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Abstract Vesicles in volcanic rocks are physical records of
magmatic degassing; however, the interpretation of their tex-
tures is complicated by resorption, coalescence, and collapse.
We discuss the textural significance of vesicle-hosted vapor-
phase cristobalite (high-T, low-P SiO2 polymorph), and its
utility as a complement to textural assessments of magmatic
degassing, using a representative dacite bomb erupted from
White Island volcano (New Zealand) in 1999. Imaging in 2D
(SEM) and 3D (CT) shows the bomb to have 56% bulk po-
rosity, almost all of which is connected (~ 99%) and devoid of
SiO2 phases. The remaining (~ 1%) of porosity is in isolated,
sub-spherical vesicles that have corroded walls and contain
small (< 30 μm across) prismatic vapor-phase cristobalite
crystals (98.4 ± 0.4 wt.% SiO2 with diagnostic laser Raman
spectra). Halogen degassing models show vapor-phase
cristobalite to be indicative of closed-system chlorine and

fluorine partitioning into H2O-rich fluid in isolated pores. At
White Island, this occurred during shallow (< 100s of meters)
ascent and extensive (~ 50%) groundmass crystallization as-
sociated with slow cooling in a volcanic plug. Pristine textures
in this White Island bomb demonstrate the link between pore
isolation and vapor-phase cristobalite deposition. We suggest
that because these crystals have higher preservation potential
than the bubbles in which they form, they can serve as dura-
ble, qualitative textural indicators of halogen degassing and
pre-quench bubble morphologies in slowly cooled volcanic
rocks (e.g., lava flows and domes), even where emplacement
mechanisms have overprinted original bubble textures.
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Introduction

Magmatic degassing exerts a fundamental control on volcanic
eruptions, and is of central concern in many sub-disciplines of
modern volcanology (Edmonds andWallace 2017). The quan-
tification of vesicle textures in two and three dimensions is a
powerful way to investigate the physical manifestation of
degassing as preserved in eruptive products (e.g., Shea et al.
2010; Baker et al. 2012). A holistic interpretation of vesicle
textures must, however, take into consideration that different
volatile species exsolve in varying proportions during a mag-
matic ascent (e.g., each is subject to different controls on sol-
ubility), and that bubble populations are susceptible to irre-
versible textural overprinting and modification (Thomas and
Sparks 1992; Cashman andMangan 1994; Stovall et al. 2010;
McIntosh et al. 2014; Kennedy et al. 2016). To extract maxi-
mum data from the textures of eruptive products, it is desirable
that multiple magmatic components (crystals, melt, bubbles)
be used in parallel to investigate degassing signatures (e.g.,
Polacci et al. 2006; Sable et al. 2009; Murtagh and White
2013).

Cristobalite is a low-pressure, high-temperature polymorph
of crystalline silica (SiO2). Despite its nominal stability field
being far outside the conditions that exist in crustal magma
bodies (< 0.2 MPa, 1470–1727 °C at 0.1 MPa; Heaney 1994),
cristobalite forms and persists as a metastable secondary phase
in many types of volcanic rocks. Volcanic cristobalite occurs
as vapor-phase crystals and/or as a component in the
devitrified groundmass of shallow intrusions, lava flows,
and domes, and also within ash derived from silicic dome
collapse (Swanson et al. 1989; Baxter et al. 1999; de Hoog
et al. 2005; Horwell et al. 2010, 2013, 2014; Damby 2012;
Schipper et al. 2015). Interest in volcanic cristobalite has been
driven by (1) the possibility that it may occlude pores to com-
promise the stability of lava domes (Horwell et al. 2013;
Boudon et al. 2015); (2) the fact that it is an example of
metastable crystallization that challenges ideas of equilibrium
phase stability from geochemical and crystallographic per-
spectives (e.g., Damby et al. 2014); and (3) concerns that
volcanic cristobalite may be a respiratory hazard (e.g.,
Baxter et al. 1999; Horwell and Baxter 2006). Here, we ex-
amine another potentially useful characteristic of vapor-phase
cristobalite: this being its theoretical ability to endure dynamic
syn- and post-vesiculation flow processes that can modify and
even obliterate the vesicles in which it forms (Schipper et al.
2015). In fact, we demonstrate strong links between pore con-
nectivity (i.e., permeability), halogen degassing, and vapor-
phase cristobalite formation that can aid in interpreting mag-
matic ascent and degassing histories.

We present textural and geochemical analyses of vapor-
phase cristobalite in a pyroclastic dacite erupted in 1999 from
White Island volcano (New Zealand). Although cristobalite is
not abundant at White Island, its occurrence yields

information on the relationships between volcanic degassing,
magmatic textural evolution, and metastable vapor-phase
crystallization. These relationships potentially make vapor-
phase cristobalite an easily identifiable and durable indicator
of degassing processes, which can be upscaled from the bomb
investigated here to lava flows and domes, as a good comple-
ment to textural analysis of vesicles and other crystals.

White Island

White Island (37.52° S, 177.18° E) is ~ 50 km north of
the Bay of Plenty coastline, in the offshore extension of
New Zealand’s Taupo Volcanic Zone (Fig. 1a). It rises
from approximately 350 m below sea level to 321 m
above sea level, and is the summit of two overlapping
andesitic-dacitic stratovolcanoes (Duncan 1970; Cole
et al. 2000). There have been 41 reported eruptive pe-
riods at White Island since record keeping began in
1826 (Global Volcanism Program 2013), and at the time
of writing, the volcano is in a state of minor unrest
(GeoNet 2017). Most of the historical activity at White
Island has been phreatic, phreatomagmatic, and
Strombolian eruptions, with frequent reorganization of
summit craters and fumaroles (Houghton and Nairn
1991). Although there have been many petrological
and geochemical studies on White Island, none of these
have documented cristobalite in eruption products (e.g.,
Duncan 1970; Cole et al. 2000; Severs et al. 2009).

