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Abstract

Silicic submarine volcanic eruptions can produce large volumes of pumices that may rise buoyantly to the ocean surface and/or sink to
the seafloor. For eruptions that release significant volumes of pumice into rafts, the proximal to medial submarine geologic record is thus
depleted in large volumes of pumice that would have sedimented closer to source in any subaerial eruption. The 2012 eruption of Havre
volcano, a submarine volcano in the Kermadec Arc, presents a unique opportunity to study the partitioning of well-constrained rafted
and seafloor pumice. Macro- and microtextural analysis was performed on clasts from the Havre pumice raft and from coeval pumiceous
seafloor units around the Havre caldera. The raft and seafloor clasts have indistinguishable macrotextures, componentry, and vesicularity
ranges. Microtextural differences are apparent as raft pumices have higher vesicle number densities (10° cm™ vs. 108 cm™) and sig-
nificantly lower pore space connectivity (0.3-0.95 vs. 0.9-1.0) than seafloor pumices. Porosity analysis shows that high vesicularity raft
pumices required trapping of gas in the connected porosity to remain afloat, whereas lower vesicularity raft pumices could float just from
gas within isolated porosity. Measurements of minimum vesicle throat openings further show that raft pumices have a larger proportion
of small vesicle throats than seafloor pumices. Narrow throats increase gas trapping as a result of higher capillary pressures acting over
gas—water interfaces between vesicles and lower capillary number inhibiting gas bubble escape. Differences in isolated porosity and pore
throat distribution ultimately control whether pumices sink or float and thus whether pumice deposits are preserved or not on the seafloor.

Keywords Submarine volcanism - Pumice raft - Microtextures - Connected porosity - Pore throats - Gas trapping

Introduction

Physical volcanology is rooted in the interpretation of volcanic
products [Cashman and Sparks 2013; Marti et al. 2018]. Our
understanding of changes in eruptive styles, clast transporta-
tion and deposition mechanisms, and key physical parameters
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(e.g., mass eruption rate and total eruptive volume) is highly
dependent on accurate analysis and interpretation of depos-
its that form orderly stratigraphic sequences [Pyle 1989;
Houghton and Carey 2015]. While most volcanism occurs in
the ocean, submarine-erupted volcanic sequences remain less
studied than their subaerial counterparts [Rubin et al. 2012;
Cas and Simmons 2018]. In the deep-sea environment, large
volumes of freshly erupted material can be missing from the
proximal to medial geologic record due to the dispersal of
clasts as pumice rafts during eruptions [Bryan et al. 2012;
Carey et al. 2018] and the complex nature of submarine ash
dispersal and settling [Stewart and McPhie 2004]. Conduct-
ing studies solely on the preserved proximal seafloor deposits
may therefore significantly underestimate eruption volume and
mass eruption rate, skewing our understanding of deep-sea
volcanic eruptive styles, dynamics, and magma production
rates on the seafloor. To date, there has been no study that
directly and quantitatively compares clast textures within raft
and seafloor deposits sampled in situ through direct submers-
ible operation from the same submarine eruption and/or erup-
tive vent.
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Pumice rafts

Pumice rafts can be utilized to trace and track submarine
volcanic activity back to its eruptive source [Vaughan et al.
2007; Carey et al. 2014], are a primary hazard associated
with deep-sea volcanic eruptions as they can obstruct ship
traffic and potentially damage vessels [Gass et al. 1963;
Bryan et al. 2004], and are important in the establishing of
endemic marine ecosystems and its ocean surface move-
ment [Bryan et al. 2004]. The low density of gas-filled pum-
ice relative to seawater permits pumice to remain afloat for
many months to years after an eruption, and thus, pumice
can be dispersed thousands of kilometers away from the
source [Bryan et al. 2004; Bryan et al. 2012; Jutzeler et al.
2014; Carey et al. 2018]. Large rafts of pumice have been
documented throughout history and used to identify subma-
rine eruptions (e.g., Kolumbo 1650, South Sandwich Islands
1962, and Tonga 2002 [Risso et al. 2002; Bryan et al. 2004;
Nomikou et al. 20141]).

Satellite tracking of rafts presents the opportunity to iden-
tify and study new submarine eruptions and can motivate
rapid response ship-based exploration [Jutzeler et al. 2014;
Brandl et al. 2019; Mittal and Delbridge 2019; Whiteside
et al. 2021]. The 2012 submarine eruption at Havre volcano,
Kermadec Ridge, New Zealand, is an example of how raft
identification via remote sensing led to a swift, extensive,
and ongoing, research effort into a large deep-sea eruption
[Carey et al. 2014]. A study of the raft and seafloor vol-
umes from the 2012 Havre eruption highlighted that over
70% of eruptive material was dispersed away from source
in a voluminous pumice raft and is not preserved close to
the volcano [Carey et al. 2018]. Extensive seafloor research,
based mainly on a 2015 research cruise, has allowed us to
constrain different parts of the eruptive history from raft
observations, seafloor deposits, and clast analyses [Carey
et al. 2018; Ikegami et al. 2018; Manga et al. 2018a; Mitchell
et al. 2019; Murch et al. 2019a; Murch et al. 2019b]. How-
ever, to understand and constrain accurately processes dur-
ing submarine pumice-producing eruptions, and to further
understand what makes pumice float or sink, it is imperative
that we combine observations with detailed microtextural
analyses of pyroclasts from both raft and seafloor environ-
ments. The following study of the 2012 Havre raft and sea-
floor pumice does as such.

Pumice-bearing units of the 2012 submarine Havre
eruption

The July 2012 submarine eruption of Havre volcano, on the
Kermadec Ridge, produced 1.5-2 km?® of rhyolite products
(70-72 wt% Si0O,) in the form of lava flows, lava domes,
pumice-rich units, and ash-bearing units [Fig. 1] [Carey
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et al. 2018]. This study focuses on the pumice-bearing units
erupted from the main 900-m-deep vent (the pumice raft,
RP; a giant pumice unit, GP; and an ash-lapilli-block deposit
proximal to the vent, ALB).

