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Abstract 

Understanding the relationship between pumice formation and long-term floatability in seawater is becom-
ing increasingly important in terms of eruption dynamics, material cycles, biological and environmental effects, 
and ocean hazards. Pumice rafts were produced during the 2021 eruption of the Fukutoku-Oka-no-Ba submarine 
volcano in the Pacific Ocean, far from the Japanese archipelago. The pumice rafts reached the Amami-Ōshima 
and Okinawa Islands approximately two months after the eruption and continued to cover the sea surface at several 
bays and ports, providing a great opportunity to study the characteristics of raft pumices. Sieve analysis of the float-
ing pumice indicated that the pumice rafts characteristically contained several millimeter-sized particles with a peak 
at 2–4 mm. This evidence raises an important question why the millimeter-sized, Fukutoku-Oka-no-Ba 2021 pum-
ice particles were able to float for over two months, which exceeds the floatation time shown in previous studies. 
To answer this question, a porosity measurement technique for millimeter-to-centimeter-sized pumice particles 
was established and applied to drifting pumice that erupted during the Fukutoku-Oka-no-Ba 2021 eruption. The 
total, connected, and isolated porosities (including errors) were acquired for floating and sunken pumice particles. 
As studied for the floating pumice from past submarine eruptions, most floating pumice particles contain a high 
amount of isolated porosity (> 30 vol%) and are thus unsinkable even when the pumice size is in the millimeter 
scale. This study emphasizes that skeletal density is a useful measure for the determination of pumice floatability 
(sinkable or unsinkable). As the particle size decreases, crystals are lost from the floating pumice particles, suggest-
ing that the particle size of the floating pumice is affected by its petrological properties (crystal content and size). 
A comparison with natural pumices from subaerial eruptions and experimental pumices from magma decompression 
experiments suggests that the Fukutoku-Oka-no-Ba 2021 pumices contain abundant isolated pores due to the sup-
pression of expansion after fragmentation by quenching in seawater, and that the relatively low to moderate crystal 
content in the magma (< 17 vol%) may contribute to favorable conditions to produce abundant, millimeter-sized, 
unsinkable pumice.

Keywords 2021 Fukutoku-Oka-no-Ba volcano eruption, Pumice raft, Porosimetry, Connected and isolated porosity, 
Unsinkable pumice

1 Introduction
Pumice is a highly porous, glassy volcanic rock pro-
duced by magma vesiculation and quenching during vol-
canic eruptions. Pumice sometimes has a lower density 
than water, producing floatability in water. In addition 
to volcanic ash dispersion in the atmosphere, pumice 
transport by water flow on land and in the ocean causes 
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widespread dispersion of volcanic materials to exten-
sive areas. Recent advances in satellite imagery have 
revealed the common occurrence of drifting pumice 
rafts that have erupted from submarine volcanoes (e.g., 
Jutzeler et  al. 2014, 2020). An analysis of old document 
records also has revealed the history of drifting pum-
ice washed ashore along the Nansei Islands, Southwest 
Japan, since the eighteenth century (Oikawa et al. 2023). 
In some cases, drifting pumices float on the sea surface 
for distances of thousands of kilometers. (e.g., Bryan et al. 
2012). Therefore, understanding the relationship between 
pumice formation and long-term floatability in seawater 
is becoming increasingly important in terms of eruption 
dynamics, material cycles, biological and environmental 
effects, and ocean hazards.

Drifting pumice rafts occurred during the 2021 erup-
tion of Fukutoku-Oka-no-Ba (hereafter referred to as 
FOB) submarine volcano in the Pacific Ocean, far from 

the Japanese archipelago (Fig.  1a). The 2021 FOB erup-
tion and drifting pumice rafts have been extensively 
studied. Despite the submarine volcanoes being far from 
land, the time evolution of the 2021 eruption has been 
recorded using high-resolution satellite images (Maeno 
et al. 2022; Fauria et al. 2023), infrasound remote obser-
vations (Maeno et  al. 2022), and ionospheric response 
observations (Heki and Fujimoto 2022). Pumice rafts 
drifting on the sea surface have been observed using 
high-resolution satellite images (Kaneta and Chiba 2022; 
Maeno et  al. 2022; Fauria et  al. 2023; Iskandar et  al. 
2023). The pumice rafts drifted thousands of kilometers 
and reached the Amami-Ōshima and Okinawa Islands 
approximately two months after the eruption and then 
reached the coast of Southeast Asia several months later 
(Yoshida et al. 2022a). The arrival times of drifting pum-
ice washed onto beaches have been recorded in detail in 
several previous studies (Konoo et  al. 2022; Usami and 

Fig. 1 a Location of the Fukutoku-Oka-no-Ba volcano in the Izu–Bonin Islands and Okinawa main and Amami-Ōshima Islands. b Sampling localities 
in Okinawa main and Amami-Ōshima Islands
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Shinjo 2022; Yoshida et al. 2022a, b, c). Awareness of this 
phenomenon has motivated simulation studies on drift-
ing pumice rafts from the FOB and other volcanoes (Shi-
raki et al. 2022; Asami and Takahashi 2023; Chang et al. 
2023; Nishikawa et al. 2023; Iskandar et al. 2023). Petro-
logical studies on pumice of FOB 2021 have focused on 
the eruption process from the magma chamber to the 
atmosphere (Maeno et  al. 2022; Yoshida et  al. 2022b, 
2023a). Drifting pumice has impacted coastal environ-
ments and human societies. The effects of drifting and 
beached pumices on coastal vegetation and aquatic life 
have also been observed (Ohno et al. 2022; Akiyama et al. 
2022; Sato et al. 2023). Vessels and fishing industries have 
suffered severe damage from drifting pumices. The high 
proportion of millimeter-sized pumice particles, which 
is a notable feature of the pumice rafts of FOB 2021 as 
shown in Sect. 6.1, were sucked into the cooling system 
of vessels or into the bodies of cultured fish that mistook 
the pumice particles for bait (Ohno et al. 2022). Fishing 
was halted to avoid vessel breakdown, increasing eco-
nomic damage (Ryukyu Shimpo 2021). The behavior of 
floating pumice in ports with various types of breakwa-
ters has been observed from the viewpoint of port engi-
neering (Nagayama and Izaki 2022; Nakata et  al. 2022; 
Noshi et al. 2022; Takahashi et al. 2022). Floating pumice 
in ports were removed to reduce the impact on vessels, 
and the removal cost exceeded 1.6 billion yen as of Feb-
ruary 2022 (Ryukyu Shimpo 2022).

Previous experimental and modeling studies on float-
ing pumices have shown that the floatation time is related 
to the particle size (Whitham and Sparks 1986; Manville 
et al. 1998; Fauria et al. 2017). The larger the pumice par-
ticles, the longer they float. Manville et al. (1998) revealed 
that < 4 mm-sized pumice particles can sink within two 
months. This knowledge raises an important question 
why the millimeter-sized, FOB 2021 pumice particles 
were able to float for over 2 months. The key to solving 
this question lies in the porosimetric characteristics of 
the floating pumice. Previous studies on drifting pumices 
have revealed that they contain abundant isolated pores, 
which enable them to float eternally (Kato 1987, 1988; 
Manga et al. 2018; Mitchell et al. 2021), hereafter referred 
to as unsinkable pumice. This feature significantly differs 
from pumices from subaerial explosive eruptions, which 
have been the main experimental samples for previous 
studies on pumice floatation (Whitham and Sparks 1986; 
Manville et al. 1998; Fauria et al. 2017). Although pum-
ices from subaerial eruptions have high porosity, they 
also have high pore connectivity on average, resulting 
in low isolated porosity (Colombier et  al. 2017a). Based 
on these previous studies, drifting pumice from the FOB 
2021 eruption is a valuable case to study particle size and 
floating features for precise porosimetry.

