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Abstract:

An earthquake swarm occurred at Sofu Seamount near [zu-Torishima in the Izu-Ogasawara
(Bonin) Arc, Japan, on 8 October 2023, followed by the arrival of unexpectedly-large tsunamis
over a wide area of the Pacific coast of southwest Japan. On 20 October, aerial observation
identified floating pumice rafts extending for ~80 km in the area the seamount, which were
subsequently sampled and found to comprise white-colored rhyolitic pumice containing dark-
colored patches. Subsequently, in the summer and autumn of 2024, white pumice, which can
be clearly distinguished from the pre-existing gray and black pumice from recent eruptions of
oceanic volcanoes, was stranded on the coasts of the Nansei and [zu-Ogasawara Islands. This
study presented petrographic and geochemical characteristics of the white drift pumice to
investigate the dispersal of the small scale pumice rafting.

White pumice clasts were collected at Okinawa (Nansei Islands) and Hahajima
(Ogasawara Islands), and found to have the same petrographic and geochemical characteristics.
The clasts consist of microlite-free white pumice with fine vesicles and gray-colored frothy
patches, similar to the clasts collected immediately after the earthquake swarm at Sofu
Seamount in October 2023. In addition, the clasts contain black enclaves containing Mg-rich
olivine and clinopyroxene, and Ca-rich plagioclase. Although the white pumice clasts collected
at similar times included those with different characteristics, the finding of the same pumice
type over a distance of >1000 km suggests that the pumice clasts drifted over a wide area despite

the small size of the pumice rafts.

Keywords: drift pumice, [zu-Ogasawara Arc, submarine volcano, mafic enclave
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Introduction

Pumice is a porous volcanic product that is commonly formed by explosive eruptions of silicic
to intermediate magma. Due to its high porosity, pumice commonly floats on water and is
transported to distant locations, (i.e., pumice rafting; Bryan et al., 2004, 2012, Hiramine et al.,
2023). Large-scale pumice rafting can lead to the dispersal of marine species (Bryan et al., 2004,
2012), gravelling of coastal environments (Ohno et al., 2022), and obstruction of marine traffic
(Maeno et al., 2022).

A large-scale pumice rafting event occurred in 2021-2022 in the coastal area of Japan,
sourced from the 2021 eruption of Fukutoku-Oka-no-Ba (FOB) in the Izu—Ogasawara (Bonin)
Arc on 13—15 August 2021 (Maeno et al., 2022; Ohno et al., 2022; Yoshida et al., 2022a, b, c;
Takeuchi et al., 2024; Ishimura & Hiramine, 2025). The ejected volume of pumice is estimated
to be 0.1-0.4 km® (Maeno et al., 2022) and it arrived at most coastal areas in Japan (Yoshida et
al., 2022a, c; Ishimura & Hiramine, 2025). Pumice also arrived at Thailand after drifting for
>4000 km (Yoshida et al., 2022b).

Another pumice rafting event, which was widely observed in coastal Japan, occurred
in 2024 and was sourced from the 2022 and 2023 eruptions of off-Ioto Island, which is located
near FOB (Miwa et al., 2024; Nagai et al., 2024; Japan Agency for Marine-Earth Science and
Technology, 2024). Although the estimated ejected volume of the 2023 eruption was small
(~0.00005 km?; Nagai et al., 2024), the distinctive black pumice was observed in several areas
of Japan, including on both the Pacific and Sea of Japan coasts. Numerical simulations indicate
the pumice raft drifted westward from the southern Izu—Ogasawara Arc, which is an area of
active submarine volcanoes and volcanic islands (e.g., Tamura et al., 2009, 2023), likely arrive
at the Nansei Islands (e.g., Okinawa Island) via the Kuroshio Counter current within 2—6
months of eruption (Tada et al., 2021; Nishikawa et al., 2023). Therefore, the Nansei Islands

appears to be a pumice downtown accumulating drift pumice from marine volcanoes in the
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western North Pacific (Fig. 1a).

In the area around Sofugan Island in the central [zu—Ogasawara Arc, an earthquake
swarm with strong T-waves and corresponding unexpectedly-large tsunamis (up to 0.7 m wave
height on Hachijojima Island and smaller height along the Pacific coast of Japan) occurred on
8 October 2023 (UTC) (Mizutani & Melgar, 2023; Fujiwara et al., 2024; Sandanbata et al.,
2024; Obana et al., 2025). Based on T-phase wave analysis, the earthquake epicenters were
located in the topographic high ~10 km west of Sofugan (Fujiwara et al., 2024), which is the
location of Sofu Seamount where no volcanic activity has previously been reported. Fujiwara
et al. (2024) and Minami & Tani (2024) detected significant bathymetric changes at the
seamount after the earthquake swarm, indicating the earthquakes and tsunamis were generated
by volcanism. On 20 October, aerial observations by the Japan Coast Guard identified floating
pumice rafts extending for 80 km in a N-S direction (Fig. 1b: Japan Coast Guard, 2023),
although remote identification by satellite images was not possible (Kuwatani et al., 2024).
Immediately after the aerial observation, the R/V Keifu Maru collected white and gray pumice
clasts in the areas near Izu—Torishima and Sofugan on 27 October, the latter of which were
sourced from FOB (Oikawa et al., 2023). Preliminary geochemical analysis indicated that the
white pumice is rhyolite and was sourced from the back-arc rift zone of the [zu-Ogasawara Arc,
although the actual source volcano was not constrained (Earthquake Research Institute,
Uiversity Tokyo, 2023; Oikawa et al., 2023).