The pumice raft (RP) is estimated from satellite imagery
to have been produced from the main vent over a period of
21 h [Fig. 2a], had an estimated bulk volume of 1.2 (+0.2)
km?®, and was estimated to be erupted at a mass eruption rate
(MER) of ~ 107 kg s~! [Carey et al. 2014 2018]. A seafloor
deposit of giant pumiceous blocks (GP) with decimeter to
9 m diameters [Fig. 2d—{] was inferred to have erupted from
the same vent as the raft due to the direction of clast disper-
sal and based on similar geochemistry and bulk porosities of
clasts in deposits [Carey et al. 2018]. The GP unit has a bulk
volume of at least 0.1 km® and covers at least 35 km? of the
caldera floor (as mapped) [Fig. 1]. The MER of GP is not
known, although clast production is interpreted to have been
through a rapid “effusive” manner with subsequent fragmen-
tation in the water column [Carey et al. 2018; Manga et al.
2018a]. The ALB deposit is a much smaller multilobate
unit of vesicular ash, lapilli, and blocks [Fig. 2g—i], lobes
that extend up to two km from the main vent (upon which
Dome OP sits) [Fig. 1]. The ALB unit has an eruptive vol-
ume of ~0.01 km? and areal extent of ~3.5-4.0 km?2; eruptive
duration, MER, and mechanism of formation and deposi-
tion are unknown [Carey et al. 2018]. Based on stratigraphic
observations (ALB overlying GP) and deposit geometry,
Carey et al. (2018) hypothesized that ALB was the result of
deposition from density currents following the deposition of
the GP clasts. The geochemistry of ALB also matches that
of RP and GP [Carey et al. 2018]; this study will present the
first textural data for the pumice-rich ALB unit. The OM dif-
ference in eruptive volume between the raft (~ 1.2 km?) and
combined seafloor pumice units (>0.11 km?) highlights the
importance of combining raft and seafloor observations and
measurements when quantifying and classifying submarine
eruptions by MER and/or total eruptive volume.

Despite the different depositional fate, the seafloor and
raft pumices have similar bulk porosities and macrotextural
characteristics [Carey et al. 2018]. This raises the question
what are the measurable properties/characteristics that sepa-
rated rafted pumice from pumice deposited on the seafloor?
Manga et al. (2018a) found through experiments that raft
pumices trap more gas than seafloor pumice through capil-
lary processes, but the physical characteristics and controls
that lead to gas trapping were unknown. In this study, we
identify the microtextural and vesicle connectivity differ-
ences between raft (RP) and seafloor pumice (GP & ALB).
We here illustrate how these textural differences can lead to
major differences in pumice fate (sinking vs. floating) and
later discuss the mechanisms and physical controls through
which internal microtextures can affect pumice dispersal.
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Fig.1 Sample locations from the MESH 2015 expedition and
inferred pumice unit outlines for the 2012 Havre eruption; AUV
bathymetry from Carey et al. (2018). Inset shows the Havre caldera
location on the Kermadec Ridge [Carey et al. 2014]. RP was sampled
at distant shorelines (Fiji) but originated and dispersed from the vent
beneath Dome OP; outlined here (orange dashed area) as the pumice

Controls on pumice buoyancy in water

Ultimately, a pumice clast (including its fluid-filled
pore space) must be denser than the surrounding
medium, i.e., water (density ~ 1000 kg m™~> for freshwa-
ter or~ 1027 kg m™3 for seawater), to be able to sink; the
ingestion of seawater into pumice (and loss of gas from
pore space) is the primary cause of sinking [Cashman and
Fiske 1991; Allen et al. 2008; Fauria et al. 2017; Fau-
ria and Manga 2018]. Pumice clasts are initially filled
with magmatic volatiles (primarily water vapor). Air can
replace the water vapor during subaerial eruptions. Air
(~2.0 kg m™) may also be entrained into pumice clasts
when clasts reach the ocean surface from submarine erup-
tions, although this process has not been quantitatively
demonstrated. The presence of air within clasts is impor-
tant because the trapping and retention of non-condensable
gas causes flotation [Fauria et al. 2017]. Non-condensed

raft at the ocean’s surface based on MODIS satellite images from July
19, 2012 [Carey et al. 2018]). The GP outline is identified by a transi-
tion of smooth to rough (GP-hosting) seafloor. The inferred ALB out-
line is defined by a transition from rough to smooth (ALB-hosting)
seafloor. Effusive 2012 deposits (lavas A through N) are highlighted
in red

CO, bubbles from magmatic degassing (~2.0 kg m~> at
ambient pressure and temperature) may also play a role in
flotation, but typically water vapor is the dominant mag-
matic volatile in silicic melts and present as vapor or con-
densed liquid in bubbles/vesicles by surface emergence.

The total porosity, @, (pore space including vesicles,
cracks, and voids), of pumice is given as the combined
volume of connected porosity, &, and isolated porosity,
@, [Eq. 11:
0, =0;+D, (1)
where vesicle “connectivity,” ¢, is given as the ratio of con-
nected to total porosity [Eq. 2]:

c=—° @
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Fig.2 Whole clast textures of rafted and seafloor pumices from the
2012 Havre eruption. a The coherent pumice raft observed 8 weeks
after the eruption from the HMS Canterbury; b raft pumice washed
ashore in Fiji in summer 2013; c¢ lithic breccia and banding in raft
pumice collected in New South Wales, Australia; d, e, f meter-scale

Isolated porosity is defined as any pore space that is not
connected to the exterior of a clast; this may be singular
isolated vesicles or connected vesicles with no clast exte-
rior connection. Generally, vesicle connectivity in pumice is
found to increase with total porosity and is close to complete
(c=1) above a percolation threshold at porosities >70%,
although this is variable across different deposits and com-
positions [Rust and Cashman 2004; Colombier et al. 2017;
Cassidy et al. 2018; Bernard and Bouvet de Maisonneuve
2020].

The movement of pumice clasts on the ocean surface by
wave action and surface currents permits the ingestion of
air into pore space [Cashman and Fiske 1991; Jutzeler et al.
2020]. The subsequent ingestion of seawater into the con-
nected porosity may cause this air to be trapped. Trapped
gas within isolated or connected porosity may allow pumice
to remain afloat for up to many years on the ocean surface
[Bryan et al. 2012; Manga et al. 2018a]. Gas may be trapped
in connected porosity by the process of capillary (gas) trap-
ping, whereby fluids are trapped in pore space by another
fluid phase and trapping is influenced by pore geometry
[Wardlaw 1982; Fauria et al. 2017; Chao et al. 2019].

This study will demonstrate how vesicle connectivity is
a fundamental control on how efficiently pumices can trap
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gas and remain afloat. We conducted detailed analysis of
pumice macrotextures (density and componentry), micro-
textures (vesicle number densities and volume distributions),
and pore structure (permeability, vesicle connectivity, and
vesicle throat diameters) to identify physical differences
between the raft and seafloor pumice populations of the 2012
Havre eruption.

Methodology

Around 240 pumice raft clasts (RP) 2-20 cm in diameter
were collected from the shores of Fiji and New South Wales,
Australia, approximately 1 year after the eruption; major
element geochemistry verified the clasts’ origin [Carey
et al. 2018]. The Mapping, Exploration, and Sampling at
Havre (MESH) expedition in 2015 collected up to 100 clasts
(8-32 mm in diameter) from the vent-proximal ALB unit
at nine locations (six analyzed here) and 29 dm-sized frag-
ments of giant pumice block exteriors using the remotely
operated vehicle (ROV) Jason [Carey et al. 2018; Mitch-
ell et al. 2019]. One whole giant pumice, named GP290
(1.5x 1x1 m), was brought to the surface intact by the
ROV Jason and studied in detail by Mitchell et al. (2019).
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This study utilizes existing data from GP290; we note that
GP290 represents a textural endmember within the giant
pumice deposit because of the presence of cm-thick gray
bands throughout the clast [Mitchell et al. 2019].

