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Abstract

The porosities and sinking times of pumice clasts that interact with water determine whether they
float and for how long they can be transported on the ocean surface before sinking. We report
measurements for pumice clasts collected in cores recovered from five different drill sites and four
different eruptions drilled during International Ocean Discovery Program (IODP) Expedition 398
on the south Aegean volcanic arc. Three eruptions were submarine (Archaeos, Kameni 726 Com-
mon Era [CE], and Kolumbo 1650 CE), and one eruption was a caldera-forming eruption from the
Santorini complex (Lower Pumice 2). For each of 195 pumice clasts studied, we report total poros-
ity and isolated porosity. We also report sinking times for the same set of pumice clasts on water
for pumice at both room temperature and heated to 500°C before being dropped in water.

1. Introduction

The porosity of volcanic clasts provides a record of the processes of bubble nucleation, growth that
accompanies decompression, coalescence, gas escape when the magma becomes permeable, and
fragmentation. For these reasons, measurements of the porosity and texture of vesicles, such as
their size distribution and shape, can be used to provide a window into ascent, eruption, and trans-
port processes. During submarine eruptions, the thermal and physical properties of water lead to
different ascent, fragmentation, and transport processes compared with subaerial eruptions
(White et al., 2003; Cas and Simmons, 2018), and these processes may be recorded by volcanic
clasts (Carey et al., 2018). For example, in submarine eruptions, the position of clasts within the
submarine eruption column can affect the degree of seawater interaction, which impacts vesicula-
tion, fragmentation, and hence vesicle connectivity, leading to lower connectivity in clasts at the
edge of the column due to rapid quenching (Ward et al.,, 2025). Pumice porosity and textures
from subaerial and submarine eruptions have overlapping characteristics (e.g., Cas and Giordano,
2014). In some cases, however, features such as a bimodal density spectrum have been attributed
to quenching in water (Barker et al., 2012; Rotella et al., 2013). Submarine pumice may also contain
a larger proportion of isolated vesicles from rapid quenching in water, even for high-vesicularity
clasts (Ward et al., 2025).

For submarine eruptions and subaerial eruptions that deposit pumice clasts on the ocean surface
from falls or density currents, the total and isolated porosity of volcanic clasts and the topology of
pore spaces will determine whether the clasts will float on the ocean surface. The time clasts float
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can vary with clast porosity and size (Whitham and Sparks, 1986; Manville et al., 1998; White et
al., 2001; Fauria et al., 2017) and their temperature when they interact with water (Whitham and
Sparks, 1986; Dufek et al., 2007; Allen et al., 2008; Jutzeler et al., 2017; Fauria and Manga, 2018). If
there are sufficient isolated vesicles relative to the total porosity, pumice clasts can also be unsink-
able (Manga et al., 2018; Mitchell et al., 2021; Takeuchi et al., 2024; Yeo et al., 2024; Ward et al.,
2025). Long flotation times enable long-distance transport in rafts of floating pumice (e.g., Rich-
ards, 1958; Bryan et al., 2012; Jutzeler et al., 2014; Fauria et al., 2023; Nagao et al., 2025). More
generally, isolated porosity provides a window into ascent (Colombier et al., 2017, 2021; Mitchell
et al., 2019), fragmentation (Nakamura et al., 2008; Mueller et al., 2011), and transport processes
(Formenti and Druitt, 2003).

International Ocean Discovery Program (IODP) Expedition 398 to the south Aegean volcanic arc
provided samples from explosive subaerial and submarine eruptions. One of the objectives of the
expedition was to better understand the dynamics of submarine eruptions (Druitt et al., 2024a).
Here, we report measurements of total and connected porosity for 195 lapilli-sized pumice clasts
from four different eruptions recovered from five sites cored during Expedition 398. We also
report sinking times (how long they float) of the same clasts for cold (room temperature) and hot
(500°C) pumice in room temperature water. These data may be useful in future studies of the
transport and dispersal of volcanic clasts (e.g., Jutzeler et al., 2020; Nishikawa et al., 2023; Ishimura
and Hiramine, 2025) for comparing and contrasting subaerial and submarine clasts (e.g., Ward et
al., 2025) and provide clast-scale properties to help interpret seismic velocity measurements and
bulk physical property measurements (e.g., Manga et al., 2025).