In June 2024, about eight months later, newly stranded white pumice, which is aphyric
with fine bubbles and resembles Japanese gluten cakes, was observed on the coasts of Okinawa
Island in the Nansei Islands. The stranding of white pumice clasts was also observed at coasts
of Okinawa and Ogasawara Islands, mainly during July—September 2024 (Fig. la). The
petrographic characteristics of the newly obtained white pumice clasts are similar to those of
the drift pumice collected immediately after the earthquakes, thereby indicating the wide

dispersal of this white pumice, despite the small total volume of the pumice rafts.
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This paper describes the petrographic and geochemical characteristics of the white
pumice clasts and compares them with the pumice clasts collected immediately after the
earthquakes. We also discuss the possible dispersal of small pumice rafts sourced from

unknown submarine volcanoes.

Samples and Analytical Methods

We collected white pumice from five localities including Okinawa and islands in the Izu—
Ogasawara Arc (Figs. 1a and 2a—f). The pumice clasts appeared to have been newly washed
ashore and occurred near the high tide line, although the amount of stranded pumice was not
large. Although previously stranded pumice clasts remain on the beaches, including those from
the two major pumice rafting events that followed the 2021 eruption of FOB (gray pumice) and
2023 eruption of Ioto (black pumice), the newly stranded white pumice can be readily
distinguished based on their color, texture, and shape. The white pumice at Okinawa was
recognized in June, 2024, and the amount of stranded pumice increased after August 2024. We
also found newly stranded white pumice on the coasts of Chichijima and Hahajima islands in
the southern Izu—Ogasawara Arc in July 2024. At Niijima in the northern Izu—Ogasawara Arc,
a small amount of white pumice was collected in October 2024. The newly stranded white
pumice clasts are subangular as compared with the previous two major pumices stranding
events, except for clast OMT-3 that is rounded (Fig. 2e). The largest white pumice clast was
found on Okinawa Island and had a long axis of ~20 cm in length (Fig. 2a). However, most
pumice clasts were 10 cm in size. We selected representative samples from each locality for
analysis (Table 1).

Whole-rock major element compositions were determined by X-ray fluorescence
(XRF) spectrometry (Rigaku ZSX Primus II) at the Japan Agency for Marine-Earth Science

and Technology (JAMSTEC), Yokosuka, Japan, following the procedures of Tani et al. (2005).
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Trace element analysis was undertaken on two selected pumice clasts collected from Hahajima
and Okinawa, by solution inductively coupled plasma mass spectrometry (ICP-MS;
ThermoFisher Scientific iCAP Qc), using the same procedures as Yoshida et al. (2022a). The
reliability of the acquired data was assessed by analysis of a basalt reference material (JB-2:
Jochum et al., 2016).

Mineral and glass compositions were determined with a field-emission gun electron
microprobe (EMP) analyzer equipped with five wave-length dispersive X-ray detectors (JEOL
JXA-8500F) at JAMSTEC. The analytical conditions were 15 kV and 10 nA for the accelerating
voltage and beam current, respectively. The beam diameter was set to 3 um for minerals and 5
um for glass. However, some glass with fine texture was analyzed with smaller beam diameters
down to 3 pm. Xwm values for mafic minerals were calculated as Mg/(Mg + Fe?"), and Xan
values for plagioclase (P1) were calculated as Ca/(Ca + Na + K).

The mineral species of the SiO; phases in some samples were determined by Raman
spectroscopy using a Raman spectrophotometer (RAMANtouch VIS-HP-MAST; Nanophoton)
equipped with a 532 nm semiconductor green laser at JAMSTEC. The laser power at the sample
surface was 1-2 mW, and the data were acquired in 2 % 20 s cycles to eliminate accidental

cosmic rays. The spectrometer was calibrated to the 520.7 cm™! peak of a Si wafer.

Whole-rock Geochemistry

In a total alkalis—silica (TAS) classification diagram (Figure 3a), the studied pumice has a
rhyolitic composition (S102 = 70.2—-72.0 mass%), except for sample OMT-3 that has a dacitic
composition (SiO2 = 67.0 mass%). Sample NJ24-2 has a slightly alkali-rich composition with
NaxO + K>O = 7.5 mass%, while three samples (KTK-7, NC24-7, and HNU-1) have similar
composition to each other, identical to the composition reported for the drift pumice collected

near [zu—Torishima in 2023 (Fig. 3a, Oikawa et al., 2023).
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Based on petrographic characteristics (see below), samples NC24-7 and KTK-7 were
chosen for whole-rock trace element analyses. The two white pumice clasts have almost

identical values of Ba/La and La/Sm (~20 and ~2, respectively; Fig. 3c¢).