All clasts and fragments were washed in an ultrasonica-
tor, cleaned, and dried at 80 °C for over 24 h before analysis.
For each sample, we measured the density of all particles/
broken GP fragments that were 8—-32 mm in diameter fol-
lowing Houghton and Wilson (1989); density measurements
have + 15 kg m™ error. Vesicularity was determined using
a whole rock density of 2380 kg m™>, as analytically deter-
mined by Mitchell et al. (2019) through helium pycnom-
etry on 28 GP block fragments. Individual clasts were then
assigned a macrotextural identity for componentry analysis,
with classifications similar to those assigned by Mitchell
et al. (2019) and Murch et al. (2019a). Clasts were classified
as banded (presence of gray cm- and/or mm-sized bands in
predominantly white pumice), fubular (texture dominated
by elongate and/or “tube” vesicles oriented in a single direc-
tion), or uniform (texturally uniform white pumice with
no significant gray banding or vesicle elongation). Clasts
selected for 2D microtextural analysis were taken from the
modal density category of each unit (RP and ALB) and then
from the tail ends of each density distribution to cover the
range of vesicularities observed within each unit. Microtex-
tural data for GP and GP290 was taken from an extensive
study of the giant pumice blocks by Mitchell et al. (2019);
the fragments selected for GP microtextural analysis were
taken only from the modal density category of the density
distributions, as some ROV-sampled materials were limited,
particularly at lower vesicularity.

To conduct 2D quantitative microtextural vesicle anal-
ysis, backscattered electron (BSE) images from 18 thin
sections were acquired at 50 X, 250 X, and either 500 X or
750 X magnification (depending on the apparent number
of vesicles < 10 um in diameter) and as whole thin section
scans. Vesicle sizes measured here were 2—4000 um in diam-
eter. BSE images were acquired using a JEOL JXA-8500F
microprobe analyzer at 15 keV accelerating voltage with an
8 nA beam current at the University of Hawai’i at Manoa.
BSE images were subsequently processed through the image
processing software, FijiApp [Schindelin et al. 2012], where
the area and number of vesicles and the number and size of
minimum vesicle throat diameters (D,;,) were determined for
each image. In this study, we analyzed vesicles and throat
diameters within thin sections from individual clasts: five
RP, five ALB, five GP, and three GP290.

We calculated vesicle number densities corrected for
vesicularity (Ny,,) and vesicle volume distributions (VVDs)
following Sahagian and Proussevitch (1998) and the same
image nesting structuring used by Mitchell et al. (2019);

these calculations were performed on manually “decoa-
lesced” vesicle images. The minimum vesicle throat diame-
ter (Dy,) is quantified here as the narrowest opening between
the two connected vesicles. These narrowest openings also
mark the same spot where vesicles were “decoalesced,” to
remain consistent with Ny, and VVD analysis. Dy, analysis
was done for eight 250 X magnification BSE images from
each of the 18 thin sections assessed for Ny,,, and VVD
analysis; almost 20,000 throat diameters were measured in
total across all clasts. A 250 x BSE image resolution was
2670 pixel/mm such that we could resolve bubble walls
down to~0.38 um thick. With a 2 pixel resolution, we set
the minimum detection threshold of vesicle throats at~ 1 um.

We used an AccuPyc II 1340 Gas Pycnometer at the Uni-
versity of Oregon to determine total porosity (&,) and iso-
lated porosity (@;) of cylindrical cores and fragments of cm-
sized pumice clasts from RP, GP, and ALB to accompany
existing data for RP and GP290 [Manga et al. 2018a]; these
analyses were used to determine vesicle connectivity. All
cylindrical cores were 2.2-2.8 cm in diameter and ~3 cm in
depth. A PMI CFP-34RUES8A-3-6 Capillary Flow Porome-
ter at the University of Oregon was used to measure Darcian
(k;) and inertial (k,) permeability of cores from RP to add
to the existing permeability data for GP and GP290 [Mitch-
ell et al. 2019]. This study combines existing data from the
seafloor (GP) with new measurements from the Havre 2012
pumice raft (RP) and seafloor pumice unit, ALB. Further
details on collection and processing of samples, microtex-
tural methods, pycnometry, and capillary flow porometry
can be found in Supplements 1-3.

Results
Macrotextures: density and componentry

The macrotextures of RP, GP, GP290, and ALB clasts are
all very similar [Figs. 2 and 3], as shown similarly by Carey
et al. (2018) for preliminary raft and GP data. RP, GP, and
ALB exhibit similar ranges in vesicularity with modal
vesicularities between 70 and 85%, with mean and medi-
ans of 72-77% and 75-79%, respectively [Fig. 3a]. RP has
a lower vesicularity limit of 57% (consistent with density
equivalent to seawater — 1027 kg m™>); ALB and GP sel-
dom reach below this (48% at the very lowest). All units
have clasts with up to~92% vesicularity and share similar
clast componentry, as most clasts exhibit uniform macrotex-
tures [Fig. 3]. Componentry and density is discussed further
in Supplement 4.

GP blocks have a variety of morphologies and can exhibit
very blocky, angular, and irregular exteriors [Fig. 2d—f]

@ Springer
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Fig.3 a Box and whisker plots of density and corresponding vesicu-
larity (DRE=2380 kg m™>) for all 8-32 mm clasts/fragments from
each 2012 unit sampled. Each plot gives the mean (X), median (—),
interquartile range (box), 5-95th percentiles (whiskers) and outliers
(°). b Textural componentry of all 8-32 mm clasts/fragments ana-
lyzed from each unit. # denotes the number of clasts/fragments ana-
lyzed

[Mitchell et al. 2019], whereas ALB clasts were mostly
sub-angular to sub-rounded with a notable absence of
well-rounded clasts, attributed by Carey et al. (2018) to
pervasive clast break up during transport [Fig. 2g—i]. RP
clasts (2-20 cm) were usually sub- to well-rounded, pre-
sumably due to heavy abrasion and comminution from
clast—clast—wave interactions in the raft. Overall, there is no
significant macrotextural variation observable between the
raft and seafloor units, aside from clast size and shape, which
are attributed to secondary fragmentation mechanisms.

