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Abstract Cristobalite is a low-pressure high-temperature
polymorph of SiO2 found in many volcanic rocks. Its
volcanogenic formation has received attention because (1)
pure particulate cristobalite can be toxic when inhaled, and
its dispersal in volcanic ash is therefore a potential hazard;
and (2) its nominal stability field is at temperatures higher than
those of magmatic systems, making it an interesting example
of metastable crystallization. We present analyses (by XRD,
SEM, EPMA, Laser Raman, and synchrotron μ-cT) of repre-
sentative rhyolitic pyroclasts and of samples from different
facies of the compound lava flow from the 2011–2012 erup-
tion of Cordón Caulle (Chile). Cristobalite was not detected in
pyroclasts, negating any concern for respiratory hazards, but it
makes up 0–23 wt% of lava samples, occurring as prismatic
vapour-deposited crystals in vesicles and/or as a groundmass
phase in microcrystalline samples. Textures of lava collected

near the vent, which best represent those generated in the
conduit, indicate that pore isolation promotes vapour deposi-
tion of cristobalite. Mass balance shows that the SiO2 depos-
ited in isolated pore space can have originated from corrosion
of the adjacent groundmass. Textures of lava collected down-
flowwere modified during transport in the insulated interior of
the flow, where protracted cooling, additional vesiculation
events, and shearing overprint original textures. In the most
slowly cooled and intensely sheared samples from the core of
the flow, nearly all original pore space is lost, and vapour-
deposited cristobalite crystals are crushed and incorporated
into the groundmass as the vesicles in which they formed
collapse by strain and compaction of the surrounding matrix.
Holocrystalline lava from the core of the flow achieves high
mass concentrations of cristobalite as slow cooling allows
extensive microlite crystallization and devitrification to form
groundmass cristobalite. Vapour deposition and devitrification
act concurrently but semi-independently. Both are promoted
by slow cooling, and it is ultimately devitrification that most
strongly contributes to total cristobalite content in a given flow
facies. Our findings provide a new field context in which to
address questions that have arisen from the study of
cristobalite in dome eruptions, with insight afforded by the
fundamentally different emplacement geometries of flows
and domes.

Keywords Cristobalite . Puyehue-Cordón Caulle . Vapour
phase crystallization . Rhyolite . Glass corrosion .

Devitrification

Introduction

Cristobalite is a high-temperature, low-pressure polymorph of
crystalline silica (e.g., Heaney 1994). Because pure, particu-
late cristobalite is toxic when inhaled (Mossman and Glenn
2013), studies on volcanogenic cristobalite have partly been
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motivated by a need to determine if it poses a respiratory
hazard to communities exposed to fallout of ash from explo-
sive eruptions (Baxter et al. 1999; Horwell and Baxter 2006;
Reich et al. 2009; Horwell et al. 2010; Hillman et al. 2012;
Horwell et al. 2012), although the actual toxicity of
volcanogenic cristobalite is in question (see recent discussion
by Damby et al. 2014 and references therein). Regardless of
hazards implications, the fact that temperatures in magmatic
systems are substantially below the >1,470 °C stability field of
pure cristobalite (Deer et al. 1992) makes its formation an
interesting example of metastable crystallization in volcanic
products (Reich et al. 2009; Horwell et al. 2010, 2013, 2014;
Damby 2012; Hillman et al. 2012Damby et al. 2013, 2014).
The goals of this study are: (1) to determine the distribution of
volcanic cristobalite in different products of the 2011–2012
Cordón Caulle eruption and, once determined, to (2) use tex-
tural features of cristobalite-bearing samples to constrain
mechanisms and relative rates of its formation during a rhyo-
lite flow-forming eruption.

Pure cristobalite is the stable polymorph of SiO2 at high T

and low P. At 1 bar, it is bounded by tridymite stability over
867–1,470 °C and melting to silica liquid at 1,727 °C, and it
becomes highly unstable at increasing pressure, with β-quartz
favoured at P>2–5 bar (see Fig. 1 of Heaney 1994). Despite
the small and geologically unfavourable stability field of pure
cristobalite, it is a relatively common metastable phase in
many types of rocks. This is a result of myriad structural
complexities in the SiO2 system, manifested in phenomena
such as: formation of cristobalite directly from quartz
(bypassing tridymite) by heating through 1050 °C at 1 bar
(Mosesman and Pitzer 1941); persistence of cristobalite from
high T as rapid quench and the incorporation of impurities
inhibit its inversion to quartz (Heaney 1994); or low T forma-
tion of cristobalite as a diagenetic phase in volcanic and sed-
imentary rocks (Jones and Segnit 1972). Pure cristobalite is
traditionally considered to undergo a transition from its cubic
β form to its tetragonal α form with cooling through ~270 °C
(Deer et al. 1992), although this transition is complex (Heaney
1994), and has recently been shown to vary from crystal to
crystal in natural samples (Damby et al. 2014).

Most studies of volcanic cristobalite have focused on its
occurrence in the products of dome eruptions (Swanson et al.
1989; Baxter et al. 1999; Nakada andMotomura 1999;Murphy
et al. 2000; Horwell et al. 2003, 2010, 2013, 2014; de Hoog
et al. 2005; Pallister et al. 2008; Reich et al. 2009; Damby 2012;
Damby et al. 2013), with emphasis on the tendency of domes to
collapse and widely disperse ash. In one instance, its formation
has been explained by redox reactions in a volcanic plume
(Reich et al. 2009); but it is more commonly attributed to de-
position from a silica-saturated vapour phase (Baxter et al.
1999; de Hoog et al. 2005; Damby 2012; Horwell et al. 2013)
and to devitrification of volcanic glass (Ewart 1971; Swanson
et al. 1989; Heaney 1994; Baxter et al. 1999; Damby 2012;

Horwell et al. 2013). Because domes form atop the conduits
from which they were erupted (Fink and Anderson 2000), the
provenance and chemistry of fluids percolating within and
through them have been difficult to pinpoint. In their study at
Soufrière Hills, Montserrat, Horwell et al. (2013) discuss the
probable roles of Cl- and/or F-rich vapours as carriers,
referencing experimental work on corrosion and precipitation
(de Hoog et al. 2005; Foustoukos and Seyfried 2007). They
also introduce concepts of Blocal^ (e.g., derived from the dome
itself) versus Bbulk^ (e.g., fluxed from deeper in the conduit)
vapour sources—a distinction we discuss in this work. Damby
(2012) recognized that vesicles in some samples with vapour-
deposited cristobalite had rinds from which volcanic glass had
been corroded, making its constituents available for subsequent
transport and deposition (Horwell, personal communication,
2013). Damby (2012) made many key observations regarding
the textures of volcanic cristobalite in dome rocks, and his
recognition of corrosion rinds as such (see Sections 3.2 and
onward) is important to the interpretation of textures presented
in this study.

