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Abstract
Meter-scale vesicular blocks, termed “giant pumice,” are characteristic primary products of many subaqueous silicic eruptions.
The size of giant pumices allows us to describe meter-scale variations in textures and geochemistry with implications for shearing
processes, ascent dynamics, and thermal histories within submarine conduits prior to eruption. The submarine eruption of Havre
volcano, Kermadec Arc, in 2012, produced at least 0.1 km3 of rhyolitic giant pumice from a single 900-m-deep vent, with blocks
up to 10 m in size transported to at least 6 km from source. We sampled and analyzed 29 giant pumices from the 2012 Havre
eruption. Geochemical analyses of whole rock and matrix glass show no evidence for geochemical heterogeneities in parental
magma; any textural variations can be attributed to crystallization of phenocrysts andmicrolites, and degassing. Extensive growth
of microlites occurred near conduit walls where magma was then mingled with ascending microlite-poor, low viscosity rhyolite.
Meter- to micron-scale textural analyses of giant pumices identify diversity throughout an individual block and between the
exteriors of individual blocks. We identify evidence for post-disruption vesicle growth during pumice ascent in the water column
above the submarine vent. A 2D cumulative strain model with a flared, shallow conduit may explain observed vesicularity
contrasts (elongate tube vesicles vs spherical vesicles). Low vesicle number densities in these pumices from this high-intensity
silicic eruption demonstrate the effect of hydrostatic pressure above a deep submarine vent in suppressing rapid late-stage bubble
nucleation and inhibiting explosive fragmentation in the shallow conduit.
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Introduction

Voluminous deposits of giant pumiceous blocks up to meters
across (“giant pumice”) are more commonly associated with
submarine silicic eruptions than subaerial eruptions, and can
be found throughout the subaqueous volcaniclastic record
(Allen and McPhie 2009; Allen et al. 2010; Kano et al.
1996; Kano 2003; Manga et al. 2018a; Risso et al. 2002;
Von Lichtan et al. 2016). They are observed (1) in uplifted
ancient sequences with interpreted subaqueous provenance,
(2) on the modern seafloor, or (3) on fossil lake shores from
sublacustrine volcanic eruptions (Allen and McPhie 2009;
Barker et al. 2012; Carey et al. 2018; Houghton et al. 2010;
Risso et al. 2002). Subaqueous rhyolitic giant pumices have
been studied in detail at Lake Taupo, New Zealand, from the
1.8-ka Taupo eruption (Houghton et al. 2010; Von Lichtan
et al. 2016; White et al. 2001), the Sumisu Domes on the
Izu-Bonin arc (Allen et al. 2010), and in other locations of
various water depths, although in less detail (Kano 2003;
Risso et al. 2002). These giant pumices are many meters in
size, have blocky euhedral faces, can have vesicularities up to
80%, and in both the Taupo and Sumisu cases, the blocks are
associated with large, pumiceous subaqueous domes (Allen
et al. 2010; Houghton et al. 2010).

Multidisciplinary analytical studies have been conducted
for decades on pumice from subaerial silicic eruptions to infer
shallow conduit dynamics and processes of volatile exsolution
from the host melt (e.g., Burgisser et al. 2017; Carey et al.
2009; Eichelberger and Westrich 1981; Giachetti et al. 2010;
Houghton et al. 2010; Janebo et al. 2016; Klug et al. 2002;
Polacci et al. 2001; Polacci et al. 2004; Polacci et al. 2006;
Shea et al. 2010; Whitham and Sparks 1986; Wilson 1993;
Wright et al. 2003, 2006). Quantitative information such as
vesicle number densities, vesicle volume distributions, perme-
ability, and vesicle connectivity is commonly extracted from
studies of vesicular microtextures. In combination with geo-
chemical data and models for magma ascent, these data can be
used to understand bubble nucleation, bubble coalescence,
magma decompression rates, and outgassing in the conduit.

Similar techniques have been, and can be, applied to de-
posits in the submarine environment to reveal the effect of
high hydrostatic pressure from the overlying ocean, which
provides a fundamental control on the production of pumi-
ceous clasts (Allen et al. 2010; Barker et al. 2012; Cas and
Giordano 2014; Cas and Simmons 2018; Head and Wilson
2003; Jones et al. 2018; Murch et al. 2019; Rotella et al. 2015;
Schipper et al. 2010a, 2010b, 2010c; Von Lichtan et al. 2016;
White et al. 2015). Explosive fragmentation of magma in con-
duits is thought to occur at very shallow-depth subaqueous
vents or at sufficiently high decompression and strain rates
(Cashman and Scheu 2015; Manga et al. 2018a). Non-
explosive mechanisms include the spalling of hot, vesicular
subaqueous dome carapaces (Allen et al. 2010; Houghton

et al. 2010), slow, buoyant detachment of hot, vesicular mag-
ma bodies (Rotella et al. 2013; Shea et al. 2013), or the rapid
propagation of cooling joints through a rapidly ascending
magma body within the water column (Manga et al. 2018a;
Van Otterloo et al. 2015). Limited understanding of the frag-
mentation mechanisms results from the lack of direct obser-
vations of submarine silicic eruptions.

One benefit of analyzing giant pumice is the preservation
of meter-scale variations in texture, providing a larger, intact
window into the dynamics of magma ascent and fragmenta-
tion than is possible when using smaller lapilli. This also al-
lows us to assess the role of hydrostatic pressure control on
magma decompression. A giant pumice unit (GP) from the
2012 eruption of Havre submarine volcano, Kermadec Arc,
has a moderately well-constrained mass eruption rate and vent
depth (Carey et al. 2018; Manga et al. 2018a, b). This study
presents detailed textural and geochemical analyses of giant
pumice from this eruption and provides a quantitative bridge
between observations and inferred physical processes within a
submarine silicic conduit.

Giant pumice from the 2012 Havre eruption

The 2012 eruption of Havre volcano on the Kermadec Arc,
New Zealand, was the largest recorded, deep submarine silicic
eruption for 360 years prior to the eruption date (Carey et al.
2014; Rotella et al. 2015). More than 1.5 km3 of rhyolite (70–
72 wt.% SiO2) erupted, at vent depths of 650–1280 m, with
most of the volume being erupted from one 900 m deep vent
(Carey et al. 2014, 2018). A deposit of giant pumiceous
blocks, which stacked up to five clasts high, covers >
36 km2 of the caldera floor to at least 6 km from the vent (unit
GP). The calculated volume in this sector is 0.1 km3, which is
a minimum as the deposit extends further than the mapped
area (Carey et al. 2018). A 0.11-km3 rhyolitic dome pair—
Dome OP (P on top of O)—now overlies the vent responsible
for the pumice raft and GP deposit (Fig. 1). The seafloor GP
deposit is inferred to be genetically related to the production of
a pumice raft that formed over a 21.5-h period on July 18,
2012 (Carey et al. 2018; Jutzeler et al. 2014). Assuming a
synchronous, linked origin, the time-averaged mass eruption
rate estimated for this eruptive phase is ~ 107 kg s−1 (Carey
et al. 2018).

Clast diameters, based on Remotely Operated Vehicle
(ROV) observation, average 1–2 m and increase with distance
from the vent; the largest observed clasts are 9 m in diameter
(Carey et al. 2018). Giant pumices display a range of clast-
scale textures: sub-rounded to angular shapes, exterior fabrics
with preferred lineation of textures, angular curvi-planar exte-
riors, deep fractures within entire clasts, and rare bread-
crusted exteriors (Fig. 1).

42 Page 2 of 21 Bull Volcanol (2019) 81: 42



A 1D conduit ascent model for Havre 2012 eruption con-
ditions and magma type is compatible with fragmentation
above, and not below, the vent (Manga et al. 2018a). The
inferred dissolved magmatic water concentration at 900 m
depth (up to 1.0 wt% at 9.2 MPa hydrostatic pressure) would
have kept the melt viscosity low enough that the strain rate
fragmentation threshold (Gonnermann and Manga 2003;
Papale 1999) was not reached before extrusion into the ocean
(Manga et al. 2018a).

Analytical methods

The pumiceous exteriors of 29 individual giant pumices,
and one intact 1.5 × 1 × 1 m giant pumice (sample
GP290), were collected with the ROV Jason in 2015
(Carey et al. 2018). Exterior samples were broken off
the surfaces of giant pumices using the Jason manipula-
tor. Sample GP290, the 1.5 m3 intact giant pumice recov-
ered from the seafloor 1.4 km from the main vent, serves
as our meter-scale window into magma textural diversity;
GP290 was the only whole giant pumice collected from
the seafloor due to limitations associated with sampling
large volumes and masses using an ROV. In this study, we
use “exterior fragments” to refer to pieces of individual
giant pumice exteriors broken during seafloor sampling.
Exterior fragments up to 30 cm across were examined and

classified by their dominant macrotextural characteristics
from a subset of 26 individual giant pumices; 10 were
then selected for more detailed density, microtextural,
and geochemical analysis. Exterior fragments were classi-
fied either as banded, regular (lack of banding or signif-
icant vesicle shearing), or tube (pumices with dominantly
tube vesicles; see online resource 1 for details). The 10
selected were representative of the 26 in this textural
classification.