In this study, we sampled floating pumice on the sea 
surface near the land and quantified their particle size 
characteristics. Subsequently, we developed methods 
of porosity measurement for millimeter- to centimeter-
sized pumice particles and obtained the total, connected, 
and isolated porosities over a wide range of particle sizes. 
Finally, we discuss the floatability of the pumice and its 
relationship with petrological and magmatic features.

2  Definitions of terms
In this study, we discuss various pumice states. To facili-
tate clarity and understanding, we have defined the terms 
used in this study as follows. Because this study focuses 
on long-drifting pumice, these definitions are for cold 
pumice.

Pumice raft: Pumice particles floating in clusters on the 
sea surface.

Floating pumice: Pumice particles floating on the sea 
surface, including both unsinkable and sinkable pumice.

Sunken pumice: Pumice particles that have sunken in 
the seawater.

Beached pumice: Pumice particles washed ashore and 
deposited on the beach.

Unsinkable pumice: Pumice particles floating on the 
sea surface and unsinkable when their connected pores 
are saturated because of their high isolated porosity.

Sinkable pumice: Pumice particles that can eventu-
ally sink in seawater, including floating pumice, due to 
trapped air in the connected pores.

The terms, floating pumice and sunken pumice, are 
defined as referring to the state at the time of observa-
tion. In contrast, the terms, unsinkable pumice and 
sinkable pumice, are defined as the state in which the 
connecting pore is saturated with seawater.

3  The 2021 eruption at the Fukutoku‑Oka‑no‑Ba 
submarine volcano

The FOB is a submarine volcano in the Izu–Bonin vol-
canic arc, approximately 1300  km south of Tokyo 
(Fig. 1a), and forms the central cone of the North Fuku-
toku Caldera (Ito et  al. 2011; Minami and Tani 2023). 
Eruptions, pumice rafts, and discolored water have been 
frequently observed at the FOB since the beginning of 
the twentieth century (Minami and Tani 2023). The FOB 
1986 eruption was at a large scale and caused drifting 
pumice that reached the Ryukyu Islands (Kato 1988). 
In 2010, a seafloor survey revealed that the crater was 
approximately 30 m below sea level (Ito et al. 2011).

Maeno et  al. (2022) analyzed and summarized a 
time series of the FOB 2021 eruption based on satellite 
imagery and airborne observations. The eruption began 
at 05:55 JST on August 13, 2021. The eruption is classi-
fied into four phases. Phase 1 produced a continuous 
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high eruption column with a height of 16 km for approxi-
mately 14 h. The plume was notably white. Phase 1 was 
the most intense, ejecting most of the eruptive product, 
and the following stages shifted to a relatively less intense 
pulsating, Surtseyan activity. Pumice rafts were identified 
in Phase 1 and drifted west–northwest, carried by ocean 
currents. The estimated volume of the eruptive product 
from the pumice rafts and new islands around the erup-
tive vent, likely formed in Phase 1, is 0.1–0.4  km3 (0.03–
0.1  km3 dense rock equivalent; Maeno et al. 2022).

4  Drifting pumice of the Fukutoku‑Oka‑no‑Ba 
2021 eruption

There is a record of observation of drifting raft pumice 
made by a research vessel Keifu-Maru of the Japan Mete-
orological Agency (Japan Meteorological Agency, 2021a, 
b). The raft pumice was sampled on August 22, 2021, 
at a location ca. 300 km northwest of the FOB volcano. 
Although no particle size distribution data are available, 
it is reported that millimeter- to centimeter-sized pumice 
was main size in the pumice raft. According to Yoshida 
et  al. (2022b), on October 5, 2021, the pumice rafts 
drifted west–northwest ca. 1040 km to the Daito Islands 
and further west–northwest to the Amami-Ōshima and 
Okinawa Islands after October 10, 2021. In the summer 
of 2022, pumice drifted to the Pacific Ocean and Sea of 

Japan, and beached pumices were reported (Yoshida et al. 
2022a). The route taken by the pumice rafts drifting from 
the FOB volcano to the Amami-Ōshima and Okinawa 
Islands and the Taiwan Islands was revealed using satel-
lite image analysis (Iskandar et al. 2023).

In the following section, we describe the appearance 
of pumice rafts observed on the shore. Millimeter-sized 
pumice particles were spread over the sea surface in a 
large amount. Underwater and coarser pumice particles 
were observed underneath a layer of millimeter-sized 
particles (Yomiuri Shinbun 2021). A similar grading 
structure was observed when the pumice sample was 
floated in a laboratory tank (Fig. 2a).

A pumice raft, not constrained by its surroundings, 
appears to have a relatively lower thickness. The motion 
of the thin pumice raft followed the wave movements on 
the sea surface. However, the motion of a pumice raft, 
pushed onto the shore by the wind and/or ocean cur-
rents, is more resistant to wave movement. This resis-
tive behavior is due to the high thickness of the pumice 
raft, which is increased by lateral stresses from wind and/
or currents. A similar response of pumice rafts to wave 
motion, dependent on layer thickness, has also been 
observed in high-resolution satellite images for the FOB 
2021 eruption (Fauria et  al. 2023), and 7 August 2019 
pumice raft from the Tonga Arc (Jutzeler et  al. 2020). 

Fig. 2 a Grading structure of the floating pumice particles in pumice rafts reproduced in a laboratory tank. b Grading structure of the beached 
pumice deposit at the coast facing Haneji-Naikai in the Okinawa main Island. c Floating and sunken pumices in a container with artificial 
seawater. This image was taken on December 15, 2023, more than two years after it was sampled from the sea surface and began to be stored 
in the container with seawater



Page 5 of 19Takeuchi et al. Progress in Earth and Planetary Science           (2024) 11:47  

Under lateral stress, the upper part of the pumice raft is 
lifted above the sea surface because of the buoyancy of 
the thicker underwater part. The particles in the upper 
part of the raft were in contact with each other in the 
air. The more intense mechanical interaction between 
the pumice particles in the air can produce a higher yield 
strength in the upper part of the pumice raft. The yield 
strength of thick pumice rafts is evidenced by the pres-
ence of small objects on them, such as crabs (Akiyama 
et al. 2022).

The appearance of beached pumice deposits depends 
on the amount of pumice, beach orientation, and direc-
tion of wind and currents (Yoshida et al. 2022b). Cross-
sections of a massive, beached pumice deposit in the 
inland sea, where the waves were calm, showed a grad-
ing structure (Fig.  2b) similar to that observed in the 
sea (Yomiuri  Shinbun 2021) and in the tank (Fig.  2a). 
Beached pumice deposits returned to the sea during high 
tide. Therefore, the sampled pumices from the sea surface 
near the shore in this study might not float on the sea 
surface for the entire period from eruption to sampling 
and have been washed ashore several times.