Volcanic cristobalite is also a product of devitrification.
Industrial studies have shown cristobalite formation during
high-T devitrification of aluminosilicate glasses (e.g., Dyson
et al. 1997). In rhyolites, spherulites are common cristobalite-
bearing features forming near the glass transition (Ewart 1971;
Swanson et al. 1989; Castro et al. 2008; Watkins et al. 2009),
but non-spherulitic, devitrification-derived cristobalite has al-
so been identified in dome rocks of varying composition
(Damby 2012; Horwell et al. 2013) and in the intrusions feed-
ing them (Swanson et al. 1989). Element diffusion rates are
temperature dependent, so that extended time at high T pro-
motes devitrification (Horwell et al. 2014), and degrees of
supercooling control crystallization kinetics (Swanson et al.
1989). This is manifested in the observation that cristobalite
content of dome lavas scales inversely with lava extrusion rate
(Horwell et al. 2010, 2014; Damby 2012) and is controlled in
part by the cooling history of particular parcels of lava
(Swanson et al. 1989).

The 2011–2012 eruption of Cordón Caulle, Southern
Chile, produced pyroclasts and a laterally extensive com-
pound lava flow, across a full explosive-effusive spectrum
(Castro et al. 2013, 2014; Schipper et al. 2013; Tuffen et al.
2013; Bonadonna et al. 2015; Pistolesi et al. 2015). The lava is
of particular interest for the investigation of cristobalite be-
cause it was transported laterally away from the vent during
its emplacement, and unlike a dome is therefore rootless with
respect to sustained flux of vapour from the conduit. The
sample suite allows us to explore some aspects of volcanic
cristobalite formation, framed in reference to the work on
volcanic domes by Horwell et al. (2010, 2013, 2014) and
Damby (2012), including: (1) its distribution in explosive
and effusive eruption products from Cordón Caulle; and (2)
the spatial and temporal controls of its formation by different
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processes, within different facies of a young rhyolite lava
flow.

Puyehue-cordón caulle and the 2011–2012 eruption

The Puyehue-Cordón Caulle volcanic complex, in the
Southern Volcanic Zone of the Chilean Andes (Fig. 1) has
been active since the Pleistocene (Gerlach et al. 1988; Singer
et al. 2008). Activity from the 15 by 4 km massif has been
diverse, ranging from effusive outpourings of basalt to Plinian
explosions of rhyolite. Prior to 2011, the most recent eruptions
had been rhyodacitic, in 1921–1922 and 1960, from the
Cordón Caulle fissure system (Lara et al. 2004, 2006).

In 2011, about 2 months of elevated seismicity on
Cordón Caulle culminated in the June 4 onset of a
Plinian eruption (Silva Parejas et al. 2012; Castro et al.
2013). The eruption column reached a maximum height
of 14 km in the first 2 days. This early activity blanketed
much of neighbouring Argentina in tephra (Raga et al. 2013)
and disrupted air traffic throughout the Southern Hemisphere
(Vernier et al. 2013). Within 2 weeks of the eruption onset,
effusion of an extensive obsidian lava flow began, and was
accompanied by pyroclastic activity for a protracted period
lasting until April 2012 (Schipper et al. 2013; Castro et al.
2014). In early 2013, although magma effusion at the vent
had ceased months earlier, the obsidian flow continued to
advance as lava migration within an insulating crust drove

Fig. 1 Sample locations on image of Puyehue-Cordón Caulle volcanic
complex taken by the Advanced Land Imager on NASA’s Earth
Observing-1 (EO-1) satellite on January 26, 2012. Numbers on location

markers refer to individual samples listed in Table 1. Inset shows location
of PCC in the Southern Andes, Chile
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inflation and flow-front breakouts over 3 km from the vent
(Tuffen et al. 2013).

Samples

Samples (Table 1) from the early (sub-) Plinian pyroclastic
activity include fine ash (Puy11-Bridge) and lapilli (Puy11-
03) that were collected in July 2011 while subplinian activity
continued (Puy11-03 is the same used by Castro et al. 2013).
Other samples are inferred to be from similar activity because
of their distribution far outside of the range limit of pyroclastic
deposition that we observed in January 2012 (Fig. 1), when
the plume height had diminished to ~2 km (Schipper et al.
2013). The category Bhybrid pyroclastic^ includes ash
(Puy12-Tent; the same used by Schipper et al. 2013) that
was collected as it was deposited on fresh surfaces during
our observations. Other samples are inferred to be associated
with similar activity, by having been collected from the sur-
face of fresh proximal deposits during this period.

The investigated lava samples represent examples of dif-
ferent flow facies, as defined in part by Tuffen et al. (2013) in
their investigation of flow emplacement mechanisms. Two
Bsource^ samples were obtained from the vent outlet after
the eruption ceased (January 2014), from the channel of lava
that flowed north to feed the main flow body (P14-L18), and
from an adjacent lava body that effused at the outboard edge
of the vent (P14-L19) but advanced less than 5 m. A
Bcarapace^ block (P14-L03) from the surface of the flow
was sampled for its notably isolated vesicles. We include
two samples from Bbreakout^ lava lobes, and two from
Bmature^ (or Bblocky^) lava lobes as defined by Tuffen
et al. (2013). Breakouts include one (Puy12-Break) that was
advancing at 1.5–3 m/day at the time of sampling in January
2012, and another (Puy13-Lobe01B) that was advancing
endogenously in January 2013 (Tuffen et al. 2013). The
mature lobes include the rubbly carapace of a lobe that was
actively inflating while advancing at 1–1.5 m/day during sam-
pling (Puy12-Block), and one from the dense core of a lobe
that had been exposed by lobe collapse (P14-L13m). The core
of the main flow channel (P14-L04) was sampled where
exposed in a deep crevice on the flow surface.

Analytical methods

Phase abundances were determined using X-ray diffraction
(XRD) with a Philips X’Pert Pro instrument at Geological
and Nuclear Sciences (GNS) Wairakei. Sample powders were
spiked with a known amount of ZnO (10 wt%) as an internal
attenuation standard (IAS; Le Blond et al. 2009), and scanned
from 2–80° 2θ in steps of 0.010° 2θ and 0.5 s with Co-Kα
radiation at 40 kV and 45 mA. Phases were identified using

PANalytical X’Pert High Score interpretative software, and
their relative abundances quantified using Sietronics’
Siroquant software package. For Siroquant calculations, the
background was removed (including humps representing
amorphous material) as was necessary to avoid large chi-
squared values and poor fits as the calculated patterns are free
of background. Automatic pre-scaling refinement was then
used to obtain an approximate fit, followed by further refine-
ment by adjusting the following Rietveld parameters in order
of importance: firstly global refinement (instrumental zero)
and then phase refinement (scale, unit cell parameters,
halfwidth, preferred orientation). Refinement quality was de-
termined by inspecting the chi-squared, where a measure of
goodness fit is between 2 and 5. Conservative errors are ap-
proximately ±2 % for phases present at 50–95 % wt%, ±5 %
for phases 10–50 % and ±10 % for phases <10 %.