The sample investigated here is from New Zealand’s
Geological and Nuclear Science (GNS Science) collection,
and was ejected on April 20, 1999, as part of the eruption with
Volcanic Explosivity Index (VEI) of 2 that started on August
21, 1998, from a vent in the NW corner of the crater complex
(Global Volcanism Program 1998). The bomb (WIDP7) is
texturally homogenous, and is the only existing material to
have been collected from the April 1999 activity.

Analytical methods

Textures of the sample (WIDP7) were examined in 2D on a
polished petrographic thin section using a flatbed scanner,
petrographic microscope, and backscatter electron (BSE) im-
aging on a JEOL JXA-8230 Superprobe at Victoria University
ofWellington. After thorough investigation at a range of mag-
nifications, images collected at ×40 magnification in BSE
were deemed sufficient for quantifying the full range of vesi-
cles and microlites in the sample. Vesicles of interest (e.g.,
those that hosted vapor-phase cristobalite) were manually
thresholded in Photoshop®, and their areas were measured
in 2D using the Particle Analyzer plugin of ImageJ
(Schneider et al. 2012). Microlite abundances were deter-
mined by 2D pixel counting in the same program.
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A subsection of the billet from which the thin section
was made was examined in 3D using synchrotron X-ray

source computed tomography (CT) at the Australian
Synchrotron in Hutch 3B of the Imaging and Medical
beamline using their “Ruby” detector with X-ray energy
of 30 kV. Scans included the collection of 1800 radio-
graphs with 0.8 s exposure time over 180° rotation.
These were reconstructed with the in-house MASSIVE
supercomputing cluster to yield rendered volumes with
voxel edge length of 6 μm/pixel.

Vesicle and phenocryst abundances were determined
from CT images by applying the voxel counter plugin of
ImageJ. Connected and isolated pore spaces (vesicles)
were segmented from each other using a fluid fill algo-
rithm written by co-author Maksimenko (https://github.
com/antonmx/flood). Isolated pores were segmented by
applying a 3D version of the fluid-fill morphology algo-
rithm, with a threshold selected to match void space, but
not the solid material of the sample. The particle size used
in the algorithm was set to two pixels to avoid leaking
through thin walls. Inversion of the resulting mask and
virtual subtraction of the material of the sample resulted
in an image stack with the pores rendered to have a user-
defined grayscale range, facilitating subsequent analysis
and rendering. The volumes of isolated vesicles were de-
termined in 3D using the threshold and label filter tools of
Avizo 9.0 software, running on a local desktop computer
in the Otago Centre for Electron Microscopy (OCEM).
Additionally, the areas of isolated vesicles in each slice
of the CT volume were measured in 2D using the Particle
Analyzer plugin of Image J, for direct comparison with
2D data from BSE images. Rendering for visualization of
textures in 3D was performed using the Drishti software
package (Limaye 2012).

Major element concentrations in crystalline SiO2, bulk
groundmass, and residual glass were determined by elec-
tron probe microanalysis (EPMA), with the JEOL JXA-
8230 Superprobe. Silica crystals were analyzed (Si, Ti,
Al, Na, K) using 15 kV, 12 nA, and a focused beam,
standardized using synthetic pure oxides for each ele-
ment. Groundmass (glass + microlites) was analyzed
using 15 kV, 8.0 nA, and a spot size of 20 μm. Sodium
was measured first, for shorter times and at a fixed peak
position in order to minimize Na volatilization during
analysis. The beam was defocused both to minimize Na
loss and to encompass microlites and residual glass to
yield a bulk (e.g., microlites + interstitial glass) ground-
mass composition. Analyses were standardized using nat-
ural and synthetic compounds, and verified in reference to
basaltic glass standard VGA-99 (Jarosewich et al. 1980).
Residual (interstitial) glass was analyzed for chlorine and
fluorine as part of a subset of elements (SiO2, CaO, K2O,
Cl, F) using 15 kV, 25 nA, and a focused beam, standard-
ized using synthetic CaF2 (for fluorine) and a rhyolite

Fig. 1 Location and key textures in 2D. a White Island relative to the
Taupo Volcanic Zone (TVZ) on the North Island of New Zealand. b
White Island viewed from the southeast in December, 2016 (CI
Schipper photo). Plume is rising from area of the main crater complex.
c Flatbed scan of WIDP7 polished thin section. Red box indicates region
of BSE image in b, blue box indicates portion of clast that was used for
CT analysis (Fig. 2). d BSE image showing vesicles (V), pyroxene (px),
and plagioclase (plg). Green and yellow boxes indicate regions shown in
e, f, respectively. Cristobalite crystals indicated with arrows. Note that
large amoeboid vesicles have relatively smooth walls and no cristobalite.
e, f BSE images of cristobalite (cr) protruding from ragged, diktytaxitic
walls of small, sub-rounded vesicles
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glass standard VG-568 (for chlorine; Jarosewich et al.
1980).

Groundmass H2O contents were estimated using
Fourier transform infrared spectroscopy (FTIR) with a
Nicolet Cont inuum FTIR microscope at Massey
University (New Zealand). Transmission infrared spectra
in the range 4000–1200 cm−1 were collected using a KBr
beamsplitter, and a liquid nitrogen-cooled HgCdTe2
(MCT) detector, on doubly polished wafers ranging in
thickness from 80 to 100 μm, prepared following von
Aulock et al. (2014). Background-corrected peak heights
for total H2O at 3530 cm−1 were converted to concentra-
tions using Beer’s Law, with molar absorptivity of
75 mol−1 cm−1 (Okumura et al. 2003), density of 2.4 g
cm−3 (calculated using groundmass composition and the
method of Best 2003), and thicknesses as measured with a
digital micrometer. The microlite content and resulting
opacity of the wafers make them poorly suited to FTIR
analysis, and these measurements should therefore be
considered best estimates.