@ Springer

Microtextures: vesicle number densities and volume
distributions

There is, however, microtextural variability between, and
within, the RP, GP, and ALB deposits [Fig. 4; Supplement
5]; a summary of all vesicle microtextural data can be found
in Table 1. RP clasts have higher vesicle number densities
(Nypm» 9.7 x 108 to 1.5 x 10° cm™) than all seafloor GP (1.9
x 108 to 6.0 x 108 cm~ including GP290) or ALB (3.1 X
108 to 7.8 x 10% cm™3) clasts [Fig. 5a]. The range of Ny,
values from Havre (10%-10° cm™) sits within Ny, data from
pumice of other submarine silicic centers along the Kerma-
dec Arc and the shallow subaqueous 1.8 ka Taupd eruption
[Fig. 5] [Houghton et al. 2010; Rotella et al. 2015]. Havre
2012 raft Ny, values from Rotella et al. (2015) are very sim-
ilar to our determined values, which are reassuring [Fig. 5a].
The higher Ny, values in Havre raft pumice are more appar-
ent in lower vesicularity BSE images from smaller vesicle
sizes [Fig. 4d]. Raft pumice vesicles are mostly circular and
lack preferred orientation, and most coalesced vesicles have
narrower bubble throats than vesicles in seafloor samples
(GP and ALB). GP fragments have larger vesicles on average
and fewer fully circular vesicles; vesicles in ALB clasts are
most similar to vesicles in GP fragments [Fig. 4].

All units have similar vesicle number distributions for
vesicle diameters between 30 and 1000 um [Fig. 5b, Sup-
plement 6]. Below 30 um, RP deviates from the seafloor
pumice where there are as many as double the number of
vesicles (Ny) < 10 pm, and <3 pm, than the seafloor pum-
ices [Fig. 5c]. Higher Ny, in RP clasts are attributed to this
greater number and volume of vesicles <30 um in diameter
(22-30 vol.% in RP vs 10-25% in GP and ALB) [Fig. 5d and
Table 1]. The greatest statistical difference in vesicle volume
between seafloor and raft occurs at vesicles of 15-50 um
[Supplement 7], suggesting that vesicles of this size may
play an important role in whether pumice float or sink.

Permeability and vesicle connectivity

Darcian permeability (k;) spans 3.5 orders of magnitude (5
% 107329 x 107! m?) throughout seafloor pumice, between
and within individual clasts [Mitchell et al. 2019], whereas
raft pumice have a narrower but overlapping lower range
from 7 x 107139 x 107'2 m? [Fig. 6a,b]. There is no cor-
relation of k; with total porosity (&,) or connected porosity
(@) within GP or RP. GP290 shows a similar k; range to RP
at lower @,. Similarly, inertial permeability (k,) values are
narrower and smaller in RP (2 x 107°—7 x 10~® m), whereas
GP k, values are broader and can be higher (2 x 107°-2 x
1075 m) except for GP290 with lower k, values [Supplement
8]. Overall, there is no apparent sharp separation between
raft and seafloor permeability, but GP clasts may have much
higher permeability. In any case, Fauria and Manga (2018)
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Fig.4 Binary BSE images for
each of the pumice units taken
at 50X (a, e, i) and 250 X (rest)
magnification; scale bar=1 mm
in 50 ximages and 10 um in
250 x images. Vesicles are in
black, crystals in gray, and
glass in white. Vesicles in
250 x images are decoalesced
for number density (Vy,,) analy-
sis. In each image are reported
vesicularity (%) and whole

clast-corrected Ny,, in cm™

show that seawater ingestion during pyroclast cooling is not
a permeability-limited process.

He pycnometry, however, reveals a significant difference
between values of vesicle connectivity (c) in floating clasts
(RP) versus clasts that sunk to the seafloor (ALB and GP)
[Fig. 6¢c]. RP clasts have lower vesicle connectivity (i.e.,
higher isolated porosity, @;) than GP and ALB fragments
despite showing similar total porosities (@, = 60-92%).
RP clasts have connectivity, ¢, ranging between 0.35 and
0.95, whereas for GP and ALB clasts, ¢ ranges from 0.92
to 1.0 (1.0=100% vesicle connectivity). The low connec-
tivity (¢ <0.7) of some raft pumice is very surprising for
such highly vesicular pumice, because subaerial pumice
above 70% porosity usually exhibit very high — if not full
— connectivity in 3D [Degruyter et al. 2012; Colombier
et al. 2017]. The heavily banded GP290 has a narrower
@, range (74-82%), but vesicles are near fully connected
(c=0.97-1.0) and distinct from other uniform GP, as shown
by Mitchell et al. (2019). ALB clasts are more similar to GP,
mostly being, fully connected (¢ ~1.0) at @, > 85% [Fig. 6d].

In summary, RP, GP+ ALB, and GP290 show three distinct
connectivity—porosity relationships [Fig. 6¢, d].

The connectivity threshold for clast floating or sinking

When vesicles in a pumice clast are entirely connected
(c=1) and the connected pore space is fully saturated with
liquid water, the clast will sink. However, if clasts have
isolated porosity (¢ < 1), they may be able to float even
when their connected pore space is filled with liquid water
[Fig. 6e]. We calculated the maximum connectivity (c,,,)
that enables flotation of clasts that have connected porosity
saturated with a water volume fraction of liquid (s) as

Peiast — Pr ¥ (Pr = 0,)D,  2379¢, — 1353
C s = =
" (P — )5, 102652,

This was derived from a mass balance relationship and
the connectivity equation [Eq. 2]:
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Fig.5 a Corrected vesicle number density (Ny,,) for Havre 2012
pumice and pumice from other silicic eruptions vs. whole clast
vesicularity (%); b the number of vesicles greater than a given
diameter (L) between 2 and 3000 um for each sample analyzed — ¢
expands the differences between samples at the smallest vesicle sizes
(<100 pm); d the % volume fraction of vesicles <30 pm in diameter

Pclast = (1 - Qt)pr + Qipg +5D.pg + (1 - s)gc‘pg 4)

where @, is the total porosity (fraction), @; is the isolated
porosity, &, is the connected porosity, s is the volume frac-
tion of connected pore space filled with seawater, and p;,,,,
Prs Pgs and p,,, are the densities of the whole clast, bulk rock,
trapped gas, and seawater, respectively. For our calculations
and the derivation of Eq. 3, we assume p,,, = 1027 kg m™~>
[Millero and Huang 2009], p, = 2380 kg m~3 [Mitchell et al.
2019], and p, = 1 kg m~> (ambient air). The line in Fig. 6c
illustrates how the flotation threshold, c,,,, depends on clast
porosity and s (examples at s=0.86 and 1). For example, a
clast with 90% porosity and a solid rock density of 2380 kg/
m? is always able to float if less than 85% of its pore space
is fully connected, assuming s=1.