Petrography and Mineral/Glass Chemistry

Amongst the five studied pumice clasts, NC24-7 collected from Okinawa Island and KTK-7
collected from Hahajima have similar characteristics, with a relatively massive, white and
vesicular matrix (Fig. 2a—c), gray-colored frothy patches that are several millimeters to >4 cm
in size (Figs. 2a, and c) and black enclaves up to 1 cm in size (Fig. 2b). The matrix of the pumice
consists of microlite-free glass (Si02 =77.8 mass%) and contains phenocrysts of clinopyroxene
(Cpx), orthopyroxene (Opx), P1, and magnetite (Mag). The Cpx is augite with Xmg = 0.65-0.78
while the Opx is Fe-rich enstatite with Xyg = 0.56-0.75. The Pl phenocrysts exhibit decrease
in Ca contents towards the rim, with Xan of up to 0.52 in the cores and Xan of 0.32 at the rims.
Some grains have antecrystic cores of intermediate Pl with Xan = 0.38 and irregular-shaped
boundaries (Fig. 4a). The ordinary matrix of the white-colored pumice contains fine vesicles
down to <10 pum in size, and the boundary of this matrix with frothy patches comprises coherent
large bubbles (Fig. 4b). The mineral assemblage in the frothy patches is the same as that in the
ordinary matrix, but the coarse plagioclase in the frothy patches occasionally contains
antecrystic core with calcic compositions (Xan = 0.81: Fig. 4c¢). The groundmass glass in the
frothy patches has slightly lower SiO: contents (SiO2 = 76.2 mass%) as compared with the
ordinary matrix of the pumice (Fig. 3b). The black enclaves are characterized by single or
multiple phenocrysts surrounded by a microlite-rich rind (Fig. 4d). The phenocrysts in the black
enclave are olivine (Ol, Xmg = 0.77), Mg-rich Cpx (Xmg = 0.82), and calcic Pl (Xan = 0.90).
The vesicles in the microlite-rich matrix occasionally contain diktytaxitic cristobalite (Crs) (Fig.

4e). Rare melt inclusions occur in Cpx, with daughter mineral phases that are possibly
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amphibole and opaque minerals. The residual glass in the melt inclusions is SiO2-poor (SiO>
~63 mass%) (Fig. 41).

Sample HNU-1 collected from Chichijima a relatively massive, white vesicular matrix
(Fig. 2d). Phenocrysts are Cpx (Xwmg = 0.78), Opx (Xme = 0.61), intermediate Pl with Ca-rich
cores (Xan=0.51) and Ca-poor rims (Xan = 0.34), Mag, and quartz (Qz) (Fig. 4g). Magnesium-
rich Cpx (Xmg = 0.90) and calcic P1 (Xan = 0.92) xenocrysts are occasionally present and
surrounded by a microlite-rich rind that contains olivine (Xmg = 0.69) (Figs. 4i—j). The
groundmass glass has SiO> = 76.5 mass%, whereas the melt inclusion in the xenocrystic Cpx
have SiO; = 64 mass%.

Sample OMT-3 (Fig. 2e) collected from Hahajima contains coarse vesicles (mostly
>100 um) and consists of phenocrysts of Cpx (Xmg = 0.86), Opx (Xmg = 0.60), PI (Xan = 0.40),
Ol (Xmg = 0.75), Mag, and ilmenite (Ilm) in a groundmass of microlite-free glass (Fig. 4k).
Dark-colored mineral aggregates of up to 1 cm in size consist of Ca-rich Pl (Xan = 0.63), Cpx
(Xmg =0.82), Opx (Xmg = 0.75), Ol (Xmg =0.71), Mag, and weakly vesiculated glass (Fig. 41).
The groundmass glass in the pumice matrix has SiO> = 76.5 mass%, whereas the glass in the
dark-colored aggregate has SiO> = 74 mass%.

Sample NJ24-2 was collected from Niijima and has a texture with elongated vesicles
(Fig. 2f). The phenocryst minerals are Cpx (Xwmg = 0.44), Opx (Xmg = 0.35), P1 (Xan = 0.35), Ol

(Xmg = 0.23), and Mag, with the groundmass glass having Si02 = 72 mass% (Fig. 4m).

Discussion and Implications

Based on the whole-rock geochemistry and petrographic characteristics, samples NC24-7 and
KTK-7, from Okinawa and Hahajima, respectively, are considered to have the same origin. The
trace element characteristics of the studied pumice is also compared with silicic rocks from