Whole rock and glass geochemistry

X-ray fluorescence analyses (XRF) of crushed whole-rock
samples determined the major, minor, and trace element con-
centrations of the bulk magma composition of 10 pumice
clasts, as well as gray and white bands from GP290; XRF
analyses used a Rigaku RIX1000 (see Online Resource 2 for
XRF analysis details). Major and minor element concentra-
tions of matrix glass and phenocrysts (plagioclase and
orthopyroxene—Carey et al. 2018) were analyzed using a
JEOL JXA-8500F microprobe analyzer with a field-
emission electron gun at 15 keV accelerating voltage with a
10-nA beam current and spot sizes of 10 μm (see
Online Resource 3 for EPMA count times). Microlites were
too small to gain accurate, reliable EPMA measurements
using the same measurement techniques.

Fig. 1 Characteristics of the unit GP from the 2012 Havre eruption. (a)
Shows the distribution of unit GP across the Havre caldera, inferred as
“rougher” seafloor from high-resolution (1 m) AUV bathymetry and
roughness data. A clear interface between rough and smooth seafloor
outlines the boundary of the GP unit (dashed line); the proposed vent

locality under Dome OP is given by the star symbol (Carey et al. 2018).
The location of the Havre caldera along the Kermadec Arc is given in the
inset. Examples of GP blocks are given in (b) through (f) highlighting a
variety of morphological and textural characteristics. A 1-m scale bar is
given in each image for the relevant clast
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Density and 2D microtextural analysis

We measured density/vesicularity from between 4 and 100
fragments (8–32 mm in diameter) each from the 10 select
larger exterior samples following the methods of Houghton
and Wilson (1989). We then selected representative clasts for
thin section and geochemical analysis using a dense rock
equivalent density of 2380 kg m−3, determined by crushing
pumice samples to powders (see Online Resource 1).
Backscattered electron (BSE) images of thin sections were
acquired at × 50, × 250, and × 500 magnification for vesicles
and at × 250, × 500, and × 1000 for microlites using the mi-
croprobe at 15 keV with an 8-nA beam current (see
Online Resource 2 for image processing).

Vesicle number densities per area (NA), vesicle area distri-
butions (VADs) of vesicles 2.4 μm to 3.78 mm in diameter
were acquired from binary-processed BSE images and scans
following Shea et al. (2010). Shape parameters of circularity,
roundness, regularity, and solidity were also acquired for all
vesicles > 19 μm in diameter (vesicle shape analysis is given
in online resource 4). Parameters NA and VADs were then
converted into corrected number densities per volume (NVm)
and volume distributions (VVDs) assuming spherical vesicle
geometries as per the methods of Sahagian and Proussevitch
(1998) (see Online Resource 4 for stereo-conversion details).
Vesicles in BSE images were manually decoalesced; the sub-
jectivity of the method increases the credibility of the obtained
NV values (see Online Resource 4). The stereo-conversion of
elongate, tube, and sheared vesicles uses a modification of the
Sahagian and Proussevitch (1998) method (see Appendix 1).
Microlite number densities per area (mNA) were determined
from counting microlites in BSE images where mNA values
were corrected for image vesicularity to obtain microlites per
melt area (mNAm).

3D textural analysis

A 0.8 × 0.4 × 0.4 m fragment from the half of the intact 1.5 m-
wide giant pumice clast (GP290) was scanned at 0.165 mm/
voxel resolution using X-ray computed tomography. Two
small cores (< 10 mm3) from GP290 and from two other
Havre seafloor pumice from the 2012 eruption were imaged
at 0.61 and 1.22 μm/voxel resolution using X-ray computed
microtomography (μXRT). Scans were used to obtain vesicle
aspect ratios and vesicle orientation in samples with either
spherical or elongate vesicles (see Online Resource 5 for
method details). However, we use the 2D data to acquire ves-
icle volume distributions due to a larger vesicle size range and
the presence of artifacts in the 3D analysis.

Cylindrical cores (2–10 cm3) were extracted from 26 giant
pumice exteriors to determine connected porosity and perme-
ability (k); 27 GP290 cores were used to assess textural diver-
sity within a single giant pumice. Cores with tube vesicles

were acquired in orientations parallel and perpendicular to
the elongation axis. The Darcian (k1) and inertial (k2) perme-
ability of cylindrical cores were determined using a PMI CFP-
34RUE8A-3-6 Capillary Flow Porometer. Values for k1 and k2
were fitted to the Forchheimer equation over a range of flow
rates (Degruyter et al. 2012):

ΔP
L

¼ μg

k1
U þ ρg

k2
U 2 ð1Þ

where ΔP is pressure difference over the core, L is core
length,U is flow rate determined from the outgassing velocity
and core cross-sectional area, ρg is air density 1.2 kg m

−3, and
μg is gas viscosity (10−5 Pa s) as taken from Degruyter et al.
(2012).

Vesicle connectivity was determined for cores and non-
cylindrical fragments of samples that were too fragile to core.
We measured the porosity of 61 fragments, 52 of which had
cylindrical geometries suitable for permeability analysis. Total
porosity (ϕt) and connected porosity (ϕc) of cores/fragments
were determined using an AccuPyc II 1340 Gas Pycnometer.
Connectivity (c) was quantified as the ratio ϕc/ϕt.

Finally, we use microtextural data obtained from this study
to calculate magma decompression rates (following Toramaru
et al. (2008) and Brugger and Hammer (2010a)) and set up a
2D conduit ascent model. This new model builds on the re-
sults obtained from the 1Dmodel byManga et al. (2018a), and
assesses strain conditions within the shallow conduit during
the 2012 Havre eruption (model details and parameters are
given within Appendix 2).

Results

Geochemistry of Havre giant pumices

The whole-rock major element compositions of giant pumice
samples are consistent with those previously reported for the
pumice raft and Dome OP from the 2012 Havre eruption
(Carey et al. 2018; Rotella et al. 2015) (Fig. 2). Giant pumice
samples analyzed have a narrow SiO2 range of 71.9–
72.3 wt.% (normalized to 100 wt.%) where all major elements
are within 8% relative standard deviation (RSD) and with no
variation between individual samples (Table 1). Similarly,
there is little variation in trace element geochemistry with
statistical differences only for S and Cu, though there is no
statistical correlation between the two. There is no bulk geo-
chemical variation between adjacent white and gray bands
from GP290 (see Online Resource 2).

There are greater geochemical variations within matrix
glasses than between the bulk compositions of giant pumices
(Table 1). The SiO2 range increases to 74.1–75.5 wt.% where
the more evolved glass compositions are found within gray
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banding (GP290), even when directly adjacent to white bands
(Fig. 2, Online Resource 4). We can attribute major element
variations in glass to the crystallization of the observed phe-
nocryst and additional microlite phases resulting in a more
evolved glass composition (see Online Resource 2 &
Online Resource 6). The lack of significant or consistent var-
iation in major and/or incompatible trace elements between
giant pumices and previous XRF analyses indicates a chemi-
cally homogeneous GP magma source with no evidence for
mixing with a second, geochemically distinct magma.

Textural results

There is no observable variation in giant pumice vesicularity
with distance from source, although full assessment is limited
by the number and spatial distribution of samples (see
Online Resource 1). Giant pumice clast exteriors (including
GP290) were classified into three main groups: regular, tube,
and banded based on macroscale observations (Fig. 3).

Table 1 XRFwhole rock and EPMA glass (italics) major element geochemistry for GP samples after normalization to 100 wt.%. Samples are defined
by their HVR_ sample number and macrotextural classification. Iron is corrected to FeOt from Fe2O3 (XRF analysis only)

Group Regular Tube Banded % RSD**

HVR_ 041 096 192 221 231 003 022 115 270 290 290_Gray 290_White All

SiO2 72.07 72.02 71.85 72.15 72.21 71.95 72.18 72.09 72.11 72.34 72.17 72.11 0.17

74.12 73.92 73.76 73.89 74.05 74.15 74.35 73.90 74.19 75.38 – – 0.59

TiO2 0.48 0.47 0.50 0.46 0.45 0.47 0.46 0.46 0.49 0.51 0.51 0.51 4.45

0.38 0.37 0.41 0.36 0.39 0.38 0.40 0.40 0.38 0.46 – – 6.74

Al2O3 14.16 14.24 14.16 14.14 14.09 14.22 14.05 14.18 14.10 13.98 14.09 14.08 0.50