Pumice rafts from the FOB 2021 eruption contain vari-
ous petrological types of pumice. Yoshida et  al. (2022b) 
classified pumice into six types based on color and tex-
ture. The most abundant type (> 90%) was gray pumice. 
The other minor types were black, brown, pale gray, 
amber, and streaky. The gray pumice consists of a gray 
vesicular groundmass and phenocrysts.

5  Methods
5.1  Sampling
In this study, pumices were sampled from the sea sur-
face to determine the particle size distribution of float-
ing pumice in pumice rafts. The sampling locations 
and dates are shown in Fig. 1b and Table 1. Two meth-
ods were adopted to collect floating pumice samples: 
scooping pumice particles with seawater using a con-
tainer (IKB1, SNB1&2, and SNB3), and scooping pum-
ice particles using a sieve or pole net (IKB2, YGC1, and 
YGC3). In the former method, a submerged container 
was quickly lifted to sample floating pumice on the sea 
surface of shallow water near the shore. In the latter 
method, a collector lowered a sieve with a 500–800 µm 
mesh opening and a diameter of 18.5 cm from a bridge 
over an inland sea. The sieve was submerged in the sea 
and quickly lifted to sample the floating pumice. Instead 
of the sieve, a pole net with a 200–350 µm mesh opening 
and a diameter of 27 cm was extended from the shore to 
sample floating pumice on the sea surface. Some pum-
ice samples were collected from floating pumice (GGA 
and MKY) or beached pumice deposits (ABU, SNB4, 

and SNB5) to obtain sufficient samples or large particles. 
A sample of pumice removed for port restoration was 
acquired from port officials (KMT). The samples were 
lifted with the seawater (IKB1, SNB1&2, and SNB3) and 
stored with seawater in the laboratory. We reproduced 
the floating of a sample lifted using a pole net (IKB2) 
in a laboratory tank containing artificial seawater. The 
pumice particles floated at the time of sampling; how-
ever, over time, a small number of pumice particles sank 
to the bottom of the container (Fig.  2c). Such pumices 
were termed sunken pumices and were also analyzed. 
Samples of IKB1, SNB1&2, SNB3 and IKB2 were stored 
in containers with seawater for the duration of 16, 15, 13 
and 35 days, respectively. Pumice particles in these sam-
ples were then determined whether floating or sunken 
and prepared for density measurements. GGA, MKY 
and YGC3 were sampled as floating pumice at the time 
of sampling in the field. All particles used for the meas-
urements in this study were gray pumice, as classified 
by Yoshida et al. (2022b) and Konoo et al. (2022). Den-
sity measurements were performed on samples in the 
natural state of the pumice particles without shaping or 
processing.

Large pumice particles for the polished sections (1103-
5C-GP1, AB3a-Tim1_V, and AB3a-Tim1_P) were sam-
pled from beached pumice deposits (SNB5 and ABU) in 
addition to the sections (AM12-1 and AM12-2) of pum-
ices provided by port officials (KMT). After resin impreg-
nation to pores by using a vacuum, the polished sections 
of pumice were produced.

Table 1 Sampling locality and date, sample appearance and 
sampling method

a Pumice scooped by a container with seawater (C), a hand shovel (HS), a pole 
net (PN), a power shovel (PS) and a sieve (S)
b Pumice removed for port restoration was acquired from port officials

Name Latitude Longitude Sampling 
date

Appearance Methoda

ABU 26.5384 128.0921 19-Oct-21 Beached HS

IKB1 26.3877 127.9910 20-Oct-21 Floating C

IKB2 26.3877 127.9910 20-Oct-21 Floating PN

KMT 28.3197 129.5356 27-Oct 
to 1-Nov-21

Floating PSb

YGC1 26.6445 128.0327 01-Nov-21 Floating S

YGC3 26.6445 128.0327 01-Nov-21 Floating S

SNB1&2 26.1763 127.8307 03-Nov-21 Floating C

SNB3 26.1763 127.8307 03-Nov-21 Floating C

SNB4 26.1763 127.8307 03-Nov-21 Beached HS

MKY 26.6373 128.0348 08-Mar-22 Floating HS

GGA 26.6318 128.0117 08-Mar-22 Floating HS

SNB5 26.1763 127.8307 10-Mar-22 Beached HS
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5.2  Particle size analysis
Sieving of the sampled floating pumices was per-
formed to obtain their particle size distributions on a 
Φ scale at an interval of 0.5 Φ. The Φ scale is defined 
as  Φ = −  log2D/D0, where D and  D0 are the particle 
diameter (mesh opening) in millimeters and the refer-
ence diameter (1  mm), respectively (Krumbein 1934; 
McManus 1963). Before sieving, the samples were 
soaked in tap water for one to several days and dried at 
110  °C in an oven. A low quantity of impurities (plant 
fragments and seaweed) were removed during soak-
ing and drying. Any particles that sank during soaking 
in tap water were collected to avoid loss. Dried samples 
with an initial mass of 40–500  g were manually sieved. 
Completeness of sieving down to − 1 Φ (2  mm in par-
ticle diameter) was confirmed by the naked eye. The 
samples were then sieved using a shaking sieve system 
with an electromagnetic drive (Vibratory Sieve Shaker 
ANALYSETTE 3 PRO, Fritsch GmbH), with the smallest 
vibration amplitude (0.5 mm). Through a time run with 
several time intervals, ranging from several tens of sec-
onds to several minutes, the end of the sieve analysis was 
determined by checking for a mass change of each sieve 
class within 1% of the initial sample mass.

5.3  Porosimetry
In this section, the density measurement methods are 
briefly summarized. The details of the measurements 
using gas and pseudofluid displacement methods are 
described in the Supplementary Materials.

5.3.1  Definition and calculation of porosity
Considering the porosimetric properties of pumice par-
ticles, the total porosity, connected porosity, and isolated 
porosity of pumice particles are defined (e.g., Yokoyama 
and Takeuchi 2009). Pores that are opened to the outside 
and closed inside a pumice particle are called connected 
and isolated pores, respectively. The volume fractions of 
the connected and isolated pores in the volume of the 
pumice particle are defined as connected and isolated 
porosities, respectively. The total porosity is the sum of 
connected and isolated porosities.

Porosity was calculated based on the measured densi-
ties of the samples. For porosity calculation, the den-
sity of the gas filling the pores was assumed to be zero 
because it is negligible compared to the solid density. 
The solid density, ρs, is the density of the solid phase in a 
pumice particle consisting of crystals and glass. Bulk den-
sity, ρb, is the density of a pumice particle consisting of 
the solid phase and the total pores. Skeletal density, ρs+i, 
is the density of the combined portions of solid phase and 
isolated pores inside the pumice particle (e.g., Michol 
et al. 2008). The skeletal density is useful because it is the 

primary density output in the measurement of the gas 
displacement method (Sect. 5.3.3).

