumice discovered on16

October 20, 2023, near Torishima Island in the Izu Islands17

• The pumice drifted southward and originated from around back-arc basins near18

Myojinsho Reef and Sumisujima Island about 3–5 days before19

• Results are consistent with petrology, biology, and geochemistry studies and sug-20

gest an unknown pumice source21
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Abstract22

Monitoring and detecting marine volcanic activities are key for scientific understand-23

ing and disaster prevention. However, this is difficult because they are hidden under wa-24

ter. Near Torishima Island in the Izu Islands, Japan, intensified seismic activity was ob-25

served during October 2023, including a mysterious tsunami-triggering earthquake on26

October 8 (UTC), which was considered to be linked to a volcanic activity. On Octo-27

ber 20, 2023, aerial surveys confirmed an 80-km stretch of floating pumice near Torishima28

Island. This study conducted a Lagrangian back-tracking drift simulation using the ocean29

current data and surface wind data to trace the origin of the pumice while clarifying the30

theoretical basis of Lagrangian back-tracking from the Bayesian perspective. Results in-31

dicate that the pumice drifted southward from around extensional back-arc basins near32

Myojinsho Reef and Sumisujima Island approximately 3–5 days before its discovery. These33

findings are consistent with independent observations such as biological traces and the34

geochemical characteristics of sampled floating pumice, which is considered identical to35

that found on October 20 by an airplane. This indicates the presence of unknown vol-36

canic activity around back-arc basins west of the major active volcanic zone. This study37

demonstrates the utility of combining drift simulations with geochemical and biological38

data to identify the sources of marine volcanic events, particularly in regions where di-39

rect observations are limited. The results of this study contribute to our understanding40

of volcanic mechanisms and their potential hazards.41

Plain Language Summary42

In October 2023, volcanic pumice was found floating over a large area of the ocean43

near Torishima Island, part of the Izu Island chain, Japan. This occurred during a pe-44

riod of increased seismic activity near Torishima Island, including an earthquake that45

caused a tsunami, with no clear explanation of its mechanism. We conducted a computer46

simulation using ocean current data to trace the journey of this pumice backward in time47

to determine its source. The results of this study suggest that the pumice originated from48

an unknown underwater volcanic eruption that occurred 3–5 days before the discovery49

of the floating pumice. The eruption likely occurred around a underwater basin region,50

which is an area where the Earth’s crust is being pulled apart, allowing magma to reach51

the ocean floor. Our research shows the effectiveness of using such simulations to trace52

the origins of floating pumice and to identify hidden underwater volcanic activities. Such53

simulations add to our understanding of the complexities of underwater volcanic activ-54

ities and their potential hazards.55

1 Introduction56

Understanding marine volcanic activity, including submarine volcanoes and vol-57

canic islands, and elucidating their formation mechanisms, as well as predicting their ac-58

tivity, are important in academic fields and for disaster prevention and mitigation. How-59

ever, marine volcanoes are commonly located in remote areas and are hidden under wa-60

ter. Hence, directly observing and monitoring such volcanoes even by geophysical ob-61

servations and remote sensing are difficult. Therefore, it is challenging to determine the62

location, scale, and duration of marine volcanic activity.63

In the ocean near Torishima Island in the Izu Island chain (Figure 1), seismic ac-64

tivity intensified after October 2, 2023. According to observations by the Japan Mete-65

orological Agency (JMA), four earthquakes with a magnitude (M) of 6.0 or higher were66

recorded up to October 9. Furthermore, numerous earthquakes occurred after 4:00 A.M.67

on October 9, including small earthquakes with undetermined epicenters (Japan Mete-68

orological Agency, 2023a). Despite the magnitude of these earthquakes being smaller than69

those typically expected to generate tsunamis, tsunamis were observed along the Pacific70
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coasts of the Izu–Bonin Islands, Chiba Prefecture, Shikoku, and Kyushu Islands. The71

mechanisms and causes of these seismic activities and tsunamis, which are potentially72

related to volcanic activities, are not well understood. Various investigations, including73

seismological observations, physical exploration, and marine surveys using research ves-74

sels, are currently underway to elucidate the details and mechanism of these geological75

events and to monitor the evolving situation. Additionally, numerous rapid reports were76

released by organizations such as the National Institute of Advanced Industrial Science77

and Technology (AIST), Earthquake Research Institute (ERI) at the University of Tokyo,78

Japan Agency for Marine-Earth Science and Technology (JAMSTEC), and JMA (AIST,79

2023a, 2023b; ERI, U Tokyo, 2023; JAMSTEC, 2023a, 2023c, 2023d; Japan Meteorolog-80

ical Agency, 2023b). Recent geophysical studies have clarified the details of earthquakes,81

revealing that they occurred around Sofu seamount caldera located 20–30 km west of82

the Sofugan Rock (Fig. 1(b)) (Mizutani & Melgar, 2023; Sandanbata et al., 2024; Kub-83

ota et al., 2024; Fujiwara et al., 2024).84
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Figure 1. Bathymetric maps of the study area. (a) Japan and the northern part of the Izu–

Bonin arc. Red triangles represent active volcanoes in the Izu–Bonin arc, listed by the JMA. (b)

Enlarged map of the southern Izu Islands (within yellow framework shown in [a]). Orange line

indicates the distribution of the floating pumice observed by the Japan Coast Guard’s observa-

tion airplane on October 20, 2023 (Japan Coast Guard, 2023b). The location of Sofu seamount is

indicated by yellow star. The bathymetric map is based on ETOPO1 (Amante & Eakins, 2009).

(c) Floating objects observed by the Japan Coast Guard’s observation airplane (shot at 14:25

(JST) October 20, 2023) (Japan Coast Guard, 2023b).

