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are generally determined from examinations of natural samples and quenched experimental run products.
These samples, however, only provide a view of the final state, from which the initial conditions of a time-
evolving magmatic system are then inferred. The interpretations that follow are inexact due to the inability of
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determining the exact conditions of nucleation and the potential detachment of bubbles from their nucleation
sites, an uncertainty that can obscure their nucleation location – either homogeneously within the melt or
heterogeneously at the interface between crystals and melts. We present results of a series of dynamic, real-
time 4D X-ray tomographic microscopy experiments where we observed the development of bubbles in crystal
bearing silicate magmas. Experimentally synthesized andesitic glasses with 0.25–0.5 wt% H2O and seed silicate
crystals were heated at 1 atm to induce bubble nucleation and track bubble growth and movement. In contrast
to previous studies on natural and experimentally produced samples, we found that bubbles readily nucleated
on plagioclase and clinopyroxene crystals, that their contact angle changes during growth and that they can
grow to sizes many times that of the silicate on whose surface they originated. The rapid heterogeneous
nucleation of bubbles at low degrees of supersaturation in the presence of silicate crystals demonstrates that
silicates can affect when vesiculation ensues, influencing subsequent permeability development and effusive
vs. explosive transition in volcanic eruptions.

but “where” nucleation begins has not received equal attention (the
Silicate crystals
reader is referred to the review by Fiege and Cichy, 2015).

The conditions of bubble nucleation, either homogeneously within
Volcanic eruptions are commonly driven by the nucleation, expan-
sion (growth) and migration of volatile bubbles (predominantly H2O
and CO2) following supersaturation of the melt caused by decompres-
sion, heating or crystallization (Sparks, 1978). If bubbles nucleate and
grow (Fig. 1) at near-equilibrium conditions at low supersaturations,
quiescent eruptions are probable, whereas if a significant barrier to
bubble nucleation and growth is present amuch larger degree of volatile
supersaturation is required before nucleation and growth of bubbles,
leading to violent eruptions. Understanding bubble growth is a
longstanding scientific focus (Gardner et al., 1996; Giachetti et al.,
2010; Proussevitch and Sahagian, 2005; Sparks, 1978). The “when” of
bubble nucleation in silicate melts has also been extensively studied,
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the melt, or heterogeneously on a pre-existing melt-crystal interface
(Fig. 1), remain obscure. Due to large density differences between a
gas bubble and its surrounding magma (melt + crystals), bubbles can
be an easily displaced phase. Their mobility can potentially lead to erro-
neous assumptions of the bubbles' initial position, based upon observa-
tions of the bubbles' final positions in post-process (ex situ) samples.
Most previous studies of bubble nucleation and growth investigated
natural volcanic samples and quenched experimental run products
that only provide the final state, from which the initial conditions of a
time-evolving magmatic system must then be inferred. Knowledge of
all aspects of nucleation and growth of bubbles in magmatic systems
is one of the keys to a better understanding of volcanic eruption
mechanisms.

The nucleation location is influenced by the interfacial energy
between the exsolved fluid and molten or solid phases (Hurwitz and
Navon, 1994). In a heterogeneous bubble nucleation scenario a
melt-crystal interface already exists prior to bubble nucleation, hence
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the energy needed to nucleate a bubble is decreased compared to
homogeneous bubble nucleation, making the heterogeneous case
more favourable and possible at lower volatile supersaturations

considered favourable bubble nucleation sites (e.g. Gualda and
Anderson, 2007; Gualda and Ghiorso, 2007) due to their significant
compositional and bonding differences from the encompassing silicate

Fig. 1.Model of bubble formation in silicatemelts. a) Thenucleation front ismarkedby thefirst appearance of bubbles. The fragmentation frontmarks the transition fromabubblymelt to a
gassy spray (Gardner et al., 1996; Proussevitch and Sahagian, 2005; Sparks, 1978). The ash cloud contains particles originating from the volcanic conduit. b) The magma within a conduit
can contain crystals of various sizes and compositions. c) Depending on pressure, temperature, and melt composition, bubbles can nucleate homogeneously or heterogeneously. The
contact, or wetting, angle (θ) is the angle between the bubble and the crystal measured in the melt (Fiege and Cichy, 2015; Gualda and Ghiorso, 2007).
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(Hurwitz and Navon, 1994; Landau and Lifshitz, 1980; Navon and
Lyakhovsky, 1998). Once a melt becomes supersaturated in a volatile
component, the pairing of a bubble and a crystal is always a thermody-
namically favoured starting point, achieved either by heterogeneous
bubble nucleation or by attachment of existing bubbles to crystals
(Gualda and Ghiorso, 2007).