Microtomography (μ-cT) data was collected in Hutch 3B
of the Imaging and Medical Beam Line of the Australian
Synchrotron, Clayton, Victoria, using their BRuby^ detector
with X-ray energy of 45 keV. Scans included 1,800 radio-
graphs with 0.3-s exposure, over 180° rotation. Overlapping
vertical scan series were manually stitched together after re-
construction with the X-Tract Imaging Toolbox on the
Australian Synchrotron’s MASSIVE parallel computing clus-
ter. This yielded large rendered volumes with voxel edge
lengths of 13.7 μm/px. Reconstructed image stacks were ma-
nipulated and their porosity determined as 3-D volumes and 2-
D slice-by-slice batch measurements with ImageJ (Schneider
et al. 2012). Volumes were examined and rendered with
Drishti (Limaye 2012) open source software package.

Backscatter electron (BSE) imaging on polished sections
and secondary electron (SEM) imaging on unpolished rough
chips were performed on a JEOL JXA-8230 Superprobe and
JEOL 6610 SEM at Victoria University of Wellington, using
accelerating voltages of 15 keV and currents of 8.0 nA.
Elemental distribution maps in cristobalite-bearing regions
were collected using the wavelength dispersive (WDS) ele-
ment mapping capabilities of the JXA-8230. Element maps
were collected with operating conditions of 10–15 keV, 12–
20 nA, 1-μm probe diameter, and 400–500-ms dwell times.

Electron microprobe analysis (EPMA) of matrix glasses
was performed on the JEOL Superprobe at the University of
Mainz, with operating conditions described in Castro et al.
(2013). EPMA analysis of cristobalite crystals was performed
on the JEOL-8230 at Victoria University, with 15 keV, 12 nA,
and 1-μm beam size.

Laser Raman in situ mineral identification was performed
on a Horiba JY LabRam HR800 at Victoria University in the
backscattering configuration, using a 633-nm He-Ne laser for
excitation, a holographic notch filter, a 600 mm−1 grating, and
a liquid-nitrogen cooled CCD detector. The laser power at the
sample was 5 mW. Light was delivered and collected through
an Olympus microscope objective of ×100 magnification and
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NA 0.9, resulting in a detected area on the sample surface of
about 1 μm diameter. The spectral resolution is on the order of
3 cm−1. Confocal imaging was used to eliminate background
interference with an observed confocal depth of about 7 μm.
Typical spectra were collected using acquisition times of be-
tween 10 and 300 s per spectrum.

Detailed analysis of BSE images in ImageJ was used to
examine the relationship between groundmass and vapour
precipitates. Using Photoshop®, the following were segment-
ed and measured: (1) precipitated crystals protruding
from the interiors of vesicle walls; (2) the total area of
the corroded regions around vesicles; (3) the microlites
in pristine groundmass and in corroded regions. The
BSE greyscale range appropriate for segmentation of SiO2,
plagioclase, and glass left heavier phases such as pyroxene
and oxides saturated. These are therefore reported collectively
as Bmafic^ crystals.

Results and interpretation

Phase abundances

XRD results (Fig. 2) show amorphous (glass) content to be
highest in the Plinian pyroclastic samples, and lowest in
the lava samples. This is consistent with the growth of
(mainly plagioclase) microlites in portions of the lava
that experienced protracted cooling intervals sufficient to
overcome nucleation lag effects (e.g., Swanson et al. 1989).
In lavas, crystal content and the abundance of all mineral
phases increase in the order:

Source < Carapace < Breakout Lobes

< Mature Lobes < Core

XRD shows trace quartz (<1 wt%), no tridymite, and wide-
ly ranging cristobalite contents (<0.1–23 wt%). No
cristobalite was detected in pyroclastic samples of any type.
Therefore, an immediate conclusion of this study is that haz-
ards are not of concern, and the following sections conse-
quently deal exclusively with lava samples. Lavas collected
at the vent outlet (Bsource lavas^) have only trace (<0.1 wt%)
cristobalite, whereas lava from the interior of the main channel
(Bcore lava^) contains up to 23 wt%.We note that methods for
precisely and efficiently determining SiO2 polymorph abun-
dances are non-trivial and are continually under development
(e.g., Talvitie 1964; Cressey and Schofield 1996; Baxter et al.
1999; Verma et al. 2002; Le Blond et al. 2009); nevertheless,
differences in cristobalite abundance are clearly resolved into
a robust trend of relative proportions. The silica polymorph
abundances in Fig. 2 broadly agree with the abundance of
phases observed in thin sections.T
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Lava textures and associated major element distribution

Porosity is highly variable in different facies of the Cordón
Caulle lava flow (Fig. 3). Textures in source and carapace
samples, which having respectively been emplaced directly
at the vent and rafted on top of the flow, are interpreted to
have been subject to minimal down-flow modification.
Source lavas (Fig. 3a) have contorted vesicles with a high
degree of connectivity (and by extension, permeability).
Porosity ranges from 21 to 32 % and varies little through the
samples. Pore walls are smooth (not corroded as per some
instances presented by Damby (2012), see below for further
description) and rough chip SEM images show them to be
highly vitreous, with the outlines of microlites visible beneath
a coating of glass. Carapace lava (Fig. 3b) represents a textural
end-member, with only sub-spherical, isolated vesicles total-
ing 10 % of the volume. Vesicles in carapace lava have cor-
roded rims, identifiable in BSE as regions in which glass has
been scavenged from the groundmass leaving only the net-
work of microlites.

Down-flow samples have been subject to textural modifi-
cation during emplacement that partially or completely over-
prints original textures. In breakout (Fig. 3c) (and also mature,
not shown) lobes, pore space occurs as variably isolated sub-
spherical vesicles, and prolate, contorted, multi-lobed pore
networks. Porosity in these samples ranges from 10 to 17 %,
but with high slice-by-slice (13.7 μm spacing) variability (e.g.
Puy13-Lobe01B porosity ranges from 2 to 36%). Some of the

connected porosity in breakout lava shows no corrosion in
BSE/SEM, whereas isolated vesicles in lobe samples have
heavily corroded rims. Themature lobe core andmain channel
core lavas are dense. Some non-collapsed vesicles are still
present in the mature lobe core (P14-L13m), where bulk po-
rosity is 2.8 %, but ranges locally up to 17 % in a vesicular
band, but nearly all pore space is collapsed in the main chan-
nel core sample (P14-L04; Fig. 3d), which has 0.6 % overall
porosity that is at all points <4 %. Pore channels in core lava
maintain varying degrees of openness, ranging from those that
are still ~50 μm wide, to others that are barely discernable in
BSE images.

The groundmass of source and carapace lavas have
microlites set in a matrix of 50–60 % glass (measured by
area on BSE images, slightly lower than abundances
determined by XRD; Figs. 3a, b and 4a). Breakout and mature
lobe lavas have slightly more crystalline groundmass contain-
ing 40–50% glass with the localized onset of devitrification in
occasional crystalline patches (Fig. 4c). These patches of in-
cipient devitrification have an overall spherical shape, but lack
the acicular outgrowth from a common nucleus that defines
spherulites, and are similar to the Bglobulites^ that precede
spherulite formation during devitrification of rhyolitic glass
(Lofgren 1971a). The groundmass of the mature lobe core
and main channel core lavas (e.g., Fig. 3d) are completely
microcrystalline.