13.88 13.87 13.89 13.94 14.01 13.90 13.87 13.88 13.92 13.09 – – 1.80

FeOt 3.05 3.05 3.11 3.04 3.01 3.06 3.02 3.04 3.05 2.99 3.06 3.03 0.94

2.44 2.51 2.57 2.43 2.41 2.53 2.36 2.45 2.40 2.42 – – 2.51

MnO 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 Negligible

0.11 0.11 0.11 0.10 0.11 0.11 0.11 0.10 0.11 0.11 – – 3.70

MgO 0.71 0.67 0.89 0.69 0.74 0.80 0.73 0.77 0.78 0.70 0.71 0.72 7.76

0.37 0.44 0.46 0.37 0.36 0.44 0.35 0.42 0.38 0.34 – – 10.4

CaO 2.64 2.67 2.67 2.60 2.59 2.66 2.58 2.63 2.63 2.54 2.56 2.60 1.57

2.09 2.13 2.20 2.07 2.09 2.13 1.95 2.13 2.04 1.64 – – 7.30

Na2O 5.07 5.17 4.97 5.16 5.17 5.05 5.20 5.08 5.03 5.01 5.09 5.14 1.37

4.68 4.75 4.75 4.94 4.77 4.55 4.80 4.91 4.74 4.56 – – 2.54

K2O 1.61 1.49 1.63 1.55 1.52 1.58 1.58 1.55 1.61 1.73 1.61 1.61 3.68

1.61 1.63 1.58 1.63 1.57 1.54 1.57 1.56 1.58 1.75 – – 3.54

P2O5 0.09 0.09 0.09 0.08 0.09 0.09 0.08 0.08 0.09 0.08 0.08 0.08 5.88

0.03 0.05 0.06 0.06 0.04 0.06 0.05 0.05 0.05 0.06 – – 18.5

S* 41 29 63 76 59 62 61 54 36 172 74 93 52.1

26 48 23 55 15 31 9.0 51 20 3.1 – – 60.7

Cl – – – – – – – – – – – – –

0.19 0.22 0.22 0.20 0.19 0.19 0.19 0.19 0.20 0.21 – – 5.92

All glass geochemistry given in italics

*S values given in ppm, all other values given in wt%

**% relative standard deviation of specific element concentration across all giant pumice exteriors

Fig. 2 Major element SiO2 variation between bulk whole rock andmatrix
glass for each pumice sample in every textural classification: tube (red
triangle), regular (blue circle), banded (gray—gray band, and white—
adjacent white pumice, diamonds). The green box gives the whole rock
range of raft pumice and Dome OP from Rotella et al. (2015) and Carey
et al. (2018).Matrix glass error of 10measurements given by ± 1 SD error
(solid black line) for each data point. XRF (bulk) error is smaller than the
symbols used

Bull Volcanol (2019) 81: 42 Page 5 of 21 42



Regular giant pumice fragments have average vesicularities of
68–89%, tube giant pumice fragments have 62–88%, and
banded giant pumice fragments are 64–84%. There is little
evidence from macroscale observations for collapsed
degassing pathways or magma compaction in any of the giant
pumice samples (Burgisser et al. 2017; Rust and Cashman
2004; Saar and Manga 1999).

Regular clasts are dominated by round vesicles with a lack
of elongate/tube vesicles and show no banding. There is also
variability between individual regular giant pumices where
large, cm-size vesicle populations dominate some samples
but not others (Fig. 3a, b). Elongate vesicles with near circular
cross sections dominate tube pumices where tube vesicles
may cut through the entire clast (e.g., Fig. 3c, d). Banded
pumices display a similar macrovesicular texture to the regular
samples and lack tube vesicles, although some stretched ves-
icles are present. There are two forms of banding in giant
pumices. First, we observe thin (mm-scale) sinuous banding
with slight color variation. Thin banding is defined by

localized regions that appear slightly darker in hand samples
with a lack of vesiculation seen in BSE images (see
Online Resource 7). A second type of banding contains cm-
wide darker gray bands with sharp boundaries with adjacent
white bands of similar density (Fig. 3e–g). Out of 29 giant
pumices analyzed, only GP290 displays the second form of
banding (Fig. 3e–g).

Whole-clast textural heterogeneity in GP290

The 3D CT scan of a large fragment from GP290 shows var-
iations in the abundance of mm to cm-size vesicles, and re-
veals large, 5–10 cm vesicles that we cannot see in thin section
or small fragments (Fig. 3h–k). Vesicles with diameters <
500 μm (~ 3× pixel resolution) are not resolved in the
coarse-resolution CT scan. There is a darker, lower density
rind (85–90% vesicularity and < 4 cm thick) on the exterior
portions of the pumice fragment enclosing a heterogeneously
vesicular interior (Fig. 3h). Permeable pathways that connect

Fig. 3 Macrotextural classification of giant pumice fragments and large
scan images. Regular pumices given in (a) and (b). Tube pumices are
given both normal (c) and parallel (d) to the elongate vesicle orientation.
Gray and white bands in giant pumice GP290 have sharp interfaces

between bands (e–g). Images (a) through (f) are given with a 1-cm
scale bar and corresponding symbology to Fig. 2. Images (h) to (k)
show 2D slices through the large GP290 scan. Images all have 10 cm
scale bars. Key textural features are identified in scan images
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the top and bottom of the scanned fragment are up to a few cm
across and run throughout the fragment but have no preferred
orientation relative to the exterior surfaces, e.g., radial from
the center. There is no visible change in the abundance of large
1–5 cm diameter vesicles away from the exterior. There are
also small, randomly oriented zones of shearing up to 5 cm
across, but adjacent non-sheared regions are not marked by
sharp textural interfaces. Banding is difficult to distinguish
with the CT scan due to a lack of density contrast between
gray and white bands, but visual observations suggest that
even though bands may run parallel through the clast, there
is little preferred orientation relative to the exterior surfaces.

These observations (reflected in other fragments of GP290)
reveal the textural heterogeneity captured within a single
meter-sized giant pumice clast (Carey et al. 2018). Sample
GP290 appears to show greater textural diversity (banding
and vesicle size distributions) compared to the other 28 block
exteriors sampled. However, the largest of these 28 exterior
pieces was < 40 cm across so we are not able to observe the
full textural diversity in other giant pumices as we do in
GP290.

Permeability and vesicle connectivity

There is no systematic distinction in permeability between the
pumice textural types (banded, tube, regular) (Fig. 4a, b; see
Online Resource 8 for all data). Darcian permeability (k1)
varies across all giant pumice exteriors (5 × 10−13 to
2 × 10−9 m2); GP290 k1 values span a narrower range
(5 × 10−13 to 10−11 m2). The broad range is expected for
pumices with high vesicularity and coalesced vesicles where
the highest k1 values resulting from large vesicles within cores
(Degruyter et al. 2012). There is no correlation between con-
nected porosity and permeability, and all k1 values for GP lie
outside of the region defined as “effusive” for subaerial mag-
ma (Degruyter et al. 2012) despite the inferred “non-explo-
sive” fragmentation of GP magma (Manga et al. 2018a, b).
Most k1 values lie within the “explosive” region. However, the
k2 (inertial) values lie mostly outside of either field potentially
expanding the field of Degruyter et al. (2012) defined for
explosive eruptions (Fig. 4b). There is no consistent variation
in permeability between cores taken parallel and perpendicu-
lar to the vesicle orientation (see Online Resource 8). The high
permeability values, very high total porosity, and connectivity
(Fig. 4) limit vesicle orientation controls on permeability. This
is in agreement with Wright et al. (2009) who showed, in-
versely, that vesicle orientation was more prevalent inmagmas
with lower porosity and permeability.

There is a clear increase in connectivity (c) with total porosity
in most giant pumices (Fig. 4c). Banded GP290 fragments have
only 0–2% isolated porosity at 75–82% total porosity where c~1;
the GP290 vesicle network is almost fully connected. Sample
GP290 also does not show systematic changes in vesicularity

with distance from the outer margin. All other giant pumice
exteriors sit on a different trend where there is up to 5% isolated
porosity at a total porosity of 75%. Connectivity only approaches
one where total porosity is > 87% (Fig. 4c). Other finely banded
giant pumice exteriors exhibit lower connectivity than the rest of
the regular and tube samples, but these samples do not sit on the
same trend as GP290 (see Online Resource 8 for the plot of all
data). There is no discernable difference between interior and
exterior cores fromGP290, all display c values > 0.98 with over-
lapping error.

Microlite and vesicle microtextures

Microlites of pyroxene and feldspar are generally 5–20 μm
long and consistently smaller than 50 μm. Habits are mostly

Fig. 4 Permeability versus connected porosity (a) and (b), and total
porosity versus connectivity (c). Connected porosity is compared
against both the Darcian (k1) and inertial (k2) permeability (a, b). The
regions defined by effusive and explosive are determined from multiple
datasets of subaerial pumice (Degruyter et al. 2012). Empty symbols
(primarily GP290) are data from Manga et al. (2018a). Connectivity
values > 1 are a result of random error; this is shown through the ± 2
SD error bars. Full data and sample names are given in Online Resource 6
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acicular (pyroxene) and swallow-tail to tabular (feldspar)
(Fig. 5). Vesicularity-corrected microlite number density
(mNAm) varies over two orders of magnitude; tube and regular
giant pumices have mNAm values of 2 × 105 to 3 × 106 cm−2.
White and gray pumice bands in GP290 are an order of mag-
nitude higher than regular and tube pumices (8 × 106 to
2 × 107 cm−2) (Fig. 5b). The higher number densities in gray
bands are attributed to dominant feldspar nucleation and in-
creases in pyroxene and oxide nucleation; very few feldspar
microlites are identified within tube and regular pumices
(Fig. 5a) (see Online Resource 9 for all microlite data).
There are well-defined, sharp interfaces in mNAm between
adjacent gray and white bands, where gray bands have up to
10× more microlites (Fig. 5c). In banded clasts, the edges of
sub-rounded vesicles are commonly aligned to the elongate
edges of microlites with acicular-tabular habits (Fig. 5d).