2. Samples and methods

Samples were recovered from the working halves of cores from seven holes at five sites for four
different volcanic deposits. Three of the eruptions were submarine: Archaeos, Kameni 726 Com-
mon Era (CE), and Kolumbo 1650 CE. The fourth eruption, Lower Pumice 2, was subaerial. The
Archaeos tuff was deposited by density currents produced by a ~765 ka (Metcalfe et al., 2025)
shallow (<1 km) submarine rhyolite eruption with a volume >89 km? (Druitt et al., 2024b). Kameni
726 CE is the product of a postcaldera eruption within the Santorini Caldera formed by the 3.6 ka
Minoan eruption. The pumice from this submarine eruption is part of a >3.6 km? deposit of tephra
(Preine et al., 2024). Rhyolitic pumice from Kolumbo 1650 CE erupted from a submarine vent,
with a maximum depth of 500 meters below sea level (mbsl) in the present 2 km? crater. (Cantner
et al,, 2014). Lower Pumice 2 is from a 177 ka caldera-forming rhyodacite eruption from the San-
torini caldera complex (Wulf et al., 2020). Table T1 summarizes the sampling depths, locations,
and eruption ages. Drill site and sampled eruption locations are shown on the map in Figure F1.

Between 20 and 36 lapilli-sized pumice clasts were individually extracted from the working half of
split cores. Clasts were handpicked using tweezers following core splitting to avoid clasts that were
damaged during coring and subsequent splitting. Selected clasts were chosen to be representative
of the sampled deposit. The number of clasts was less than the ideal number of >100 for measuring
the porosity distribution (Shea et al., 2010) owing to the finite size of the recovered core and the
need to preserve samples for other measurements. Each clast was assigned a unique identifier.

2.1. Total porosity

Samples were rinsed in tap water to remove surficial salts and then immersed in tap water and put
under vacuum for 24 h to remove salt from the pore space. Clasts were then dried in an oven at
100°C for 24 h and weighed to obtain dry mass (M,).

Archimedes’ method was used to determine clast specific gravity by measuring clast weight in air
and water following Houghton and Wilson (1989). Clasts were wrapped in a thin parafilm wax
sheet to seal them from water infiltration and weighed to obtain the mass of parafilm on each clast

Table T1. Eruption characteristics of pumice samples, Expedition 398. Download table in CSV format.
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(M,). Clasts were then submerged in water, and because all clasts floated, their effective negative
weight was determined (M., water).

Specific gravity (SG) was calculated using
SG = M, air/(M_ air + M, water - M_, water). (1)
Bulk density (py,) was calculated by multiplying SG by the density of water (p,, = 1 g/cm?).

Clast envelope volume (V) was then calculated by dividing the clasts dry mass (M) by specific
gravity:

Ve = SG/M.. (2)
Total porosity (¢p) was calculated as follows:
¢ =1 - DRE/SG. 3)

We computed a dense rock equivalent (DRE) for the solid component of the clasts using measured
and published compositions and the silicate melt density model of Iacovino and Till (2019), with
an assumed 0.2 wt% H,O in the glass. For the Archaeos and Kameni samples, we obtained a DRE
of 2.40 and 2.53 g/cm? using the compositions reported in Druitt et al. (2024b) and Preine et al.
(2024), respectively. For the Kolumbo samples, we used the composition of white rhyodacite from
Druitt (2014) to obtain a density of 2.49 g/cm?®. For the Lower Pumice 2 samples, we used the com-
position of Unit B2 in Gertisser et al. (2009) to obtain a density of 2.50 g/cm?3.

2.2, Isolated porosity and connectivity

The skeletal volume (V;) and density of each clast were determined using the AccuPyc II 1340 and
1345 gas pycnometers with helium as the working gas. For the analysis, the smallest sample cup
that could accommodate the clast was selected to maximize accuracy because pycnometry is less
reliable when the sample’s volume is <10% of the cup’s volume. The volume was calculated by
introducing helium gas into the chamber with the sample and measuring the gas displaced. Each
sample’s volume and density were measured 10 times, and the average and standard deviation are
reported.