Compositional EPMA maps (SiO2 and K2O) for several
representative textures are shown in Fig. 4. Source lavas show

Fig. 2 Cordón Caulle rhyolite
mineralogy by XRD. Analyses
showing all major phases (upper)
and only SiO2 polymorphs
(lower). Errors are approximately
±2 % for phases present at 50–
95 % wt%, ±5 % for phases 10–
50 % and ±10 % for phases
<10 %. All samples have
<0.5 wt% quartz (Qz), which is
essentially below detection. Note
that cristobalite is only present in
the lava samples, not in any of the
pyroclasts
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the expected distributions corresponding to microlites set in
rhyolitic glass, and their pore space does not contain vapour-

deposited crystals (Fig. 4a). Isolated vesicles from breakout
lava show high SiO2 in prismatic cristobalite (described
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below), and K2O depletion in corrosion rims (Fig. 4b).
Comparison to the BSE image shows that the lack of K2O in
the corroded region corresponds to a loss of glass from the
matrix, not just loss of alkalis. Element maps of a microcrys-
talline patch in breakout lava (Fig. 4c) shows <5-μm regions
of very high (>90 wt%) SiO2, and depletion in K2O. Core lava
(Fig. 4d) shows high-SiO2 in prismatic cristobalite and in
abundant patches of >90 wt% SiO2 ranging from 5 to
25 μm across, distributed throughout the holocrystalline
groundmass. The distribution of K2O in core groundmass is
patchy, mostly in channel-like or stellate patterns of depletion,
but it is also conspicuously elevated in rare regions within
holocrystalline groundmass. Exploratory EPMA analysis
showed these to be alkali feldspar (anorthoclase:
Ab62An6Or32), which was not previously identified as a
groundmass mineral in 2011–2012 Cordón Caulle products
(Castro et al. 2013) or in petrographic examination of thin
sections prepared for this study, but is in general found along
with cristobalite in rhyolitic spherulites (e.g., Ewart 1971).

Cristobalite occurrence and identification

Vapour-deposited cristobalite, ~5–100 μm diameter, in the
Cordón Caulle lava is mainly prismatic in habit, with rare
platy crystals (Damby 2012; Horwell et al. 2013) protruding
from pore walls (Figs. 3b–d, 4b, d, and 6a). Crystals are often
twinned, as seen by rough chip SEM (Fig. 3b). In thin section,
they show fishscale cracking (Figs. 3b and 6); a diagnostic
feature generated by volume contraction during the β–α tran-
sition, which occurs ideally at ~270 °C (Deer et al. 1992), but
has been experimentally identified to occur closer to ~200 °C
in volcanic cristobalite (Damby et al. 2014; Kendrick et al.
2014). Source lavas lack vapour-deposited cristobalite, but in
all other lava samples, vapour-deposited crystals are abundant
in isolated pore space. In sheared pore channels of core lavas,
prismatic cristobalite occurs in irregular, seemingly disrupted,
broken, and disaggregated forms (Fig. 3d). Also in core lavas,
particles of cristobalite large enough to show fishscale

cracking are present in the groundmass, and are not associated
with any identifiable open pore space (Fig. 4d, BSE images).

Laser Raman spectroscopy confirms the identity of pris-
matic cristobalite (Fig. 5). Traverses across the patchy
devitrified groundmass of breakout lava and across the
holocrystalline groundmass of core lavas indicate that the
high-SiO2 domains (Fig. 4c–d) in these areas are also
cristobalite (Fig. 5). Spectra in these regions register a variety
of peaks indicative of excitation volumes that include contri-
butions from plagioclase and other groundmass components,
but also show the characteristic two peaks of cristobalite at
230 and 417 cm−1.

Chemistry

Representative major element chemistry of groundmass glass
from breakout (Puy12-Break; 75.0 wt% SiO2) and mature
lobe rubble (Puy12-Block; 74.9 wt% SiO2) samples are given
in Table 2 (Castro et al. 2013). The average of a suite of
EPMA spot analyses (n=68) of prismatic cristobalite that
show SiO2=97.7wt% andAl2O3=2.03wt%. It has been dem-
onstrated that volcanic cristobalite can structurally incorporate
up to 4 wt% Al2O3 (Horwell et al. 2003, 2012; Damby 2012;
Damby et al. 2013).

Semi-quantitative 2-D image analysis

2-D image analysis permits semi-quantitative comparison be-
tween textural components in groundmass and corroded re-
gions of pores, the similarity of which was recognized in dome
rocks by Damby (2012). It also permits mass balance calcu-
lations to determine if the material deposited as cristobalite
could have been sourced adjacent to the same pore in which
it is deposited, or whether sourcing from afar is required, as
per the discussion of Blocal^ versus Bbulk^ SiO2 redistribution
by Horwell et al. (2013).

An example of a segmented and false-coloured BSE image
of breakout lava is shown in Fig. 6a. The abundance of
groundmass microlites (Fig. 6b, measured in area percentage)
in breakout (plag, 30–46 %; mafic 4–7 %) and mature lobe
lavas (plag, 32–43%; mafic, 4–8 %) overlap with abundances
within corroded rims around pore spaces (breakout plag, 19–
47%; breakout mafic, 5–10%; mature plag, 39–56 %; mature
mafic, 3–8%). Errors in extrapolating 2-Dmeasurements to 3-
D space are specific to the shape and abundance of the targets
in question, and are difficult to estimate. Conservatively, rel-
ative errors probably fall within ±10 %. The degree of pore
infill or occlusion by vapour-deposited cristobalite is similar
in isolated pores from breakout (4–27 %) and mature (3–
25 %) lobes (e.g., Fig. 6a), suggesting an upper limit to occlu-
sion by vapour deposition. These measurements were made
for vesicles that lacked shapes indicative of high shear and/or

�Fig. 3 Textures. Left panels show μ-cT volume renderings of four lava
facies with scales appropriate to show character of porosity. Volume
outlines shown with void space transparent, cutaways are inverted, with
solids transparent and voids in blue. Centre panels show BSE images
from the same samples, one overview and two detail panels
corresponding to the red and yellow frames, and blue frames marking
regions shown as EPMA element maps in Figure 4. Right panels show
SEM images of unpolished chips from the same samples. a Source lava
(P14-L18) has connected porosity (μ-cT), with non-corroded rims (BSE),
and vitreous surfaces (SEM). b Carapace lava (P14-L03) has isolated
porosity (μ-cT) with mildly corroded rims and prismatic cristobalite
(BSE). c Breakout lava (PUY12-Break) has variable porosity (μ-cT), no
corrosion in connected pores but extensive corrosion and prismatic
cristobalite in isolated pores (BSE/SEM). d Core lava (P14-L04) has
collapsed and sheared pore space (μ-cT) that in some places is nearly
completely closed, with broken crystals of cristobalite (BSE/SEM)
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Fig. 4 EPMA element maps of key features. Left panels show BSE
images of given region; middle and right panels show SiO2 and K2O,
respectively. Element distributions are normalized to the same scales from

black to white hot. Cristobalite shows as pink–white (>90 wt%) in SiO2

maps. Note that all but region c are also shown in Fig. 3
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collapse (e.g., Fig. 3d), where apparent occlusion would be
much greater due to post-vapour deposition loss of pore space.