Following Michol et al. (2008), the total porosity, φt, is 
calculated using the bulk and solid densities as follows:

The connected porosity, φc, is calculated using the bulk 
and skeletal densities as follows:

The following relationship exists among total, con-
nected, and isolated porosities, φi:

5.3.2  Measurement of bulk density
Volume measurement is a significant hurdle in obtain-
ing the bulk density of pumice particles. The Archimedes’ 
method is the simplest for measuring the volume of an 
object. However, the Archimedes’ method cannot meas-
ure the volume of pumice particles with connected pores 
into which water can infiltrate. To overcome this tech-
nical hurdle, several methods for the surface coating of 
pumice particles have been proposed (e.g., Houghton and 
Wilson 1989). The pseudofluid displacement method is 
also effective in measuring the volume of porous mate-
rials such as pumice. In the pseudofluid displacement 
method, a sample is placed in a container with a pseu-
dofluid such as glass beads. The volumes change before 
and after sample placement are measured. The glass 
beads method (Sasaki and Katsui 1981) is well known in 
volcanology and is used to measure the bulk density of 
pyroclasts (Shimano and Nakada 2006; Nakamura et  al. 
(2008); Colombier et al. 2017b). It was assumed that the 
pseudofluid does not infiltrate the connected pores of 
the pumice particles. Recently, a precise volume meas-
urement instrument (GeoPyc 1365, Micromeritics) has 
enabled us to measure volumes using the pseudofluid 
displacement method and has been used in volcanol-
ogy (e.g., Pardo et al. 2012; Heinrich et al. 2020). In this 
study, the volume of the pumice particles was measured 
using a GeoPyc 1365 installed at the Central Research 
Institute of Electric Power Industry. A dedicated DryFlo 
powder (40–280  µm in particle diameter) and FGB40 
glass beads (355–500 µm in particle diameter) were used 
as the working pseudofluids, whose details are described 
in Section S1.2 in the Supplementary Materials. While 
measurements in previous volcanological studies have 
often been conducted on centimeter-sized particles, we 
here measured millimeter-sized particles. Volumetric 

(1)φt = 1−
ρb

ρs

(2)φc = 1−
ρb

ρs+i

(3)φt = φc + φi
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measurement methods were divided into measurements 
for a single-particle sample if the volume of a particle 
was > 0.1  cm3 and measurements for a multiparticle sam-
ple if the volume of a particle was < 0.1  cm3. In the mul-
tiparticle sample measurements, the average volume and 
density of the multiparticles were measured. The validity 
of the measurements using GeoPyc 1365 was examined 
based on a comparison with values from the Archimedes’ 
method, and thus, non-porous reference objects of vari-
ous shapes and volumes from millimeters to centimeters 
in size were measured (Tables S2 and S3). Based on this 
comparison, we corrected the systematic errors observed 
in the measurements of a single-particle sample with < 1 
 cm3 and multiparticles. Eventually, we concluded that the 
bulk density measurements in this study had maximum 
relative errors of 3 and 5% for single- and multiparticle 
samples, respectively (Figs. S1 and S2). The larger the 
sample volume, the smaller the relative error in the bulk 
density measurement of 1.5%.

5.3.3  Measurement of skeletal density
In volcanology, gas displacement method (gas pycnom-
etry) is the standard method for measuring the skeletal 
density of porous volcanic materials. The skeletal volume, 
defined as the sample mass divided by the skeletal den-
sity measured by the gas displacement method, does not 
include the connected pores through which the working 
gas can enter and exit. In this study, the skeletal volume 
of the pumice particles was measured using a Quan-
tachrome Penta-Pycnometer at the Central Research 
Institute of Electric Power Industry. Helium was used as 
the working gas. As well as the pseudofluid displacement 
method, we examined the validity of density measure-
ments in the gas displacement method for small objects 
by comparing the volume values of non-porous, small 
objects obtained using the Archimedes’ method. We 
evaluated the volume detection limit to 0.1  cm3 (Fig. 
S3a). The maximum relative error of the skeletal density 
measurements was 40% for 0.1  cm3 in skeletal volume. 
The larger the skeletal volume, the smaller the relative 
error in skeletal density measurement at < 1% (Fig. S3a, 
b and c). The error in gas displacement method depends 
mostly on the volume of sample compared to the volume 
of the cell used. The same criteria for bulk density meas-
urements were used to classify measurements of single- 
and multiparticle samples.

5.3.4  Measurement of solid density
Solid density was measured for a sufficiently pulverized 
powder of pumice particles using the gas displacement 
method, a Quantachrome Penta-Pycnometer at the Cen-
tral Research Institute of Electric Power Industry. The 
powdered samples used for solid density measurements 

were the same as those prepared for X-ray fluorescence 
(XRF) analyses. Solid density measurements were dif-
ficult to obtain for sunken pumice because a sufficient 
amount of sieved samples could not be obtained. There-
fore, the relationship between the solid density and parti-
cle volume of floating pumice was also applied to sunken 
pumice. The relative error of the solid density measure-
ment was evaluated based on the sample volume using 
the same functions as for the skeletal density measure-
ment using the gas displacement method (Section S1.3).

5.4  Petrological analysis
As shown in Sect. 6.4 later, we observed a change in solid 
density with particle size. To examine the change in solid 
density in terms of change in crystal content, we esti-
mated crystal size and content in pumice by image analy-
sis of elemental and electronic images, and mass balance 
calculations of the  K2O content among the bulk rock, 
glass, and crystals, respectively. Methods for image anal-
ysis for pumice sections and chemical analysis for bulk 
rock, glass and crystals are described in the Supplemen-
tary Materials.

6  Results
6.1  Particle size distribution
The particle size distributions of the floating pumice 
samples were obtained from four sites (IKB1, SNB1&2, 
YGC1, and YGC3; Table 1). There was no significant dif-
ference between the sampling methods, particularly with 
respect to smaller particle sizes (Fig. 3). Results show that 
the number of particles that escaped through the sieve 
mesh was negligible. Data from all sites showed a pri-
mary peak of –1 Φ to − 2 Φ, that is, 2–4 mm in diameter 
(Fig. 3). A decrease on the finer side down to 1 Φ (0.5 mm 

Fig. 3 Particle size distributions of the floating pumice samples
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in diameter) was also common. By contrast, samples 
with or without a second peak on the coarser side were 
present.

6.2  Bulk density
The bulk densities of all floating pumice particles were 
below that of the density of seawater (Fig.  4a, Table  2 
and Table  S1). Floating pumices > 0.1  cm3, measured as 
a single-particle sample, have a wide range of bulk den-
sities from 0.2 to 0.8 g/cm3 at an average of 0.56 g/cm3. 
Floating pumices <  − 2.5 Φ (5.6 mm in diameter and 
0.095  cm3 in equivalent sphere volume), measured as a 
multiparticle sample, have bulk density values decreasing 
from 0.7 to 0.5  g/cm3 with decreasing particle volume. 
However, this decrease was within the density range of 
particles > 0.1  cm3. Sunken pumices, measured as single-
particle samples > 0.2  cm3, have bulk densities around 
0.6 g/cm3 overlapping those of floating pumices. Sunken 

pumices <  − 3.0 Φ (8 mm in diameter and 0.27  cm3 in 
equivalent sphere volume), measured as multiparticle 
samples, have higher bulk densities (0.7–0.8 g/cm3) than 
those of floating pumice particles with a similar particle 
volume.