other volcanoes in the Izu—Ogasawara Arc (Tamura et al., 2009). The studied pumice clasts,
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along with the white pumice collected near Izu—Torishima have Ba/La = ~20 which can be
distinguished from the rocks from the volcanic front of the Izu-Ogasawara Arc (Fig. 3¢). La/Sm
~2 1is clearly different from that of the drift pumice from Fukutoku-Oka-no-Ba which is
commonly observed in the Japanese coastal area (Yoshida et al., 2022a). Oikawa et al. (2023)
reported that these geochemical characteristics are typical of those of volcanic rocks from the
back-arc rift of the [zu-Ogasawara Arc. Although the timing of the stranding of clast KTK-7 is
not clear, it is likely that the white pumice observed near [zu—Torishima drifted southward and
arrived at the Ogasawara Islands, and subsequently drifted westward in the Kuroshio Counter
current and arrived at the Nansei Islands like other drift pumice clasts from the Ogasawara
Islands (Yoshida et al., 2022a). Given that xenocrystic mafic minerals and corresponding dacitic
melt inclusions are observed, sample HNU-1 collected from Chichijima could also have a
similar origin, although it has slightly different macroscopic characteristics. In contrast, sample
OMT-3 has a different mineral assemblage (e.g., phenocrystic olivine) and a SiOz-poor dacitic
whole-rock composition. Sample NJ24-2 has different characteristics from above four samples
including the presence of Fe-rich minerals, which occasionally occurs in some rhyolitic
eruptions (e.g., Grebennikov & Maksimov, 2006).

Given that drift pumice can float for several years (e.g., Bryan et al., 2012; Takeuchi
et al., 2024; Ishimura & Hiramine, 2025), a stranded pumice deposit can contain clasts derived
from different volcanoes and eruptions (Hiramine et al., 2023). Mori et al. (1992) reported
substantial pumice stranding on the coast of Hiratsuka the southern Kanto area after the passage
of a typhoon in the autumn of 1991. These pumice clasts had similar characteristics to the
pumice sourced from FOB, indicating that pumice ejected from the 1986 eruption had once
been stranded and then underwent renewed drift five years after the eruption. Extreme storms,
such as typhoons, can be responsible for the transportation of light materials, such as plastic
debris, from land to sea (Nakajima et al., 2022) which is also applicable for pumice

transportation. Aoki et al. (2022) reported a small amount of pumice stranded at Izu—Oshima in
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the Izu Islands in November 2021 that coincided with the large-scale pumice rafting event from
FOB, but the former different mineral and glass compositions as compared with the pumice
from FOB. Given that sample NJ24-2 collected from Niijima had different origin from other
studied samples, its petrographic and geochemical features should be confirmed to identify the
drift pumice dispersal. As such, identifying the origin(s) of small pumice rafting event is
challenging. In the case of the 2021 FOB eruption, the amount of drift pumice was large enough
(i.e., a pumice raft of 0.1-0.4 km> corresponding to VEI = 4; Maeno et al., 2022) to easily
identify its arrival at several sites in Japan elsewhere (Yoshida et al., 2022a, b, c¢; Ishimura &
Hiramine, 2025). However, more-recent pumice rafting events from the Izu-Ogasawara Arc to
coastal Japan, which involve drift of >1000 km, include the 2023 eruption of Ioto volcano
(Japan Agency for Marine-Earth Science and Technology, 2024). The 2023 Ioto eruption was
small in scale and the total ejected volume was estimated to be ~0.00005 km? (VEI = 1) (Nagai
et al., 2024), although distinctive black pumice clasts were first observed at Okinawa and
subsequently at several coastal areas of Japan within six months of the eruption (Japan Agency
for Marine-Earth Science and Technology, 2024). This indicates that small-scale pumice rafting
from a small eruption can be detected even if the drift distance is >1000 km.

Oikawa et al. (2023) reported on the appearance and geochemical characteristics of
drift pumice clasts collected near Izu—Torishima in October 2023 (Fig. 1b). Although detailed
petrographic information, such as mineral chemistry, is not available for these clasts, their
whole-rock major and trace element characteristics are similar to those of samples NC24-7 and
KTK-7 (Fig. 3a and c). Oikawa et al. (2023) also identified Pl-bearing dark-colored enclaves
with a porphyritic texture, which appear to correspond to the frothy patches in the pumice clasts
of the present study. In contrast, the black enclaves in the two studied pumice clasts were not
identified in the pumice collected near Izu—Torishima. These black enclaves may record
information about mafic magma involved in the eruption. Several models have been proposed

for mafic enclave formation and related magma mixing (e.g., Coombs et al., 2003; Ohashi et
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al.,, 2024). The mafic enclaves are first injected into silicic magma reservoir, and then
crystallization and vapor exsolution occur in the enclaves. Based on the degree of crystallinity
of each enclave, the enclave is either mixed with the surrounding magma or solidified. Yoshida
et al. (2022a; 2023) reported coexisting black and gray pumice in a single clast of the 2021
eruption of Fukutoku-Oka-no-Ba; however, in their case, no apparent compositional differences
were observed among different-color domains, but only significant precipitation of magnetite
and biotite nanolites in the black domain was recognized. Yoshida et al. (2023) indicated that
the infiltration of oxidizing water in the former-black domain brought nucleation of nanolites
to make the pumice black without apparent compositional changes. In the studied samples, the
frothy patches, showing slightly lower SiO, content, may represent the well-mixed domain,
while the black enclaves represent the completely solidified parts. In the vesiculated black
enclaves, precipitation of cristobalite from the vapor phase resulted in diktytaxitic texture (Fig.
4e; Sakurai et al., 2024). It is unclear whether the white pumice investigated by Oikawa et al.
(2023) contains xenocrysts in the microlite-rich groundmass (i.e., the smallest component in
the black enclaves); however, the limited number of pumice clasts studied by Oikawa et al.
(2023) may have hindered the identification of such enclaves.