The mass of oxide X either corroded from glass or depos-
ited as cristobalite is denoted mX, with:

mX ¼ VρCX ð1Þ

whereCX wt% ¼ moxide

mtotal

� �

is the concentration of each oxide

in glass and cristobalite (Table 2). Volumes (V in m3) are
estimated by measuring areas (A in m2) and assuming unit
thickness (1 μm), yielding minima, as Acorroded does not
capture any pre-existing inter-bubble walls that may have
been fully destroyed, and as thin sections do not intersect the
maximum radii of vapour-deposited crystals (Higgins 1994).
Densities (ρ in kg m-3) of the corroded rhyolite glass and
deposited cristobalite are assumed to be equivalent, with
ρglass≈ρcristobalite=2,300 kg m−3 (Deer et al. 1992; Castro
et al. 2013). Results of this mass balance for multiple oxides
in isolated pores from two lobes (Puy12-Break and Puy12-
Block) show the mass of SiO2 corroded trends toward 1:1 with
that deposited as cristobalite (Fig. 6c). This indicates that the
SiO2 deposited as cristobalite could have been scavenged
directly from adjacent to the same pore in which it was depos-
ited. Other components, especially alkalis (and those not
quantified in cristobalite, not shown), plot below 1:1 marking
large discrepancies between the mass corroded and deposited.
These are unaccounted for by the deposition of cristobalite,
and are discussed in BLava textures and associated major
element distribution^ Section.

Discussion

Sample type and cristobalite distribution

Although early reports varied in stating that distal Cordón
Caulle ash from the early phases of the eruption did (de
Lima et al. 2012) and did not (Caneiro et al. 2011; Wilson
et al. 2013) contain cristobalite, we have found no evidence
for it in pyroclastic samples from Plinian and sub-plinian
phases of activity. The opening of vents at the onset of the
2011–2012 eruption did not disrupt any preexisting rhyolitic
flow units from which older cristobalite could have been
entrained (Singer et al. 2008) and had low lithic content
(Pistolesi et al. 2015). The lack of cristobalite in Plinian ejecta
from Cordón Caulle indicates its negligible formation during
shallow (2.5–5 km; Castro et al. 2013; Jay et al. 2014) pre-
eruptive magma storage and ascent in the conduit.

Pyroclastic material from the period of hybrid activity also
lacks cristobalite. Such activity has called into question
models of rhyolite volcanism that describe irreversible
explosive-to-effusive transitions, showing that lava- and
pyroclast-forming magma essentially follow the same

Fig. 5 Phase identification by Laser Raman spectroscopy. Spectra
corrected to flat baseline and offset for clarity, with intensities normalized
to show relative peak heights. Bottom shows reference spectra for
cristobalite (Kingma and Hemley 1994), quartz (Gillet and Le Cléac|h
1990), and plagioclase (labradorite; Freeman et al. 2008). Top shows
representative spectra from prismatic cristobalite in moderately cooled
breakout lava (P13-Lobe01B), and from the devitrified region shown in
Fig. 4c, and from the crystalline groundmass in slowly cooled core lava
(P14-L04; Figs. 3d and 4d). Note that spectra frommicrocrystalline regions
contain contributions from several phases, but that the characteristic two
peaks of cristobalite at 230 and 417 cm−1 are clear

Table 2 Representative glass and cristobalite chemistry

Matrix glassa Cristobalite

Breakout Mature
(Puy12-Break) (Puy12-Block)

SiO2 75.0 (0.19) 74.8 (0.92) 97.7 (0.92)

TiO2 0.52 (0.01) 0.63 (0.08) 0.11 (0.03)

Al2O3 11.5 (0.09) 11.2 (0.14) 2.03 (0.83)

FeOt 2.69 (0.18) 2.66 (0.30) n.d.

MnO 0.07 (0.02) 0.07 (0.03) n.d.

MgO 0.13 (0.01) 0.08 (0.01) n.d.

CaO 0.60 (0.07) 0.47 (0.09) n.d.

Na2O 3.64 (0.07) 3.32 (0.08) 0.08 (0.05)

K2O 4.16 (0.11) 4.9 (0.04) 0.06 (0.05)

P2O5 0.05 (0.02) 0.11 (0.03) n.d.

Cl 0.23 (0.01) 0.31 (0.01) n.d.

F 0.05 (0.05) 0.09 (0.05) n.d.

SO3 0.00 (0.01) 0.01 (0.01) n.d

Total 98.71 (0.27) 98.78 (0.41) 99.90 (0.16)

n 16 5 68

Compositions are average of n analysis

Total iron as FeOt

Averages of n analyses, with 1 standard deviation in brackets

n.d. not determined
aCompositions from Castro et al. (2013)
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degassing paths (Castro et al. 2014). The implication is that if
the efficient conduit outgassing that generated large volumes
of degassed lava was accompanied by significant in-conduit
corrosion, transport, and deposition of SiO2, this should have
been manifested as cristobalite in both lava and syn-erupted
pyroclasts alike. Instead, cristobalite formation must have oc-
curred only within the flow itself.

A positive correlation between dome residence time and
cristobalite content has been documented (Damby 2012;
Horwell et al. 2014), and studied examples to date have shown
it present only in the slowly cooled interior of rhyolitic obsid-
ian domes and their feeding dykes (Swanson et al. 1989).
Cordón Caulle pyroclasts and lava from all facies of the flow
have the same phenocryst assemblages and abundances
(Castro et al. 2013), so that variations in crystallinity recorded
by XRD reflect the relative proportion of crystals in the
groundmass, and are a proxy for the relative in-flow residence
(e.g., cooling) time since degassed lava even at erupted tem-
peratures is firmly in the sub-liquidus field. Three age groups
are apparent and are intuitive with the facies of lava they
represent: quickly cooled lava (<30 % crystallinity) includes
source and carapace lavas that cooled on the order of days; the
moderately cooled (50–70 % crystallinity) includes breakout
and mature lobes that cooled on the order of several months;
and the slowly cooled (fully crystalline) includes core lavas

that cooled on the order of years, based simplified calculations
of cooling times for the Cordón Caulle lava (Tuffen et al.
2013). This assumes negligible in-conduit cooling, as indicat-
ed by overlapping results of Fe–Ti oxide geothermometry in
Plinian pumice and lavas (Castro et al. 2013; Militzer 2013).
The application of numerical lava flow cooling models (e.g.,
Patrick et al. 2004) is beyond the scope of the current work,
but our results agree with the observation that cristobalite for-
mation is dependent on the length of time spent in the insulat-
ed interior of the flow.