Due to the interfacial energies involved (bubble-crystal, bubble-melt
and melt-crystal), the wettability of a crystal by a bubble (where
wetting is the ability of the volatile phase to remain in contact with
the solid phase; Young, 1805) is considered a representation of the
efficiency of a crystal to nucleate a bubble (Hurwitz and Navon, 1994).
When comparing different bubble-crystal pairs, various crystal efficien-
cies at nucleating bubbles are inferred from the values of the contact
angle θ between them (Fig. 1) and the critical value is set to be 68°
(Hurwitz and Navon, 1994). Above this value, the crystal is considered
efficient at nucleating bubbles, and below this value, the crystal is con-
sidered inefficient (Hurwitz and Navon, 1994). Oxides are currently
Fig. 2. Literature compilation of reported bubble-crystal 2D post-process external contact an
(1994), 2 = Eichelberger and Hayes (1982), 3 = Cluzel et al. (2008), 4 = Gardner (2007), 5 =
Mangan and Sisson (2005), 9 = Mangan et al. (2004). Abbreviations: n.b. = no bubbles presen
bubbles are present on the crystal surface. Yellow colour represents dacite, red rhyolite and brow
line represents a value around 90°, and dotted arrows represent values reported as lesser or l
studies. (For interpretation of the references to colour in this figure legend, the reader is referred

2

melt (Mysen and Richet, 2005) aswell as because of their poorwettabil-
ity by the melt (Adamson and Gast, 1997).

Most experiments on heterogeneous bubble nucleation (e.g. Gardner
et al., 2000; and references in Fig. 2) were conducted using rhyolitic
melts where bubbles were mostly found on oxide microlites such as
titanomagnetite, with very few reported on silicates. However, due to
instrumental limitations, bubble-oxide contact angles were rarely mea-
sured and not universally found to be greater than 68° (Fig. 2). The
data for bubble-silicate crystal contact angles is equally sparse, since sil-
icate crystals are generally excluded from degassing studies (the starting
melt is commonly without crystals), but where measured, θwas smaller
than seen for oxides (except for biotite; Hurwitz and Navon, 1994). We
must stress that all the contact angles reported so far in the literature
were measured in 2D, and the plane in question did not necessarily
pass through the bubble's maximum cross-section.

Recently, additional mechanisms of inducing homogeneous bubble
nucleation have been hypothesized, such as the passage of seismic
gles. Mineral names are those used in the study. References: 1 = Hurwitz and Navon
Larsen (2008), 6 = Navon and Lyakhovsky (1998), 7 = Gardner and Denis (2004), 8 =

t on the crystal surface, n.m. = no measurement of contact angles is reported even though
n K-phonolite. The star sign indicates a calculated, not measured, value. The wavy broken

arger than a certain value. The number of measurements was not indicated in any of the
to the web version of this article.)



waves through amelt (Acocella, 2014;Manga and Brodsky, 2006). If ho-
mogeneous nucleation can be achieved more easily than previously
thought, and heterogeneous nucleation is always easier to achieve

experiments. The capsules were welded shut and checked for water
loss byweighing before and after an hour of heating in a 110 °C furnace.

Three synthesis experiments were performed at 1275 °C, 1 GPa to
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than homogeneous, could silicate crystal's surfaces play a role in bubble
nucleation? The specific goals of this study were to explore bubble
nucleation efficiencies of some silicate crystals based on the following
observations:

1) Even though they are seen as inefficient, silicate minerals with
attached bubbles have been reported, sometimes even with the
same 2D contact angle θ value as measured on oxides (Fig. 2);

2) The mineral abundance conundrum – iron oxides, not a dominant
crystal phase in silicatemelts, are considered themost efficient crys-
tals for heterogeneous bubble production (Hurwitz and Navon,
1994). However it has been questioned whether oxides alone can
provide enough nucleation sites to account for the bubble number
densities recorded (Mangan and Sisson, 2000; Mourtada-Bonnefoi
and Laporte, 2004). If, within the investigated samples, oxide crys-
tals are not found in direct contact with bubbles, then homogeneous
nucleation is deemed dominant (e.g. Gualda and Ghiorso, 2007)
because any silicate crystals thatmight be presentwithin the sample
are not taken into consideration.