Mineral identification was performed in situ with laser
Raman spectroscopy, using a Horiba JY LabRam
HR800 at Victoria University, in the backscattering con-
figuration, using a 633-nm He-Ne laser for excitation, a
holographic notch filter, a 600-mm−1 grating, and a liquid
nitrogen-cooled charge-coupled device (CCD) detector.
The laser power at the sample was 5 mW. Light was de-
livered and collected through an Olympus microscope
objective with ×100 magnification (focal length 1.8 mm,
numerical aperture 0.9), resulting in a probed area on the
sample surface of approximately 1 μm diameter. The
spectral resolution was approximately 3 cm−1, and spectra
were integrated over a 10-s acquisition time.

Results

The sample (WIDP7; Fig. 1c) is moderately vesicular,
pyroxene-phyric, and plagioclase-phyric, with minor
iron-titanium oxides. The majority of vesicles appear
amoeboid (polylobate) in 2D, except for a subordinate
population of small (< 100 μm diameter in cut section),
sub-rounded vesicles. The groundmass is composed of
50 ± 10% interlocking plagioclase and clinopyroxene
microlites with interstitial glass (Fig. 1d–f). The large
amoeboid vesicles have walls that are mostly smooth
(Fig. 1e), but occasionally show slight roughness from
protruding microlites (Fig. 1f, bottom right). The sub-
rounded vesic les are surrounded by 11 ± 2-μm
diktytaxitic rinds, which have similar microlite abun-
dances to the bulk groundmass (plag>cpx, total
47 ± 8%), but voids instead of interstitial glass. This

results in a localized zone of fine-scale porosity surround-
ing each of the sub-spherical vesicles (Fig. 1e, f).

Many of the sub-rounded vesicles have one or more
prismatic crystals, 10–30 μm in length, protruding from
their walls into their interiors (Fig. 1e, f). The crystals are
colorless in plane-polarized light and isotropic in cross-
polarized light, are darker than any other solid phase in
BSE images, and fill < 15% of their host vesicle’s volume
(as estimated in 2D). Individual crystals usually appear
pristine in thin section, lacking interior voids or inclu-
sions, but occasionally have incipient fine-scale cracking
with no preferred orientation. The amoeboid vesicles do
not contain any such protruding crystals.

The total phenocryst content, as measured from CT
scans, is 9% (clinopyroxene and plagioclase combined),
or 20% when referenced to melt + crystals (e.g., exclud-
ing void space). Total porosity is 56%. Results from the
fluid-fill algorithm indicate that 99% of this total porosity
is connected into a single continuous void. The remaining
1% of the total porosity is in isolated vesicles (Fig. 2).
Three-dimensional renderings showing only the isolated
pores highlights that they have sub-spherical outer shapes
(Fig. 2b, c) with spherical-equivalent diameters of
68 ± 52 μm (average ± 1 SD). Renderings of the interior
of isolated vesicles show what appear to be sharp asperi-
ties protruding into the vesicle interiors (Fig. 2c), but fur-
ther evaluation of these features is precluded by limita-
tions on resolution and grayscale (density) segmentation.

To determine if the crystal-hosting, sub-rounded vesi-
cles observed in BSE images (Fig. 1) correspond to the
isolated, sub-spherical vesicles observed in CT scans (Fig.
2), we compare histograms of vesicle cross-sectional di-
ameters as measured in 2D (Fig. 3). The use of 2D data
allows direct comparison of the BSE and CT data without
requiring stereological approximations to estimate vesicle
volumes from 2D plane intersections (Shea et al. 2010).
Both the crystal-hosting vesicles observed in BSE images
and isolated vesicles in CT images have cross-sectional
areas (expressed as the diameter of circle with an equiva-
lent area) with bimodal distributions. Peaks are at 30–40
and 200 μm, and neither population contains vesicles
larger than 500 μm.

EPMA analysis indicates that the protruding crystals within
isolated vesicles are silica polymorphs, with SiO2 of
98.4 ± 0.4 wt% (n = 67). The SiO2 crystals have modest
concen t r a t i on s o f o the r ox ide s , mos t no t ab ly
1.23 ± 0.23 wt% Al2O3 and 0.14 ± 0.04 wt% Na2O
(Table 1, Supplementary Table S1). Laser Raman analysis of
the SiO2 crystals shows strong peaks at 230 and 417 cm−1,
which are diagnostic of cristobalite (Kingma and Hemley
1994; Fig. 3a).

Bulk groundmass (e.g., microlites + interstitial glass) is
dac i t i c (Le Mai t r e e t a l . 1989) , w i th S iO2 of
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64.7 ± 0.94 wt% (n = 25; Fig. 5a; Table 1). Analysis of resid-
ual (interstitial) glass showed large ranges in all elements (e.g.,
52.6–71.9 wt.% SiO2; n = 96) because of the difficulty in
placing the beam such that it completely avoided microlites.
We have taken the ten most-evolved (highest SiO2 and/or
K2O) residual glass analyses to be representative of the pure
residual melt, where the focused beam was least contaminated
by interaction with microlites (Fig. 5a; Table 1 and
Supplementary Table S1). Melt inclusions in the studied bomb
could not be analyzed because they were extensively
decrepitated and crystallized.

The microcrystalline groundmass of the White Island
bomb is poorly suited to analysis by FTIR, because its opacity
causes poor infrared transmittance at high wavenumbers, and
its heterogeneity makes the appropriate choices of molar ab-
sorptivity and density unclear. We therefore caution that our
FTIR results should be taken only as indicative. The results
do, however, show the bomb to be largely degassed with

respect to water, with a measured H2O of 0.11 ± 0.04
(n = 10; Table 1) that is slightly lower than the
0.15 ± 0.1 wt.% matrix glass H2O reported for White Island
scoria from 1977 to 1989 (Wardell et al. 2001; Rapien et al.
2003).