On October 20, 2023, a Japan Coast Guard observation airplane confirmed the pres-85

ence of pumice floating in the sea scattered over approximately 80 km in a north–south86

direction about 50 km west of Torishima Island (from 30°41’N, 139°51’E to 29°59’N, 139°36’E)87

(Japan Coast Guard, 2023b) (Fig. 1). Maritime warnings were issued, and vessels in the88

vicinity were alerted. An expert noted that there were no recognized active volcanoes89

in this area, suggesting the possibility of new volcanic activity and, potentially, the for-90
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mation of a submarine volcanic body. Subsequently, the JMA’s research vessel ”KEI-91

FUMARU” collected pumice samples (Japan Meteorological Agency, 2023b), and pre-92

liminary petrological descriptions and geochemical analyses were reported (AIST, 2023a,93

2023b; ERI, U Tokyo, 2023). These reports suggested that one type of pumice samples94

may be a part of the same pumice raft. This will be discussed in detail in the Discus-95

sion section. However, pumice rafts were not detected in the satellite imagery in the96

nearby area during this period, and we could not find any evidence in publicly available97

satellite imagery data including Sentinel.98

Drift pumice is often found washed up on coasts. According to Bryan et al. (2004),99

massive drifts of pumice occur globally every few to several decades. In recent years, sig-100

nificant pumice raft drifting events have occurred, including the 2012 eruption of the Havre101

Volcano in the Tonga–Kermadec Arc (Jutzeler et al., 2014), the 2019 eruption of the Tonga102

F Volcano (Jutzeler et al., 2020), and the 2021 eruption of the Fukutoku-Oka-no-Ba sub-103

marine volcano (e.g. Tada et al., 2021; Yoshida et al., 2022; Maeno et al., 2022; Fauria104

et al., 2023). These pumice rafts pose hazards to maritime traffic, fisheries, tourism, and105

local ecosystems (Jutzeler et al., 2014, 2020). They also serve as crucial physical evidence106

for understanding the eruption mechanisms of submarine volcanoes, and various stud-107

ies have been conducted on the formation, floating, and sinking mechanisms and drift-108

ing phenomena of pumice produced by submarine volcanic eruptions (e.g. Fauria et al.,109

2017; Kano, 2003; Cas & Simmons, 2018; Mitchell et al., 2021; Yoshida et al., 2022; Knafelc110

et al., 2022).111

Forward drift simulations, in which a large number of virtual particles are moved112

in accordance with the flow fields of ocean currents, are effective for predicting the spa-113

tial dispersal of pumice. Previous research using drift simulations for predicting the dis-114

tribution of pumice rafts focused on a previously unknown volcano (0403-91) (Bryan et115

al., 2004) and Home Reef volcano eruptions (Bryan et al., 2012) along the Tonga arc,116

the 2012 Havre Volcano eruptions (Jutzeler et al., 2014), and the 2019 Tonga F Volcano117

eruptions (Jutzeler et al., 2020). Several drift simulations focusing on the pumice drift118

caused by the 2021 eruption of the Fukutoku-Oka-no-Ba submarine volcano were con-119

ducted (Chang et al., 2023; Iskandar et al., 2023; Miyama, 2023). In addition to these120

studies that simulated actual drift events, forward drift calculations have been conducted121

for hazard and risk preassessment purposes, assuming eruptions of various submarine122

volcanoes near Japan (Nishikawa et al., 2023; Kuwatani et al., 2023). Moreover, using123

simulation results, a preliminary report about the future drift of pumice discovered near124

Torishima Island was submitted to agencies responsible for volcanic disaster prevention125

(JAMSTEC, 2023b).126

Drift simulations can be used not only for predictions but also for back-tracking127

estimations (e.g. Van Sebille et al., 2018; Kuroda, 2023). In particular, several research128

groups conducted back-tracking simulations to estimate the crash location of Malaysia129

Airlines Flight MH370, which went missing in flight in 2014, based on debris found around130

the Indian Ocean from 2015 to 2016 (Jansen et al., 2016; Trinanes et al., 2016; Al-Qattan131

et al., 2023). In addition, our group conducted a back-tracking simulation to estimate132

the drift start time and path of an ocean bottom electromagnetometer that had been133

installed on the seafloor of the Nishinoshima Volcano in the Ogasawara Islands and went134

missing in 2019 (Tada et al., 2021). It was found on the coast of Iriomote Island in the135

Ryukyu Islands, more than 1,700 km away from the Ogasawara Islands, in February 2021.136

This research enabled the immediate provision of information to relevant organizations137

following the eruption of the Fukutoku-Oka-no-Ba submarine volcano in 2021, as we had138

been studying pumice drifting from the Ogasawara Islands to the Ryukyu Islands and139

its potential hazards. In addition, Tada et al. (2021) preliminarily mentioned the pos-140

sibility of exploring unknown submarine volcanoes as a source of pumice, as was con-141

ducted in the current study.142

–4–



manuscript submitted to AGU Advances

This study had two primary objectives: to provide independent insights that con-143

tribute to understanding the series of enigmatic geological events occurred near Torishima144

Island in 2023 and to evaluate the utility of drift simulations in understanding and mon-145

itoring submarine volcanic activities. To achieve these objectives, a back-tracking drift146

simulation using the ocean current data was conducted to estimate the source of the float-147

ing pumice discovered near Torishima Island on October 20, 2023, while clarifying the148

theoretical basis of the back-tracking simulation. The results are compared with other149

studies that have employed independent approaches (i.e., biological traces and geochem-150

ical studies). The connection of the floating pumice to the seismic activity near Torishima151

Island since October, including the tsunami event occurred on October 9, is also explored.152

The discussion further includes methodological observations on Lagrangian back-tracking153

simulations, submarine volcanic activity, and directions for the future research.154