3) Bubbles are not stationary in silicate melts and can detach from, or
attach to, crystals (Gualda and Ghiorso, 2007), but this process has
never been directly observed and hence generally not taken into
account, although several authors have considered this possibility
(Belien et al., 2010; Blythe et al., 2015; Gualda and Ghiorso, 2007;
Mangan and Sisson, 2000).

4) The contact angle θ does not necessarily remain constant throughout
a bubble's growth (Gardner and Denis, 2004), so it is difficult to
determine from observations of post-process samples the instant
when the bubblewas “frozen” (by natural solidification or experimen-
tal quench). Therefore, we do not know if the sample approached ki-
netic equilibrium and if the measured contact angle is the final one.

In order to examine the first seconds of bubble formation, we
employed 4D X-ray tomographic microscopy as a tool to image and
record nucleation and growth, therefore building on the pioneering
work on in situ 2D observations of bubble nucleation and growth
(Bagdassarov et al., 1996; Gondé et al., 2006, 2011; Applegarth et al.,
2013; Masotta et al., 2014) with the latest developments in 3D and 4D
imaging of geological materials (Bai et al., 2008; Baker et al., 2012a,
2012b; Pistone et al., 2015a, 2015b).

2. Materials and methods

2.1. Hydrous glass synthesis

The startingmaterials for the vesiculation experimentswere synthe-
sized using a piston-cylinder apparatus at McGill University (Montreal,
Québec, Canada). Rock powder of andesitic composition (AT-29 with
56.8 wt% SiO2, from Baker and Eggler, 1987) was added to Pt-capsules,
along with silicate crystals and 0.25–0.5 wt% H2O. An andesitic melt
composition was chosen to contrast with existing rhyolitic and dacitic
data and because it corresponds to compositions of arc-type volcanoes,
which are frequently explosive (Sakuyama and Kushiro, 1979;
Sigurdsson et al., 2015). The silicate crystals were plagioclase (gem-
quality labradorite) and clinopyroxene (augite, from Baker and Eggler,
1987), and both were crushed before being added to the capsule. They
were chosen to represent commonmagma phenocrysts and thus intro-
duce crystal surfaces ofminerals thought to be compositionally too sim-
ilar to the melt to be efficient at nucleating bubbles (Mangan et al.,
2004). These minerals contain low concentrations of inclusions (some
oxides in the clinopyroxene) and they are nominally anhydrous. The
added amount of water was kept low to create melts that would be
only slightly supersaturated at 1 atm during the dynamic tomography
create crystal-bearing hydrous glasses. The durations of the experi-
mentswere chosen to be sufficient forwater to homogenize by diffusion
in the capsule, but short enough so that the added crystals did not dis-
solve. The added crystals represented 30 vol% of each capsule in each
run (before heating and pressurization). The first run had two capsules,
onewith AT-29+clinopyroxene seed crystals (“1a”) and the otherwith
AT-29+plagioclase (“1b”), bothwith 0.5 wt% H2O and held at pressure
and temperature conditions for 1 h before isobaric quench. The second
run also had two capsules, both with AT-29 + clinopyroxene crystals,
but with one containing 0.5 wt% H2O (“2a”) and the other 0.25 wt%
H2O (“2b”), both performed for 20 min. The third run was also of
20 min duration and had only one capsule (“3”), containing both
AT-29 + clinopyroxene + plagioclase crystals and 0.5 wt% H2O. The
H2O values reported here represent the amounts added to the
starting material, not the amounts in the final glasses. The quenched
glass + crystal run products were removed from their Pt-capsules,
which resulted into their fragmentation into several pieces.

2.2. X-ray computed tomography (CT)

X-ray tomographic microscopy (microCT) was used to characterize
the synthesis and vesiculation experiments in this study. This technique
provides 3D images of specimens and is well-established in the
geoscience community (Baker et al., 2012a, 2012b). In order to fully
characterize both the starting materials and the run products of the
4D vesiculation experiments, different X-ray tomography instruments
were used. A short overview of the tomography methods applied, the
main differences between them, and questions aimed to be answered
by them can be found in Table 1.

2.3. Conventional X-ray microtomography (microCT)

Pieces of glass + crystals from several synthesis samples were
imaged with a Skyscan 1172 desktop X-ray tomography machine at
the MIAM laboratory of McGill University to ascertain if bubbles had
formed, and if the silicate crystals had melted, during the synthesis.
The scanning conditions were 55 kV, 179 μA, Al filter, camera binning
2 × 2, source-to-sample distance = 38.68 mm, camera-to-source
distance = 345.101 mm, camera pixel size = 11.56 μm, image pixel
size = 2.59 μm, exposure time = 0.2065 s, rotation step = 0.4°, pro-
jection number = 902 over 360°, frame averaging = 3, random
movement = 10.