Interpretations and discussion

Vapor-phase cristobalite in isolated pores

Based on their optical properties (Deer et al. 1992), laser
Raman spectra (Fig. 4), and similarity to previously described
examples (Damby 2012; Horwell et al. 2013), the SiO2 crys-
tals protruding from isolated vesicle walls in the White Island
bomb are interpreted to be cristobalite deposited from a silica-
saturated vapor (“vapor-phase cristobalite”). TheWhite Island
cristobalite crystals differ from previously reported examples

Fig. 2 CT volume renderings. a
Portion of the clast with void
space rendered transparent and
solid opaque. b Rendered results
of fluid-fill algorithm at same
scale as a, with isolated pores
shown in blue. c Closeup of solid
volume (grayscale) with digital
cutaway showing two isolated
pores (blue). Right panels are
inverted renderings of each of the
isolated pores. Note that scale and
segmentation limitations preclude
isolation of individual cristobalite
crystals, but that the isolated pores
have asperities protruding from
their inner walls
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in that they have non-developed or only poorly developed
“fish scale” cracking that is considered to be a diagnostic
feature (e.g., Horwell et al. 2013). The diktytaxitic rims sur-
rounding each host vesicle in the White Island bomb are iden-
tical to those that have been previously interpreted as

corrosion rinds, from which interstitial glass has been physi-
cally consumed preferentially to more resistant microlites,
providing the source of SiO2 that was subsequently deposited
as cristobalite (Damby 2012). Slight corrosion is apparent in
some areas of the connected pore network (e.g., Fig. 1f, lower
right); however, this is limited only to the protrusion of indi-
vidual microlite tips. It is noteworthy that the persistence of
the microlites allows identification of the corrosion rinds; cor-
rosion in a microlite-free continuous melt would likely not be
preserved texturally. TheWhite Island bomb investigated here
is a singular example, but has key features that clarify previ-
ously ambiguous aspects of volcanic cristobalite formation.

Previous work on lava domes has shown volcanic
cristobalite to occur both as vapor-phase crystals in pores and
as a component of devitrified groundmass (e.g., Baxter et al.
1999). The coexistence of these has made it unclear whether
they form independently or cooperatively (Horwell et al. 2013),
although it has been noted that in particularly cristobalite-rich
samples, the majority can be attributed to devitrification
(Damby 2012). The White Island bomb contains only vapor-
phase cristobalite, and does not show any devitrification. This
provides evidence that vapor transport and deposition of SiO2

and groundmass devitrification can occur independently (if per-
haps concurrently in some settings).

Previous studies have discussed the length scales over which
silica is redistributed as vapor-phase cristobalite in volcanic sys-
tems. In their study of volcanic domes, Horwell et al. (2013)
introduced the concepts of “local redistribution,”where silica is
leached from the groundmass around individual vugs and is then
deposited from the vapor within the same pore, versus “bulk
transport,” where silica is transported into a lava dome from
below or outside the dome itself. Schipper et al. (2015) argued
for the importance of local redistribution, identifying abundant
vapor-phase cristobalite in isolated pores of a rhyolite lava flow

Table 1 Compositions

Cristobalite Groundmass Residual glassa

EPMA

SiO2 98.3 (0.40) 64.7 (0.94) 71.5 (1.04)

TiO2 0.12 (0.02) 0.36 (0.04) –

Al2O3 1.23 (0.23) 15.0 (1.46) –

FeOt – 3.27 (0.76) –

MnO – 0.35 (0.23) –

MgO – 1.98 (0.94) –

CaO – 5.41 (0.61) 1.74 (0.52)

Na2O 0.14 (0.04) 3.01 (0.49) –

K2O 0.09 (0.06) 2.82 (0.22) 4.53 (0.30)

Cr2O3 – 0.01 (0.01) –

Cl (ppm) – – 1533 (185)

F (ppm) – – 524 (170)

Total 99.9 (0.25) 97.0 (0.98) –

n 67 25 10/96

FTIR

H2O – 0.11 (0.04) –

n – 10 –

All values in weight percentage except where indicated. Values in
brackets are 1 standard deviation. All EPMA data is given in
Supplementary Table S1

FeOt total Fe, – not determined
a Residual glass is the average of ten most evolved (highest SiO2 and/or
K2O) spot analyses

Fig. 3 Pore size distributions measured from CT and BSE images. The
area of each segmented pore was measured, and is reported as the
diameter of a circle of equivalent area. From CT data, only the isolated
pores that were identified with the fluid-fill algorithm were measured, on
each slice of the image stack (number of measured pores = 105). From
BSE images, cristobalite-bearing pores were manually segmented on a

series of ten images (n = 330). Both types of pores have similar bimodal
histograms, showing that the isolated pore population viewed in 3D is the
same as the cristobalite-bearing pore population viewed in 2D. Extension
of CT data to smaller sizes reflects the fact that the fluid-fill algorithm also
identifies small voids at cracks in phenocrysts as isolated pores
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that was rootless with respect to a sustained flux of deeper-
derived gas. However, connected pores in some facies of the
same lava flow also contained cristobalite, suggesting either that
local redistribution does not occur exclusively or that extensive
vesicle modification during lava emplacement (e.g., by shear
coalescence, compaction) had obscured the relative timing of
permeability development and cristobalite formation.