Vesicle sizes, shapes, connectedness, and abundances were
examined in both 2D and 3D for GP290, to provide a 3D
understanding of the relationship between vesicle shape and
connectedness (Figs. 3, 4, and 5). Vesicles analyzed in 2D
display a range of shapes and textural maturity (extent of
bubble coalescence and deformation) although most giant
pumice exteriors are dominated by vesicles 10–100 μm in
diameter with well-rounded shapes and little evidence of col-
lapsed degassing pathways (Fig. 5e–h). In exteriors of regular
pumices, some circular vesicles are observed between vesicles
with more convoluted perimeters and irregular shapes (Fig. 6).
Banded GP290 exterior and interior samples have similar ve-
sicularities and vesicle sizes to regular pumices, but the vesicle
shapes conform to the shapes of adjacent microlites (Fig. 5h).

Cross sections of vesicles in tube samples are nearly circular
when not affected by coalescence (Fig. 5g).

Vesicle number densities (NVm)

Vesicle number densities for all giant pumice clast exteriors
examined with 2D image analysis span almost an order of
magnitude (2.6 × 108 to 1.3 × 109 cm−3) when assuming
spherical vesicle geometry following Sahagian and
Proussevitch (1998) (Fig. 7a). Tube pumice exteriors have
consistently higher apparent NVm values (1.1 × 109 cm−3 to
1.3 × 109 cm−3), but the extreme elongation of vesicles in tube
pumices means that the assumption of sphericity is not valid,
and their actual NVm is lower. Here, we apply an alternative
formula for stereo-conversion assuming a prolate, rather than
spherical, vesicle geometry (as used by Sahagian and
Proussevitch (1998)), of 1:3:10, where one and three are the
measured vesicle diameters and 10 is the prolate axis (see
Appendix 1 for full stereo-conversion details). The range of
aspect ratios was determined by XRT analysis for pumice
cores. Of the conversion factors in Sahagian and
Proussevitch (1998), the non-spherical assumption of 1:3:10
is the best available approximation for our tube samples where
the majority of vesicle sizes in question (10–100 μm) have
aspect ratios of 10–50 (see Online Resource 5).

By applying the tube-vesicle stereo-conversion, number
densities of tube pumice exteriors are reduced (1.9–
2.6×108 cm−3) and closely match the GP290 exterior banded
values of 2.5–3.6 × 108 cm−3. An interior fragment of GP290
with 80% vesicularity has similar NVm (3.1 × 108 cm−3) to the

Fig. 5 BSE images of microlite phases, habits, and number densities and
vesicles. (a) and (b) identify the crystal phases of pyroxene (Pyx) and
plagioclase (Plg) from 105 to 107 cm−2; (c) shows the sharp interface (red
line) and number density difference between gray (gray diamond) and
white bands (white diamond); (d) shows how the growth of plagioclase
microlites impedes vesicle edge relaxation (circled in yellow). Each
image (a to d) is given a 20-μm scale bar and mNAm values in (a) and

(b) are in cm−2. Processed binary BSE images (e) through (h) are acquired
at × 250 magnification. Black is vesicle pore space and white is glass,
phenocrysts and microlites. Each image gives the textural classification,
the 2D image vesicularity (%) and a 100-μm scale bar. All images are
given prior to separation of coalesced vesicles. Tube vesicles (g) are
viewed as a normal cut of the elongate vesicle axis (i.e., shortest diameter)
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GP290 exteriors. Some stretched bubbles in regular giant
pumice exteriors necessitate the use of a smaller aspect ratio
geometry (1:1:2) (Fig. 7). With a 1:1:2 correction, regular
pumice NVm values are reduced from 5.9–7.8 × 108 cm−3 to
4.6–6.0 × 108 cm−3. With or without correction, regular pum-
ice exteriors have higher NVm values than GP290 exteriors
where smaller vesicles (< 20 μm) are sparse (Figs. 5h and 7)
and there is negligible isolated porosity (Fig. 4c). Correcting
for elongate vesicles narrows the total range of vesicle number
densities identified in all giant pumice exteriors (1.9–
6.0 × 108 cm−3). We expect some natural variation in NVm

in a single magma source, but generally, NVm from GP are
very consistent in comparison to subaerial systems (Houghton
et al. 2010; Shea et al. 2010). These values are lower than
those obtained for three raft pumices from Havre 2012 (6.6–
12.1 × 108 cm−3) as analyzed by Rotella et al. (2015).

Vesicle volume distributions (VVDs)

The modal vesicle diameter by volume is relatively consistent
through all clast exteriors (30–48 μm) with the exception of
regular pumice sample HVR_192 (60 μm) (Fig. 8, Table 2).
The modal vesicle diameter by number density is similar (16–
37 μm) showing that total porosity is dominated by the most
numerous vesicle size. Vesicle volume distributions cannot be
accurately determined for tube pumices after the extreme
stereo-conversion; the calculations are only valid for a spher-
ical assumption (see Appendix 1 and Online Resource 4).
Comparison of adjacent white and gray bands show an

increase in small, circular vesicles (< 60 μm) in white bands
(Fig. 8l). Some regular pumices display subtle bimodal distri-
butions with a consistent primary mode at 30–60 μm and a
variable secondary mode at 100–600 μm (Fig. 8a–e). Table 2
compiles all 2D microtextural data for each giant pumice
exterior.

Magma decompression rates
and post-fragmentation bubble expansion

Similar vesicle number densities among GP clasts imply a
common early ascent history of GP magma where NVm values
of 108 cm−3 are associated with dominantly heterogeneous
bubble nucleation at crystals edges or at melt impurities
(Shea 2017). Despite the low crystallinity of Havre giant pum-
ices (~ 5 vol.%; Carey et al. 2018), bubble growth at free
crystal surfaces produces vesicles 100–200 μm in diameter;
these contribute towards the coarser mode in the VVDs
(Fig. 8). Silicic Plinian eruptions commonly produce pumice
with NVm of 109–1010 cm−3 (e.g., Novarupta, Vesuvius,
Askja, Taupo, Mt. St. Helens; Adams et al. 2006; Carey
et al. 2009; Gurioli et al. 2005; Houghton et al. 2010). The
highest values are attributed to late-stage, very high decom-
pression rates (dP/dt ~ 10–100 MPa s−1) and non-linear, rapid
vesicle nucleation in the very shallow conduit (< 10 MPa)
prior to fragmentation (Cluzel et al. 2008; Shea 2017;
Toramaru 2006). For the GP phase of the 2012 Havre erup-
tion, we calculate maximum dP/dt of 0.9–5.0 MPa s−1 at the

Fig. 6 BSE images at × 250 magnification of vesicles with implied secondary growth. Each image is 480 μm in diameter. Vesicles with deformed shapes
surround very circular vesicles. Stars denote some of vesicles with inferred secondary growth
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vent using our corrected NVm range (Fig. 7) and the Shea
(2017) dP/dt equation for a rhyolite. These decompression
rates are insufficient to produce rapid vesicle nucleation
(Gonnermann and Manga 2005a; Toramaru 2006). The termi-
nation of the Havre conduit at 9.2 MPa prevents processes
such as late-stage vesicle nucleation, disequilibrium degassing
and explosive magma fragmentation (Manga et al. 2018a).

Tube and regular giant pumices have total microlite num-
ber densities of 104–106 cm−2 (Fig. 7b), but plagioclase
microlite number densities of only 103–104 cm−2. These latter
values do not correspond to dP/dt of 0.9–5.0 MPa s−1, and are
thus indicative of non-decompressive microlite growth
(Toramaru et al. 2008). However, GP290 with plagioclase
microlite number densities of 106–107 cm−2 corresponds to
dP/dt of <0.002 MPa s−1 suggesting late-stage plagioclase
crystallization driven by decompression rather than cooling
(Blundy and Cashman 2008; Brugger and Hammer 2010a;

Toramaru et al. 2008). We can exclude rapid microlite nucle-
ation as a result of undercooling as vesicle number densities
are too low (Toramaru 2014). This implies that extended
microlite nucleation and growth seen in GP290 was by pro-
duced at dP/dt of <<0.01 MPa s−1 (similar to vesicle-poor
rhyolite lava effusion; Brugger and Hammer 2010b) in a lo-
calized region of the conduit. Instead, smaller numbers of
plagioclase microlites in tube and regular pumice grew spo-
radically during cooling upon settling and deposition.