Lower porosity (@,< 85%) RP clasts of low connectivity
sit below the threshold, i.e., they will float depending solely
on isolated porosity [Fig. 6d]. However, RP clasts with high
connectivity (¢ >0.8) at higher &, require greater trapped gas
content to be able to float. A threshold where s=0.86 (> 14%
of connected porosity volume contains trapped vapor) is the
best fit to separate all raft from seafloor pumice; however, s
will vary for individual clasts [Fig. 6] [Fauria et al. 2017].
Values of s < 1 require that some gas remains trapped within

Whole clast vesicularity (%)

for each sample.*GP and GP290 data acquired from Mitchell et al.
(2019); *Rotella raft and submarine Kermadec data from Rotella
et al. (2015); and subaerial and Taupo 1.8 ka data from Houghton
et al. (2010) — Taupd Unit 2 (micro- and macro-vesicular) and Unit
7 pumice blocks

the connected porosity, as experimentally demonstrated by
Fauria et al. (2017), where ingested water prevented the
escape of gas in some vesicles [Fig. 6e]. Our calculations
also demonstrate that, at c=1.0, some pumice may be able
to float without any isolated porosity, so long as s values are
sufficiently low, and the connected porosity traps enough
gas. Our microtextural results raise the possibility that subtle
changes in vesicle connectivity, as well as in the efficiency of
gas trapping within connected porosity, may change the fate
of pumice transportation and deposition during submarine
eruptions.

Vesicle throat diameters

Vesicle throats (or “pore” throats) are the narrowest open-
ing between two connected or “coalesced” vesicles [Fig. 7].
Pore throat size distributions are rarely reported in studies of
volcanic products but are important to consider for assess-
ing microscale permeability and fluid and gas flow within
vesicle networks, in this case, gas trapping. We make these
measurements because the pore-scale processes that impact
water ingestion are not fully understood. These measure-
ments attempt to link measured vesicle scale properties
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suitable

suitable suitable

(poor res.)

X
X

(thin wall)

(poor res.)

Fig.7 a Choosing the suitability of vesicle throat measurements:
only selecting where remnants (septa) of old bubble wall are clearly
visible. X denotes where throat selections are not suitable; b exam-
ple selection within a zoomed in BSE image of pumice (vesicle in
black and glass in gray) — throats were not measured where there
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Total porosity (%)

(yellow). *GP and some RP data acquired from Mitchell et al. (2019)
and Manga et al. (2018a). Analytical error is given by error bars.
Connectivity values>1 are attributable to analytical imprecision. s
lines represent a constant density of 1027 kg m™> — the buoyancy
threshold in seawater, where s=1fraction of connected porosity satu-
rated by liquid seawater as shown in ¢

was poor image resolution, incomplete (not in view) throats, or where
there were very thin walls; ¢ examples of 250 X (upper images) and
500 % (lower images) BSE images with measured throats drawn as
yellow lines
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[Figs. 5 and 6] with processes of gas trapping at the con-
tinuum scale.

Here, we manually measure pore throat sizes in 2D
from the BSE images used previously for vesicle number
analyses [Fig. 7c]. In BSE images, vesicle throats were
clearly distinguished from more-rounded, vesicle edges by
the presence of “tips” or “septa” indicating the breach of
a thin bubble wall as two bubbles had connected through
coalescence [Fig. 7a, b]. For each BSE image, we deter-
mined the number of throats (#) and the average vesicle
throat diameter (D). These values were also normalized
by the area of glass + crystals in each BSE image (4,,). We
combined these measurements with the measurements of
vesicle diameters (D,,.,) within the same BSE images (at
250 x magnification).

Figure 8 and Table 2 summarize average throat diameters
(D) for all raft and seafloor pumice samples from Havre
2012; GP, GP290, and ALB all show very similar values
and trends, so we will refer to these mostly as the “sea-
floor clasts.” Raft pumices have average throat diameters of
5-10 pm across all image vesicularities (61-87%), whereas
seafloor pumice have average throat diameters of 9-20 pm

ves

across all vesicularity range [Fig. 8a]. Average throat diam-
eter and normalized average throat diameter increase with
vesicularity [Fig. 8a, c].

Measurements of the number (#) of pore throats per
image (or pore throat density) also reveal differences
between rafted and seafloor clasts [Fig. 8b, d]. At vesiculari-
ties > 80%, raft pumices have up to 300 throats/image, and
seafloor clasts have < 200 throats/image — most at 50-150
throats/image. At lower vesicularity (<80%), raft pumices
have a comparable pore throat density to seafloor pumice
(80-170/image vs. 50-150 /image, respectively) [Fig. 8b].
When normalized by glass + crystal area, throat density
increases with vesicularity [Fig. 8d]. To summarize, high
vesicularity (> 80%) raft pumices have a larger number of
small pore throats compared to seafloor clasts of the same
total vesicularity.

Prior measurements of average vesicle diameter (D,.)
also show differences between seafloor and rafted pum-
ice clasts [Fig. 8e, f and Table 1]. Seafloor clasts gener-
ally have larger average vesicle diameters compared to the
rafted clasts. We find a positive correlation between average
throat diameter and average vesicle diameter for raft and
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Fig.8 Results of vesicle throat diameter (D) analysis from BSE
images; a—d Plots show, per image, the average+ 1 standard devia-
tion error bar, number (#) of throats, and sum of all throat diameters,
all vs. 2D image vesicularity (%). Plots ¢ and d have measurements
normalized to the area of glass +crystals within the BSE image (A,);

e average throat diameter (Dy,) vs. the average circular diameter (D,)

and f number of measured vesicle throats vs. number of vesicles
within the same image; g, h the ratio of average throat and vesicle
diameter vs. image vesicularity and average throat diameter (D) per
BSE image; i number of vesicle throats for a given size bin (D) as a
vesicle throat number distribution for each pumice unit (collated sam-
ples for each unit). Throat diameters are calculated from 1 to 200 um
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seafloor pumice [Fig. 8e]. Furthermore, raft pumices have
consistently lower throat-to-vesicle diameter ratios (Dy/D, )
than seafloor pumice across all vesicularities, indicating that
raft vesicles are more “poorly connected” (0.25-0.47 vs.
0.41-0.67) [Fig. 8g, h].

The vesicle throat size distributions measured over
1-200 um between the different units clearly show how raft
pumices are dominated by many small throats and few large
throats [Fig. 8i]. Conversely, seafloor pumices have very few
small throats with a common shift to larger average throat
diameters by number [Fig. 8i]. Overall, our results highlight
the importance of narrow vesicle throats in controlling the
physical trapping of air and/or CO, within the connected
porosity of pumice clasts and, thus, floating vs. sinking.

Discussion

Our macrotextural analyses and previous work [Carey et al.
2018] show that raft and seafloor pumices have similar total
porosities (vesicularity) and clast componentry [Fig. 3]. How-
ever, microtextural and porosity analysis identified that raft
and seafloor pumice are distinguished by differences in vesicle
number density [Fig. 5a], modal vesicle diameter [Fig. 5d and
Table 1], vesicle connectivity and isolated porosity [Fig. 6c],
and — with some overlap — permeability [Fig. 6a, b]. Addi-
tionally, pore throat analysis identified differences in the num-
ber and dimensions of vesicle throats [Fig. 8].