Pumice clasts similar to those observed in October 2023 near [zu—Torishima drifted to
Hahajima in the southern [zu—Ogasawara Arc and Okinawa in the Nansei Islands (Fig. 1a), even
though the original pumice raft was not large. Although the arrival date on Hahajima is not well
determined, the white pumice arrived at Okinawa as early as June 2024, and subsequently
considerable amount arrived in August 2024. In the case of the pumice rafting from FOB to
Okinawa, the 1986 eruption occurred in January and the first arrival at Okinawa was in the
following May, while the 2021 eruption occurred in August and the first arrival was in October
of the same year (Yoshida et al., 2022a, c). It is possible that drifting in summer—autumn is
faster than in winter—spring. Compared with FOB pumice rafting, pumice drift from the area

near [zu—Torishima to Okinawa within eight months (i.e., late October to June in the following
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year) appears plausible. Kuwatani et al. (2024) undertook a back-tracking drift simulation,
based on wind and ocean current data, to investigate the source of these pumice clasts. The
ocean currents in the relevant area and at the appropriate time were mostly southwards,
indicating the pumice started drifting from the northern back-arc basin region near Myojinsho
and Sumisujima at 3-5 days before its discovery (Fig. 1b). Based on this simulation, Kuwatani
et al. (2024) suggested that these pumice clasts were sourced from an unknown small eruption
of a submarine volcano that was not recognized by remote observations, such as satellite
imaging and seismic monitoring. Although the discovery of the pumice raft coincided with an
earthquake swarm at Sofu Seamount on 8 October 2023, the ocean currents at this time are not
consistent with this area being the source region. Obana et al. (2025) undertook a seismic
analysis immediately after the earthquake swarm during the period from 11 November 11 to 3
December 3 2023, which indicated that the seismic activity occurred not only below the Sofu
Seamount, but also in a linear region up to 50 km the north of the seamount (Fig. 1b). They
inferred that this was caused by a extensive magmatism in the back-arc rift zone north of the
seamount (i.e., the Torishima Rift).

Rashidov et al. (2015) reported on the occurrence of sunken pumice at the Sofu
Seamount based on dredge surveys undertaken in 1977 by the Russian R/V Vulkanolog,
although detailed chemical data are not available for these samples. As such, a direct
comparison of the studied sample with the rocks from the Sofu Seamount is not possible. The
simulation and seismic observations, along with the pumice geochemical analyses indicate
increased magmatic activity in the back-arc rift zone of the Izu—Ogasawara Arc. To further
investigate such activities, comprehensive geophysical and geological surveys of the possible

source region are required, including sampling.
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439 Tables

440

441  Table 1. Summary of the collected samples.

Sample Longitud Latitude
Locality Collected date  Mineral assemblage
name e (E) (N)
Opaqu Frothy
Cpx Opx Ol Pl Qz
e Patch
NC24-7 Okinawa 128.3162 26.8071 Sept. 18,2024 + + b + Mag exist
KTK-7 Hahajima 142.1431  26.6983 July 22, 2024 + + b + Mag exist
[Im,
OMT-3 Hahajima 142.1766  26.6241 July 22,2024 + + + +
Mag
HNU-1 Chichijima 142.2244  27.0816 July 21, 2024 + + r + + Mag
NJ24-2 Niijima 139.2550 34.3829 Oct. 8, 2024 + + +* + Mag

442  +: appears as phenocryst. b: only in black enclave. r: only in the rind of xenocryst. *: fayalite.

443



444  Table 2. Whole rock composition of the studied pumice.

NC24- HNU- OMT- NJ24-
Sample KTK-7
7 1 3 2
(mass%)
Sio, 71.86 7197 71.25 66.93 70.19
TiO, 0.50 0.49 0.53 0.66 0.34
Al,O, 14.11 14.03 14.27 1547 14.80
Fe,O, 3.68 3.63 3.84 5.23 4.70
MnO 0.10 0.10 0.11 0.12 0.15
MgO 0.78 0.76 0.87 1.562 0.40
CaO 2.79 2.72 3.00 4.62 2.31
Na,O 5.08 5.06 5.05 4.55 5.26
K,0O 1.46 1.48 1.44 1.22 2.18
P,Os 0.11 0.11 0.12 0.13 0.10
Total 100.46 100.36 100.46 100.45 100.43
(mg/kg)
Sc 6.9 7.4
Co 4.2 4.3
Ni 0.75 1.01
Cu 16.45 13.64
Rb 16.61 16.64