6.3  Skeletal density
The skeletal densities of most floating pumice particles 
were lower than that of the seawater (Fig.  4b, Table  2 
and Table  S1). Most floating pumice particles > 0.1  cm3 
have a range of skeletal densities from 0.7 to 1.0  g/cm3 
at an average of 0.88  g/cm3. A large floating pumice 
particle with a skeletal density of 1.2 g/cm3 higher than 
that of seawater was found. Floating pumice <  − 2.5 Φ 
(5.6 mm in diameter and 0.095  cm3 in equivalent sphere 
volume) tends to have a non-variable skeletal density 
with decreasing particle volume, which is lower than 
the density of seawater. Sunken pumices, measured as a 
single-particle sample, > 0.2  cm3, have skeletal densities 
of 1.1–1.3  g/cm3; however, some data have large errors 
owing to the small skeletal volume. These skeletal den-
sities were higher than those of floating pumice parti-
cles and seawater. Sunken pumice particles, measured 
as a multiparticle sample, <  − 3.0 Φ (8 mm in diameter 
and 0.27  cm3 in equivalent sphere volume) tend to have 
increasing skeletal densities from 1.1 to 1.4  g/cm3 with 
decreasing particle volume. However, notably, the sunken 
pumice with a diameter of 0 to − 1 Φ (1–2 mm in diam-
eter and 5.2 ×  10−4 to 4.2 ×  10−3  cm3 in equivalent sphere 
volume) has a large error owing to the small skeletal 
volume.

6.4  Solid density
Solid densities of the floating pumice monotonously 
increase from 2.5 to 2.8  g/cm3 with increasing parti-
cle size from 1.0 to − 5.5 Φ (0.5–45.8  mm in diameter) 
(Fig. 5a and Table 3). Yoshida et al. (2022b) classified the 
pumices of FOB 2021 as trachyte (alkaline magma) based 
on their bulk rock composition. Although there is a large 
difference in the chemical variation between the alkaline 
and sub-alkaline magmas, the solid density of the tra-
chyte of FOB 2021 is close to that of andesitic to dacitic 
rocks (sub-alkaline magma), which have a similar bulk 
 SiO2 content (Takeuchi et al. 2021). Fitting a linear func-
tion with this relationship between solid densities and 
size in the Φ scale (Fig. 5a), we obtain an empirical lin-
ear function that can be used to calculate the relationship 
between particle volume and solid density for the FOB 
floating pumice as follows:

where Φ is the particle diameter in the Φ scale (Sect. 5.2). 
In the calculation of solid density using Eq.  (4) for 

(4)ρs = −0.0413�+ 2.51
Fig. 4 a Bulk density and b Skeletal density vs. particle volume. 
A horizontal blue line indicates an assumed range in the density 
of seawater (1.02–1.03 g/cm3), based on Wadachi (1987)
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Table 2 Porosimetrical data of floating and sunken pumice erupted in the Fukutoku-Oka-no-Ba 2021 eruption

Name Particle 
volume

Bulk 
density

Skeletal 
density

Solid 
density

Total 
porosity

Connected 
porosity

Isolated 
porosity

Pore connectivity Saturation 
density

(cm3) (g/cm3) (g/cm3) (g/cm3) (vol%) (vol%) (vol%) (vol%) (g/cm3)

Floating 
pumicea

0.25–0.74 
(0.58)

0.68–1.22 
(0.89)

2.52–2.77 
(2.62)

73–91 (78) 20–80 (34) 11–58 (44) 27–88 (43) 0.76–1.06 
(0.93)

IKB1-flt 
4 mm

0.06b 0.62 0.91 2.60 76 32 44 42 0.94

IKB1-flt 
2 mm

0.007b 0.63 0.91 2.56 76 32 44 42 0.95

IKB1-flt 
2 mm-2

0.007b 0.62 0.91 2.56 76 32 44 42 0.95

IKB1-flt 
1 mm

0.0009b 0.55 0.87 2.52 78 37 41 47 0.93

IKB2-flt1 0.52 0.57 0.91 2.65 78 37 41 47 0.95

IKB2-flt4 0.61 0.64 0.93 2.65 76 31 45 41 0.96

IKB2-flt5 0.55 0.44 0.81 2.65 83 45 38 55 0.91

IKB2-flt7 0.43 0.64 0.91 2.64 76 30 46 39 0.95

IKB2-flt8 0.33 0.67 0.83 2.64 75 20 55 27 0.87

IKB2-flt14 0.15 0.61 0.84 2.62 77 27 50 35 0.89

YGC3-flt 
4 mm

0.06b 0.66 0.93 2.60 75 29 46 39 0.95

YGC3-flt 
4 mm-2

0.06b 0.65 0.93 2.60 75 30 45 40 0.96

YGC3-flt 
2 mm

0.007b 0.63 0.90 2.56 75 30 46 39 0.93

YGC3-flt 
1 mm

0.0009b 0.54 0.86 2.52 78 37 42 47 0.92

YGC3-flt 
1 mm-2

0.0009b 0.53 0.86 2.52 79 39 40 49 0.93

SNB1&2-flt 
4 mm

0.06b 0.65 0.90 2.60 75 28 47 38 0.94

SNB1&2-flt 
2 mm

0.007b 0.63 0.89 2.56 75 29 46 38 0.93

SNB1&2-flt 
1 mm

0.0009b 0.55 0.91 2.52 78 39 39 50 0.96

SNB3-flt1 1.28 0.53 0.68 2.67 80 22 58 27 0.76

SNB3-flt3 7.11 0.60 0.78 2.70 78 22 55 29 0.83

SNB3-flt2 0.30 0.68 0.86 2.64 74 21 53 28 0.90

SNB3-flt5 0.55 0.51 0.75 2.65 81 32 49 40 0.84

SNB3-flt6 10.00 0.74 0.99 2.71 73 25 47 35 1.00

MKY-flt1 8.42 0.51 0.99 2.70 81 49 32 60 1.01

MKY-flt2 2.73 0.64 0.90 2.68 76 29 47 39 0.94

GGA-flt1 20.25 0.25 1.22 2.72 91 80 11 88 1.06

GGA-flt2 18.23 0.51 0.73 2.72 81 30 51 37 0.82

GGA-flt3 27.87 0.46 0.83 2.73 83 45 38 54 0.92

GGA-flt4 26.61 0.48 1.00 2.73 82 52 30 63 1.02

Sunken 
pumicea

0.56―0.75 
(0.64)

1.05―1.35 
(1.17)

N.D.c 71―79 (75) 30―55 (44) 24―40 (31) 43―70 (59) 1.04―1.19 
(1.10)

IKB1-snk1 0.40 0.63 1.29 2.64 76 51 25 67 1.15

IKB1-snk2 0.23 0.58 1.10 2.63 78 48 31 61 1.06

IKB1-snk4 0.25 0.56 1.24 2.63 79 55 24 70 1.12

IKB2-snk2 0.27 0.57 1.18 2.63 78 52 27 66 1.10

SNB3 
snkLb-1

0.96 0.61 1.14 2.66 77 46 31 60 1.09
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single-particle samples, the particle diameter was calcu-
lated from its measured volume assuming a sphere with 
equivalent volume, and converted to the Φ scale. For 

multiparticle samples, the median Φ values of the sieve 
class were adopted. The error of solid density was sim-
ply and conservatively set to 0.1  g/cm3 for all particles, 
considering scattered data with errors in Fig.  5a. Equa-
tion (4) was also applied to calculate the solid density of 
the sunken pumice.