Subtle bimodal VVDs with varying coarse modal size and
volume demonstrate that there were variable vesiculation con-
trols after an early common ascent despite similar NVm.
Bimodal VVD signatures are observed in many subaerial rhy-
olite pumice eruptions, but these coarser modes are usually
broader and attributed to bubble coalescence (Carey et al.
2009; Giachetti et al. 2010; Houghton et al. 2010; Janebo
et al. 2016; Schipper et al. 2010a; Shea et al. 2010). We ob-
serve coalesced vesicles in giant pumice exteriors. However,
these vesicles could be sufficiently separated to reconstruct
more accurate pre-eruptive VVDs (Fig. 5, Online Resource
4). The coarser modes (100–600 μm) vary in volume and
modal size more than the primary vesicle modes at 30–
60 μm and display highly heterogeneous textures. We attri-
bute these to a variable extent of heterogeneous bubble growth
around crystals, and some post-disruption vesicle expansion.

Some regular giant pumice exteriors appear to show the
expansion of bubbles post-disruption and fragmentation, i.e.,
post-eruptive bubble growth through disequilibrium volatile
exsolution (e.g., Gonnermann and Manga 2005a; Klug et al.
2002; Mitchell et al. 2018b). This is implied from some bread-
crusted exteriors, and is evident from the presence of co-
expanded vesicles where smaller bubbles had higher internal
pressure and, hence, deformed adjacent larger bubbles
(Figs. 1h and 6). The subsequent deformed vesicles have flat-
tened or concave edges to accommodate the late-stage growth
of the adjacent near-spherical bubble (Fig. 6; Klug et al.
2002). The difference in adjacent vesicle shapes and sizes
suggests two distinct stages of vesicle growth and magma
decompression (Klug et al. 2002). These deformed vesicles
do not share the expected vesicle convolution and breakdown
textures seen as “collapsing” vesicles (Rust and Cashman
2004).

Post-eruptive vesicle growth is not widely recorded in sub-
aerial rhyolite due to an ambient environment that limits post-
disruption decompressive expansion (Thomas et al. 1994;
Houghton et al. 2010). Tropospheric dP/dt are ~ 10−5–
10−4 MPa s−1 whereas submarine dP/dt are ~ 0.01–
0.1 MPa s−1 for pyroclasts ascending at 1 to 10 m s−1 (these
being the exit velocities for the Havre eruption as calculated
by Manga et al. (2018a, b)). Greater dP/dt and vapor trapping
(Fauria et al. 2017) during submarine clast ascent would allow
continued expansion of bubbles. Values of dP/dt in this range,
however, are insufficient for late-stage nucleation in the water

Fig. 7 a Corrected vesicle number density per volume (NVm) versus clast
vesicularity for all analyzed samples when applying a non-spherical 3D
stereo-conversion for defined aspect ratios appropriate to the whole-clast
macrotextural and 3D-μXRTmicrotextural observations. Banded pumice
does not require a non-spherical assumption. The blue box highlights the
resulting small range of NVm values from the adjustment. Number
densities are also given for the 1.8 ka Taupo Unit 7 giant pumiceous
blocks from Houghton et al. (2010) (gray squares). b Melt-corrected
microlite number density per area (mNAm) vs clast vesicularity for all
analyzed samples. Vesicularity error given by ± 2 SD (black line)
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Table 2 Vesicle and microlite parameters and outputs from 2D image analysis and 3D stereo-conversions

Group Sample
#:HVR_

Vent
distance
(km)

Fragment
vesic.*
(%)

Mean
image
vesic.
(%)

Clast
Vg/Vl

Vesicles
analyzed

Vesicles
included

NV

(cm−3)
NVm

(cm−3)
Adjusted
NVm**
(cm−3)

mNAm

(cm−2)
Modal
3D
EqD***
(μm)

Modal
volume
EqD+

(μm)

Regular 041 3.12 78.1 66.9 3.57 14,966 3622 6.3 × 107 6.6 × 108 5.1 × 108 2.7 × 106 25.7 47.5

096 1.65 79.4 73.1 3.85 13,780 3080 6.0 × 107 6.8 × 108 5.3 × 108 3.3 × 105 25.7 37.7

192 1.19 85.2 82.5 5.76 9873 1916 3.7 × 107 6.0 × 108 4.6 × 108 2.6 × 105 32.4 59.8

221 4.65 68.5 60.8 2.17 16,769 3835 7.9 × 107 5.9 × 108 4.6 × 108 7.0 × 105 32.4 47.5

231 5.81 81.0 69.3 4.26 11,038 3390 6.0 × 107 7.8 × 108 6.0 × 108 1.6 × 106 16.2 37.7

Tube 003 1.03 75.0 74.2 3.00 14,275 4676 5.7 × 107 1.2 × 109 2.3 × 108 2.3 × 105 37.1 47.5

022 1.20 63.7 61.0 1.75 25,356 6447 9.5 × 107 1.2 × 109 2.6 × 108 1.3 × 106 37.1 30.0

115 0.42 75.7 75.7 3.12 18,088 3935 4.5 × 107 1.1 × 109 1.9 × 108 1.5 × 106 29.5 47.5

270 4.92 67.2 67.4 2.05 14,882 5244 7.3 × 107 1.3 × 109 2.2 × 108 1.0 × 106 29.5 30.0

Banded 290 1.43 73.6 65.7 2.79 9542 3119 6.7 × 107 2.6 × 108 n/a 1.3 × 107 30.0 47.5

290_G 1.43 79.1 68.9 3.78 11,078 1936 5.9 × 107 2.8 × 108 n/a 1.8 × 107 23.8 47.5

290_W 1.43 79.1 76.1 3.78 16,564 2323 7.5 × 107 3.6 × 108 n/a 9.3 × 106 23.8 59.8

290(int) 1.43 79.3 70.4 3.83 9435 2775 6.4 × 107 3.1 × 108 n/a 4.8 × 106 23.8 37.7

*Selected fragment vesicularity (vesic.) is equal to the mean giant pumice vesicularity from each density distribution analysis (see supplement 1)

**Bubble number density (NVm) adjusted with the most appropriate non-spherical vesicle geometry stereo-conversion

***Modal vesicle diameter from number density per size bin after 3D stereo-conversion. Value take from size bin median
+Modal vesicle diameter by total vesicle volume, i.e., histogram mode from Fig. 8. Note that tube values may be inaccurate due to non-prolate stereo-
conversion included here

Fig. 8 Vesicle volume distributions (VVDs) for all samples except for
tube pumices (see Appendix 1). Equant vesicle diameters are given across
32 geometric bins (× 100.1 from Sahagian and Proussevitch (1998)) from
2.4 μm to 3.78 mm. Absolute volume fractions are given as opposed to
fractions adjusted to 100% volume. Whole clast vesicularity is given for
all samples. The red dashed and yellow dotted lines correspond to

reference vesicle sizes of 30 μm and 300 μm, respectively to compare
volume contributions of the smallest, modal and largest vesicle diameters.
Plot (i) displays the % volume difference between the %-adjusted VVDs
of (g) and (h)—adjacent white and gray bands in GP290. The red box
shows a region of inconsistent variation in volume in (i). Coarser modes
qualitatively identified by pale green box
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column. This likely explains the greater measured vesicular-
ities (up to 92%) relative to those predicted at seafloor vent
pressures by Manga et al. (2018a) (i.e., 75–80%). The irregu-
lar, convex shape of surrounding vesicles also suggests that
post-eruptive bubble growth occurs while magma is still duc-
tile and bubbles can still deform. Many of these post-eruptive
vesicles appear isolated in the 2D images; isolated bubbles
would permit expansion of vapor within the bubble without
outgassing (Fig. 6). Up to 5% isolated porosity would still
permit post-eruptive bubble growth and increased vesicularity,
despite the high vesicle connectivity (Fig. 4c). Late-stage bub-
ble expansion supports previous hypotheses that giant pum-
ices cool slowly in the water column (Fauria andManga 2018;
Mitchell et al. 2018a). In this regard, we note that residence
time of giant pumices within a possible thermal plume before
settling in cold seawater will be a dominant control on clast
cooling rates (Mitchell et al. 2018a).

Discussion

Geochemical homogeneity throughout the Havre GP unit sug-
gests that observed textural diversity arises from a combina-
tion of physical processes above and below the vent. The
following discussion develops a 2D strain model and a con-
ceptual shallow conduit model to explain the observed tex-
tures.We then explore processes that accompany ascent of hot
giant pumice blocks within the water column, and the under-
lying controls on production of giant pumice in the submarine
environment.

Eruptive shallow conduit model

We propose that (1) a velocity gradient across the conduit (as
proposed by Polacci et al. 2001; Shea et al. 2012; Shea et al.
2014; Wright et al. 2006) created spatially variable shear that
is reflected in the textural differences between regular and tube
pumices; and (2) that cooling and/or further degassing near the
conduit walls produces magma with lower ascent velocity that
permits microlite growth and subsequent banding.