Here we discuss how these microtextural differences
may partition pumice clasts into rafted and seafloor popu-
lations. Specifically, we discuss (1) how isolated porosity
influences pumice flotation; (2) how capillary gas trap-
ping works; (3) how the internal structure of pumice can
impact capillary gas trapping; and (4) what implications
our dataset and interpretations have for further studies. We
begin by addressing the two microtextural subpopulations
of raft clasts.

Two populations of rafted pumice

From connectivity and pore throat data, there are two dis-
tinct populations of raft pumice [Figs. 6¢ and 8b, d, and
f]. The first population has lower total vesicularity (< 85%)
and low vesicle connectivity (0.3-0.8), i.e., more isolated
porosity. The second population has higher total porosity
(> 80-85%) and much higher vesicle connectivity (0.8—1),
i.e., very little isolated porosity. Below, we explain why iso-
lated porosity and capillary gas trapping allow these two
populations to float, respectively.

Isolated porosity in pumice

The high volume of isolated porosity (up to 50%) allows the
first subpopulation of (lower porosity) pumice to float due
to isolated porosity alone [Fig. 6¢]. High isolated porosity
values are rare in pumice, although we note that most litera-
ture values of isolated porosity are from subaerial or very
shallow subaqueous pumice deposits [Colombier et al. 2017
2021]. Although we have not constrained the processes that
generated these vesicles, isolated porosity is usually attrib-
uted to the smallest bubbles, as larger bubbles usually relax,
deform, and coalesce during bubble growth and magmatic
strain [Shea et al. 2010]. This can be seen in some of our
2D imagery (e.g., Fig. 4) where the smallest vesicles appear
isolated from surrounding, larger connected vesicles. Exper-
imentally floated pumice clasts examined in Manga et al.
(2018a b) also exhibited high volumes of isolated porosity.
Nine of these pumice clasts are still floating as of the time of
paper review — taking their total observed floatation time to
over 5 years. This further highlights the influence of isolated
porosity in pumice flotation.

Recent experimental work may suggest that proportions
of isolated porosity are controlled by the ratio of dissolved
volatile species, where higher CO,/H,O ratios increase iso-
lated bubble nucleation [Pistone et al. 2021]. More targeted
work is required to assess how differences in isolated poros-
ity can be attributed to changes in degassing processes such
as bubble nucleation in the shallow conduit (or above the
vent for submarine eruptions).

The volume of isolated vesicles decreases rapidly at the
percolation threshold — the onset of permeable outgas-
sing through magma [Colombier et al. 2017 2020 2021;
Giachetti et al. 2019]. In other eruptions, crystal-rich and/
or low viscosity magmas, early clast quenching significant
bubble deformation, or the presence of connected void space
and fractures may act to decrease the percolation threshold
[Okumura et al. 2013; Lindoo et al. 2016 2017; de Graffen-
ried et al. 2019; Colombier et al. 2021]. Polydisperse bubble
populations with lower bubble number density are also more
likely to produce magma with lower percolation thresholds
[Giachetti et al. 2019; Vasseur et al. 2021]; this is observed
conversely in experimental percolation studies, which com-
monly produce more monodisperse bubble populations in
magma [Lindoo et al. 2016]. The percolation threshold may
be increased in very viscous magmas due to viscous resist-
ance to bubble coalescence [Colombier et al. 2017].

As the Havre magma is a crystal-poor, viscous rhyolite
with relatively high bubble number density [Manga et al.
2018a], a high percolation threshold (>70% porosity) is
more probable. However, there is likely some additional
bubble nucleation stage contributing to such high, isolated
porosity values in the raft pumice, unseen in other vesicular
rhyolites [Bouvet de Maisonneuve et al. 2009; Colombier
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et al. 2017; Giachetti et al. 2019]. This may be a textural sig-
nature unique to the conditions pertaining to deep submarine
volcanism. From the results seen in this study, we conclude
that a high proportion of isolated porosity will allow pumice
to float unassisted by connected porosity gas trapping.

Capillary gas trapping within connected porosity
in pumice

The high vesicularity (>85%) raft pumices (the second
population referred to above) do not have sufficient isolated
porosity to float. As a result, we infer that they require the
trapping of gas within the connected porosity [Fig. 6¢].
Capillary gas trapping is the processes through which non-
condensable gas (i.e., air or CO,) is surrounded by liquid and
rendered immobile within a porous material such as pumice;
this is central to pumice flotation [Fauria et al. 2017]. Fig-
ure 9 illustrates how capillary trapping impacts final density
and, thus, whether a pumice will float or sink. The schematic
shows that lower vesicularity pumice of high connectivity
(low isolated porosity) requires higher amounts of capillary
trapping to float, utilizing either single bubbles or portions
of a connected vesicle network [Fig. 9].

Capillary trapping has been well-studied in the engineer-
ing literature due to its significance for carbon sequestration
and oil recovery. It has been shown that the overall amount
of gas trapping is modulated by the pore structure, fluid flow
rate, and wettability — the contact angle between the gas
and the solid surface [Jerauld and Salter 1990; Blunt and
Scher 1995; Valvatne and Blunt 2004; Krevor et al. 2015;
@ren et al. 2019]. Below, we discuss processes that have

Pumice clast of porosity = 73%, connectivity = 0.95

Density (equiv.) = 1320 kg m
Trappedgas = 1.8 vol.%
s value = 0.97

Fig.9 Gas trapping within a 2D-schematic seawater-submerged pum-
ice clast of 73% total porosity and 5% isolated porosity (c=0.95)
with three different amounts of gas trapped by narrow vesicle throats

@ Springer

been shown to control the amount of gas trapped by capillary
processes in porous materials.

Capillary gas trapping occurs because surface tension
forces (o) dominate at the pore-scale [Wardlaw 1982; Chao
et al. 2019]. The capillary number (Ca) describes the ratio
of viscous to surface tension forces as

U / j
Ca = M —F < vzs?ous > )
o capillary

where U, = flow velocity, y; = viscosity of the liquid
(seawater= 107> Pa s), and ¢ = gas-liquid surface tension
(~0.07 N m™! for air and water). Flow velocity in a perme-
able submerged clast can be calculated according to Darcy’s
law as

kApg
= 6
Mlgc ( )

b

where k= pore-scale permeability (m~2), @, = connected
porosity fraction, and Ap =density difference of gas and
liquid (~ 1000 kg m~?) [Hilfer and @ren 1996; Fauria et al.
2017].