2 Back-Tracking Simulation Using Ocean Re-analysis Data155

In this section, we initially present a simple theoretical foundation for back-tracking156

numerical experiments, which have been empirically applied in many studies, using the157

framework of the Bayesian inversion analysis. We then describe the problem settings and158

parameters assumed for the drift simulation of the 2023 Torishima floating pumice and159

present the simulation results.160

2.1 Method161

Lagrangian data analyses or particle tracking simulations are often used for ana-162

lyzing floating or suspended organisms and particles in the ocean (e.g. Van Sebille et al.,163

2018; Kuroda, 2023)．The random-walk motion of a Lagrangian particle in a velocity164

field can be simply expressed using the advection and diffusion terms as follows:165

xt+|∆t| = xt + u(xt, t) · |∆t|+
√
2D · |∆t| · ξN , (1)

where xt is the particle position at time step t; u(x, t) is the velocity field vector at po-166

sition x and time t; |∆t| is a small interval of the time step; D is the diffusion coefficient167

of the random walk; and ξN is a random-number vector in which each element indicates168

the standard normal distribution. The last term of the right-hand equation represents169

diffusion due to the random-walk motion, where the standard deviation σ equals
√
2D · |∆t|.170

Because the diffusion process is irreversible, Eq. (1) holds only in the forward time di-171

rection. To clearly distinguish between the forward and backward times directions, the172

absolute value |∆t| is used to represent the time step. Equation (1) provides a general173

and simple formulation for representing the Lagrangian particle motion and is widely174

used in various natural science fields, including ocean modeling.175

Because Eq. (1) represents an irreversible diffusion process, it cannot be directly176

used for the back-tracking simulation by reversing the sign of either the velocity field u177

or ∆t. In this study, using the Bayesian framework, we try to estimate the past position178

of the particle from the present position. Bayesian estimation is based on the posterior179

probability, which is the probability of unknown estimates for a given observable or known180

values. Using Bayes’ theorem, the posterior probability of the one-step-back past posi-181

tion xt−|∆t| that yields the present position xt can be written as follows:182

p
(
xt−|∆t| | xt

)
∝ p

(
xt | xt−|∆t|

)
· p

(
xt−|∆t|

)
, (2)

where p
(
xt | xt−|∆t|

)
is a likelihood function that can be represented by a general type183

of probabilistic physical models in the forward time direction and p
(
xt−|∆t|

)
is a prior184

probability using which our prior knowledge regarding the past position can be incor-185

porated into the analysis.186

The Lagrangian particle motion equation (Eq. 1) can be directly used as the like-187

lihood function by only shifting one time step backward as t → t − |∆t|. Specifically,188
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the likelihood function indicates that xt shows the Gaussian distribution with a mean189

of x̄t = xt−|∆t| + u(xt−|∆t|, t)∆t and variance of σ2 = 2D · |∆t|. Furthermore, we as-190

sume that the prior probability p
(
xt−|∆t|

)
has a continuous uniform distribution, in which191

case there is no useful prior knowledge about the past.192

By substituting these expressions into the likelihood function p
(
xt | xt−|∆t|

)
and193

prior probability p
(
xt−|∆t|

)
in Eq. (2), the posterior distribution of the previous step194

is given by195

p
(
xt−|∆t| | xt

)
∝ exp

(
−
||xt−|∆t| − (xt − u(xt−|∆t|, t) · |∆t|)||2

4D · |∆t|

)
. (3)

Using this equation, we can probabilistically estimate the previous position xt−|∆t| from196

the present position xt as a normal distribution with a mean of xt−u(xt−|∆t|, t)·|∆t|197

and variance of σ2 = 2D · |∆t|. Similar to considering the Lagrangian particle motion198

equation (Eq. 1) as a probability when substituted to the likelihood function, the pos-199

terior probability (Eq. 3) can be directly reversed to a virtual Lagrangian particle mo-200

tion equation as follows:201

xt−|∆t| = xt + urev(xt, t) · |∆t|+
√

2D · |∆t| · ξN , (4)

where urev(xt, t) is a reversed velocity field defined as urev(xt, t) ≡ −u(xt, t). When202

deriving the above equation, we used the approximation u(xt−|∆t|, t) ∼ u(xt, t), which203

holds in a natural situation where |∆t| is sufficiently small and the velocity field does not204

change abruptly in time and space. Equation (4) is similar to the motion equation that205

has been empirically used in Lagrangian back-tracking simulations.206

2.2 Experimental Settings207

Using Eq. (4), we conducted a back-tracking drift simulation of Lagrangian par-208

ticles to trace back the possible pathways of floating pumices from the region from which209

they were found (Fig. 1(b)). In this study, the pumice is assumed to horizontally move210

on the sea surface so that its position xt indicates a horizontal location, which comprises211

east–west and north–south coordinates at time t. The horizontal movement of the pumice212

is known to be driven by a combination of ocean currents, windage, and waves (e.g. Bryan213

et al., 2004; Jutzeler et al., 2014). Ocean currents and windage are incorporated into the214

reverse velocity vector field (urev(x, t)) in the advection term. Furthermore, the effect215

of waves is included in the diffusion term (+
√
2D · |∆t| · ξN ).216

The effect of surface winds on the pumice movement remains a subject of debate217

in several studies (Jutzeler et al., 2020; Chang et al., 2023; Iskandar et al., 2023; Chi-218

ang et al., 2024). In this study, the following four cases are considered for analyzing the219

effect on the velocity field: no wind effect (0%) and the addition of 1%, 3%, and 5% of220

the surface wind speed to the velocity field of the ocean current. These windage values221

are consistent with recent studies: 1–4 % used for the 2019 Tong F pumice (Jutzeler et222

al., 2020) and 0–2 % (Chang et al., 2023), 2-3% (Iskandar et al., 2023), and 3% (Chiang223

et al., 2024) for the 2021 Fukutoku-Oka-no-Ba pumice. In addition, our values are con-224

sistent with previous simulations for other floating objects, for example, 0 and 1 % em-225

ployed for a study on pelagic Sargassum (Putman et al., 2018) and 0 % for an ocean bot-226

tom electromagnetometer (Tada et al., 2021).227

The reverse velocity vector field (urev(x, t) ≡ −u(x, t)) comprises the eastward228

and northward velocities at position x and time t and is given by the negative of com-229

bination of ocean currents and windage (0%, 1%, 3%, and 5% surface wind speed). For230

ocean currents, we used horizontal velocity obtained from an ocean re-analysis dataset231

provided for operational numerical weather prediction by Japan Meteorological Agency232