Strain and bubble deformation

We use a 2D axisymmetric conduit strain model to assess how
textures observed in both tube and regular giant pumices could
be produced simultaneously, prior to eruption into the water
column. The results of the 1D conduit ascent model byManga
et al. (2018a) (as initialized and described in online resource
10 and Appendix 2) provide input parameters for the 2Dmod-
el as applied here, which terminates at 9 MPa (hydrostatic-

equivalent vent depth), and assumes constant conduit radii (25
and 50 m) and a laminar velocity profile (as also assumed in
the 1D model).

We calculate cumulative strain (γt), expected maximum
bubble aspect ratios (AR), and decompression rates (dP/dt)
throughout the conduit, focusing on the results from the shal-
low conduit (200 m below the vent; Manga et al. 2018a).
Cumulative strain calculations only initiate when the capillary
number (Ca) is > 1 in the conduit, i.e., when the timescale of
bubble relaxation exceeds the timescale of bubble shearing.
Below this, vesicle deformation will be negligible. We use
equations from Canedo et al. (1993) and Rust and Manga
(2002) for Ca and AR calculations. In this instance,
vesicles—and subsequent AR calculations—are assumed to
undergo simple shear due to the velocity profile as opposed
to pure shear prior to conduit fragmentation (Dingwell et al.
2016). Details of the model are explained in Appendix 2.

A 25-m radius conduit leads to significant cumulative
strain (γt > > 10) in the shallow conduit (Fig. 9). For this
scenario, γt approaches 104 at the conduit walls, but strain
rates remain insufficient to fragment magma in the conduit,
even at the walls. Decompression rates vary from 5 to
0.1 MPa s−1 with distance from the conduit center—
matching those predicted by Shea (2017)—and modal vesicle
size AR are > > 10 throughout the shallow conduit (Fig. 9b).
There is only a very narrow region (< 1.5 m across) in the
conduit where Ca < 1 and little strain accumulates. A conduit
with a 25-m radius would not be able to produce the non-
sheared vesicle textures observed in regular and banded giant
pumices. Instead, textures would be dominated by elongate
tube vesicles (Dingwell et al. 2016).

If we increase the conduit radius to 50m andmaintain mass
eruption rate (MER) by reducing velocity, we can explore the
lower strain conditions required to produce m-scale regions
with very little vesicle shear, as in regular giant pumices. For
this model, most of the conduit experiences low strain rates
(Ca < 1) until the final 1000 m, where total strain at the vent is
significantly lower than the 25 m case (Fig. 9). The conduit
edges still experience high strain (γt > 100), but there is a 20-
m wide region in the center of the shallow conduit where γt <
1. Lower velocities also result in lower dP/dt of 0.7 to
0.01 MPa s−1. The Ca < 1 region in the shallow conduit is
larger (i.e., up to 10 m across) than in the 25 m model, and
would allow for the production of both sheared and non-
sheared vesicles at the vent (Fig. 10a).

Manga et al. (2018a) inferred a conduit radius of 21 m to
match theMER determined byCarey et al. (2018).We suggest
that a flared shallow conduit radius from 25 to 50 m (or great-
er) in the final 200 m of magma ascent would be sufficient to
generate shallow regions with low accumulated strain and
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spherical vesicles. Mechanical erosion near the surface
(seafloor) can widen conduits to create a flared vent, with
models predicting widening by a factor of up to two or three
(Aravena et al. 2018). If GP was produced at lower MER than
the pumice raft (i.e., << 107 kg s−1), then it is also possible to
generate the required conditions in a narrower conduit. Either

way, the model suggests that elongate vesicles are likely to be
dominant within giant pumice clasts, even when the conduit is
flared, although tube vesicles may only be present at very high
aspect ratios, i.e., AR> > 10. The higher dP/dt in the conduit
center (Fig. 9c) may be partially responsible for the higher
NVm values in regular giant pumices (Fig. 7). By fixing the

Fig. 9 2D strain modeling of the two conduit radii (25 and 50 m)
assuming constant mass eruption rate (107 kg s−1 from Carey et al.
(2018). Conduit center = 0 m, conduit wall = 25, or 50 m (as in c)). The
model shows the cumulative conduit strain (γt) when Ca > 1 in both
conduits, with expected vesicle aspect ratios (AR) given by dashed

lines. Plots with the same strain color bar for a 5 km of the conduit and
b the top 200 m of the conduit. Conduit depth of 0 m = 10MPa. (c) shows
the difference in decompression rates (dP/dt) across the same region of
the shallow conduit

Fig. 10 Schematic model of shallow conduit dynamics leading to the
macro- and microtextures observed in a synchronous production of tube
and regular giant pumices, and b later banded giant pumice production
from cooling conduit wall and subsequent microlite-rich magma
assimilation in the latter stages of the GP phase. The gradient of orange
to gray gives an arbitrary temperature scale from fresh magma at 800 °C

to ambient rock temperature in the ocean. The conduit width, size of
eruptive products, and vesicle sizes are not to scale. All images have a
5-cm scale bar in macrotextures and 100 μm in BSE images. Shorter
arrows in (b) suggest possible slower ascent rates because of outgassing
from the conduit
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vent pressure at 9 MPa, we also limit the possibility that gas
addition above the vent may reduce apparent hydrostatic pres-
sure and drive higher dP/dt (Mitchell et al. 2018a).

Our sampling of only 29 giant pumice exteriors means we
are unable to rigorously confirm that there are more tube giant
pumices than regular giant pumices. We also cannot demon-
strate the textural diversity throughout all of the pumice suite
as only GP290 was collected and analyzed as a whole block.
However, there is observable mm-scale textural heterogeneity
in most pumices seen as either thin, sinuous denser bands (see
Online Resource 7), small regions of shear, or areas with spa-
tially variable vesicle size distributions. Complex conduit ge-
ometry or strain localization may generate local textural het-
erogeneity (Shea et al. 2014; Wright and Weinberg 2009), for
example, cm-scale regions of sheared and non-sheared vesi-
cles from some mingling during ascent. This may produce
textures like those observed in GP290 (Fig. 3h–k). The low-
density rind observed in the GP290 CT scan does not appear
to be the result of increased vesicularity, a difference in vesicle
number density or size distribution, but instead may be the
result of more rapid, and a greater extent of, rehydration of
the giant pumice exterior. This would support the geochemical
evidence for rehydration presented by Mitchell et al. (2018a).

Source of textural banding in GP290

Macroscopic gray bands in GP290 have higher microlite num-
ber densities, and increased microlite size with respect to ad-
jacent white bands and other pumices (Figs. 5 and 7). Sample
GP290 also has complete connectivity at lower porosity than
other giant pumice samples (Fig. 4c). The juxtaposition of mm
to cm-size bands in pumices with distinctly different cooling
and crystallization histories suggests mingling of different
magma regions with variable cooling rates (Fig. 10b). This
has implications for our use of an isothermal conduit model
when considering temperature controls on viscosity and con-
sequent strain accumulation.

We propose that the microlite-rich regions are derived from
cooler magma at the conduit edges and/or localized shear
zones where dP/dt is < 0.1 MPa s−1, and degassing is variable
(Fig. 10b; Sano and Toramaru 2017). The complete connec-
tivity of GP290 relative to all other giant pumices in Fig. 4
suggests greater textural maturity, i.e., continued bubble coa-
lescence, and thus, a lack of any isolated vesicles. We infer
that permeable, lateral outgassing and a breakdown of coupled
gas and magma velocity (Manga et al. 2018b) reduced the
magma velocity (Fig. 4). It is also possible that GP290, and
other clasts that display textural banding, were generated dur-
ing a later stage of the GP-forming phase as the eruption
waned. Lower upward velocities at the conduit wall, gas loss,

and the presence of cooler magma would allow for extended
microlite crystallization (Manga et al. 2018b; Sano and
Toramaru 2017), as seen throughout GP290. Higher velocity
and dP/dt in the conduit center, and melt viscosities < 107 Pa s
(due to limited volatile exsolution under hydrostatic pressure)
could still allow for melt domains to mingle in the shallow
conduit where more viscous microlite-rich magma could be
assimilated into the microlite-poor central magma body
resulting in textural banding (Fig. 10b). Variable magma as-
cent velocities may have induced larger-scale velocity shear
instabilities (e.g., Kelvin-Helmholtz instabilities) within the
shallow conduit over a longer period (Bergantz 2000; Costa
andMacedonio 2003). Mingling of the different melt domains
may also have occurred above the vent prior to non-explosive
fragmentation (Manga et al. 2018a). Interactions with seawa-
ter could create a spatially complex thermal gradient within
the erupted magma (Mitchell et al. 2018a; Rotella et al. 2013).
Cooling models, quench depths, and the identification of post-
eruptive vesicle growth in this study show that GP magma did
not quench instantly (cf. Fauria and Manga 2018; Mitchell
et al. 2018a).

The sharp interfaces in microlite number density between
adjacent microlite-poor and microlite-rich bands (Fig. 5 &
Online Resource 7), and a lack of changes in vesicle size
distribution and vesicle shape between bands does not suggest
microlite crystallization as a result of shear-localized
degassing. Degassing and induced microlite crystallization
has been shown to occur in small regions of high strain within
the conduit (Kushnir et al. 2017). However, we observe no
consistent elongation of vesicles exclusive to the gray bands
as we do within the tube pumice samples. The complex frame-
work and frequency of gray bands throughout GP290 implies
the mingling of two different magma textures as opposed to
the in situ development of shear localization bands.