Qualitative observations and quantification of pore sizes in
2D show that the cristobalite-bearing pores observed in BSE
images are the same pores that are seen to be isolated in 3D
(Fig. 3). Therefore, cristobalite in the White Island bomb is
exclusively in pores that are isolated from the main network.
The isolated pores themselves are noteworthy for having
spherical shapes (Figs. 1 and 2) that are typical of bubbles
growing in a continuousmelt where surface tension dominates
over coalescence, shear, or other processes of modification
(Rust et al. 2003). The open, connected pore network does
not show any regions of high curvature that might suggest
pinching or decoalescence had occurred, so it is most tenable
that the isolated, cristobalite-bearing pores were never part of
the larger, cristobalite-free, connected pore network. This
White Island example therefore demonstrates the effective-
ness of “local redistribution” of silica (sensu Horwell et al.
2013) for generating vapor-phase cristobalite, and the
necessity of having an impermeable pore structure that
promotes sustained contact between the corroding/depositing
vapor and the bubble walls with which they react.

The rates at which vapor can corrode glass are poorly
constrained, especially at magmatic temperatures. However,
data compiled by Schipper et al. (2015; their Fig. 7) suggests
that the ~ 10-μm corrosion rims observed here could be
achieved in as little as hours to days, depending mainly on
the nature of the attacking species. The subsequent timescale
over which SiO2 is deposited from a Si-saturated vapor is also
unknown. Timing is clearly an important control oncristobalite
formation, and one that warrants experimentation. Horwell
et al. (2014) noted that cristobalite abundance of dome-
derived ash scaled with dome residence time, and Schipper
et al. (2015) noted the most cristobalite-rich facies of the
Cordón Caulle lava flow were the most slowly cooled. In the
White Islandexample shownhere,wenote that thevapor-phase
cristobalite crystals are relatively small (< 30μm) compared to
those in extensive lava flows (> 150μm;Schipper unpublished
data) and have poorly developed fish-scale cracking. We sug-
gest that this representsacomparativelyshortgrowthhistory for
the White Island cristobalite commensurate with cooling in a
volcanic plug whose cooling history was truncated by the ex-
plosive fragmentation that produced the bomb, versus very
slow cooling in large extrusive lava bodies. Similar dynamics,
by which a cooling and crystallizing volcanic plug is subse-
quentlydisruptedbyfresh, rapidlydecompressingmagmafrom
below, have also been described for departures from normal
background activity at Stromboli volcano, Italy (Gurioli et al.
2014).

Fig. 4 Laser Raman spectra from
three White Island SiO2 crystals
compared to reference spectra for
SiO2 polymorphs, cristobalite
(Kingma and Hemley 1994),
quartz (Gillet and Le Cléac’h
1990), and tridymite (Kingma and
Hemley 1994)
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Halogen degassing at White Island

The potential of chlorine and fluorine species to transport
silica and deposit vapor-phase SiO2 have been discussed
(see review by Horwell et al. 2013). In the chlorine system,
silica is transported mainly as SiCl4 at < 750 °C (Shmulovich
et al. 2006), and in the fluorine system as SiF4 at < 900 °C
(Churakov et al. 2000; de Hoog et al. 2005). Availability of
one and/or other of these halogen species can therefore be
considered a prerequisite to vapor-phase cristobalite forma-
tion. Because HCl is generally more abundant than HF in
silicic systems, it has been suggested that degassing of chlo-
rine is more important for silica redistribution (Damby 2012;
Horwell et al. 2013), except in special circumstances (e.g., in
potassic magmas that also tend to be rich in fluorine; de Hoog
et al. 2005).

In the White Island bomb, the recognition that SiO2 in
vapor-phase cristobalite was sourced from the corrosion rinds
directly adjacent to isolated pores requires that the vapor re-
sponsible for silica redistribution had the capacity to break
down aluminosilicate glass/melt, as well as the capacity to
transport silica. HCl has limited capacity to directly uptake
silica, as it tends to leach alkalis from adjacent glasses, but
does not directly attack the silica framework (e.g., Schaeffer
et al. 1986). Conversely, HF directly attacks the silicate frame-
work of glasses to form SiF4 (e.g., Zhang et al. 2012), andmay
therefore be crucial for vapor-phase cristobalite formation
even if it is usually far less abundant than HCl in volcanic
plumes.

Particularities of the magmatic system at White Island are
useful in the discussion of halogen degassing, as previous
work has indicated a clear demarcation of deep (> 500 m)
and shallow degassing regimes separated by a zone of storage
and phenocryst crystallization (Wardell et al. 2001; Kilgour
et al. 2016). White Island is a major emitter of deeply derived
CO2, H2O, and SO2 (Giggenbach 1975; Rose et al. 1986;
Giggenbach 1987; Marty and Giggenbach 1990; Wardell
et al. 2001; Werner et al. 2008), but melt inclusions in its
pyroxene and plagioclase phenocrysts are low in all of these
volatile species. Volatile solubility relationships indicate that
these phenocrysts co-crystallize in shallow (100–500 m) stor-
age, although phenocryst-melt equilibrium relationships sug-
gest storage may be somewhat deeper (~ 1 km; Kilgour et al.
2016). Regardless, by the time magma reaches this main zone
of storage and phenocryst crystallization, the majority of its
original budget of CO2, H2O, and S has already degassed
(Wardell et al. 2001). Distinct deep- and shallow-degassing
regimes associated with shallow magmatic plug crystalliza-
tion, evolution, and eventual disruption are not unique to
White Island, for example, having been documented at
Stromboli by analysis of bomb textures, melt inclusions, and
gas compositions (Polacci et al. 2006; Burton et al. 2007;
Métrich et al. 2010; Gurioli et al. 2014). At shallow conduit

depths of plug formation at White Island, only residual H2O,
Cl, and/or F remain available for degassing, and it is therefore
justified to treat these in isolation from deeper-derived volatile
species.