(2013a). This is daily data, and their horizontal resolution is 0.02◦ × 0.030303◦ (2.23233

km × 2.89 km) for latitude and longitude, respectively. For surface wind, we used the234
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wave-speed dataset based on the meso-scale model (MSM) reported by JMA (Japan Me-235

teorological Agency, 2024). This is daily data, and their horizontal resolution is 0.05◦×236

0.0625◦ (5.57 km × 5.96 km) for latitude and longitude, respectively. The diffusion term237

(+
√
2D · |∆t|·ξN ) indicates horizontal diffusion, which comprises east–west and north–238

south components, each of which is generated by the standard normal distribution. This239

term is derived from two probabilistic causes: one is a random Brownian motion of par-240

ticles, called horizontal eddy diffusion, resulting from waves, wind, and other forces in241

the natural system, and the other is uncertainty. In this study, we set diffusion coeffi-242

cient D at 10 m2 s−1 based on the general value of horizontal eddy diffusion for small243

to meso-scale processes (e.g. Okubo, 1971). Note that the equation for particle back-tracking244

(Equation 4) and the diffusion coefficient are the same as those reported in Tada et al.245

(2021).246

In each experiment, we used 2,600 particles (100 particles at each 26 initial posi-247

tion spaced according to the horizontal resolution of the ocean re-analysis dataset), with248

the region where the pumice was observed (Fig. 1(b)) being the initial condition. Par-249

ticles are assumed to move at a depth of 1 m, which corresponds to the shallowest depth250

in the ocean re-analysis dataset and are released at 00:00 UTC on October 20, 2023. The251

particles are tracked hourly for 30 days, with the time step |∆t| set to 20 min.252

2.3 Results253

Myojinsho

Sumisujima

Torishima

Sofugan

Aogashima

Kuroshio current

(a) (b)

(d)(c)

Figure 2. The spatial distribution of particle locations obtained from the back-tracking simu-

lations show each day’s distribution. The pseudocolors indicate the number of days the particles

were traced back from the start of the drift back-tracking on October 20, 2023 (UTC). Particle

locations were traced back for up to 14 days without the effect of wind (a) and with 1% (b), with

3% (c), and (d) 5% effect of wind. Magenta line in each panel represents the Kuroshio Current

streamlines during October 10—17, and these data are provided by Japan Coast Guard (2023a).
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Figures 2 (a), (b), (c), and (d) show the results of particle tracing back at 0 %, 1%,254

3%, and 5% windage, respectively, for up to 14 days. Videos showing the dispersal of the255

particle distribution over time in the forward and backward time directions for 30 days256

is available in Supplementary Materials. By comparing the time evolution of the spa-257

tial pattern across different cases, they can be classified into two main categories: the258

weak windage cases (0% and 1%), where windage has no or a negligible effect, and strong259

windage (3% and 5%), where windage has a significant impact. Below, the temporal change260

in the spatial pattern is explained for each category. Unless otherwise noted, the expla-261

nation will be in the direction of tracing back in time.262

For the weak windage (0% (without wind) and 1%) cases (Figure 2(a,b)), in a time-263

reversed direction, particles initially moved northward, passing west of Sumisujima Is-264

land around October 17, and then changed course toward northwest. Around October265

14, near the west side of Myojinsho Reef, they started to significantly disperse in the south-266

west and easterly directions. After the split around October 7, particles that entered the267

southwest side of Myojinsho Reef were approximately aligned with the Kuroshio Cur-268

rent axis and rode this faster current along its axis, moving up to the vicinity of Kyushu269

Island within 30 days (refer to Supplementary Materials). Those that moved eastward270

initially reached the east of the volcanic front and then moved northward near Hachi-271

jojima; then, a large portion of the particles rode the Kuroshio Current and moved west-272

ward (see the Supplementary Materials).273

For 3% and 5% windage cases (Figure 2(c,d)), particles initially moved northward,274

similar to the weak windage effect cases. They also passed the vicinity area of Sumisu-275

jima Island around October 17 and then changed course toward northwest. As the ef-276

fect of the windage increased, particles tended to take a more easterly path (the front-277

arc side). Although they moved to the western region of Myojinsho Reef, they were pushed278

back to a slightly more Southerner area, compared with the weak windage cases. Around279

October 14, they began to disperse in the southwest and easterly directions. However,280

they did not split two parts, unlike in the weak windage cases, and most particles moved281

in the northeast direction and reached the east side of the volcanic front. After drifting282

in that area for several days, a group of particles rode the Kuroshio Current near Hachi-283

jojima and moved westward with the current, similar to the weak windage case. After284

the ride, particles might escape the Kuroshio Current relatively easily, unlike the weak285

windage cases (see Supplementary Materials). In fact, a part of particles sometimes moved286

in the east direction, which might have been caused by the effect of strong windage that287

might have continued from hours to days, and they came back to the Izu Islands area.288

Figure 3 shows the ocean current velocity field on October 15 (UTC). Near N32◦,289