Sr

Cs

Ba

La

Ce

Pr

Nd

Sm

Eu

Gd

Tb

Ho

Er

Tm

Yb

Lu

Tl

Pb

Th

109

46.1

0.636

202

10.66

27.2

4.20

19.9

5.56

1.31

6.65

1.21

8.03

1.75

5.48

0.813

5.70

0.872

0.157

4.60

1.53

108

45.9

0.638

202

10.66

27.1

4.19

19.8

551

1.30

6.50

1.19

7.93

1.74

5.41

0.815

5.66

0.857

0.152

4.54

1.51



U 0.771 0.75

445



446  Table 3. Representative chemical composition of pyroxenes

Mineral Clinopyroxene Orthopyroxene
Sample NC24- HNU- OMT- NJ24- HNU- NJ24-
KTK-7 NC24-7 KTK-7 OMT-3
No. 7 1 3 2 1 2
black black Xenocrys dark matri matri matri  matri dark  matri
Note matrix  frothy matrix  frothy matrix matrix matrix frothy frothy
enc. enc. t agg. X X X X agg. X
53.7
SiO, 50.90 52.22 52.18 52.67 5259 51.63 51.95 50.72 51.08 50.09 49.41 52.03 51.43 53.28 52.28 51.48 53.18 49.14
0
TiO, 0.51 0.18 0.49 0.45 0.34 0.65 0.41 0.72 0.55 0.70 0.41 0.15 0.22 0.15 0.28 0.14 0.11 0.32 0.26
Al,O3 1.89 0.64 2.39 1.35 0.90 2.94 1.25 2.52 2.72 3.09 1.78 0.58 0.71 0.35 0.95 0.46 0.53 1.48 0.36
Cr,0; 0.00 0.05 0.08 0.00 0.01 0.00 0.04 0.05 0.01 0.00 0.04 0.03 0.05 0.00 0.00 0.02 0.04 0.01 0.00
17.4
FeO* 10.08 13.66 7.37 1149 11.72 7.71  10.23 8.00 7.83 10.52 18.82 27.46 2693 25.04 26.00 2455 23.95 36.30
MnO 0.55 0.82 0.25 0.58 0.64 0.24 0.70 0.18 0.29 0.33 0.84 1.36 1.28 1.19 1.20 1.19 1.26  0.57 1.76
25.8
MgO 1438 1277 1596 1434 13.88 1555  14.72 16.00 15.87 15.75 9.68 18,53 19.06 20.30 20.04 19.96 20.28 11.60
Ca0 20.62 20.13 20.87 20.92 20.65 2140 20.83 2195 21.12 19.09 19.54 1.26 1.30 1.36 1.36 1.19 1.26 193 1.67
Na,O 0.27 0.32 0.24 0.38 0.20 0.30 0.30 0.27 0.27 0.29 0.36 0.00 0.05 0.03 0.05 0.05 0.04 0.04 0.06
K.O 0.00 0.00 0.01 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.01
###8  #HHE #EHE HH#E #i#t##
total 99.20 100.79  99.83 102.16 100.95 100.41 100.44 100.40  99.74  99.87 100.88 99.05
# # # # #
0 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6
Si 1.91 1.96 1.92 1.93 1.96 1.90 1.93 1.86 1.89 1.86 1.89 1.96 1.94 1.98 1.94 1.96 1.99 1.93 1.95
Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.01
Al 0.08 0.03 0.10 0.06 0.04 0.13 0.05 0.11 0.12 0.14 0.08 0.03 0.03 0.02 0.04 0.02 0.02 0.06 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00



447

448

449
450

Fe3t
Fe?t
Mn
Mg
Ca

XMg

0.08
0.23
0.02
0.81
0.83
0.02
0.00

0.77

0.06
0.37
0.03
0.72
0.81
0.02
0.00

0.66

0.03
0.19
0.01
0.88
0.82
0.02
0.00

0.82

0.09
0.27
0.02
0.78
0.82
0.03
0.00

0.75

0.04
0.32
0.02
0.77
0.82
0.01
0.00

0.71

0.07
0.17
0.01
0.85
0.84
0.02
0.00

0.83

0.09
0.23
0.02
0.81
0.83
0.02
0.00

0.78

0.15
0.10
0.01
0.88
0.86
0.02
0.00

0.90

0.10
0.15
0.01
0.87
0.84
0.02
0.00

0.86

0.13
0.20
0.01
0.87
0.76
0.02
0.00

0.82

0.14
0.47
0.03
0.55
0.80
0.03
0.00

0.54

0.04
0.83
0.04
1.04
0.05
0.00
0.00

0.56

0.08
0.77
0.04
1.07
0.05
0.00
0.00

0.58

0.02
0.76
0.04
1.13
0.05
0.00
0.00

0.60

0.07
0.74
0.04
1.11
0.05
0.00
0.00

0.60

0.04
0.74
0.04
1.14
0.05
0.00
0.00

0.61

0.00
0.75
0.04
1.13
0.05
0.00
0.00

0.60

0.07
0.46
0.02
1.38
0.07
0.00
0.00

0.75

0.07
1.13
0.06
0.69
0.07
0.00
0.00

0.38

Fe**/Fe?" ratios were determined to have 4 cations based on 6 oxygens.

black enc.: black enclave. dark agg.: dark-colored mineral aggregate.



451  Table 4. Representative chemical composition of plagioclase

Mineral Plagioclase
NC24- OMT-
Sample No. KTK-7 HNU-1 3 NJ24-2
black black dark
Note matrix  frothy matrix  frothy core  rim xenocryst matrix matrix matrix
enc. enc. agg.