6.5  Total, connected and isolated porosities
The total and connected porosities of the pumice were 
calculated by applying the bulk (Sect.  6.2), skeletal 
(Sect. 6.3) and solid (Sect. 6.4) densities to Eq. (1) and (2),  
respectively (Table 2 and Table S1). By applying the total 
and connected porosities to Eq. (3), the isolated porosity 
of the pumice can be calculated (Table 2 and Table S1).

The total porosities of floating and sunken pumice 
are 73–91 vol%, with an average of 78 vol%, and 71–79 
vol%, with an average of 75 vol%, respectively (Fig. 6a). 
The connected porosities of floating and sunken pum-
ice are 20–80 vol%, with an average of 34 vol%, and 
30–55 vol%, with an average of 44 vol%, respectively 
(Fig. 6b). Owing to the decrease in the skeletal volume, 
the errors in the connected porosity measured as a sin-
gle-particle sample increased with decreasing particle 
volume. The isolated porosities of floating and sunken 
pumice are 11–58 vol%, with an average of 44 vol%, and 
24–40 vol%, with an average of 31 vol%, respectively 
(Fig.  6c). A particle with uniquely high total porosity 
of 91 vol% and connected porosity of 79 vol%, corre-
sponding to the only floating pumice particle with a 
skeletal density higher than that of seawater (Fig.  4b) 
was observed.

6.6  Bulk rock composition
All bulk rock composition (Table  S4) is shown on an 
 K2O-SiO2 diagram normalized on an  Na2O-free basis 
(Fig.  7a) and  K2O on an  Na2O-free basis-Φ diagram 

Table 2 (continued)

Name Particle 
volume

Bulk 
density

Skeletal 
density

Solid 
density

Total 
porosity

Connected 
porosity

Isolated 
porosity

Pore connectivity Saturation 
density

(cm3) (g/cm3) (g/cm3) (g/cm3) (vol%) (vol%) (vol%) (vol%) (g/cm3)

SNB3 snkLb 
4mm-1

0.09b 0.70 1.05 2.61 73 34 40 46 1.04

SNB3 snkLb 
4mm-2

0.09b 0.69 1.06 2.61 74 36 38 48 1.05

SNB3 snkLb 
2mm

0.01b 0.75 1.08 2.57 71 30 40 43 1.06

SNB3 snkLb 
1mm

0.001b 0.70 1.35 2.53 72 48 24 66 1.19

a Lines in italics represent ranges and averages in a bracket
b Particle volume calculated from sphere volume equivalent to median Φ scale in the sieve class
c Not determined

Fig. 5 a Solid density and b crystal content vs. particle size 
of the floating pumice particles
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(Fig.  7b). The normalization on an  Na2O-free basis was 
applied to reduce the effects of inadequate cleaning of sea 
salt in the samples (Section S2.2 in the Supplementary 
Materials). Data on the FOB gray pumice from Yoshida 
et  al. (2022b) were shown with the same normalization 
on an  Na2O-free basis. Data on pumice particles with a 
diameter of − 2 to − 5 Φ (from 4 to 32 mm in diameter) 
overlap with or are close to those of Yoshida et al. (2022b). 
As the particle size decreases from − 2 to 1 Φ (from 4 to 
0.5 mm in diameter), the  K2O content increases with the 
 SiO2 content and Φ (Fig. 7).

6.7  Crystal and groundmass glass composition
The average chemical compositions of crystal phases 
with modal fractions in whole crystals and assumed 
crystal densities to convert area fraction to weight 
fraction are shown in Table S5. Although there was no 
 K2O-rich phase, plagioclase contained trace amount 
of  K2O because of its high albite content. The com-
positions of the groundmass glasses are listed in 
Table  S5. The crystal and groundmass compositions 
were normalized on an  Na2O-free basis for mass bal-
ance calculations to estimate the crystal content. The 
whole crystal and groundmass compositions are also 
plotted on the  SiO2–K2O diagram on an  Na2O-free 
basis as a graphical expression of the mass balance 
(Fig. 7a).

6.8  Crystal size and content
We estimated the typical crystal size by analyzing back-
scattered electron and elemental images of pumice cross 
sections with an area of 6.2–7.2  cm2. The area of the 
individual crystal was approximated as an ellipse using 
the ImageJ software, and the crystal size was defined as 
the median value between the major and minor diam-
eters of the ellipse. The size of the aggregated crystals 
was regarded as a grain of crystal. The crystal size dis-
tributions of the five gray pumice samples are shown in 
Fig. 8. Crystals with median diameters of 100 to 3000 µm 
account for > 90% of the total crystals, indicating that 
most crystals should be called phenocrysts in the light of 
the definition summarized in Takeuchi et al. (2021).

The crystal content was based on a mass balance calcu-
lation for the  K2O content on an  Na2O free basis among 
bulk rock, glass, and crystals (Fig.  5b). Results showed 
that the crystal content decreased from 25 to 5 wt% as 
the particle size of the floating pumice decreased. Owing 
to the slightly higher outlier data at − 3.0 Φ (8 mm in 
diameter), it appears as if the maxima of the crystal con-
tent (ca. 25 wt%) were considered at − 3.0 Φ. In addition, 
two − 3.0 Φ data points with a lower crystal content (ca. 
20 wt%) were present. Considering errors in crystal con-
tent, the higher data at − 3.0 Φ may be due to the hetero-
geneity in the crystal content visible at pumice particle 
sizes close to the maximum crystal size.

Table 3 Solid density and crystal content of sieved samples of floating pumice erupted in the Fukutoku-Oka-no-Ba 2021 eruption

a Mass and volume of powder samples used in the solid density measurements

Name Particle size Massa Volumea Solid density Error Crystal content Error
(Φ) (g) (cm3) (g/cm3) (g/cm3) (wt%) (wt%)

SNB5flt − 5.0φ − 5.0 to − 5.5 4.34 1.57 2.76 0.08 15 4

SNB5flt − 5.0φ − 5.0 to − 5.5 4.05 1.49 2.71 0.08 14 4

SNB5flt − 5.0φ − 5.0 to − 5.5 4.35 1.57 2.77 0.08 14 4

SNB1&2flt − 4.0φ − 4.0 to − 4.5 4.86 1.82 2.67 0.07 18 4

SNB1&2flt − 3.0φ − 3.0 to − 3.5 3.10 1.17 2.66 0.10 25 4

SNB1&2flt − 3.0φ − 2 − 3.0 to − 3.5 4.48 1.69 2.65 0.07 20 4

YGC3flt − 3.0φ − 3.0 to − 3.5 3.51 1.32 2.66 0.09 21 4

IKB1flt − 2.5φ − 2.5 to − 3.0 3.71 1.41 2.64 0.08 15 4

SNB1&2flt − 2φ − 2.0 to − 3.0 3.16 1.22 2.59 0.10 16 4

YGC3flt − 2.0φ − 2.0 to − 2.5 2.94 1.14 2.58 0.10 19 4

IKB1flt − 2.0φ − 2.0 to − 2.5 2.93 1.15 2.55 0.10 12 4

SNB1&2flt − 1φ − 1.0 to − 2.0 2.99 1.17 2.55 0.10 11 4

YGC3flt − 1.0φ − 1.0 to − 1.5 2.92 1.14 2.57 0.10 12 4

IKB1flt − 1.0φ − 1.0 to − 1.5 2.89 1.13 2.55 0.10 8 4

YGC3flt − 0.5φ − 0.5 to − 1.0 3.87 1.49 2.59 0.08 9 4

YGC1flt − 0.5φ − 0.5 to − 1.0 4.95 1.93 2.56 0.06 8 4

SNB1&2flt 0φ 0.0 to − 1.0 3.07 1.21 2.53 0.09 8 4

SNB1&2flt 1φ 1.0 to 0.0 2.98 1.18 2.52 0.10 4 4
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Fig. 6 a Total, b connected, and c isolated porosities versus particle volume
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7  Discussion
7.1  Mostly unsinkable and only a few sinkable pumices 