E138◦, west of the Myojin Reef, there is a collision point where an east-to-west current290

collides with the northward-flowing Kuroshio Current. From the southeastern corner of291

this point, an ocean current flows southward along the west side of the Izu Islands. Par-292

ticle movements near the discovery date can be interpreted in the forward time direc-293

tion based on the spatial pattern of the ocean current as follows. In the weak windage294

cases, two groups of particles emerged: particles that followed the northward Kuroshio295

Current and those that rode the east-to-west current from the front-arc to the back-arc296

side. These groups converged near the collision point west of Myojinsho Reef and then297

moved southward toward the discovery area near Torishima, riding the southward Kuroshio298

countercurrent. In the strong windage case, all particles moved through the Myojinsho299

Reef area by riding the east-to-west current and then traveled southward by riding the300

Kuroshio countercurrent to the discovery area near Torishima .301

The overall movement of particles was predominantly governed by stable and con-302

sistent ocean currents, which persisted in the same locations over extended periods. In303

contrast, the wind field, which tends to fluctuate in terms of the direction and speed over304

short periods, exerted perturbative influences on the particles’ movement, particularly305

during strong windage events. The extent of this impact depended on the intensity of306
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the windage. Differences in the particle behavior between the weak and strong windage307

cases likely stemmed from the windage effect from the northeast direction. In the strong308

windage case, the windage likely impeded the inflow of particles from the Kuroshio Cur-309

rent.310

Myojinsho

Sumisujima

Torishima

Sofugan

Kuroshio Current

Aogashima

Figure 3. Ocean current patterns on October 15 at 00:00 (UTC). The Kuroshio Current axis

is based on the numerical information published by the Japan Coast Guard’s Oceanographic

Information Division. https://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/kurosio-num.html

Green circle indicates a southeastern corner of the collision point where an east-to-west current

collides with the northward-flowing Kuroshio Current.

3 Estimating the Spatial and Temporal Source of the Floating Pumice311

3.1 Method312

By assuming that all pumice particles originated from a single event, we try to es-313

timate the time and location of the pumice origin. This assumption aligned with our in-314

tuition that it was unlikely (although not impossible) for pumice widely scattered across315

the Pacific to have coincidentally gathered. When assuming that the pumice originated316

from a single event, the following condition is likely to be met: the initial pumice dis-317

tribution near the source should be concentrated in a narrow region. In other words, we318

expect to identify a time and location that satisfy this condition to some extent. Here,319

we evaluate the concentration at a given time t by the spread of distances from the cen-320

troid of the point cloud as follows:321

S(t) =

√√√√d2lon
N

N∑
n=1

(xlon,n(t)− x̄lon(t))
2
+

d2lat
N

N∑
n=1

(xlat,n(t)− x̄lat(t))
2
, (5)

where xlon,n(t) and xlat,n(t) are the longitude and latitude of a particle n for time t, re-322

spectively; x̄lon(t) and x̄lat(t) are the mean values of the longitude and latitude, respectively;N323

is the total number of particles, and dlon and dlat are the coefficients used to convert dif-324

ferences in the longitude and latitude into distances, respectively. We used 95.42 and 111.32325
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km for 1◦ by assuming a latitude of around 31◦N. A larger S(t) indicates a lower con-326

centration, whereas a smaller S(t) indicates a higher concentration.327

In addition to the pumice concentration, we monitored isotropy as the initial pumice328

distribution around the source is expected to be isotropic to some extent rather than highly329

elongated in cases where the pumice raft spans more than several kilometers. For isotropy,330

we calculated the aspect ratio α(t) from the ratio of the eigenvalues obtained by the eigen-331

value decomposition of the covariance matrix of the point cloud coordinates.332

α(t) =
√
λI(t)/λII(t), (6)

where λI(t) and λII(t) represent the larger and smaller eigenvalues at time t, respectively.333

An aspect ratio closer to 1 indicates isotropy, whereas a ratio closer to 0 indicates a highly334

elongated, straight-line distribution.335

3.2 Results336

Myojinsho
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Sofugan

Aogashima
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Figure 4. Results of the pumice source estimation. The time evolution of the spatial spread

(a) and aspect ratio (b) are shown as time progresses backward from 00:00 on October 20 (UTC),

corresponding to the discovery of the floating pumice. In (a), blue dotted line represents the

initial spread value, which serves as the criteria for identifying a small spread value. (c) Spatial

distribution of pumice particles when the spread is lower than the initial distribution observed on

October 20. Using kernel density estimation, a contour line representing the 95% credible region

is shown for each case: without wind effect (white) and 1% (green), 3% (orange), and 5% (ma-

genta) wind. In (c), the initial positions of particles and active volcanoes are marked by small

yellow circles and red triangles, respectively. The location of the Sofu seamount is indicated by a

white star, and back-arc rifts are shown by yellow dashed lines.

Figures 4(a) and (b) show the temporal evolution of the spread S(t) and the as-337

pect ratio α(t), respectively. Regardless of the effect of windage, the spread initially in-338

creased slightly and then decreased as time was traced back from the discovery of the339

floating pumice. It then bottomed out at around 89 h (3 days and 17 hours) for with-340

out wind case and at 120 h (5 days) for 1% wind case, 78 h (3 days and 6 hours) for 3%341
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wind case, and 94 h (3 days and 22 hours) for 5% wind case. Subsequently, all cases ex-342

hibited a monotonically increasing trend with a steep slope from around 5–7 days. For343

all cases, the aspect ratio initially started from zero as it is distributed in a straight line,344

which is a simplified representation of the pumice observed on October 20, and exhib-345

ited the first peak around 3–5 days. It demonstrated distinct second peaks around 5–346