In porous material such as pumice, when Ca is suf-
ficiently low, and multiple fluid phases are present in the
material (e.g., liquid water and air), capillary gas trapping
can occur [Hu et al. 2020]; the critical capillary number
that allows for gas trapping is lower for gas—water (107%
to < 107 depending on flow rate and wettability) than
oil-water systems (~ 10~°) [Ding and Kantzas 2007; Guo
et al. 2015]. Assuming permeable flow in pumice given in
Eq. 6, we calculate Ca for all permeability data for raft and

iii. Float
1230 kg m? 997 kg m?
6.8 vol.% 33.1 vol.%
0.85 0.52

(indicated by black squares) and in isolated porosity. Bulk clast den-
sity was calculated using Eq. 4; glass, water, and gas density used are
2380, 1027, and 1.2 kg m3, respectively
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seafloor pumice [Fig. 10]. We find that raft pumices consist-
ently have Ca=10""-107° at higher isolated porosity frac-
tions than seafloor pumice [Fig. 10b]; seafloor Ca values
range from 1077 to 107>, Raft values are well in the realm
of capillary gas trapping for a gas—liquid system [Ding and
Kantzas 2007]. In Supplement 9, we calculate additional
dimensionless parameters that further support the conclusion
that capillary forces (surface tension) dominate inertia and
viscous and gravitational forces and, thus, favor water inges-
tion of non-condensable, gas-filled pumice at vesicle sizes
of 1-100 pm. Experimental observations of gas trapping
in pumice corroborate this calculation [Fauria et al. 2017;
Manga et al. 2018a b].

It can be helpful to show why trapped gas bubbles do
not always flow out of pumice by examining the pressure

difference, or capillary pressure, across a gas—liquid inter-
face (i.e., a bubble in water):
4o
AP(r) = Pbubble - Pwater = D—COS@(}") @)
th
where o is gas-liquid surface tension (~0.07 N m~" for air
and water), 6 is the wetting angle between the interface and
the limiting wall (in this case, the vesicle edge), and r is
the lateral position across a given throat diameter [Fig. 11].
Often, 0 is approximated to be 0 such that Eq. 7 can be
simplified to 46/D. For a gas bubble to pass through a pore
throat or narrow constriction, the gas bubble must have
a diameter less than or equal to the width of the opening
(Dyes <Dy, [Fig. 11a]. Although bubbles can deform (or
break up) and pass through narrow constrictions [Dawson

10‘3 E T T T T T T T T T T T T 3
Fa) ¢ Seafloor ® ¢ b) 3
10 ; @ Raft ® o, ¢ ” Very unlikely to float ;
F 1 critical ca ® o 0° 16) ]
g 10° ; for oil-water > .:: A ;
€ F X e Increasing E
3 o %o o ° E
M- L3 SRk oS O A -
I | Critical Ca oF o o ® ® ® o ® J

- °
107 & | for gas-water o 3
E Assisting flotation 3
10—8 i 1 1 1 | L | L | 1 | 1 ]
60 70 80 90 0 20 40 60

Total porosity (%) Isolated porosity (%)

Fig. 10 Calculated Ca number for raft and seafloor pumice from permeability data vs. total (a) and isolated (b) porosity. Approximate critical Ca
numbers are highlighted for capillary trapping in gas—water and oil-water systems [Ding and Kantzas 2007]

a) Gas trapping 0.8
— b)
= L
a
§ 0 6 L .
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> L = size range
5 04r S
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AP =40 cos 6 s€awater L llatm_ v o TTTDT— ]
— . [a
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ii)

Fig. 11 a Surface (gas-liquid/air—seawater interfacial) tension (o)
across a vesicle pore throat diameter (Dy,) in capillary gas trapping.
AP is the differential (capillary) pressure between the gas (P,) and
liquid pressure (P,) acting over the interface; b calculated gas bubble

D,, - Throat diameter (um)

pressure (Py) from Eq. 7 over a vesicle throat interface with changing
Dy, assuming 6=0. The dominant throat size range from throat analy-
sis is given between 1 and 10 ym. 1 atm=0.1 MPa
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et al. 2015; Cerdeira et al. 2020], Eq. 7 shows that narrowing
of the bubble requires significant internal gas pressure for
gas loss to occur. At very small bubble sizes (1-10 um), cap-
illary pressure can be greater than 1 atm and thus sufficient
to inhibit gas loss [Fig. 11b]. Equation 7 also shows how
wettability (0) has a secondary effect on the internal pressure
required for a bubble to pass through a narrow constriction;
we explore this further in Supplement 9. We now discuss
controls on gas trapping with respect to absolute and relative
pore diameter, wettability, throat geometry, and flow rate.

Impact of pore structure on gas trapping

Studies on capillary gas trapping have demonstrated that
pore structure impacts the amount of trapped residual
gas. Specifically, the pore-to-throat to pore-to-body ratio
has been strongly linked with capillary gas trapping, with
smaller throat-to-body ratios resulting in more trapped gas
[Chatzis et al. 1988 1983; Jerauld and Salter 1990; Nguyen
et al. 2006; Wardlaw and Yu 1988; Wardlaw 1982]. This has
also been experimentally demonstrated at the mm-scale as
bubble fluid flow is inhibited through narrowing constric-
tions, i.e., smaller throat-to-body ratios [Dawson et al. 2015].

Smaller vesicle throats and throat-to-body ratios in raft
vs. seafloor clasts (0.25-0.47 vs. 0.41-0.67) [Fig. 8e, g-h,
i] are consistent with previous studies that suggest that both
these pore characteristics trap more gas. To be clear, we are
suggesting that it is not a coincidence that rafted clasts have,
on average, smaller pore-to-throat and throat-to-body ratios
than seafloor clasts. Instead, we suggest that clasts with
smaller vesicle-to-throat and throat-to-body ratios trapped
more residual gas and became rafted clasts and vice versa
[Fig. 11a].

The subtle difference in microtextures (total porosity, ves-
icle connectivity, throat diameters, and throat-vesicle ratios)
between high vesicularity raft pumice and high vesicularity
seafloor pumice [Fig. 6b] may reflect observed natural vari-
ations in pumice textures produced from laterally heteroge-
neous regions of the conduit with less shearing [Houghton
et al. 2010; Ohashi et al. 2021; Trafton and Giachetti 2021].
The clear connectivity separation at high vesicularity by
“sink or float” may just be a case of endmember sampling
bias (only raft pumice with most extreme “flotation-permit-
ting” microtextures will still have been afloat 1 year after
eruption). The lower connectivity (high isolated porosity)
raft pumice may reflect magma erupted at a different stage of
the eruption or differences in quenching depths and thus hin-
dering of further vesiculation in the water column [Mitchell
et al. 2019].

@ Springer

Implications for submarine volcanology and future
expeditions

We document that isolated porosity, throat diameters, and
throat-to-vesicle diameter ratios are key textural controls on
the ability of pumice to trap gas and remain afloat. This is
an important step forward for understanding the dispersal of
pumice from submarine volcanic eruptions.