As a first-order investigation of the relationship be-
tween halogen degassing and vapor-phase cristobalite for-
mation at White Island, we apply a halogen degassing +
crystallization model (Villemant and Boudon 1999).
Starting volatile concentrations in degassing models are
taken as the average of all melt inclusion analyses report-
ed in the literature, and we note that averages must be
used because of the incomplete way data has been
presented. Wardell et al. (2001) reported volatile contents
from inclusions in scoria from 1989, but their data are
presented variably as averages or ranges, and exclude
fluorine. Rapien et al. (2003) analyzed inclusions from
1977 to 1989, but they presented some data as ranges,
and variably included either chlorine or fluorine, but
never both. Esposito et al. (2014) reported high-
precision individual analyses of all volatile species
(H2O, CO2, S, Cl, F) in a suite of melt inclusions from
1989, but did not report compositions. These limitations
notwithstanding, we note that major element compositions
of plagioclase- and pyroxene-hosted melt inclusions did
not change over the period 1977–1989 (Wardell et al.
2001; Rapien et al. 2003; and also Severs et al. 2009),
and that there is significant overlap in major elements
between these inclusions and the groundmass composi-
tions measured in this work (Fig. 5a). We therefore con-
sider the literature melt inclusion averages to reasonably
approximate the melt in shallow storage at White Island at
the time the investigated bomb erupted (1999). Final vol-
atile contents in our models are taken as the matrix H2O
estimated by FTIR and the average residual glass chlorine
and fluorine measured by EPMA (Figs. 5b, c; Table 1).

Degassing of halogens is not fundamentally pressure-
controlled (Metrich and Rutherford 1992), but is associated
with partitioning into H2O vapor exsolved at low pressures
(Balcone-Boissard et al. 2010). Partitioning between vapor (v)
and melt (m) is described by partition coefficients

Dv=m
X ¼ X½ �v= X½ �m, the final concentration in the melt ([X]m)

relative to initial concentration ([X]i) of each halogen X.
Halogens diffuse slowly compared to H2O, so that partitioning
into exsolved vapor is kinetically limited (Baker and Balcone-
Boissard 2009). Furthermore, Cl and F are incompatible in
most microlite phases, so that they become enriched in residual
melt during groundmass crystallization. These factors promote
halogen degassing from slowly cooled magma bodies in which
groundmass crystallization is extensive and partitioning can
proceed to equilibrium. The effects of this relationship have
been observed even for chemically equivalent magmas with
identical halogen budgets, as explosive eruptions involving
rapid magma ascent and rapid quenching degas halogens less
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prodigiously than effusive eruptions involving slow ascent and
slow cooling (Villemant and Boudon 1999; Edmonds et al.
2002; Villemant et al. 2008; Lowenstern et al. 2012).

Equilibrium partition coefficients (Dv=m
Cl , Dv=m

F ) are depen-
dent on melt composition (especially alkalinity; Metrich and
Rutherford 1992), pressure, and temperature, but there is a
significant lack of experimental data for partitioning at the
low pressures (< 50 MPa) of shallow conduits and/or effusive
lava bodies (see Balcone-Boissard et al. 2010 and references

therein). Typical Dv=m
Cl are on the order of 10–50 for closed-

system degassing (i.e., bubbles remain isolated from sur-
roundings and one another) and significantly higher for

open-system degassing, whereas Dv=m
F is usually considered

to be ≪1 (Villemant and Boudon 1999; Harford et al. 2003;
Villemant et al. 2008). The model of Villemant and Boudon
(1999) modified by Harford et al. (2003) accommodates
microlite crystallization (S) occurring with H2O degassing
by a factor k = S/([H2O]i − [H2O]m), such that a bulk partition
coefficient can be defined as

DB
X ¼ Dv=m

X = 1þ kð Þ ð1Þ
and the fraction of melt remaining after each degassing and/or
crystallization step is

f ¼ 1− 1þ kð Þ H2O½ �i− H2O½ �m
� � ð2Þ

These are combined to calculate the [X]m, either in a closed
system

X½ �m ¼ X½ �i= 1−DB
X

� �
f þ DB

X

� � ð3Þ

or in an open system

X½ �m ¼ X½ �i f D
B
X −1 ð4Þ

during exsolution of H2Owith declining pressure. Figure 5b, c
shows degassing with and without crystallization (xst) models
for chlorine and fluorine for the cristobalite-bearing White

Island bomb for a range of Dv=m
Cl and Dv=m

F .
Both chlorine and fluorine in the White Island bomb

are enriched in the residual glass compared to melt inclu-
sions, consistent with halogen incompatibility during
microlite crystallization (Fig. 5b, c). The final chlorine con-
centration, however, is less than that expected for pure crys-
tallization, and is best predicted by a model that combines
~ 37% groundmass crystallization and closed-system

partitioning with Dv=m
Cl of ~ 20 (Fig. 5b). The final fluorine

concentration is also less than expected for pure crystallization,
andisbestapproximatedbyacrystallization+partitioningmodel

using a rather highDv=m
F of~25.Largevariability in chlorine and

fluorine in residual glass is reflected in the plus and minus one

Fig. 5 Geochemistry and halogen degassing models. aK2O versus SiO2.
Melt inclusions are shown as individual points and average for the 1977–
1989 eruptive period at White Island (Wardell et al. 2001; Rapien et al.
2003; Severs et al. 2009), and overlap with groundmass (defocused
beam) compositions measured in this work. The ten most-evolved (e.g.,
least contaminated by microlites) residual glass (focused beam)
compositions and their average are shown for the 1999 bomb studied
here. The arrow represents evolution of melt composition due to
crystallization of the observed microlite assemblage (plg + cpx) in 5%
increments. b, c Halogen partitioning models during shallow H2O
degassing. Initial volatile concentrations are the average of melt
inclusion analyses for 1977–1989 (Wardell et al. 2001; Rapien et al.
2003; Esposito et al. 2014), and final volatile concentrations are as
measured in this work (Table 1). Models for chlorine (b) and fluorine
(c) evolution in the melt are shown for cases of degassing (labeled with
partition coefficients, DX), crystallization (xst), and crystallization +
degassing (xst + DX) in closed (solid) and open (dashed) systems
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standard deviation error bars of Fig. 5b, c. This is partly an ana-
lytical effect but also might be expected given that the slow dif-
fusionof theseelementsmay lead tohighspatial heterogeneity in
the residual glass (e.g., Lowenstern et al. 2012). Furthermore,
assessment of the model is dependent on the final H2O content,
forwhichourFTIRmeasurements are only indicative.Given the
large error bars on both starting and final compositions, the
models should be viewed as semi-quantitative, but the salient
point is that they indicate significant partitioningofboth chlorine
and fluorine into H2O vapor generated by low-pressure
degassing in a closed system (e.g., into isolated bubbles).