Vapour deposition of cristobalite at Cordón Caulle

As per the discussion by Horwell et al. (2013), studies of
cristobalite at dome-forming volcanoes (Baxter et al. 1999;
Nakada and Motomura 1999; Martel et al. 2000; Murphy
et al. 2000; Pallister et al. 2008; Reich et al. 2009; Horwell
et al. 2010, 2013; Damby 2012) emphasize the difficulty of
differentiating between SiO2 sourced from directly adjacent to
pores in a process of Blocal redistribution,^ or from deeper in
the volcanic conduit in a process of Bbulk transport^. Because
the Cordón Caulle lava flowed efficiently out of and away
from its source (Castro et al. 2013; Schipper et al. 2013;
Tuffen et al. 2013), all but the samples taken at the vent outlet

Fig. 6 Image analysis. a Example of segmented BSE image (from
Puy12-Break), false-coloured in Photoshop® according to different
phases. Dashed white line marks extent of corrosion, ellipses mark
approximations to the pre-corrosion vesicle outlines, in an approach
following that of Damby (2012). b Microlite content in groundmass

and within corroded regions. Error bars show estimated ±10 %. c
Corroded and deposited components. Data falling below the 1:1 line

indicates components that should have been corroded from the glass,
but are not accounted for by their concentrations in the deposited
cristobalite. See text for discussion of errors
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(P14-L18/L19) can be considered Brootless^ in terms of vol-
atile flux.

Pore connectivity exerts a strong control on permeability
(Mueller et al. 2005), and thus the time available for interfacial
contact and reaction between pore walls and percolating
fluids. Connected porosity is permeable, potentially over
length scales up to those of the entire conduit (Okumura
et al. 2009). It therefore limits the contact time of a particular
aliquot of vapour, but allows throughput of vapour from far-
ther afield. The converse is true for isolated porosity, which
should act as a closed system containing the volcanic gas
exsolved from directly adjacent melt. At Cordón Caulle, the
source and carapace lava samples (Figs. 3a–b) are both rapidly
cooled, and are both interpreted to have pore structures repre-
sentative of those that developed in the conduit (e.g., without
down-flow modification). However, their pores are variably
connected (source) and isolated (carapace), demonstrating that
shear localization (Wright and Weinberg 2009) within the
conduit yields lava with heterogeneous textures even from
first emergence at the surface. The key observation in these
samples is that connected pores of source lavas lack corrosion
and vapour-deposited cristobalite (Figs. 3a and 4a), whereas
isolated pores of carapace lava have them (Figs. 3b). The
inference is that for these similarly and rapidly cooled lava
samples, vapour corrosion and deposition only occurred in
pores that were isolated and impermeable to vapour percolation
and outgassing.

The source and carapace end members are illustrative of
the textural variability at the vent outlet, but textures inmost of
the flow are modified during transport away from the vent.
Porosity that may have been isolated at the time of cristobalite
formation does not necessarily remain isolated ad infinitum,
and processes superimposed on original textures must be
taken into account when considering preserved textures.
Tuffen et al. (2013) showed that a key lava emplacement
mechanism at Cordón Caulle involved internal, endogenous
flow beneath a thermally insulating carapace, which includes
both: (1) inflation resulting from degassing-induced nucleation
of new pore space and/or expansion of existing pores; and (2)
horizontal flow that is accompanied by shear coalescence,
outgassing, and compaction. Three-dimensional analysis of
the Cordón Caulle lobes showed vertical and horizontal move-
ment to be spatially heterogeneous, but with vertical velocities
consistently subordinate to horizontal velocities of a given lobe
(Tuffen et al. 2013). Cordón Caulle lava samples in turn show
different degrees of modification depending on the flow facies
from which they were collected, evolving with extended high-
temperature residence within the flow to lower overall porosity
and more intensively sheared, compacted pore geometries.
Moderately cooled samples from advancing lobes have inter-
mediate textures with both connected and isolated pores. The
isolated populations in these flow lobes likely include some
vesicles that were newly formed in lobe inflation events and

others that were preserved from the vent outlet by strain local-
ization that tends to concentrate deformation into previously
strained regions of bubble-bearing melt (Okumura et al. 2008;
Wright and Weinberg 2009). Similarly, the connected pore
networks in flow lobes represent some networks that were
made to coalesce by shear, and others that were continuously
connected for their entire post-vent lifetimes. Although
some complexity is introduced by having a flow history
superimposed on the textures, it remains that wall textures
(e.g., ±corroded) of pores in lobe samples are not dissimilar
to those of the in rapidly cooled lavas: isolated pores being
ubiquitously corroded and some connected pores maintaining
vitreous walls (Fig. 3c). Slowly cooled lava from the core of
the flow represents a texturally evolved end member, with
completely modified pore structures (Fig. 3d). Porosity is rare
and in connected channels bears extensive evidence for corro-
sion and cristobalite vapour deposition. Although these chan-
nels must be classified as (at least linearly) Bconnected
porosity^ in their preserved state, their structure cannot be
taken as representative of pore structure at the time of
vapour-driven surface processes.

Prismatic cristobalite in isolated pores (Fig. 3b, c) of most
lava samples are pristine (euhedral), whereas those in
compacted pore channels of core lavas appear disaggregated
and broken, with crystal particles seemingly toppled and
redistributed (Fig. 3d, BSE/SEM images). We attribute this
to breakage and cleaving of prismatic cristobalite as pores
close by compaction and shear around them. On a lava scale,
this may be due to the application of greater shear stresses in
the core than in the upper parts of the flow, simply due to a
greater thickness of lava overburden (tens of metres) applied
to the core lava interior. Pervasive fishscale cracking in
cristobalite may make it subject to disaggregation along the
network of tensile cracks (Horwell et al. 2013). Complete
closure of pore channels then sees the incorporation of broken
crystals into the densifying lava, so that while they once pro-
truded into void space, they are eventually enclosed in a melt-
microlite matrix. Evidence for this can be seen in core lava, at
the site of outsized cristobalite in the groundmass (large SiO2-
rich region in Fig. 4d). This example is not only ~10–20 times
larger than surrounding groundmass cristobalite, it also still
retains fishscale cracking that is otherwise observed only in
vapour-deposited crystals of the Cordón Caulle lava, not in
typical groundmass cristobalite.

Errors in image analysis notwithstanding, the close match
of crystal populations in corrosion rims and adjacent ground-
mass (Fig. 6b) implies that the only significant difference be-
tween the corroded regions and the original pristine ground-
mass is loss of glass from the matrix. This is consistent with
observations of Damby (2012), and is a characteristic he used
to identify the origin and significance of corrosion rims. In our
Cordón Caulle samples, the mass balance calculations
(Fig. 6c) indicate that the SiO2 deposited as cristobalite in a
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given pore is close to 1:1 against the SiO2 corroded from
adjacent to the same pore, with the amount deposited always
less than that corroded. This suggests that SiO2 was corroded
and deposited locally, lending support to the Blocal SiO2

redistribution^ model discussed by Horwell et al. (2013).
We have not provided error bars in Fig. 6c because they are
not reliably quantifiable. Offset to lower SiO2 is partly an
artifact, because the shape of prismatic cristobalite (roughly
approximating spheres protruding from vesicle walls) will
systematically be underrepresented in cut planes of thin sec-
tions. Although this precludes strict adherence to 1:1, the trend
is for proportionally increasing corroded/deposited SiO2 in a
given pore.