A sample from Stromboli volcano was also scanned so that our
experimental results could be compared to a natural material. The
scanning conditions were 44 kV, 226 μA, Al filter, camera binning
4 × 4, source-to-sample distance = 36.1 mm, camera-to-source
distance = 345.101 mm, camera pixel size = 11.56 μm, image
pixel size = 4.84 μm, exposure time = 0.474 s, rotation step =
0.68°, projection number = 531 over 360°, frame averaging = 4,
random movement = 10.

2.4. Conventional X-ray nanotomography (nanoCT)

NanoCT was used to obtain 3D scans of specific regions of interest
within the glass + crystals starting materials, with the goal of investi-
gating the possible presence of cracks at the crystal-glass interface and
for locating plagioclase in the samples; this was important since both
of these features were not clearly visible with the microCT. The 3D
scans were performed on the Zeiss Xradia 520 Versa at the Cell Imaging
and Analysis Network of McGill University. The scanning conditions
were 70 kV, 85 μA, no filter, camera binning 2 × 2, source-to-sample
distance = 10.23 mm, camera-to-source distance = 30.24 mm, optical
magnification = 40×, image pixel size = 0.22 μm, exposure time =



25 s, rotation step = 0.4°, projection number = 935 over 360°. The
microCT and nanoCT analyses described above were performed with
the aim of learning as much as possible about the synthesized samples

ratio is one of the input parameters for phase-retrieval – for more
information see Paganin et al., 2002).

Table 1
Summary of different tomography methods used and questions to be answered with them. Conventional refers to stand alone XRT instruments, microCT = micro-scale computed
tomography, nanoCT = nano-scale computed tomography, SR = synchrotron radiation. Pixel size refers to 2D image elements. Phase contrast is a technique applied during imaging,
and phase retrieval is a set of algorithms applied while reconstructing the imaged radiographs.

Tomography method Radiation type Pixel size Phase contrast Phase retrieval Question asked

MicroCT Conventional, ex situ 2.59 μm No No 1) Did bubbles form?
2) Did clinopyroxene crystals melt during synthesis experiments?

NanoCT Conventional, ex situ 0.22 μm Yes No 1) Did plagioclase crystals melt during synthesis experiments?
2) Did cracks form at the crystal-glass interface?

4D SR microCT Synchrotron, in situ 3 μm Yes Yes When do bubbles form and how rapidly?
SR microCT Synchrotron, ex situ 0.65 μm Yes Yes Where did bubbles form?
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without destroying them.

2.5. 4D in situ synchrotron X-ray tomographic microscopy

Ambient pressure 4D vesiculation experiments were performed at
the TOmographic Microscopy and Coherent rAdiology experiments
(TOMCAT) beamline of the Swiss Light Source at the Paul Scherrer
Institut in Villigen, Switzerland (Stampanoni et al., 2006). Approximate-
ly 0.5–1 mm3-sized pieces of the synthesized andesitic hydrous glasses
+ crystals were mounted in a cylindrical, ceramic sample holder and
heated using the laser-based heating system at TOMCAT (similar to
earlier systems described in Fife et al., 2012). The system incorporates
two 150 W, class IV diode lasers operating at 980 nm and projecting
oval laser spots (4 mm wide by 6 mm high). The temperatures were
measured with a pyrometer (Fife et al., 2012) that was calibrated
using the temperature of the first appearance of bubbles in the sample
asmeasured by a type K thermocouple in a laboratory furnace atMcGill.
The temperatures are accurate to with ±20 °C. A thermal gradient is
always present in the laser furnace and we tried to minimize its effect
by always placing our sample at the center hot spot of the furnace.
Due to the lack of sufficiently sensitive thermal sensors we could not
quantify the thermal gradient present.

Three pieces from each of the five charges were heated and imaged
separately at TOMCAT; this provided an opportunity to confirm the
consistency of events occurring during a single heating sequence with
others originating from the same charge. The initial heating regime
was 2 °C/s until a chosen temperature above the glass transition tem-
perature was reached. The sample was held at constant temperature
until the end of the experiment and then quenched by turning off the
laser system. The goal of rapid heating at 1 bar was to simulate isother-
mal decompression from the saturation pressure of the sample
(dependant on its water content).