The best-fit chlorine degassing model (xst + Dv=m
Cl ~ 20)

predicts the HCl/H2O molar ratio of fluid in the isolated ves-
icles to be 0.019 (calculated by Clm½ �xst− Clm½ �xstþDv=m

Cl ¼20
),

which is significantly higher than the multi-decadal HCl/
H2O average of ~ 0.004 in White Island gas emissions (e.g.,
Wardell et al. 2008 and references therein), but lower than the
maximum measured HCl/H2O of 0.023 (Giggenbach 1975).

The best-fit fluorine degassing model (xst + Dv=m
F ~ 25) pre-

dicts the HF/H2O molar ratio to be 0.015, which appears to be
very high, as HF is generally around 4 orders of magnitude
less abundant than HCl in plume gases from White Island
(Wardell et al. 2008). Given that we have modeled closed-
system partitioning of halogens into isolated bubbles, chlorine
and fluorine concentrations that are high relative to the bulk
plume measurements are not surprising. It is likely that halo-
gen species measured in the White Island plume (e.g., escap-
ing in an open system rather than entrapped in isolated pores)
are significantly diluted by deeply derived H2O and other
gases fluxing through the magmatic system from depth
(Wardell et al. 2001). Furthermore, it has been noted that
HF/HCl ratios inWhite Island plumes and fumaroles are high-
ly variable, owing to the presence of an active hydrothermal
system at White Island and the high solubility of HF in water
(Wardell et al. 2008). The results of our analyses andmodeling
indicate two key items: (1) that even if a volcanic edifice
outputs a bulk plume with relatively low HCl and HF, the
isolated bubbles within the magma may contain significantly
higher proportions of these species, which is capable of cor-
roding the residual glass and depositing vapor-phase
cristobalite; and more generally, (2) that pore space formed
at different points in a given magma’s evolution will contain
vapor of different compositions.

Sequence of events leading to cristobalite formation

Textural features of theWhite Island bomb, informed by semi-
quantitative halogen degassing models and previous work at
White Island, permit a spatiotemporal sequence of degassing
and textural evolution to be reconstructed (Fig. 6). The se-
quence of events is not different from previous models for

local SiO2 distribution (Damby 2012; Horwell et al. 2013),
but refined by the pristine textures presented here.

The connected vesicles represent a mature bubble popula-
tion that has undergone nucleation, growth, and coalescence
into a permeable network, whereas the isolated, cristobalite-
bearing vesicles represent juvenile bubbles that have not coa-
lesced. Having the connected pore network become
established at depth could provide the permeability required
to sustain long-term open-system flux of CO2 + SO2 + H2O
from White Island, but this can only be reconciled with melt
inclusion studies if it were established deep in the magmatic
system, below the shallow zone of phenocryst crystallization
(Wardell et al. 2001).

The sub-spherical shape of the isolated vesicles, and
the fact that they lack any short-lengthscale evidence for
interaction with a rigid but permeable network of
microlites (e.g., Schipper et al. 2012), indicates that they
grew in a relatively continuous melt. The formation of
groundmass microlites probably assisted in driving this
vesiculation through second boiling, but at least some
proportion of microlites must have formed after the sec-
ondary population of bubbles had been established; oth-
erwise, the bubble shapes would have been dictated by the
rigid microlite network. Equivalent microlite abundances
in the bulk groundmass and in corrosion rinds indicate
that corrosion occurred after groundmass crystallization
was complete. Deposition of cristobalite crystals in the
isolated pores requires that the vapor had become saturat-
ed in SiO2, necessarily after corrosion had advanced.

The overall sequence of events is therefore (1) deep bubble
growth and evolution into a connected pore network from
which CO2 + SO2 + H2O could escape; (2) phenocryst growth
in shallow storage; (3) secondary bubble nucleation and
growth by exsolution of residual H2O in the shallow conduit,
concurrent with (4) groundmass crystallization and contempo-
raneous (5) partitioning of chlorine and fluorine into exsolved
vapor; (6) corrosion of isolated bubble walls until vapor
reached silica saturation; (7) deposition of cristobalite; and
(8) explosive fragmentation of the volcanic plug material to
eject and quench the White Island bomb.

Utility of cristobalite as an indicator of magmatic
processes

The observations that vapor-phase cristobalite forms in re-
sponse to halogen degassing, and that it forms preferentially
in isolated vesicles, makes its presence a useful textural indi-
cator of several conduit processes that are often difficult to
distinguish in volcanic rocks.

Slow halogen diffusion dictates that the fluids required to
redistribute SiO2 are only produced in cases where magma has
a protracted cooling and crystallization history (Balcone-
Boissard et al. 2010). The links between halogen degassing
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and slow magma cooling are well established, captured from
analysis of eruption products (Villemant and Boudon 1999;
Harford et al. 2003; Villemant et al. 2008; Lowenstern et al.
2012) and measurement of syn-eruptive gas emissions
(Edmonds et al. 2002), but these approaches require detailed
analytical work and/or syn-eruptive fieldwork. We suggest
that the presence of vapor-phase cristobalite provides imme-
diate evidence for halogen degassing under slow-cooling,
equilibrium conditions, and is related to microlite crystalliza-
tion and associated second boiling. It therefore can be used as
a complement to textural quantification of vesicle and
microlite populations, to infer which bubbles formed at low
pressures, and the relative cooling histories of co-erupted
materials.