in the floating pumice
Based on the measured porosities, the saturation density 
was calculated to examine the floatability of the pumice 
in seawater (Fig. 9). The saturation density is defined as 
the density assuming that the connected pores of the 
pumice are saturated with seawater, assuming that the 
density of seawater is 1.025  g/cm3, based on Wadachi 
(1987). Most floating pumice particles have satura-
tion densities lower than that of seawater, and are thus 
unsinkable. One floating pumice particle with a satura-
tion density higher than that of seawater is expected to 

eventually sink once the air trapped in the connected 
pores is lost (Fauria et al. 2017), and is thus sinkable. The 
proportion of unsinkable and sinkable pumices in float-
ing pumice particles is difficult to quantify precisely, and 
can only be roughly estimated. During the sample selec-
tion of a floating pumice particle, it is unknown whether 
the pumice is sinkable or unsinkable. Therefore, the sam-
ple selection in this study was random. Under the ran-
dom selection conditions, only one sinkable pumice was 
found among the 26 samples. This suggests that, in the 
studied particle volume range, only a small quantity of 
the sinkable pumice floated with the help of trapped air 
in the connected pore.

The relationship between skeletal density and seawater 
density essentially determines the unsinkable or sink-
able pumice (Fig. 4b). If a pumice particle has a skeletal 
density less than that of seawater, it should be considered 
unsinkable. Therefore, the determination of unsinkable 
or sinkable pumice can be performed based solely on 
the skeletal density, as measured by the gas displacement 
method. Despite the availability of connected porosity 
data in many previous studies, skeletal density data are 
yet to be explicitly stated. Therefore, we emphasize that 
skeletal density should be explicitly shown as an effec-
tive measure of eventual pumice floatability (sinkable or 
unsinkable).

7.2  Influence of crystals on pumice floatability and size
Porosimetric and petrological data indicate that petrolog-
ical properties influence the relationship between float-
ability and pumice size. When the pumice size becomes 
down and close to the typical crystal size (Fig.  8), the 

Fig. 7 a  K2O vs.  SiO2 contents on an  Na2O-free basis. This figure 
shows mass balance among the bulk rock composition of the sieved 
FOB 2021 floating pumice (open circles), averaged composition 
of groundmass glass (cross), and averaged composition of whole 
crystals (square). Solid circles represent bulk rock composition 
of the gray pumices from Yoshida et al. (2022b). b  K2O content 
on an  Na2O free basis vs. particle size of sieved floating pumice. 
Shaded range represent bulk rock composition of the gray pumices 
from Yoshida et al. (2022b)

Fig. 8 Crysal size distribution in the centimeter-sized FOB pumices. 
Median diameter indicates the median value between the long 
and short axes of ellipses fitted to crystals in the sections
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crystal content of floating pumice decreases with pumice 
particle size (Fig.  5b). We interpreted that pumice con-
taining fewer crystals and a more pumiceous groundmass 
glass could selectively survive as floating pumice on the 
sea surface when the pumice size approaches the typical 
crystal size. The pumiceous groundmass glass plays an 
important role in reducing the skeletal density as isolated 
pores exist in the glass. In contrast, we interpreted that 
crystal-rich, millimeter-sized pumice particles or mostly 
crystal fragments with still pumiceous glass around sank 
into the sea, and were not observed as floating pumice 
particles. The almost absence of floating pumice smaller 
than 1.0 Φ (0.5  mm in diameter) (Fig.  3) suggests that 
almost all pumices smaller than 1.0 Φ sank due to losing 
isolated pores and were not observed as floating pumice 
particles.

7.3  Comparison with other natural and experimental 
pumices

Comparison with existing porosity data for natural 
pumice originating from subaerial and submarine erup-
tions and for experimental pumice from decompression 

experiments provides an interpretation that rapid 
quenching of the FOB 2021 magma with relatively low 
to moderate crystal content by the seawater produced 
unsinkable pumice with abundant isolated porosity.

Figure  10a shows the relationship between total 
porosity and pore connectivity for pumices from the 
FOB 2021 and other submarine eruptions. Pore con-
nectivity is defined as the connected porosity divided 
by the total porosity (Colombier et al. 2017a). The per-
meable porosity measured using water pycnometry in 
Kato (1987, 1988) was regarded as connected porosity. 
The FOB 2021 floating pumice particles have high total 
porosity and low pore connectivity, similar to part of 
the beached pumice of the Iriomote 1924 (Kato 1987) 
and FOB 1986 eruptions (Kato 1988), and the raft pum-
ice (RP) of the Havre 2012 eruption (Manga et al. 2018; 
Mitchell et  al. 2021). However, sinkable pumice parti-
cles with high total porosity and pore connectivity were 
common in the raft pumice of the Havre 2012 eruption. 
The FOB 2021 sunken pumice particles were plotted 
in the region between the raft pumice and ash-lapilli-
block deposits (ALB) sampled on the sea floor proximal 

Fig. 9 Saturation density vs. particle volume. A horizontal blue line indicates an assumed range in the density of seawater (1.02 to 1.03 g/cm3), 
based on Wadachi (1987)
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to the vent of the Havre 2012 eruption. Incorporating 
the compiled data (subaerial pumice and scoria) from 
Colombier et al. (2017a), Fig. 10a shows that most sub-
aerial pumice and scoria have high pore connectivity of 
more than 70% and are plotted in the region of sinkable 
pumice and quite different from the FOB 2021 unsink-
able pumice and other unsinkable pumices from sub-
marine eruptions, as noted in a study of the Havre 2012 
eruption (Mitchell et al. 2021).