Imaging was performed using the GigaFRoST detector (Mokso et al.,
2017) connected to an optical microscope and incorporating a continu-
ously adjustable magnification tuned to approximately 4×. Polychro-
matic radiation was filtered to 5% power, and the sample-to-detector
distance was set at 280 mm, optimized for phase-contrast imaging of
these materials. Each 3D tomographic scan is based upon 501 projec-
tions acquired over 180° in 0.5 s with a 3 μm pixel size. Real-time
radiographs (i.e. the 2D projection images acquired by the camera
prior to the tomographic reconstruction) of one piece of each sample
were examined to determine the approximate temperature when
bubbles first appeared (as in Bai et al., 2008). Subsequent scanning
began at a temperature slightly below this temperature in order to
capture bubble nucleation. All samples were scanned continuously for
50 s, and 100 3D datasets (from here on called timesteps, from t1 at
0.5 s to t100 at 50 s)were produced for each sample. Tomographic recon-
structions were obtained after the application of a phase-retrieval algo-
rithm (modified from Paganin et al., 2002), to the acquired projections,
with the following parameters: X-ray energy= 30 keV, δ=5.1 × 10−7

and β = 5.1 × 10−9 (δ and β are dimensionless real numbers whose
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2.6. High resolution ex situ synchrotron X-ray tomographic microscopy

To examine more closely some especially interesting features that
developed during the in situ scanning, selected experiments were re-
imaged after their conclusion using high-resolution, monochromatic
X-rays and phase-contrast imaging on the TOMCAT beamline. This
was critical for determining the post-process position of bubbles with
regard to crystal surfaces, and cross-referencing the phase contrast
scan position of each individual bubble with the in situ measurement.
The imaging of crystals and bubbles within a silicate matrix by conven-
tional absorption X-ray tomographic microscopy is limited by the
contrast in their X-ray absorption. This is especially troublesome for
plagioclase crystals, which can be practically indistinguishable from
the melt. This lack of phase contrast between plagioclase and glass can
prove potentially misleading when bubble nucleation is investigated
because it is difficult to determine if the bubble is on the crystal surface.
To overcome this issue, propagation-based phase contrast imaging was
also utilized for these ex situ scans; thismethod uses the phase informa-
tion of a material to enhance image contrast (Polacci et al., 2006). An
energy of 27 keV was used and a standard optical microscope with
10× magnification was connected to the pco.Edge 4.2 (PCO, Germany)
camera, resulting in a 0.65 μm pixel size. The sample-to-detector dis-
tance was decreased to 80 mm, and 1501 projections were acquired
over 180° of continuous rotation, resulting in a single 3D scan acquired
in approximately 20min. A full datasetwas reconstructed several times,
first without and subsequently with phase retrieval. In the latter case,
the δ and β parameters were varied in order to optimize the δ/β ratio
by selecting the minimum value for which the fine microstructures
were visualized and the phase contrast ‘artefacts’ were reduced in the
resulting slices. The final selected parameters were: δ = 5.1 × 10−7

and β = 3.5 × 10−9.

2.7. Volume segmentation

In order to determine the total volume of bubbles generated, the en-
tire sample volume was tracked as it inflated during heating. The initial
volume was taken as the one at timestep t1, and the sample was
segmented by grouping both sample and crystal voxels together
and binarizing them (values 90–255 on 8-bit volumes), using Fiji
(Schindelin et al., 2012) and Pore3D (Brun et al., 2010). If a crack was
present within the sample at t1, it was not attributed to the sample.
The final sample volume was the one at timestep t100 and the sample
(glass+ crystals)was binarized again (same values). For some samples,
the entire sample volume at t100 could not be successfully segmented
automatically, due to very thin bubble melt/glass films comprising the
outer sample outline. In such cases, manual segmentation was used to
assign these voxels to themelt, whilemaking certain that the film thick-
ness is preserved. All the segmented volumes were calculated using
Pore3D and the difference between the volume at t100 and at t1 was
the total bubble volume.