Giant pumice in the water column: fragmentation
and ascent

Fragmentation by cooling-joint propagation has been sug-
gested to generate large pumice clasts that separate, rise, and
settle through the water column, preserving meter-scale tex-
tural diversity (Manga et al. 2018a). Large perpendicular ves-
icles observed in GP290 (Fig. 3g) imply vesicle extension
from strain in the conduit or during effusion, a feature also
observed in vesicular bands of obsidian flows (Fink 1983;
Gonnermann and Manga 2005b; Shields et al. 2016; Tuffen
and Castro 2009). This supports the inferred “effusive” erup-
tion mechanism for GP described by Manga et al. (2018a). A
lack of destructive fragmentation in the conduit permits large
regions of tube vesicles to be preserved in giant pumices with
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lineated fabrics throughout the clast (Figs. 1e and 3c). Giant
tube pumices are rare in subaerial explosive eruptions as strain
rates in regions of high vesicle shear usually fragment magma
efficiently with tube vesicles and elongate permeable path-
ways (Dingwell et al. 2016;Wright et al. 2006). Greater length
scales of observations of magma heterogeneity in the shallow
conduit at Havre could, thus, be an analogue for the deeper
conduit dynamics in subaerial silicic systems at equivalent
pressures. It is possible that textural analysis of deep subma-
rine pumices could provide a secondary window into deeper
regions of subaerial silicic conduits and the distribution of
large vesicles in pumice.

The presence of a large, vapor-rich submarine plume or hot
seawater sheath at Havre was speculated to control the cooling
rates of giant pumices in the water column by Mitchell et al.
(2018a). Many clasts from the 2012 Havre eruption were
found to have cooled through the glass transition at very shal-
low depths byMitchell et al. (2018a) and Rotella et al. (2013).
In addition, modeling by Manga et al. (2018a) and Fauria and
Manga (2018) demonstrated that rise time to the ocean surface
was rapid (< 10 min) for clasts larger than 10–20 cm. Thus,
continued decompression during ascent through the water col-
umn would have enabled exsolution and, hence, allowed ves-
icles to continue to expand; as observed in pumice interiors
from other submarine pumice-producing eruptions, e.g.,
Macauley and Raoul Volcano (Rotella et al. 2013). The high
permeability of some giant pumices analyzed here (Fig. 4)
may reduce the effects of gas expansion within vesicles, as
gas may escape quickly and ingested water can accelerate
pumice cooling (Fauria et al. 2017; Fauria and Manga 2018;
Manga et al. 2018a; Rust and Cashman 2011). Observations
of bread-crusted exteriors in some giant pumices, however,
imply that some clast interiors were able to expand faster than
permeable gas loss (Fig. 1h). This would have occurred in
clasts with lower interior vesicularity, connectivity, and
permeability.

A lack of rapidly quenched, dense rinds in all 29
giant pumices could also suggest that the exteriors sam-
pled were not in fact original brittle fragmentation sur-
faces in contact with seawater, but instead surfaces en-
suing from secondary fragmentation and breakup of
clasts (cf. Mitchell et al. 2018b) in the water column
(Rotella et al. 2013), or clasts from the center of the
effusive body. Large fractures that transgress entire
clasts demonstrate the fragility of some of these blocks
(Figs. 1e, f and 3h, j). Thus, the giant pumice exteriors
we sample are not necessarily representative of surfaces
generated by brittle fragmentation as proposed for this
eruption by Manga et al. (2018a). Examples such as the
bread-crus ted exter ior (Fig. 1h) may be more

representative of original fragmentation surfaces. For
lower intensity submarine pumice formation and frag-
mentation from the spalling and autobrecciation of a
vesicular carapace (Rotella et al. 2013; Shea et al.
2013; Von Lichtan et al. 2016; White et al. 2001), there
is a greater likelihood that the original fragmentation
surfaces will be preserved.

Giant pumices from the 2012 Havre eruption share some
textural similarities with the giant pumices fromTaupo and the
Sumisu Domes (Allen et al. 2010; Houghton et al. 2010; Von
Lichtan et al. 2016). The subaqueous-derived Taupo blocks
from shallow depths (< 200 m) have lower vesicularities than
GP (58–73%), denser rapidly quenched rinds and inferred
mass eruption rates of only ~ 103 kg s−1 (Houghton et al.
2010). While the inferred mechanism of autobrecciation of a
vesicular dome carapace at Taupo shares similarities with the
brittle fragmentation mechanism suggested for Havre, MER
differs by up to four orders of magnitude (Manga et al. 2018a,
b; Von Lichtan et al. 2016). Giant pumices from Domes B and
C of the Sumisu Dome Complex share many textural (~ 77%
vesicularity, tube fabrics on the associated dome carapace) and
morphological characteristics (slabby, polyhedral blocks with
internal cracks and jointing) with Havre GP blocks (Allen
et al. 2010). Sumisu Dome B and C were erupted from depths
of 876–1267 m implying similar hydrostatic effects on con-
duit dynamics and fragmentation to Havre giant pumices.
However, a lack of vesicles > 3 mm across and texturally
uniform interiors of Sumisu giant pumices signifies that addi-
tional processes are required to explain the textural heteroge-
neity throughout GP.

The analyses presented here increase the number of
detailed studies of subaqueous giant pumice textures, of
which there are only a few at present. However, we
note that the microtextures observed in GP blocks ex-
hibit only a few characteristics (e.g., vesicle connectiv-
ity, vesicle number density) that would define them as
deep submarine rather than subaerial. The preservation
of a deposit dominated by highly vesicular meter-scale
clasts and possible greater abundance of tube pumices
may fingerprint a deep submarine eruptive source (Kato,
1987). Inertial (k2) (and some Darcian k1) permeability
values higher than those defined for explosive eruptions
by Degruyter et al. (2012) (Fig. 4b) may also be a
textural characteristic of deep submarine giant pumice
blocks that cool slowly and continue to decompress
and vesiculate in the water column (Mitchell et al.
2018a). This study shows that, despite erupting under
many MPa of hydrostatic pressure, giant pumice from
deep submarine silicic eruptions can be more texturally
mature than pumice from subaerial silicic explosive
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eruptions due to continued gas exsolution during ascent
in the water column.

Conclusion

The well-preserved deposits of the 2012 Havre eruption
provide one of the best-known field sites for studying
silicic volcanic activity on the seafloor. Giant pumice
blocks provide meter-scale windows into complex shal-
low conduit dynamics below the main eruptive vent
(900 mbsl) and processes in the water column affecting
vesiculation. Quantitative analysis of geochemistry and
microtextures, coupled with whole-clast observations
and a 2D model for magma flow, lead to four main
conclusions about the GP phase of the 2012 eruption:

(1) A compositionally homogenous magma supply
prevailed throughout the GP phase. No new, geochem-
ically distinct magma was introduced or entrained into
the conduit. Instead, textural banding in GP290 was the
result of mingling microlite-rich and microlite-poor
melt. We find evidence that microlites were generated
by late-stage decompression near conduit walls.

(2) Presence of a region with low cumulative strain at the
vent—required to keep bubbles from becoming highly
deformed—is possible by incorporating a flared shallow
conduit with a 50-m radius or by decreasing GP mass
eruption rate from 107 to ~ 106 kg s−1.

(3) Bread-crusted exteriors, and overprint and deformation
of earlier-formed vesicles by later-stage vesicles, imply
some giant pumice exteriors experienced post-
fragmentation vesicle growth as the clasts continued to
decompress in the water column. This supports previous
models of slow cooling and continued degassing of large
pumice blocks to shallow water depths.

(4) Textural analysis across a single meter-scale clast shows
that (i) clasts contain vesicle sizes that span over five
orders of magnitude, and (ii) vesicle textures are spatially
heterogeneous. Large vesicles may be preserved because
of the absence of explosive fragmentation and may per-
mit efficient permeable outgassing.

Our study offers new insight into deep submarine conduit
dynamics during the 2012 Havre eruption where a number of
findings suggest directions for further research. We emphasize
the need to quantify the textural, spatial, and temporal rela-
tionships between units derived from the same vent, such as
the voluminous pumice raft with GP and later eruption of
Dome OP, to assess changing conduit dynamics throughout

the entire 2012 eruption. Detailed study of microlite nucle-
ation and growth rates in other units could enhance our under-
standing of late-stage decompression, strain and cooling rates
in the shallow conduit, and during buoyant ascent in the deep
submarine environment, during such submarine eruptions.
This study highlights the importance of determining subma-
rine vent depths to assess hydrostatic pressure controls on the
melt properties within the shallow conduit and the consequent
textural diversity and maturity of erupted deep-sea pumice.
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Appendices

Appendix 1. Prolate geometry 3D stereo-conversions

For the prolate 3D stereo-conversion of sheared and tube
vesicles, we used the same calculation steps from Sahagian
and Proussevitch (1998) as in Online Resource 4, but by ap-
plying intersection probabilities (P) and conversion coeffi-
cients (α) to the smallest 12 classes of vesicle sizes. This
accounted for all vesicles from 2.4 to 38 μm. Larger vesicles
were not included or counted towards in the revised NVm

values as they present a negligible addition to total NVm in
either case. For NVi calculations, NAi remains the same but
VHi (the projected mean height of a vesicle with the equivalent
equant volume) changes depending on the vesicle geometry
assumed.