Secondly, gas permeability plays a central role in vol-
canic explosivity, with closed-system degassing promot-
ing rapid ascent and fragmentation, and open-system
degassing promoting slow ascent and quiet effusion
(Eichelberger et al. 1986). These processes are typically
described as end members controlling the eruptive fate of
a given magma. However, given that solubility of all ma-
jor volatile species (e.g., CO2, H2O, S, Cl, F) are con-
trolled by different variables (e.g., pressure, oxidation
state, fluid partitioning), gases of different compositions
exsolve from the melt under different conditions and at
different times, and necessarily form and/or encounter
vastly different pore structures in a magma body that is
texturally maturing. The White Island bomb examined

Fig. 6 Summary of textural
evolution and volatile exsolution
leading to deposition of vapor-
phase cristobalite at White Island.
Any phenocrysts or xenocrysts
that formed or were carried from
deeper than the indicated zone of
plagioclase and pyroxene
crystallization (some clasts from
the same period of activity from
White Island also contained rare
olivine) are not represented in this
schematic. †Phenocryst growth is
restricted to < 1 km depth, as
indicated by melt inclusion
volatile contents (Wardell et al.
2001) and petrological models
(Kilgour et al. 2016). ‡Growth of
secondary bubble population at
< 100 m is inferred from the
residual H2O contents (Table 1),
and corroborated by literature
values for matrix glass H2O
contents and solubility
relationships for White Island
dacite (Wardell et al. 2001;
Rapien et al. 2003)
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here demonstrates that open-system (i.e., permeable) and
closed-system (i.e., impermeable) degassing can occur si-
multaneously—the former allowing discharge of both
deeply (CO2, H2O, S) and shallowly derived (residual
H2O, Cl, F) volatiles into a bulk plume, and the latter
retaining vapors composed of only the shallowly derived
species. The presence of vapor-phase cristobalite can thus
indicate that shallow, closed-system chlorine and fluorine
degassing was an integral part of a given magma ascent
history.

Finally, the vesicles preserved in volcanic rocks are
important textural indicators of degassing processes;
however, being subject to resorption, compaction, defor-
mation, and coalescence, primary vesicle textures are
readily syn- and post-eruptively overprinted during con-
duit flow, in pyroclasts, and in lava domes and flows
(Thomas and Sparks 1992; Cashman and Mangan 1994;
Stovall et al. 2010; McIntosh et al. 2014; Kennedy et al.
2016). The association between vapor-phase cristobalite
and isolated porosity documented here means that the
presence of cristobalite in volcanic rocks can be used as
a proxy for where isolated vesicles had been during late-
stage degassing, even if the host vesicle itself subsequent-
ly collapsed, was deformed, or coalesced with adjacent
pores. This is particularly applicable to the interpretation
of lava domes and flows, if we consider upscaling of lava
volumes—and therefore volatile budgets and cooling
rates—from the small bomb studied here to large bodies
of silicic lava. For example, in the 2011–2012 Cordón
Caulle rhyolite flow (Chile), vapor-phase cristobalite
was found in vesicles that were variably connected and
isolated, and the presence of what appeared to be frag-
ments of vapor-phase cristobalite crystals was present in
lava flow core material that had been almost completely
densified during emplacement (see Fig. 3 of Schipper
et al. 2015). The new information presented here suggests
that all vapor-phase cristobalite-bearing pore space was
isolated during groundmass crystallization and cooling
of the flow, before subsequent shearing caused partial
coalescence, opening, and compaction of the pore
network.

Cristobalite has traditionally been examined out of concern
that it poses a respiratory health hazard to people living and
working near persistently active volcanoes (Baxter et al.
1999). However, the low abundance and specific occurrence
of cristobalite at White Island, at least in this particular exam-
ple, can by no means be considered hazardous. Instead, we
suggest that because vapor-phase cristobalite crystals are in-
dicators of closed-system chlorine degassing accompanying
groundmass crystallization, and because once formed they
have higher preservation potential than the host vesicles in
which they form, they are useful and durable complements
to textural studies of volcanic rocks.

Conclusions

Cristobalite is not abundant in the investigated pyroclast from
White Island, but its specific textural and geochemical char-
acteristics illustrate details of the cristobalite forming process.
(1) Cristobalite is present as a vapor-phase mineral, but not as
a component of devitrified groundmass, indicating that these
formation mechanisms occur independently. (2) Vapor-phase
cristobalite is only present in isolated pores, despite the co-
existence of a connected pore network. This indicates the ef-
fectiveness of local SiO2 redistribution in impermeable por-
tions of the magma. (3) Halogen degassing models show the
most likely agent for glass corrosion and SiO2 redistribution to
be a mixture of concentrated HCl and HF, the production of
halogen-rich fluids being promoted by slow cooling and the
associated groundmass crystallization. Overall, we suggest
that when vapor-phase cristobalite is observed in volcanic
rocks, it indicates that the given rock had a protracted cooling
history, during which it experienced significant halogen
partitioning into H2O-rich fluid phases, and that the distribu-
tion of vapor-phase cristobalite crystals mirrors the distribu-
tion of isolated pore space that existed in the magma during
cooling. Although there remain significant uncertainties in the
absolute rates of silica uptake and redistribution by corrosive
vapor at magmatic temperatures that preclude the use of
cristobalite as a quantitative speedometer, the relationships
identified in this White Island bomb show that vapor-phase
cristobalite can be used as durable, if qualitative, textural in-
dicator of magmatic degassing and evolution processes that
can be upscaled to explain more cryptic textures in larger lava
bodies.
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