Several bubble-crystal aggregates were chosen for 3D visualization
to illustrate bubble-crystal relations. A sample sub-volume that
contained the objects of interest was chosen and its voxels were seg-

each side differing by less than 5° for all timestepswere used for contact
angle measurements.
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mented as bubbles and crystals (thresholding values 0–140 for bubbles
and 200–255 for clinopyroxene, on 8-bit volumes), and the segmenta-
tion was always finished manually. Certain regions of the subvolume
were excluded from segmentation to ease the visualization, such as
bubbles that nucleated on neighbouring crystals. The segmentation
was done by semi-automatic thresholding in 3D for clinopyroxene
and bubbles and manually for plagioclase, i.e. simultaneously on 3 sets
of 2D slices corresponding to 3 slice orientations (XY, XZ and YZ),
using Avizo Fire® (Visualization Sciences Group). The extent of surface
smoothingwas restricted so that the thin layer of bubbles on the crystal
remains visible. Voxels corresponding to melt/glass films between
bubbleswere assigned to the bubble phase to facilitate 3D visualization.
The number of bubbles on individual crystals was determined by apply-
ing thewatershed algorithm(MorphoLibJ plugin of ImageJ) on the post-
process samples imaged at submicron resolution on TOMCAT (Table 1),
where the resolution and border contrast enhanced their visibility.
However, even in this case the melt films proved difficult to segment,
either automatically or manually, so the number of bubbles obtained
represents a minimum value.

2.8. Contact angle measurements in 3D
The 3D contact angle between a bubble and a crystal (Fig. 3) was de-

fined as the anglewhose vertex touches the bubble-crystal-melt contact
line, one arm is tangential to the bubble surface (planeYZ) and the other
lies on the crystal surface (plane XY); this angle lies in the sameplane as
the central axis of the bubble (Fig. 3) which is defined by the bubble's
maximum height. When identified, the 2D slice was then rotated
around this axis in order to measure the contact angle at six different
places (3 paired values) on the bubble-crystal-melt contact line. The
measurementswere done using theAvizo® softwarewithin the volume
rendering, using the “slice” and “angle measurement” tools. The soft-
ware allows rotating any selected slice around a user specified axis or
direction. Measuring the contact angle through such identification of a
specific 2D slice within a 3D volume, is a novel approach that provides
improved results over measuring the contact angle on an arbitrary 2D
slice. These measurements were repeated for different timesteps of
the experiment to track the change in the contact angle for a specific
bubble. Only bubbles that were hemispherical caps and had angles on
Fig. 3. Schematicmodel of the 3D bubble-crystal contact angle measurement. Once planes
XY and YZ have been located (in which the two arms of the angle lie) within the 3D
volume, the YZ plane was rotated around the Z axis so the contact angle can be
measured multiple times along the contact line (measurement location represented by
red dots). Each contact angle measurement in a chosen YZ plane was performed twice,
on each side of the bubble. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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2.8.1. Scanning electron microscopy
To compliment the 3D and 4D data with a well-recognized 2D analy-

sis, and to compare the results, one post-process sample was examined
with a Hitachi SU-3500 Variable Pressure-SEM using a BSE detector.
One sample was ground down to a target slice identified from the
sample's 3D reconstruction. The amount of grinding and polishing was
constrained by the fragile nature of the foamy post-process samples.
The accelerating potential was 30 kV and the beam currentwas 0.102mA.

2.9. X-ray tomographic microscopy at APS

The experimental samples produced were also visually compared to
a natural Montserrat sample, scanned at the GeoSoilEnviroCARS
beamline, of the Advanced Photon Source synchrotron (Illinois,
U.S.A.). The X-ray beamhad an energy of 25 keV, the cameramagnifica-
tion was 10× and the image pixel size was 1.24 μm.

3. Results

3.1. Starting glass + crystals

Pieces of each of the starting materials for the vesiculation experi-
ments were examined with conventional microCT. The scans showed
that no bubbles were present. The large clinopyroxene crystals were
clearly visible in all relevant samples, as were oxide crystals that grew
during synthesis experiments. Plagioclase crystals were not detected
with conventional microCT, so a nanoCT scanner was used to check
for their presence. The nanoCT scans were too noisy for quantification,
but plagioclase crystals were nonetheless successfully detected, as
well as crackswithin the samples (Fig. 4). These cracks weremost likely
formed during isobaric quench at the end of the synthesis, or during the
samples' removal from the Pt-capsule. The cracks are not systematically
oriented along any crystal boundary, but instead cut through the sample
and crystals equally, occasionally following part of the crystal surface.

3.2. In situ vesiculation

The determination of the temperature at which bubbles first
appeared was performed at TOMCAT in the same manner as the 1 atm
furnace atMcGill. One piece from each charge was heated and observed
only through radiographs (2Dprojection images). The correction factors
obtained are presented in Table 2 and henceforth all temperatures
discussed are the corrected values. Previous work demonstrated that
bubble nucleation begins above the glass transition temperature
(Bagdassarov et al., 1996), which for glasses of similar composition
and water concentration was determined to be 467 °C ± 2.5 °C
(Giordano et al., 2005).