Three vesicle geometries were suitable and available from
Sahagian and Proussevitch (1998): prolate vesicle with di-
mensions of 1:1:2, 1:2:5, and 1:3:10. We applied the appro-
priate conversions to tube and regular giant pumice vesicles <
38 μm in diameter based on macrotextural and microtextural
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observations, and from the results of vesicle aspect ratios of
the 3D XRT analysis (see Online Resource 5).

P and α values for the three prolate and spherical geome-
tries are as given directly from Sahagian and Proussevitch
(1998):

For each vesicle geometry, the new VHi values are calcu-
lated by converting the observed bin values into equivalent
diameters (EqD) for a sphere assuming the observed diameter
(DAi) is the cross section of the smallest axis of a prolate
vesicle:

EqDi 1:1:2ð Þ ¼ 2DAi
3

� �1
3 ðA1Þ

EqDi 1:2:5ð Þ ¼ 10DAi
3

� �1
3 ðA2Þ

EqDi 1:3:10ð Þ ¼ 30DAi
3

� �1
3 ðA3Þ

VHi values are calculated as per Online Resource 4 using
the conventional methods of the stereo-conversion to deter-
mine final NVm values. Individual NVi values were discounted
if negative.

Suitability of the chosen vesicle geometry, e.g.,
1:3:10, for a single sample could be confirmed by com-
paring the modal vesicle diameter from the 2D BSE
images with the modal NVi diameter after the 3D
stereo-conversion (D3V). For tube vesicles, DAi will be
significantly smaller than D3V unless the prolate stereo-
conversion is applied. By testing all three geometries,
the best geometry to use was where DAi ≈D3V. For tube
vesicles, the appropriate geometry was 1:3:10, and reg-
ular = 1:1:2. This is the key parameter to change for the
non-spherical stero-conversion.

There are caveats with this modification of the Sahagian
and Proussevitch (1998) stereo-conversion. Accurate VVDs
cannot be determined after stereo-conversion of tube vesicles,
as calculated-equant tube vesicle sizes do not correspond to
the original vesicle bin sizes of the large vesicles, and so there
is not a smooth transition from smaller to larger vesicles out-
side of the 12 classes. Aspect ratio of vesicles varies with size,
as seen in Online Resource 5. Smaller vesicles are likely to
undergo less deformation if nucleated at a later stage in the
conduit. It is very complicated to apply a varying vesicle ge-
ometry across the bin classifications as conversion coefficients
are looped calculations based on adjacent geometric bins. By
exploring several vesicle geometries, we can see the effect that
different aspect ratios may have on number density. We aim to
show that, by applying prolate geometries, the obtained NVm

values obtained for tube pumices are reduced by an order of
magnitude and roughly match those observed in banded and
regular giant pumices (Fig. 7). Sahagian and Proussevitch
(1998) do assume random vesicle orientation in tube calcula-
tions; however, changing this has minimal effect on the final
values calculated.

Appendix 2. 2D conduit deformation model

The deformation model developed to assess vesicle shearing
and expected aspect ratios was based on the results of the
conduit ascent model for Havre in Manga et al. (2018a) (see
Online Resource 10). This 1D two-phase steady flow model
was modified from Degruyter et al. (2012) and Kozono and
Koyaguchi (2009). These models were developed on the basis
of other fundamental conduit ascent models (Slezin 2003;
Wilson 1980; Yoshida and Koyaguchi 1999).

Class # Intersection probability (P) Conversion coefficient (α)

Geometry Sphere 1:1:2 1:2:5 1:3:10 Sphere 1:1:2 1:2:5 1:3:10
1 (largest) 60.749 31.700 1.760 0.349 1.646 3.151 3.151 3.151

2 16.833 43.370 14.181 2.602 0.456 4.305 7.052 38.43

3 8.952 17.467 41.317 12.264 0.116 4.149 20.54 181.1

4 5.200 5.374 37.077 25.122 0.041 3.833 41.42 482.5

5 3.134 1.239 4.570 49.266 0.017 3.560 69.24 1253

6 1.925 0.459 0.774 9.262 0.0078 3.335 99.6 4540

7 1.195 0.195 0.211 0.756 0.0037 3.128 121.7 17,000

8 0.747 0.084 0.072 0.193 0.0018 2.934 114.3 62,000

9 0.468 0.039 0.026 0.064 0.0009 2.750 43.62 200,000

10 0.294 0.018 0.010 0.021 0.0004 2.579 137.0 670,000

11 0.185 0.008 0.003 0.009 0.0002 2.418 481.8 2,300,000

12 0.117 0.004 0.001 0.003 0.0001 2.267 1036 8,100,000
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The model calculates the magma pressure, viscosity (μ),
velocity (u), strain rate (γ̇ ), and gas fraction (ϕ) for a set of
pre-determined parameters (Manga et al. 2018a). Vesicle size
(xb) is calculated based on an input vesicle number density of
2.5 × 108 cm−3 (Table 2) as an average for the giant pumice
NVm data from the results:

xb ¼ 3ϕ
4π 1−ϕð ÞNVm

� �1=3 ðB1Þ

The model runs from pressures of 200 to 9 MPa (deter-
mined from the saturation pressure of volatile concentrations
in melt inclusions—5.8 wt%H2O—and the vent depth) over a
conduit 8100 m deep in depth steps of 5 m (z). Crystallinity is
0.05 (Carey et al. 2018).

Viscosity, gas fraction, pressure, and vesicle size remain
constant over the conduit width (RC). We assume two values
for conduit radii (25 and 50m) with a constant mass discharge
rate of 107 kg s−1 (Carey et al. 2018; Manga et al. 2018a). We
chose 50 m to assess the possibility of a flaring shallow con-
duit on the strain approaching the vent; the doubling of the
conduit radius required a reduction of the mean velocity by a
factor of four for conservation of mass. In the laminar regime,
the velocity (u) profile (B2) follows a simple parabolic
(Llewellin and Manga 2005):

u r; zð Þ ¼ ul zð Þ 1−
r2

RC
2

� �
ðB2Þ

where RC is the conduit radius and r is the distance from the
conduit center. Subscripts g and l denote gas and liquid phases;
the calculated melt and gas velocities were very similar for the
Havre conditions, i.e., the bubbles remain coupled to the melt
(Manga et al. 2018a). Shear strain rate (γ̇ ) across the conduit was
calculated from (e.g., Llewellin and Manga 2005):

γ˙ r; zð Þ ¼ 4u r; zð Þr
RC

2 ðB3Þ

The maximum Reynolds number at the conduit center (Re)
calculated throughout the conduit (Re < 100 at all depths) sup-
ports our use of a laminar velocity profile:

Re zð Þ ¼ 2ul zð ÞRc

ϕ zð Þρg zð Þ þ 1−ϕ zð Þð Þρl zð Þ
� �

ϕ zð Þμg zð Þ þ 1−ϕ zð Þð Þμl zð Þ
� � ðB4Þ

The maximum upward velocity (umax) and radial velocity
across the conduit (ur) was calculated at all depths using the
mean liquid velocity (ul) from Manga et al. (2018a). Strain at
each point in the conduit was calculated from:

γ r; zð Þ ¼ ∫
z γ r; zð Þ̇
ul r; zð Þ ∙dz ðB5Þ

The capillary number (Ca), ratio of bubble shearing to re-
laxation timescales, was calculated across the 2D conduit for a
single evolving bubble size (xb) through the conduit. We as-
sume constant bubble number density due to the very low
crystallinity, using a bubble surface tension (σ) for rhyolite
of 0.075 N m−1 (Shea 2017). We then used Ca, and the
deformation models of Canedo et al. (1993) and Rust and
Manga (2002), and basic geometric relations to determine
the maximum expected bubble aspect ratios (AR) where AR
is the ratio of the longest to shortest bubble axis.

Ca r; zð Þ ¼ xb zð Þγ̇ r; zð Þμl r; zð Þ
σ

ðB6Þ

AR r; zð Þ ¼ 5:46
xb zð Þγ̇ r; zð Þμl r; zð Þ

σ

� �0:645

¼ 5:46Ca r; zð Þ0:645 ðB7Þ

A heterogeneous assumption (lower surface tension ~
0.02 N m−1 – Shea 2017) would only increase AR by a factor
of ~ 2.4. Decompression rate (dP/dt) as a function of lateral
position across the conduit was calculated using the obtained
pressure gradient (Manga et al. 2018a):

dP
dt

r; zð Þ ¼ uz
∂P
∂z

ðB8Þ
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