Elevation
mbs|
150

200

250

24°E40°  24°E50° 25°E 25°E10'  25°E200  25°E30°  25°E40’  25°E50' 26°E 26°E10°
Figure F1. Regional map of central section of south Aegean volcanic arc, Expedition 398. Red dots = Expedition 398 drill

sites from which samples were collected, green = areas above sea level. Inset: position of study area relative to Eastern
Mediterranean. Figure made with GeoMapApp (https://www.geomapapp.org) CC BY Ryan et al. (2009).
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Connected porosity () was calculated from the skeletal volume (V;) and envelope volume (V;):

dc=1-V/Ve (4)
Clast connectivity (C) is defined as
C=dc/d. (5)
Isolated porosity (¢,) is the difference between total and connected porosity:
b= - dc. (6)

2.3. Sinking times

To obtain the cold sinking time (z.), dry clasts were placed in labeled tubes filled with room tem-
perature tap water and set up in front of GoProl1 cameras. We did not use seawater to ensure that
the water density did not change over the course of the experiment if there was evaporation.
Timelapses with a 60 s interval were recorded. After a month, near-daily pictures were taken in
addition to daily observation to avoid errors due to missing footage, difficulty in recognizing sink-
ing in the video, or malfunctions such as power outages that turned off lights. Any clasts that sank
without being recorded or were unable to sink because they got stuck in the tube were dehydrated
again, and the experiment was repeated.

Hot sinking time (f,) was measured by heating clasts to 500°C for 30 min in a ceramic crucible
before dropping each clast from the crucible into room temperature water. Slow motion record-
ings of each clast being dropped were used to measure the time it took to sink after hitting the
surface of the water.

2.4. X-ray computed tomography

To visualize the isolated pores, we imaged two clasts from the Kameni 726 CE eruption with X-ray
computed microtomography (XRT) at the Advanced Light Source, Lawrence Berkeley National
Laboratory. Samples were obtained from Section 398-U1595A-4H-3. These small pumice clasts,
roughly 2-3 mm in diameter, were saturated under vacuum for 24 h and then soaked in water for
2y to remove any gas from connected pore space. Imaging was performed with 28 keV monochro-
matic X-rays. Reconstructions used 1969 images collected over 180° of continuous rotation and an
exposure time of 200 ms for each image. A 10x lens provided 0.635 um voxel linear dimensions.
Center of rotation corrections and artifact and ring removal procedures were performed during
image reconstruction, whereby raw data was converted into stacks of tiff images. Preprocessing,
including image smoothing and normalization, image segmentation, and 3D visualization were
achieved with Dragonfly 3D World. Multiphase image segmentation of subvolumes (~0.25 mm x
~0.25 mm x ~0.25 mm cubes) of the clasts was performed with Dragonfly Segmentation Wizard.
A subregion of one image slice in the chosen subvolume was hand-painted using the region of
interest (ROI) tools to tag pixels corresponding to three classes: solids, water, and gas. This pro-
vided a training frame for a U-Net 3D convolutional neural network image segmentation model.
The initial guess of the model was then applied to the entire image, and ROI tools were used to
correct the model output. This process was repeated for several frames throughout the subvol-
ume, and then all tagged frames were used for training and validation of the final U-Net model.
This segmentation model was applied to the entire cubic subvolume, producing a 3D multiROI
composed of solids, water, and gas. The volume of each phase was measured before converting the
segmented data to a 3D rendering, where smoothing and coloring were applied for optimal visual-
ization.