Thermal gradients within experimental charges are always present,
butwe havemade every effort tominimize this effect by positioning the
sample close to the laser hotspot. A thermal gradient is nonetheless
present, as seen through a delay in bubble nucleation at different
heights within the sample. The lowermost part of the sample nucleated
bubbles later than the middle and upper parts; hence it is considered
cooler in temperature.

Heterogeneous nucleation always occurs first on the silicate crystals
in the furnace hotspot, and in other portions of the sample further away
from the hotspot shortly thereafter. There is a 20 second lag time
between heterogeneous bubble nucleation on silicate surfaces closer
and further away from the hotspot. Heterogeneous nucleation on
oxide surfaces or homogeneous nucleation within the melt (in any
part of the sample), never occurred before heterogeneous nucleation
on silicate surfaces in the coolest part of the sample. Hence, we conclude
that the same processes of bubble nucleation were at work throughout



the entire sample volume. That is to say, the nucleation events occurred
in the same order throughout the sample, but there was a time delay
between the “hotter” and the “cooler” part of the sample. Thus, if a

the location, time and temperature of bubble nucleation (Figs. 6 and 7).
The total bubble volume produced in the only sample with lower H2O
wt% does not significantly differ from those in samples with higher

Fig. 4. 3D visualization and three orthogonal 2D slices of an ex situ nanoCT scan of a region of interest within a starting material sample. Plag = plagioclase. In the 3D visualization, the
length of each axis of the 3D scale represents 50 μm in its respective direction. Plagioclase crystals, oxide crystals and cracks are clearly visible. The position of the cracks does not
follow the plagioclase crystal borders.
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clinopyroxene in the “hotter” part of the sample nucleated more
bubbles than a plagioclase in the “cooler” part, the clinopyroxene is
notmore efficient at nucleating bubbles. Hence, to determine the nucle-
ation event timeline we considered only the middle and lower sections
of the sample volumes and compared different crystals thatwere placed
at similar heights in the sample, thus comparing nucleation events
occurring at similar temperatures.

Four representative samples are presented in detail here, but there
are other pieces from the same charges that share their features. A sum-
mary of the data obtained can be found in Table 2. From timesteps t1 to
t100 samples underwent an increase in volume due to bubble nucleation
and growth (Fig. 5). Inspection of 3D volumes for each timestep showed

Table 2
Quantitative data for four representative samples. The sample name corresponds to the pis
iment number at TOMCAT (6, 7, 8, 11). Plag = plagioclase, cpx = clinopyroxene, n.p. = n

numbers correspond to those on Fig. 5. The temperature error is ±20°.

Sample name

# of plagioclase crystals in sample
# of clinopyroxene crystals in sample
# of oxide crystals in sample
Sample volume at t1 (mm3)
Temperature correction factor
Temperature at t1 (°C)
Temperature of heterogeneous bubble nucleation on plagioclase (°C) = event 1
Temperature of heterogeneous bubble nucleation on clinopyroxene (°C) = event 2
Temperature of homogeneous bubble nucleation within the melt = event 3
Temperature of heterogeneous bubble nucleation on oxide (°C) = 4
Temperature of sample inflation (°C) = event 5
Sample volume at t100 (mm3)
Percentage of sample volume change (%)
Total bubble volume at t100 (mm3)

6

H2O wt%.
Large clinopyroxene crystals and oxides were the only crystal

phases clearly distinguishable in the in situ scans (Fig. 6), as in the
case of the microCT. Observations of the sample during heating
showed that the first bubble formation was in part clearly associated
with clinopyroxene crystals. The topology of such bubbles was clearly
hemispherical on the side facing the melt (outward), and planar on
the other side (inward), suggesting nucleation on the surface of an
object and not within a melt. Bubbles that nucleated away from
the clinopyroxene crystals formed hollow sphere-like structures in
3D volumes. Importantly, during these early timesteps, no bubbles
nucleated on oxides.

cylinder run (1, 2, 3), the charge within that run if there were several (a, b) and the exper-
resent, n.o. = not observed, t = start of acquisition, t = end of acquisition. The event
1 100