7 days for the 0%, 3%, and 5% cases, while it did not increase so largely for the 1% windy347

case.348

Because the spread did not show a distinct minimum value in each case, identify-349

ing the source timing at the hour or one-day scale was difficult. However, it was consid-350

ered to be around 3–5 days for all cases based on the time at which the spread exhib-351

ited a low value, similar to the minimum value for each case. The spread and aspect ra-352

tios showed extreme values (the first peak) at a similar time for each case. The source353

region was assumed to be the area with a dense particle distribution when the spread354

S(t) is at its lowest.355

Figure 4(c) shows the estimated source region overlaid on the seafloor topography.356

As mentioned earlier, the spread values did not display distinct minima in any of the cases;357

instead, they exhibited similar values over several days. To establish uniform and ob-358

jective criteria while minimizing the risk of missing the source region and avoiding over359

interpretation, we set the threshold as inclusively as possible: the source timing was de-360

fined as the period when the spread values are smaller than the initial observed value361

and source region corresponded to an area containing 95% of particles. The estimated362

source regions were generally located on the back-arc side, including the northern part363

of the Sumisu Rift, Myojin Rift, and Sumisu Caldera. In the stronger windage cases, there364

was a slight shift toward the fore-arc side and southern regions, in comparison to the weaker365

windage cases.366

4 Discussion367

4.1 Lagrangian back-tracking simulation368

Note that the Lagrangian back-tracking equation (Eq. 4) cannot either be inter-369

preted as an equation of motion in the real physical world nor can it be physically and370

mathematically derived from the original forward Lagrangian equation alone properly.371

However, it can be regarded as an equation of motion for a virtual particle used in the372

probabilistic estimation of the past position in inversion analysis and can be properly373

derived through the Bayesian framework. Such a probabilistic particle representation is374

commonly employed in many inversion problems, such as in the Markov chain Monte Carlo375

algorithm (e.g. Metropolis et al., 1953; Gilks et al., 1995), and has been widely applied376

in Earth material sciences (e.g. Kuwatani et al., 2012; Morishige & Kuwatani, 2020; Mat-377

sumura et al., 2021).378

Furthermore, probabilistic particle expressions for the time evolution of unknown379

variables are employed in data assimilation through sequential Monte Carlo algorithms,380

also known as particle filters, (e.g. Kitagawa, 1987; Doucet et al., 2000), and have been381

applied to Earth material sciences (e.g. Omori et al., 2016; Kuwatani et al., 2018; Ito382

et al., 2021). In adjoint-based data assimilation, used to estimate past states following383

an advection-diffusion equation, the diffusion term (with its sign reversed relative to the384

normal advection term) also appears in an adjoint equation for backward calculations,385

similar to Eq. (4). Ismail-Zadeh et al. (2004) demonstrated that this inverted diffusion386

term is necessary to accurately estimate a diffusive physical variable, such as heat, in a387

past state. Therefore, Eq. (4) can be seen as an approximate representation of the un-388

certainty in estimating particle positions, which increases as we move backward in time,389

and manifests as a diffusion term from a macroscopic view.390
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Although we adopted the Lagrangian particle simulation approach to trace the back-391

ward paths of the pumice in this study, we did not exclude the possibility of using other392

approaches to estimate past particle positions. Recently, we have developed advanced393

adjoint-based data assimilation methods that integrate Eulerian and Lagrangian perspec-394

tives to estimate the past state from the present state of the Earth’s interior (Nakao et395

al., 2024a, 2024b). Further development of these methods may allow for the more pre-396

cise estimate of particle trajectories compared with using only the Lagrangian method397

and also provide insights into reconstructing macroscopic velocity fields in which par-398

ticles move.399

4.2 Origin of the Pumice400

The results of the back-tracking simulation suggest that the floating pumice drifted401

southward from the back-arc rift area located west of active volcanic fronts, such as My-402

ojinsho Reef and Sumisujima Island, finally arriving at the position where it was found403

on October 20. This leads to the natural conclusion that the drifting pumice found near404

Torishima Island on October 20 via the airplane observation is unlikely to be directly405

related to a seismic activity near Torishima Island; more specifically, it is not related to406

Sofu seamount that occurred in October, particularly the earthquake event on October407

8 (UTC) that caused an unexplained tsunami, which is considered to be related to a sub-408

marine volcanic activity. Instead, it seems likelier that they have different origins.409

Because it is unlikely that the pumice originally spread over a wide area and co-410

incidentally gathered, its source is presumed to have appeared after October 15 when411

particles began to widely disperse in the time-reverse direction under the influence of the412

Kuroshio Current and east-to-west current (Figure 2). Our analysis of the concentra-413

tion and aspect ratio of the simulated particle cloud indicates that areas including the414

Myojin Rift, Sumisu Rift, and Sumisu caldera are reasonable source regions. The area415

east of the presumed source area, Bayonnaise Rocks including Myojinsho Reef, is located416

on a volcanic front, which is part of an active caldera, the Myojinsho caldera; addition-417

ally, several eruptions have occurred here over the past century, often accompanied by418

the formation and disappearance of islands (Japan Meteorological Agency, 2013b). In419

1953, a research vessel encountered an eruption in this area, leading to a tragic incident420

in which 31 crew members lost their lives, and a tsunami was also observed. Eruption421

warnings have been continuously issued around Bayonnaise Rocks (Myojinsho Reef) since422

January 26, 2023 based on discolored water. Furthermore, Sumisu caldera also gener-423

ates tsunamis approximately once every ten years caused by subsidence through trap-424

door faults (Sandanbata et al., 2022).425

In the extensional back-arc basins, called the back-arc rift zone, which is included426

by the estimated source of the pumice in this study, there is no direct evidence for the427

presence of active volcanoes. Deep-sea drilling in the Sumisu Rift has shown that the428

upper layers of sediment predominantly consist of pumice, suggesting submarine calderas429

or back-arc rifts as primary sources (Fujioka, 1989). Moreover, near the Myojin Knoll,430

located just east of the back-arc rift (approximately 40 km south of Aogashima and about431