Our measurements of throat diameters also have implica-
tions for microscale pumice permeability. Permeability esti-
mates acquired within cm-sized cores are biased by any het-
erogeneities like mm-wide vesicle trains, natural fractures,
or permeable pathways that transgress the entire clast; they
dominate fluid flow [Contreras 2020; Vasseur et al. 2021].
Estimating permeability directly from throat measurements
1-200 pm in size gives a more realistic magma permeability
at the sub-mm-scale. Using the Kozeny—Carman relation-
ship for porosity and permeability (Eq. 8) (Saar and Manga
1999), we determine the minimum clast permeability (k) if
all vesicle throats were of the same (monodisperse) diam-
eter. We compare throat-calculated permeability against the
acquired Havre 2012 permeability calculations [Fig. 6a] and
a global compilation of rhyolite permeability-total porosity
(@,) data by Colombier et al. (2017):

_Dthgt2 1
TTI80 \(1-g)? ®)

The k; permeability values for Havre raft pumice sit
between the modelled Kozeny—Carman permeabilities for
monodisperse throat diameters of ~2—7 um, which is con-
sistent with the average and modal throat diameters from
BSE image analysis [Fig. 8]. The Havre seafloor clasts can
have much higher permeabilities than seen for monodisperse
pore diameters on the order of 5-100 um [Fig. 12a]. Throats
of a larger size are present in giant pumice and ALB clasts
[Fig. 8i]. Mitchell et al. (2019) also identified sub-mm-thick
fractures running through the whole GP290 clast; these frac-
tures would dominate clast permeability at the cm-scale (as
measured using capillary flow porometry). Silicic lava/dome
samples from other locations generally indicate permeability
controlled by larger features such as permeable pathways
[Fig. 12a], which is consistent with our understanding of
high vesicle connectivity at low porosity and outgassing
through permeable pathways in silicic lavas [Fig. 12b] [Rust
and Cashman 2004; Colombier et al. 2017]. Lower porosity
silicic clasts from the global dataset indicate that much lower
permeabilities are constrained by very few, narrow openings
between coalesced vesicles.

The global dataset of porosity measurements from
subaerial and submarine silicic pumices and lavas
[Colombier et al. 2017] shows just how extreme the




Bulletin of Volcanology (2021) 83: 80

Page 17 0f20 80

T
~ N
Lo

Q
~

108

TTTI

10»10

T T AT T T MR

10*12

Throat permeability (m?2)

101

L ol o vl

|

0.8 -

0.7 -

Vesicle connectivity (c)

0.4 |- + Rhyolite (exp.)
o Seafloor_Havre

0.3 : '
0 0.2

o Rhyolite (eff.) A n
© Raft_Havre / o O

L

04 06 08 1
Total porosity

Fig. 12 a Modelled minimum clast permeability from the Kozeny—
Carman equation [Saar and Manga 1999] as controlled by an average
vesicle throat diameter (Dy,), overlain with Darcian permeability data
(k;) for Havre raft and seafloor clasts, and global rhyolite/rhyodacite
permeability—porosity data [Colombier et al. 2017]; b global rhyolite/
rhyodacite connectivity—porosity data against the new Havre raft and
seafloor data (this study). The black dashed line represents c,,, (Eq. 3)
for s =1; eff. =effusive, exp. =explosive

connectivity—porosity relationship is for the 2012 Havre
raft pumice [Fig. 12b]; these pumices represent the consist-
ently lowest vesicle connectivity values at high vesicularity
currently on record. The extreme connectivity in the Havre
raft pumice may not be unique, as this is the only published
dataset for long-lived raft pumice from any submarine erup-
tion. Given this, we emphasize the need to build up the suite
of connectivity—porosity—permeability data for submarine-
erupted raft pumice from other locations; future explora-
tory efforts and rapid response to raft events will help in
expanding this.

On a broader scale, this work demonstrates that rafted
and seafloor pumice from the same eruption can exhibit
fundamentally different microtextures. Sampling either raft
or submarine pumice alone is not enough to fully character-
ize eruptive products or key parameters (e.g., mass eruption
rate and total eruptive volume) from submarine eruptions.
The absence of raft pumice from the submarine record can

make historic deposits difficult to interpret. It is possible
that previous studies of only seafloor pumice deposits have
underestimated magma decompression rates, MER, and total
eruptive volume, from a lack of raft pumice data to incorpo-
rate. This has significant implications for magma production
rates at silicic centers along submarine volcanic arcs such as
the Tonga-Kermadec, Izu—Bonin, Aegean, and South Sand-
wich Islands [Fiske et al. 2001; Nomikou et al. 2014; Liu
et al. 2021]. Our study suggests reconsidering, and possibly
reinterpreting, past observations and measurements from
historic/ancient seafloor stratigraphic sequences.

The differences between raft and submarine pumice
(eruptive volume, MER, and microtextural characteristics)
from the 2012 Havre eruption demonstrate the value in sam-
pling submarine deposits and raft material soon after the
eruption to complement remote sensing data [Carey et al.
2018]. Increasing monitoring and rapid detection of pumice
rafts by remote sensing will allow for more rapid response
efforts to sample pumice rafts’ coeval seafloor deposits
[Vaughan and Webley; 2010; Rubin et al. 2012; Carey et al.
2014; Jutzeler et al. 2014; Brandl et al. 2019; Mittal and Del-
bridge 2019; Jutzeler et al. 2020; Whiteside et al. 2021]. The
Havre 2012 eruption will be only the first of many fully com-
prehensive studies of submarine silicic volcanic eruptions.

Summary

In this study of pumice clasts from the 2012 submarine
Havre eruption, we show that pumice clasts will either float
or sink to the seafloor, controlled by their microtextures.
This separation occurred despite the identical geochemistry,
bulk porosities, eruptive vent depth and location, and pro-
posed synchronous eruption of the pumices studied [Carey
et al. 2018]. Compared to seafloor pumice, raft pumice
exhibited higher vesicle number densities, smaller modal
vesicle sizes, smaller and more constrained permeability
values, lower vesicle connectivity (i.e., greater volumetric
proportions of isolated porosity) at equivalent total porosity,
smaller vesicle throat diameters, and lower vesicle-to-throat
diameter ratios. Critically, we identified two distinct poros-
ity populations within the raft pumice, where flotation was
controlled by very different pore structures:

1. Lower vesicularity raft pumice (<~80% porosity)
where the volume of gas-filled isolated porosity was
sufficiently high to permit pumice flotation when the
connected porosity was fully saturated by seawater

2. High vesicularity raft pumice (> ~80%) where isolated
porosity was more limited and therefore capillary gas
trapping within the connected porosity was required to
permit pumice flotation

@ Springer
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Through vesicle throat analysis, we demonstrated that
smaller throat diameters and smaller throat-to-vesicle ratios
favor capillary gas trapping within the raft pumices. Vesicle
throat analysis is a currently underused tool in pyroclastic
studies but may be critical for improving understanding of
permeable fluid flow and pumice flotation.

Our data expands the current global dataset of vesicle
connectivity and permeability for silicic pumices, account-
ing for (and improving on) a current lack of deep submarine
data in volcanological literature. This study also highlights
the critical need to combine sea-surface and seafloor sam-
pling for a greater understanding of submarine pumice-pro-
ducing eruptions, in particular, processes and controls of
bubble nucleation and coalescence in magma.
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