Data of experimental pumices quenched in the decom-
pression experiments of vesiculating magmas are also 
plotted on the total porosity-pore connectivity diagram 
with data on pumice of FOB 2021 (Fig.  10b). The total 
and connected porosities were measured for quenched 
samples of vesiculated, hydrous silicic melts without 
crystals (Takeuchi et  al. 2009) or with crystals (Graham 
et  al. 2023). The crystal-free samples with 70–80 vol% 
total porosity (Takeuchi et al. 2009) had pore connectiv-
ity in the region of unsinkable pumice, which is close to 
data on pumice of FOB 2021 (Fig.  10b). The pore con-
nectivity of crystal-free samples rapidly increased at 
approximately 80 vol% total porosity, and those with > 80 
vol% total porosity were plotted in the region of sink-
able pumice. Figure  10b also suggests the influence of 
crystals in the magma on the floatability of the pumice. 
Colombier et al. (2022) predicted the influence of crystals 
on pore connectivity by a model analysis. Graham et al. 
(2023) performed experiments on crystal-bearing rhy-
olitic magma with up to 40 vol% crystals. For crystal-rich 
pumices (40 vol% crystal content), the pore connectivity 
gradually increased with an increase in the total porosity 
from 20 to 70 vol%. Graham et al. (2023) interprets that 
the increase in crystal content causes the reduction in 
interstitial melt available for bubble expansion, resulting 
in the forced connection among bubbles (pores) at lower 
total porosity. The total porosity-pore connectivity rela-
tionship for crystal-rich pumices varied in the condition 
of producing sinkable pumice and can not enter the con-
dition of unsinkable pumice. For pumice with moderate 
crystal content (20 vol% crystal content), the relationship 
between total porosity and pore connectivity approaches 

the boundary separating the condition and appears to 
enter the region of unsinkable pumice. Considering that 
the crystal content of FOB 2021 pumices >  − 4 Φ (16 
mm in diameter), larger compared with the typical crys-
tal size shown in Sect. 6.8, shows a more representative 
crystal content in the magmas, the magmas of the FOB 
2021 eruption have a crystal content of < 20 wt% (Fig. 5b). 
Assuming that the glass and whole crystal density are 
2.5 and 3.0 g/cm3, based on solid density of 1Φ (Table 3) 
and modal fractions in whole crystals (Table S5), respec-
tively, a crystal content of approximately 20 wt% can be 
converted to approximately 17 vol%. This low to mod-
erate crystal content in the FOB 2021 magma, together 
with adequate porosimetric properties, may contribute 
to favorable conditions to produce abundant, millimeter-
sized, unsinkable pumice.

Generally, in decompression experiments, the sample is 
kept at a high temperature and pressure and then decom-
pressed to the targeted pressure at various decompression 
rates. The decompressed magmas undergo vesiculation, 
including bubble nucleation, growth, coalescence, and 
shape relaxation. Finally, the samples are quenched for 
a much shorter time than that during a natural eruption 
process. Based on a study of natural subaerial pumices, 
Gardner et al. (1996) concluded that the delayed expan-
sion of pumice occurs in the range of melt viscosities in 
subaerial eruptions. Delayed expansion can cause the 
isolated pores to expand and transform into connected 
pores. In contrast, submarine eruptions may have effec-
tively quenched vesicular magmas, as in decompression 
experiments, resulting in producing more isolated pores 
in the pumice because delayed expansion after fragmen-
tation can be suppressed (Rotella et al. 2015). Figure 10 
shows that pumices from subaerial eruptions can float as 
air-trapped floating pumices (sinkable pumices) owing 
to their high connected porosity. Such subaerial pumices 
are expected to sink after a finite floatation time, depend-
ing on the pore structure and particle size (Manville et al. 
1998; Fauria et al. 2017). Maeno et al. (2022) interpreted 
that most of the FOB 2021 pumice were not transported 
by eruption plume in the atmosphere but rose from the 

(See figure on next page.)
Fig. 10 a Pore connectivity vs. total porosity. Open and blue solid circles represent floating and sunken pumices, respectively. Crosses, open 
squares, solid squares, open diamonds, and open triangles represent pumice data for the Havre 2012 ALB (ash-lapilli block) sampled on the seafloor 
(Mitchell et al. 2021), the Havre 2012 RP (raft pumice; Manga et al. 2018; Mitchell et al. 2021), Shinkai pumice sampled on the seafloor (Kato 1987), 
the Iriomote 1924 beached pumice (Kato 1987), and the Fukutoku-Oka-no-Ba 1986 beached pumice (Kato 1988), respectively. b Pore connectivity 
vs. total porosity. Open and blue solid circles represent floating and sunken pumices, respectively. Red crosses, open squares, open triangles, open 
diamonds, gray solid squares, and gray solid triangles represent data for the decompression experiments at a crystal-free condition (Takeuchi et al. 
2009), and wollastonite 20%, corundum and wollastonite 20%, corundum 20%, wollastonite 40%, and corundum and wollastonite 40% conditions 
(Graham et al. 2023). In (a) and (b), gray dots indicate pore connectivity and total porosity of subaerial pumice and scoria compiled by Colombier 
et al. (2017a). In (a) and (b), solid and broken lines separate the conditions of unsinkable and sinkable pumices with a solid density of 2.8 and 2.5 g/
cm3, respectively, assuming that the density of seawater is 1.025 g/cm3, based on Wadachi (1987)
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Fig. 10 (See legend on previous page.)
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submarine vent to the sea surface. This interpretation is 
consistent with the porosimetric characteristics of float-
ing pumices of FOB 2021 containing abundant isolated 
pores, which suggests well-quenching and suppression of 
delayed expansion after fragmentation.

Considering these experimental results, the conditions 
for producing unsinkable pumice may be narrowly lim-
ited in the case of submarine eruption by magmas with 
low to moderate crystal content that are quenched at a 
water depth where high total porosity and relatively low 
pore connectivity is achieved. Crystal-rich, experimen-
tal pumices have a higher pore connectivity at the same 
total porosity (Fig. 10b), suggesting that sinkable pumice 
with high pore connectivity can be produced even during 
submarine eruptions. Consistently with this, the magma 
that produced large-magnitude pumice rafts in the Havre 
2012 eruption was of a crystal-poor nature (Carey et al. 
2018).

8  Conclusions
A porosity measurement technique for millimeter-to-
centimeter-sized pumice particles was established and 
applied to drifting pumice that erupted during the FOB 
2021 eruption. The total, connected, and isolated porosi-
ties with errors were obtained for floating and sunken 
pumice particles. As for the floating pumices from sub-
marine eruptions studied previously, most floating pum-
ice particles are rich in isolated porosity (> 30 vol%) and 
are thus unsinkable, even when the pumice size reaches 
the millimeter scale. This study emphasized that the skel-
etal density is a useful measure of pumice floatability 
(sinkable or unsinkable). As the particle size decreases, 
crystals are lost from the floating pumice particles, sug-
gesting that the particle size of the floating pumice is 
affected by the petrological properties (crystal content 
and size). A comparison with natural pumices from suba-
erial eruptions and experimental pumices from magma 
decompression experiments suggests that FOB 2021 
pumices contain abundant isolated pores due to the sup-
pression of expansion after fragmentation by quench-
ing in seawater, and that the relatively low to moderate 
crystal content (< 17 vol%) may contribute to favorable 
condition to produce abundant, millimeter-sized, unsink-
able pumice. The floatability of unsinkable pumice will 
be changed if its pore structure is changed. For example, 
splitting, abrasion, and weathering of pumice can change 
the isolated pores to connected pores, producing sink-
able pumice. However, these processes remain poorly 
known and are thus important targets in future field and 
experimental studies. After the 2021 eruption, a dredge 
survey in a research cruise revealed pyroclastic materials 
that were deposited on the sea floor in the vicinity of the 
FOB volcano without long-drifting (Yoshida et al. 2023b). 

It is also a future theme to clarify the difference in poro-
simetric characteristics between the deposited and long-
drifting pumice.
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