SiO, 60.66 53.54 45.84 60.70 57.06  46.19 53.88 59.71 44.41 58.560 52.22 58.21 58.21
TiO, 0.04 0.02 0.00 0.07 0.01 0.02 0.07  0.00 0.00 0.04 0.01 0.02 0.02
Al,0, 2492  29.32 34.73 24.84  26.41  34.27 28.34 25.00 34.36 26.15  28.99 25.53 25.53
Cry0; 0.01 0.02 0.08 0.07 0.00 0.00 0.04 0.02 0.02 0.03 0.00 0.02 0.02
FeOx 0.20 0.68 0.85 0.41 0.33 0.67 041 0.31 0.56 0.36 0.90 0.23 0.23
MnO 0.00 0.00 0.02 0.00 0.00 0.04 0.01 0.00 0.00 0.00 0.00 0.00 0
MgO 0.01 0.04 0.11 0.00 0.06 0.08 0.01 0.02 0.03 0.05 0.13 0.04 0.04
CaO 6.91 12.14 18.05 6.83 9.49 1821 10.44  7.05 18.52 8.20 12.84 7.06 7.06
Na,O 7.67 4.90 1.13 7.40 6.22 1.24 550 7.43 0.92 6.78 4.19 7.14 7.14
K.0 0.14 0.03 0.00 0.13 0.08 0.02 0.09 0.12 0.01 0.15 0.05 0.24 0.24
total 100.55 100.70 100.82 100.46  99.67 100.75 98.78 99.67 98.83 100.27 99.34 98.50 98.50
0 8 8 8 8 8 8 8 8 8 8 8 8 8
Si 2.69 241 2.10 2.69 2.57 2.11 246  2.67 2.08 2.61 2.39 2.64 2.64
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 1.30 1.56 1.87 1.30 1.40 1.85 153 1.32 1.89 1.38 1.56 1.36 1.36
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fed* 0.01 0.03 0.03 0.02 0.01 0.03 0.02 0.01 0.02 0.01 0.03 0.01 0.01
Fe?* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00



452

453
454

Ca 0.33 0.59 0.88 0.32 0.46 0.89 051 0.34 0.93 0.39 0.63 0.34 0.34

Na 0.66 0.43 0.10 0.64 0.54 0.11 049 0.64 0.08 0.59 0.37 0.63 0.63

K 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01

Xan 0.33 0.58 0.90 0.34 0.46 0.89 051 0.34 0.92 0.40 0.63 0.35 0.35
black enc.: black enclave. dark agg.: dark-colored mineral aggregate.
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457

Table 5. Representative chemical composition of olivine.

Mineral Olivine
Sample
No. NC24-7  KTK-7 HNU-1 OMT-3 NJ24-2
Note black black xenoeryst matrix dark agg. matrix
enc. enc. rind
SiO, 39.09 38.99 37.26 37.95 37.64 31.74
TiO, 0.05 0.15 0.03 0.02 0.02 0.00
Al, O3 0.04 0.03 0.26 0.00 0.02 0.04
Cr,03 0.00 0.00 0.00 0.02 0.00 0.00
FeO* 21.63 22.71 27.46 23.22 26.12 58.24
MnO 0.40 0.37 0.44 0.42 0.52 2.22
MgO 41.21 39.05 34.85 39.78 36.07 9.57
CaO 0.21 0.18 0.38 0.13 0.18 0.15
Na,O 0.00 0.00 0.02 0.01 0.00 0.02
K20 0.00 0.02 0.02 0.00 0.01 0.01
total 102.62 101.49 100.71 101.55 100.58 101.97
0 4 4 4 4 4 4
Si 0.99 1.00 0.99 0.98 0.99 0.99
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.01 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fed 0.00 0.00 0.00 0.00 0.00 0.00
Fe?* 0.46 0.49 0.61 0.50 0.58 1.52
Mn 0.01 0.01 0.01 0.01 0.01 0.06
Mg 1.55 1.49 1.38 1.53 1.42 0.44
Ca 0.01 0.00 0.01 0.00 0.01 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00
Xvie 0.77 0.75 0.69 0.75 0.71 0.23

black enc.: black enclave. dark agg.: dark-colored mineral aggregate.
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Table 6. Chemical composition of volcanic glass

NC24-
. KTK-7 HNU-1 OMT-3  NJ24-2 NJ24-2
Ml in Ml in dark
matrix  frothy matrix  frothy matrix Ml in xenocryst matrix matrix
b.e. b.e. agg.