25 km north of the Bayonnaise Rocks), diving surveys by ”Shinkai 2000” have confirmed432

that the caldera walls are composed of pumice. These surveys have also identified blocks433

of pumice larger than 1 m (Yuasa, 1995) on the seafloor.434

The observed pumice raft area was roughly estimated to be 0.1–1 km2 based on435

its length of about 80 km reported by (Japan Coast Guard, 2023b) and width of about436

1–10 m roughly estimated by visualizing the photo Japan Coast Guard (2023b). The es-437

timated area was considerably less than the recent reports of the actually observed area438

of the pumice raft: 1,600 km2 for the 2006 Home Reef Volcano in Tonga (Bryan et al.,439

2012), 400 km2 for the 2012 Havre eruption (Jutzeler et al., 2014), 195 km2 for the 2019440

Tonga F eruption (Jutzeler et al., 2014), and 290 km2 for Fukutoku-Oka-no-Ba (Ikegami,441
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2021). The pumice found near Torishima was likely too minor to be detected via rou-442

tine satellite observations, and the volcanic activity from which it originated might be443

of such a low intensity that it was not recognized in distant monitoring systems such as444

seismic observations.445

The small volume of the drifting pumice indicated the possibility of the re-activation446

of the pumice that had previously washed ashore. The estimated source area included447

Sumisujima volcanic island (Fig. 4), which might be a potential source region for this448

re-activation. While our simulation did not exclude this possibility, AIST (2023a) reported449

that the likelihood of re-activation is low based on the geological observations of the sam-450

pled pumice, as discussed later.451

4.3 Sampling Floating Pumice452

Following the discovery of the pumice near Torishima Island by the observation air-453

craft, the JMA’s oceanographic observation ship ”KEIFUMARU,” sailed from October454

27–31 in the area from 28°N138°E to 30°N140°E to search for the pumice (Japan Mete-455

orological Agency, 2023b). They sampled the pumice scattered on the sea surface south-456

west of Torishima Island at ca. 100 km from Torishima Island.457

White pumice was collected around 12:00 on October 27 (JST) at N29◦18′, E140◦00′.458

They mostly have sizes of 1 cm to several centimeters, with the largest being slightly over459

10 cm (Japan Meteorological Agency, 2023b). According to AIST (2023a), the preser-460

vation of fragile surface structures, predominantly angular shapes, and the almost ab-461

sence of biological attachments excludes the possibility of them being drifted for a long462

period of several months or more. For similar reasons, the possibility of them being re-463

drifted beach-deposited pumice is considered low (AIST, 2023a). Therefore, it is con-464

sidered that the white pumice had been recently produced by volcanic activity, and AIST465

(2023a) concluded that it is highly likely to be part of the pumice raft observed from the466

air by the Japan Coast Guard on October 20 (JST).467

In addition to white pumice, ”KEIFUMARU” collected another pumice type, gray468

pumice, on October 27, 28, and 31 (JST), at locations N29◦54′,E139◦34′, N29◦54′,E139◦32′,469

and N29◦02′,E138◦00′, respectively (Japan Meteorological Agency, 2023b; AIST, 2023a).470

The sampling location of gray pumice was several tens of kilometers far away from that471

of the white pumice. Most of this pumice is well-rounded, with the largest being ap-472

proximately 3 cm, and many others being fine-grained, less than 1 cm, as seen in the pub-473

lished photos. The pumice universally has biological remains attached, particularly many474

serpulid worm tubes, approximately 1 mm in diameter. Serpulid worms are relatively475

late colonizers (c.a. 6 months) of floating material (Mesaglio et al., 2021). In addition,476

the pumice found on October 31 was reported to be scattered with plastic waste (Japan477

Meteorological Agency, 2023b). These characteristics suggest long-term drifting, indi-478

cating that the gray pumice had either drifted for an extended period or underwent re-479

peated re-drifting. AIST (2023b) concluded that this pumice was likely sourced from the480

2021 eruption of Fukutoku-Okanoba, based the chemical composition of the basaltic glass481

and the presence of dark inclusions similar to the drifting pumice reported by Yoshida482

et al. (2022). Clear differences in the sample location, biological attachment, and geo-483

chemistry between the white and gray pumices exclude the possibility of their coexis-484

tence within the same pumice raft during their drifting.485

4.4 Implications of Marine Organisms Attached to White Pumice486

According to the AIST’s November 7, 2023, report (AIST, 2023a), the white pumice487

collected by ”KEIFUMARU” around 12:00 on October 27 had almost no attached bi-488

ological remains, with only three goose barnacles less than 4 mm in length attached. Based489

on their morphological characteristics, they were identified as Lepas anserifera.490
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Lepas barnacles are rapid colonizers of floating materials ( < 17 days), and their491

growth rate in the capitular-length direction ranges from 0.33 to 1.45 mm/day (MacIntyre,492

1966; Inatsuchi et al., 2010; Mesaglio et al., 2021; Watanabe et al., 2024) The size of its493

cyprid or settlement-stage larvae is approximately 1.3 mm; therefore, it is plausible that494

Lepas barnacles settled on the pumice formed and released less than approximately 20495

days before collection.496

Although growth rates vary depending on the environment, based on these exper-497

imental growth rates, it is unlikely that L. anserifera attached more than half a month498

before collection on October 27. This is consistent with the fact that the pumice is the499

same as that observed by the aircraft on October 20.500

4.5 Implications of Geochemical Characteristics of White Pumice501

According to ERI, U Tokyo (2023) and AIST (2023a), the whole-rock chemical com-502

position obtained via XRF analysis indicated dacitic to rhyolitic compositions with the503