Data for Al2O3 is scattered (Fig. 6c) and other elements
stripped from corroded regions (Fig. 4b) are largely unac-
counted for by the deposited cristobalite. No observation in
this study can identify a sink for these elements. Horwell et al.
(2013) surmised that missing volatilized elements could have
been transported to surface fumaroles in passing vapours.
Their suggestion is in keeping with early studies in which
volcanologists formed sublimates in silica tubes that
were inserted directly into fumaroles of volcanic domes (Le
Guern and Bernard 1982; Bernard and Le Guern 1986). Such
in situ sampling showed a strong along-tube temperature
dependence on the minerals deposited, the hottest zone being
cristobalite-rich (from 900 °C through to ~570 °C), successive
zones being rich in various metal and sulfur compounds, and
followed by NaCl and KCl as major components at low tem-
perature. Such percolation of vapours in the context of the
Cordón Caulle lava flow would require that pore networks
were connected and discharging vapour to the surface. For
the case of pores that were connected from the vent outlet,
direct discharge of vapour would have precluded corrosion.
Further downflow, passage of vapours could have occurred if
isolated pores became connected by shear and/or corrosion of
inter-pore walls (as seen in Fig. 6) in a limited temperature
interval after high-T deposition of cristobalite and before
lower-T deposition of other components (Le Guern and
Bernard 1982). However, although conceptually plausible,
this admittedly would require a highly specific set of circum-
stances and sequence of events. Nonetheless, a relevant mac-
roscopic observation is that there is strong surface discolor-
ation by vapour-phase precipitate minerals conspicuously
formed at the source region of Cordón Caulle lava breakouts
(Tuffen et al. 2013), consistent with vapour transport through
interconnected lava porosity and precipitation at lower-
temperature conditions at the surface.

An alternative explanation for the missing elements is that
crystalline silica has relatively high preservation potential
compared to any of a host of volcanogenic sublimates or salts
(Rosenberg 1988; Delmelle et al. 2007) that might also have
been produced, and that it should be far more abundant than
any other phase because of SiO2 being the main constituent of

rhyolite glass. Although these Bshould^ still be present in
pores that remained isolated, many volcanic sublimates are
ephemeral, and many are released rapidly upon encountering
water (e.g., Jones and Gislason 2008). Also, components such
as K2O are actually relatively minor constituents of the cor-
roded glass (Table 2). Thus, within the closed system of a
given pore, the volume of any non-SiO2 sublimate deposited
in pore space would be miniscule. Provided such compounds
survived collection and preparation, they would still be diffi-
cult to detect without surface-sensitive techniques such as X-
ray photoelectron spectroscopy or atomic force microscopy—
these having been used by Delmelle et al. (2007) to examine
compounds and textures generated by acid dissolution on vol-
canic ash, which exist only at the nanometer scale. The fate of
some corroded elements remains an outstanding question, re-
quiring approaches that specifically target the compounds that
may be present in trace amounts and have poor preservation
potential.

The chemical durability of glasses at low temperatures has
been studied extensively (e.g., Clark and Yen-Bower 1980;
Hench et al. 1980; Adams 1984; Bunker 1994; Hamilton
and Pantano 1997; Oelkers 2001; Icenhower et al. 2004;
Cailleteau et al. 2008; Declercq et al. 2013), but studies at
magmatic temperatures are lacking. Glass corrosion can pro-
ceed by etching or leaching - depending on the type of
attacking solution (Adams 1984; Bunker 1994; Icenhower
et al. 2004; Cailleteau et al. 2008). Etching involves the direct
breakdown of the silica network by alkaline solutions.
Leaching involves the initial scavenging of alkalis from the
glass by an acid, which may or may not be followed by Si
framework breakdown depending on the effectiveness of sur-
face gel formation, which can slow continued degradation of
the structural network (Oelkers 2001; Icenhower et al. 2004).
In the CordónCaulle lavas, glass has been physically corroded
from around pores (Figs. 3b–c, 4b, and 6). The precise nature
of the corroding fluid is not explicitly known, but is inferred to
have been predominantly magmatic H2O that exsolved to
form isolated vesicles, with minor but important concentra-
tions of the acidifying complexes S (0.01 wt% of lava matrix
glass; Table 2), Cl (0.32 wt% residual), and F (not determined)
that typify volcanic gases, noting that Cl and F are both known
contributors to SiO2 redistribution potential (de Hoog et al.
2005; Shmulovich et al. 2006; Foustoukos and Seyfried
2007). We note several complexities to pinpointing a
corroding/depositing vapour: (1) magmatic gases are dominat-
ed by H2O, and thus can only form dilute solutions with lim-
ited SiO2-carrying capacity (de Hoog et al. 2005); (2) vapour
likely oscillates about Si-saturation, corroding and depositing
at rates that vary with chemical activity and time (Horwell
et al. 2013); (3) the wide temperature interval through which
lava cools results in drastic temporal changes to corrosion
rates, vapour reactivity, and deposition kinetics (Declercq
et al. 2013); (4) magmatic fluids are both alkali-rich and
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acidic, driving corrosion that likely includes cooperative com-
ponents of etching and leaching; (5) the specific acidic com-
plexes present in the corroding vapour can enhance glass cor-
rosion, i.e., pH alone is not the only factor in determining
corrosion rates (Wolff-Boenisch et al. 2004a); (6) most exper-
imentation has been done with pure glass powders, not coher-
ent glass surfaces (bubble walls) containing crystalline phases
that corrode at different rates (Icenhower et al. 2004); and (7)
the vapour in a flow will be heterogeneous in the sense that
isolated pores formed in the conduit should contain gases
exsolved at higher pressure than those in isolated pores gen-
erated during inflation events of a flow lobe.

These complexities preclude an absolute calculation of cor-
rosion rates in the Cordón Caulle lava, as even more impor-
tantly does the lack of corrosion rate data at magmatic and/or
cristobalite sublimation (>570 °C; Bernard and Le Guern
1986) temperatures; however, we can illustrate the differential
timescales of corrosion by drawing on the observation that
glass is lost, but plagioclase remains, in corroded regions
(Fig. 6). Dissolution rates (RX in mole per square meter per
second) are expressed as a series of curves in Figure 7, as the
time (t) to corrode to a certain depth (d) from the original pore
surface:

t ¼
d

VXRX

ð2Þ

whereVX is molar mass,Vplag=1.04×10
−4m3mol−1 (Lange and

Carmichael 1990) and Vglass=2.62×10
−5 m3 mol−1, the latter

calculated using the composition given in Table 2 at 25 °C
and 1 atm (Lange and Carmichael 1990).