n= 5 7 10 10 9 11 10
SiO, 77.86 76.18 63.14 77.84 76.28 62.48 76.53 64.15 76.53 76.53 74.38 72.52
TiO, 0.24 0.18 0.26 0.23 0.29 0.36 0.21 0.32 0.29 0.29 0.35 0.28
Al,0, 12.13 12.49 18.60 12.23 13.09 18.65 11.97 18.15 12.49 12.49 12.52 13.88
Cr;0; 0.01 0.00 0.07 0.02 0.01 0.03 0.02 0.00 0.03 0.03 0.02 0.01
FeOx 1.73 1.87 3.29 1.77 2.14 2.19 1.83 1.75 2.34 2.34 3.16 3.10
MnO 0.07 0.04 0.17 0.07 0.07 0.11 0.07 0.15 0.05 0.05 0.09 0.13
MgO 0.16 0.20 0.41 0.19 0.23 0.29 0.17 0.37 0.30 0.30 0.38 0.21
CaO 1.22 1.20 6.28 1.32 1.59 5.49 1.21 491 1.45 1.45 1.88 1.65
Na,O 4.33 4.43 3.90 4.29 4.55 4.32 3.91 3.78 4.26 4.26 4.23 3.88
K,0 1.54 1.49 0.47 1.49 1.37 0.58 1.49 0.53 1.49 1.49 1.37 2.03
P,0s 0.02 0.02 0.22 0.03 0.04 0.25 0.03 0.19 0.03 0.03 0.20 0.03
F 0.04 0.04 0.00 0.03 0.04 0.00 0.03 0.00 0.04 0.04 0.02 0.02
Cl 0.39 0.40 0.18 0.38 0.39 0.18 0.40 0.18 0.35 0.35 0.41 0.23
total 99.72 98.54 96.98 99.90 100.10 94.91 97.86 94.49 99.65 99.65 98.99 97.98

MI: melt inclusion. b.e.: black enclave. dark agg.: dark-colored mineral aggregate.
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Figure Captions

Figure 1. (a) Distribution of the sample localities investigated in this study. Representative
oceanic volcanoes and major ocean currents relevant to the study area are also shown. The area
indicated by the dashed box is enlarged in (b). (b) In October 2023, an earthquake swarm and
related tsunamis were observed near Izu—Torishima in the Izu—Ogasawara Arc. The earthquake
(T-phase) sources were determined to be located beneath the Sofu Seamount (Fujiwara et al.,
2024) and, subsequently, seismic activity moved northward (Obana et al., 2025). Soon after the
earthquakes, on 20 October 2023, aircraft observations identified a pumice raft of ~80 km in
size near [zu—Torishima, and on 27 October, white pumice clasts that were possibly related to
the raft were collected by the R/V Keifu Maru (white circle). A numerical simulation by
Kuwatani et al. (2024) indicated the pumice raft originated from the northern area, near

Sumisujima.

Figure 2. (a) The largest white pumice clasts collected on Okinawa Island in the Nansei Islands.
Gray-colored blocks (frothy patches) of up to 4 cm in size are observed in the central part of
the clast. (b) The same pumice clast contains black enclaves of up to 1 cm in size. The contrast
is enhanced to the areas more visible. (c) A white pumice clast collected at Hahajima that also
contains gray-colored frothy patches. (d—e) Other white pumice clasts collected at Chichijima
and Hahajima in the [zu—Ogasawara Arc. (f) A white pumice clast collected at Niijima in the

northern Izu-Ogasawara Arc.

Figure 3. (a) Total alkalis versus silica (TAS) classification diagram showing the whole-rock
and glass compositions of the studied pumice samples. For comparison, data for drift pumice
collected near Izu—Torishima (O23: Oikawa et al., 2023) and from the 2021 eruption of

Fukutoku-Oka-no-Ba (FOB 2021, sourced from Y22a: Yoshida et al., 2022a; Y22b: Yoshida et
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al., 2022b) are also shown. (b) An enlarged view of the glass analyses, showing the SiO»-poor
compositions of the frothy patches in the same samples. (c) Plot of Ba/La versus La/Sm for the
selected pumice clasts (NC24-7 and KTK-7), along with data for the drift pumice collected near
Izu—Torishima reported by Oikawa et al. (2023). Silicic rocks in the Izu—Ogasawara Arc

(Tamura et al., 2009) and the 2021 FOB pumice are also shown for comparison.

Figure 4. (a) Backscattered electron image (BSI) showing phenocryst occurrence in pumice
clast NC24-7, showing a crystal clot of Opx, Cpx, Pl, and Mag. The P1 has an antecrystic core
and autocryst rim with a discontinuous boundary between the two. (b) The boundary between
the ordinary matrix of the pumice and the frothy patch has a coherent coarse vesicle. (c) The PI
in a frothy patch that has an antecrystic core with a calcic composition. (d) Representative black
enclave in sample NC24-7, showing an aggregate of calcic Pl, Ol, and Cpx surrounded by a
microlite-rich rind. (e) Diktytaxitic cristobalite in a vesicle in the microlite-rich rind of the black
enclave. (f) Melt inclusion in Cpx in the black enclave with a SiO2 content of ~63 mass%,
despite the coexistence of daughter amphibole crystals. (g) Quartz phenocryst in sample HNU-
1. (1) Calcic Pl in sample HNU-1 associated with microlite-rich surrounding rind. The area
indicated by the dashed orange box is enlarged in (j). (j) Microlite-rich rind around calcic Pl
containing Cpx and Ol microlites. (k) Olivine and Cpx phenocrysts in the groundmass of sample
OMT-3. (1) Dark-colored mineral aggregate in sample OMT-3 that consists mainly of Pl, Opx,
and Cpx, along with rare Ol. (m) Iron-rich Ol associated with Pl phenocrysts, in sample NJ24-

2.
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