3. Results

Here, we report clast total porosities, isolated porosities, and sinking times. All data are tabulated
in Table T2. Several clasts fractured upon entering water during the hot sinking experiments, and
these are indicated with an “F” in the table.
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Figure F2 shows the total porosity for clasts from each of the four sampled eruptions. Total poros-
ity of individual clasts ranges 0.57—0.91. The mean total porosity of the Archaeos samples (0.738 +
0.059) is similar to the mean of 0.776 + 0.044 for 18 clasts reported in Druitt et al. (2024b). The
Lower Pumice 2 samples have the narrowest distribution of porosities and the highest mean total
porosity (0.862 + 0.016). The Kolumbo samples have a similar mean to Archaeos (0.765 + 0.054).
The Kameni samples have the second highest mean porosity at 0.835 + 0.080. The mean isolated
porosities in each deposit range from 0.022 (Lower Pumice 2) to 0.121 (Kolumbo 1650 CE). The
isolated porosity for the Archaeos samples (0.054 + 0.042) is slightly lower than the mean of 0.124
+ 0.038 for 18 clasts reported in Druitt et al. (2024b). If we used the solid density of 2.57 g/cm?
adopted by Druitt et al. (2024b) in the calculation of total porosity (Equation E3) and isolated
porosity (Equation E6), we recover similar means to Druitt et al. (2024b) for both total and isolated
porosity (0.755 + 0.055 and 0.071 + 0.045, respectively).

Figure F3 shows segmented 3D renderings of XRT images of subregions of two clasts from the
Kameni 726 CE deposit. Both clasts have diameters of a few millimeters and are smaller than those
on which we made porosity and sinking time measurements. The example shown in Figure F3A
has properties similar to the larger Kameni clasts, with a total porosity of 0.85, similar to the mean
of 0.84 for the 23 studied clasts. The isolated porosity in the imaged volume is smaller than the
pycnometry data, and those isolated vesicles are preserved in the plateau borders between bub-
bles. The example shown in Figure F3B has a very different texture. The sample has a higher den-
sity with a total porosity of 0.17, and most of the vesicles are gas-filled with isolated porosity of
0.16. The texture of the vesicles, with elongated shapes terminating in cusps, is the product of
strain to elongate the vesicles and collapse of those vesicles as the sample became permeable and

Table T2. Physical properties of pumice samples, Expedition 398. Download table in CSV format.
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Figure F2. Histograms of total porosity (¢) and isolated porosity (¢) of clasts (expressed as fractions) from each eruption,
Expedition 398. N = number of clasts, 4 = mean values, o = standard deviations.
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gas escaped (e.g., Westrich and Eichelberger, 1994; Rust and Cashman, 2004). After the loss of gas
and pore space collapse, the remaining vesicles are mostly isolated vesicles.

The pycnometry measurements in Figure F2 and the example 3D rendering of segmented XRT
images shown in Figure F3 confirm that isolated vesicles can be preserved in the submarine set-
tings we sampled. For the Archaeos samples, isolated porosity is preserved for 765 ka in present-
day water depths >500 m and burial depths >135 m (Table T1); see also the isolated vesicles in
XRT reconstructions of Archaeos samples presented in Manga et al. (2025). The strength of the
quenched glass in the clasts must be sufficient to preserve pumice textures. Consequently, features
of vesicles from tephra recovered from these cores can be used to study eruption processes.

Figure F4 compares the connectivity and total porosity of our samples to those in the PePPEr data-
base of porosity-connectivity measurements (https://www.pepper-database.com). Only samples
identified as having a submarine source are shown in Figure F4B. All of our samples plot above the
line that represents water-saturated clasts that have the density of seawater (p,, = 1.03 g/cm3),
given by

C=1/$ - (DRE/p,) (L/¢ - 1). (7)

We used two DRE densities for the solid fraction of 2.4 and 2.6 g/cm?, a range that encompasses
the values used here and those based on the highest values of bulk sediment measured for
Archaeos (2.57 g/cm?; Druitt et al., 2024b) and similar to Kameni (2.66 g/cm?; Preine et al., 2024)
samples. Bulk sediment DRE includes lithic fragments and hence may be higher than glass,
although the use of glass for the DRE neglects the contributions from crystals that would increase
the density. All of our samples are above the line, as expected for clasts that sank from fallout or
were transported in gravity flows and were recovered from the seafloor.

Figure F5 shows porosity, connectivity, cold sinking time, and hot sinking time against their clast
envelope volumes for all eruptions. Uncertainties in porosity and connectivity increase as clast
volume decreases.