Comparison of dissolution rates (RX in mol m-2 s-1) in
acidic solutions from two studies where experimental condi-
tions match (T=25 °C and pH=4.0) shows that rhyolite with
70.2 wt% SiO2 dissolves at log10(Rglass)=−9.69 mol m−2 s−1

(Wolff-Boenisch et al. 2004b), and plagioclase dissolves at
log10(Rplag)=−11.1 mol m−2 s−1 (Oxburgh et al. 1994).
Plagioclase dissolution rates are dependent on mineral com-
position (Casey et al. 1991), this rate being for compositions
similar to Cordón Caulle andesine (An37; Castro et al. 2013).
For fixed T and pH, an acidic corrosion front in rhyolite glass
will advance ~1–1.5 orders of magnitude more quickly than in
plagioclase (Fig. 7). Data for corrosion rates at elevated tem-
perature are limited, however experiments by Declercq et al.
(2013) are useful for assessing the influence of different fluid
parameters (T, pH; but without specifying the type of acid).
Rates of glass corrosion are more strongly influenced by T

than pH.
Figure 7 also shows corroded rim depths in Cordón Caulle

lavas. Using total crystallinity (Fig. 2) as a proxy for cooling
time in each lava sample, the corrosion depths roughly follow
similar trends to corrosion timescales at any fixed T and pH,
suggesting that it is appropriate to treat the volcanic corrosion

problem this way; however, that the absolute times associated
with the crystallization and corrosion are far from sufficiently
constrained to be yield absolute times. It is certain that at
higher temperatures, such as those of the Cordón Caulle at
vent exit, corrosion rates would have been orders of magni-
tude faster than those shown in Fig. 7.

Groundmass crystallization and devitrification

The most cristobalite-rich samples are those that cooled slow-
ly and have holocrystalline groundmass. Laser Raman analy-
ses indicate cristobalite as a groundmass component (Fig. 5;
also noted by Horwell et al. 2013), concurring with previous
studies that attribute its formation to devitrification (Swanson
et al. 1989; Baxter et al. 1999; Damby 2012; Horwell et al.
2013, 2014). Devitrification is generally considered to be a
process occurring at or below the glass transition (Tg), where

Fig. 7 Corrosion timescales expressed as depth of corrosion from
original solid–vapour interface. Measured corrosion rim thicknesses
shown as box and whisker plots, plotted against total crystallinity (by
XRD) as a proxy for residence time in the flow; absolute residence
times are not accurately known. Curves for corrosion of rhyolite glass
and plagioclase by solutions varying in T and pH, plotted against time.
Note that for fixed T and pH (heavy curves), glass is etched ~1.5 orders of
magnitude faster than plagioclase. Sequence of curves for glass
demonstrates a stronger dependence on T than pH. Note that lava
actually cooled through much higher temperatures than covered by the
corrosion rates shown, and the timescales shown are extreme minima. 1
Oxburgh et al. (1991); 2 Casey et al. (1994); 3 Wolff-Boenisch et al.
(1991); 4 Declercq et al. (2004b)
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slow cooling offsets temperature-limited diffusion of crystal-
forming elements in the interior of the flow, at undercoolings
that vary with local intrinsic (composition, H2O content) and
extrinsic (T, P) properties (Swanson et al. 1989). When
discussing if spherulites grow in rhyolite below Tg, Watkins
et al. (2009) noted that across Tg there is no change in diffu-
sion mechanism (e.g., no inflection in diffusivity versus tem-
perature; see their Fig. 9). They thus concluded that Tgwas not
in itself a definitive barrier to crystallization. Following this
logic, the process of groundmass cristobalite formation should
be the same above and below Tg, blurring the distinction be-
tween what should be considered crystallization and what
should be considered devitrification. It is generally accepted
from studies on crystallization regimes in obsidian that order
follows: phenocrysts–microlites–devitrification; each occur-
ring under different conditions during the lifetime of a cooling
lava (Swanson et al. 1989). Groundmass cristobalite at
Cordón Caulle likely began forming only after microlite crys-
tallization had fractionated residual melt into a fully polymer-
ized state (at ~77 wt% SiO2; Zhang 2008) as it has been noted
that although fully polymerized rhyolite melt lacks long-range
order, it has short-range order with structure more similar to
that of cristobalite than quartz (Mysen and Richet 2005), the
heterogeneity of this short-range order manifesting as spatial
variability in devitrification textures (Lofgren 1971b).
Quantification of the cooling interval/rate in which ground-
mass cristobalite forms at Cordón Caulle requires targeted
petrological experiments.

As noted earlier, samples without groundmass cristobalite
often have vapour-deposited cristobalite (Fig. 3b), suggesting
that these processes act independently (Damby 2012). It pro-
vides circumstantial evidence that the presence of cristobalite
nuclei may not be a necessary precondition to its subsequent
deposition from a vapour (Renders et al. 1995), and that under
favourable conditions, vapour deposition occurs earlier in
flow evolution than devitrification. It has also been noted that
alkali-rich solutions such as those that would have been gen-
erated during glass corrosion can significantly increase rates
of rhyolite devitrification (Lofgren 1970). It therefore would
be a synthetic division to completely divorce vapour reaction
from devitrification, especially given that during protracted
cooling intervals these probably occur simultaneously.

Conclusions

Cristobalite distribution in the 2011–2012 Cordón Caulle
eruption products demonstrates that there are no imminent
respiratory hazards associated with pyroclastic phases of the
eruption, and provides a new field perspective on questions of
volcanic cristobalite formation that have arisen from studies of
silicic dome eruptions.

Firstly, Cordón Caulle samples provide evidence in support
of the Blocal SiO2 redistribution^ origin of vapour-phase
cristobalite discussed by Horwell et al. (2013):

(1) Cristobalite is absent from pyroclasts but present in lava,
despite both having had the same in-conduit degassing
history.

(2) The Cordón Caulle flow is rootless with respect to flux of
conduit-derived fluids, yet contains vapour-deposited
cristobalite.

(3) Vapour corrosion and deposition is ubiquitous in isolated
vesicles but rare in connected pore networks.

(4) Deposited SiO2 in a given pore can have been corroded
from adjacent to the same pore.

Secondly, Cordón Caulle samples also allow a qualitative
evaluation of the relative roles of vapour deposition and
groundmass devitrification in generating cristobalite in rhyo-
lite lava flows:

(1) Samples that contain vapour-deposited cristobalite may
or may not contain devitrification products, suggesting
that vapour deposition and devitrification act indepen-
dently, but may act concurrently

(2) The highest concentrations of cristobalite contents are
achieved only when groundmass crystallization and de-
vitrification is extensive, in the most slowly cooled sam-
ples from thermally insulated flow interiors.

In these, the processes governing groundmass cristobalite
formation in rhyolite lava flows are similar to those in dome
rocks of varying composition (Damby 2012).

The Cordón Caulle lava flow additionally yields new in-
formation regarding the importance of pore connectivity on
the reaction of corroding/depositing vapour and gives evi-
dence for redistribution of previously formed cristobalite dur-
ing in-flow evolution of pore space. It also shows that devit-
rification following groundmass crystallization is the most
effective process for generating high cristobalite abundance
in a cooling rhyolite lava flow. This work also highlights sev-
eral other areas that require further investigation, which in-
clude investigation of the sinks for minor components corrod-
ed from volcanic glass, and refinement of the T–P space under
which vapour reaction and devitrification processes are most
effective.
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