SiO2 contents ranging from 70.5 to 74.6 wt.% and the Na2O + K2O contents ranging504

from 6.3 to 6.7 wt.%. These compositions differ from the recent eruptive products of ac-505

tive volcanoes on the volcanic front of the Izu–Ogasawara region (e.g., Nishinoshima, Iwo506

Jima, and Fukutoku-Okanoba). Additionally, ERI, U Tokyo (2023) and AIST (2023a)507

suggested that these pumices might be derived from rhyolitic volcanoes distributed along508

the back-arc rift zone west of the volcanic front (e.g., the Torishima depression). Fur-509

thermore, the whole-rock trace element composition (i.e., Ba/La and La/Sm) showed val-510

ues similar to those of volcanic ejecta from submarine volcanoes in the back-arc rift zone511

(North and South Sumisu Basins, Hachijo Basin), as reported by AIST (2023b).512

Tamura et al. (2009) geochemically identified three types of Quaternary rhyolites513

in the Izu-Ogasawara arc front, which are closely related in terms of the volcano type514

and crustal structure. The predominantly basaltic islands in the volcanic front produce515

small volumes of rhyolites (R1), submarine calderas in the volcanic front erupt mostly516

rhyolites (R2), and seamounts, knolls, and pillow ridges in the back-arc extensional zone517

are mostly basaltic but also contain rhyolites (R3). In addition to the possibility that518

the white pumice corresponded to R3 (ERI, U Tokyo, 2023; AIST, 2023b), we proposed519

that it might correspond to R2.520

The back-tracking drift simulation used in this study demonstrated that the float-521

ing pumice drifted southward around the back-arc rift on the west side of the active vol-522

canic front, reaching the observation position on October 20. Additionally, the source523

analysis suggested that the pumice could have originated from around the back-arc side524

of the Sumisujima and Myojinsho area, which included the back-arc extensional zone as525

well as submarine caldera or submarine volcanoes. The simulation results were consis-526

tent with geochemical analyses.527

4.6 Pumice Tracing to Infer Hidden Submarine Volcanism528

While some submarine volcanic eruptions, such as the 2021 Fukutoku-Oka-no-Ba529

and 2022 Hunga Tonga–Hunga Ha’apai eruptions, were clearly observed by geophysical530

measurements and confirmed visually, others, such as the 2012 Havre and 2019 Tonga531

F eruptions, were recognized only after the discovery of pumice rafts and subsequent in-532

vestigations to identify the eruptions. In addition, deep-sea submarine volcanoes are gen-533

erally believed to exhibit effusive rather than explosive eruptions (Kano, 2003; Allen et534

al., 2010; Manga et al., 2018; Cas & Simmons, 2018), making it extremely challenging535

to detect these volcanic activities. AIST (2023a) reported that the white pumice dis-536

covered near Torishima Island notably lacked prominent quench textures, indicating that537

eruption occurred in deep-sea rather than in shallow waters. While detailed satellite im-538

agery investigations have identified eruptions, such as Havre in 2012 and Tonga F in 2019,539
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it is particularly difficult to detect smaller-scale eruptions from satellite images because540

they produce less pumice and are presumably smaller in scale. At present (September541

2024), there have been no reports of such traces being found by satellite imagery for erup-542

tions related to the pumice found on October 20.543

However, such ”unknown” eruptions of submarine volcanoes that eject small amounts544

of pumice might usually go undetected and therefore, might be not as rare as thought.545

This study represents the first case in which a back-tracking drift simulation has proven546

effective in pinpointing the eruption sites of such unknown submarine volcanoes. In the547

future, by using satellite imagery observations and autonomous drones, it might be pos-548

sible to automatically detect pumice rafts (e.g. Zheng et al., 2022). Combining this with549

back-tracking simulations, numerous small-scale submarine volcanic activities that were550

previously invisible could be detected. In addition to locating the eruption site, detailed551

analyses of the pumice microstructures and in situ marine surveys are expected to con-552

tribute to elucidating the eruption mechanisms and monitoring of submarine volcanic553

activities.554

5 Conclusion555

Our study conducted back-tracking drift simulations of floating pumice found near556

Torishima Island in the Izu–Ogasawara Islands on October 20, 2023. By integrating the557

ocean current data and surface wind data, we traced the pumice’s journey, revealing its558

likely origin as near the back-arc side region west of Myojinsho and Sumisujima Island559

3–5 days before its discovery. This timing and location are not consistent with either the560

increased seismic activity observed in the region since October or the unexplained tsunami-561

accompanied earthquake on October 9.562

These findings suggest that the pumice originated from an unknown volcanic event,563

possibly distinct from the activities of known active volcanic sites in the area. Prelim-564

inary reports (AIST, 2023a, 2023b; ERI, U Tokyo, 2023) suggest that geochemical anal-565

yses indicated a composition consistent with volcanoes in the back-arc rift zone, and the566

lack of extensive biological traces on the pumice implies a relatively recent eruptive source567

(AIST, 2023a). These results highlight the significance of back-tracking drift simulations568

in uncovering hidden submarine volcanic activities and their potential impacts.569

Furthermore, our research underscores the challenges in detecting and understand-570

ing deep-sea volcanic activities, especially those that are effusive and not immediately571

apparent. By combining drift simulations with geological, petrological, and biological anal-572

yses, we can gain a more comprehensive understanding of such phenomena. This approach573

not only aids in identifying the sources of marine volcanic events but also contributes574

to the broader field of submarine geology and volcanic hazard assessment.575
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Movie S1. Without windage in the forward time direction

Movie S2. Without windage in the backward time direction

Movie S3. With 1% windage in the forward time direction

Movie S4. With 1% windage in the backward time direction

Movie S5. With 3% windage in the forward time direction

Movie S6. With 3% windage in the backward time direction

Movie S7. With 5% windage in the forward time direction

Movie S8. With 5% windage in the backward time direction
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