We did not measure a strong trend of increasing sinking times with increasing clast size (R* = 0.23
for all hot pumice, R? = 0.02 for cold pumice), which contrasts with some previous studies
(Whitham and Sparks, 1986; Manville et al., 1998; Fauria et al., 2017). Hot sinking time has a

A Segmented pumice B Isolated porosity

Water-filled
pores

100 um

Figure F3. 3D renderings of XRT images of subvolumes of two clasts from the Kameni 726 CE eruption, Expedition 398.
A. Segmented subvolume. Gray = solids (glass and any crystals), dark blue = water-filled (i.e., interconnected) vesicles,
cyan = gas-filled (i.e., isolated) vesicles. B. Isolated vesicles (light blue) and a continuous curviplanar water-filled pore (dark
blue) with solids removed from visualization. Low porosity sample in bottom row is not representative of bulk of pumice
clasts, but it is shown to highlight textural diversity of clasts and geometry of connected and isolated pores in highly
deformed samples that lost much of their porosity during deformation. Scale bars are approximate due to perspective.
Images were collected on XRT beamline 8.3.2 of the Advanced Light Source using 28 keV monochromatic X-rays. Voxel
linear dimension of tomography data is 0.635 um.
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stronger relationship with clast envelope volume compared with cold sinking time (Figure F6). Of
all eruptions, clasts from Lower Pumice 2 had the strongest relationship between hot sinking time
and clast envelope volume (R? = 0.25). Our measurements are consistent with Jutzeler et al. (2017),
who found a correlation between clast volume and sinking time for hot pumice but not cold pumice.

We did not measure a relationship between connectivity and sinking time (R? = 0.04 for hot pum-
ice, R? = 0.00 for cold pumice) (Figure F7). The majority of hot clasts sank in <7 s. This agrees with
other hot sinking experiments where heating pumice clasts to temperatures above 400°C results in
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A B © — DRE24
--- DRE2.6
° 4 Archaeos (N=87)
Kameni (N=21)
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Figure F4. Total porosity of pumice samples versus their connectivity, Expedition 398. A. Sorted by eruption. To identify
combinations of porosity and connectivity that make clasts unsinkable, we uses two different densities of the solid fraction
of the clasts (DRE, 2.4 and 2.6 g/cm?) to encompass values reported for Archaeos and Kameni samples. Below these curves,
pumice is prevented from sinking when connected porosity is filled with water because of sufficient isolated porosity.
B. From PePPEr database (https://www.pepper-database.com). Triangles = samples collected from floating pumice rafts
or washed onto shore, circles = samples collected on seafloor. Samples that plot above a connectivity of 1 are impossible
and arise from (not always reported) uncertainty in measurements. FOB = Fukutoku-Oka-no-Ba.
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Figure F5. Porosity, connectivity, and cold and hot sinking time versus clast envelope volume for clasts from each eruption,
Expedition 398. There is large scatter in sinking times across all eruptions. Cold sinking times are on log scale. One clast
remained floating at time of submission (>675 days) and is not plotted. Clasts >8 cm? (clast envelope volume) were too
large for pycnometry and were excluded. Data points with no visible error bars have error bars smaller than symbol size.
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efficient water ingestion as gas in connected pore space cools and contracts and water vapor con-
denses (Allen et al., 2008; Manga et al., 2018; Whitham and Sparks, 1986). Figure F8 shows that
there is no relationship between hot and cold sinking times.

Clast Envelope Volume (cm?3)

° ° Eruption
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Figure F6. Clast envelope volume versus (A) hot sinking time and (B) cold sinking time, Expedition 398. Global R? values
show stronger relationship for hot pumice than cold pumice. Linear regression line is shown for hot pumice (light gray
dashed line) but not for cold pumice because R? is so small.
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4. Summary

We found that hot pumice clasts sink within seconds. Room temperature pumice clasts, however,
float for much longer, typically weeks to >1 y. We did not find a strong correlation between clast
volume and sinking times, with a weak correlation between clast volumes and hot sinking times
and no relationship for cold sinking times. All samples of pumice from submarine eruptions con-
tain isolated porosity, but the amount of isolated porosity is always insufficient to keep the recov-
ered clasts from sinking when connected pores are filled with water. Interestingly, isolated
porosity from the submarine Archaeos eruption is preserved in clasts >500 mbsl and >100 meters
below seafloor (mbsf), as well as for 765 ka.
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