1b-11 2b-8 3-6 3-7

35 n.p. 7 7
n.p. 29 19 30
9 24 218 7
0.256 1.045 0.249 0.167
1.25 1.18 1.3 1.3
600 620 540 550
660 n.p. 550 570
n.p. 650 560 570
690 n.o. 600 590
n.o. 650 670 n.o.
n.o. 650 615 600
0.289 1.151 0.487 0.590
13 10 95 253
0.033 0.106 0.237 0.423



Fig. 5. 3D representation of 4 representative samples of melt + crystals + bubbles. The smaller, dark grey volume is the unvesiculated sample volume at t1 (start of the experiment) and
the larger, light grey volume is the vesiculated sample volume at t100 (experiment's end). The black plane passing through samples 2b-8 and 3-6 represents the locations of 2D slices
presented in Fig. 7. For each sample all three axes of the 3D scale represent the same length, in their respective directions, which is 200 μm for sample 1b-11 and 400 μm for all other
samples.

Fig. 6. Timeline of nucleation events during the in situ heating experiments. The x-axis shows time, with the starting value of 0 representing when scanning began (t1), and the final value
50when it ended (t100). The y-axis shows temperature. The black line represents the heating regime during each experiment, with the part of it enhanced in grey showingwhen scanning
was performed. The symbols represent the T-t point at which specific events occurred. The order of events (1–5) corresponds to the event order in Table 2. Not all samples exhibit all
possible events.

538 P. Pleše et al. / Lithos 296–299 (2018) 532–546

7



Bubbles initially grew by maintaining their initial topology, until
they encountered adjacent bubbles, after which their growth was
confined to the hemispherical side. This further confirms that growth

SEM analysis showed that these clinopyroxenes have a core and rim
that are compositionally the same, even though the outer part displays
a spike-like radial texture. Since neither plagioclase nor clinopyroxene

Fig. 7. 2D and 3D sequences of bubble nucleation and growth on silicate crystals during heating. Sample 2b-8 contains only clinopyroxene (cpx) crystals, while sample 3-6 contains both
clinopyroxene and plagioclase (plag) crystals. Note that solitary bubbles apparentlywithin themelt in the 2D sequences are located on crystal surfaces below or above the presented slice.
The presented 2D slices are located in the lower part of the cpx and in themiddle of the plag, respectively. The locations of the 2D slices within the entire samples are shown on Fig. 5. All
three axes of the 3D scale represent the same length, in their respective directions. The clinopyroxene in sample 2b-8maintained its original surfaces, while the one in 3-6 has a core and a
rim around it. The core can only be distinguished from the ex situ scans from TOMCAT and has been incorporated to the in situ 3D visualization. The temperature change for both samples
can be seen on Fig.5.
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on the planar side was impeded by a solid surface. In order to clearly
determine whether the other objects around which other bubbles
(hollow sphere like ones) nucleated were crystals as well, the in situ
timesteps were compared with the ex situ scans for each sample
(Fig. 7). The phase border enhancement revealed the presence of both
plagioclase crystals and small clinopyroxene crystals, both of which
had bubbles associated with them, i.e. nucleating on their surfaces.
Combining these two tomographic methods allowed us to accurately
determine a bubble's starting position and build a nucleation timeline
(Fig. 6).

Larger clinopyroxene grains were easily distinguishable in tomo-
graphic volumes, but smaller crystals proved to bemore difficult to dis-
cern (Fig. 7). Clinopyroxene crystals appeared homogeneous without
phase contrast in in situ scans but turned out zoned in ex situ scans.

8

were in exact equilibrium with their surrounding melt during starting
material synthesis, we conclude that the smaller clinopyroxene crystals
started to melt, but the partially molten part did not have time to mix
with the surrounding melt, producing an inner core and outer rim
appearance. The reason we see no difference between the core and
the outer rimwith in situ scans is that it is a structural and not a compo-
sitional difference. Large clinopyroxene crystals do not exhibit such
spike-like radial textures (Fig. 7).

The clinopyroxene crystals used as seeds are natural augites and
they contain inclusions of oxides, which are visible in the scanned
volumes. Since the inclusions are randomly distributed within the
clinopyroxene, there were also most likely present in the portions of
the smaller clinopyroxene crystals that partially melted during starting
material synthesis (i.e. in the outer rim). The question then arises if they



could have been pushed out to the new outer rim-melt interface, where
then they could have acted as bubble nucleation sites during in situ
vesiculation. We inspected both the in situ and the ex situ scans for

experiments (2 and 6 on a single oxide vs tens of bubbles on almost
all clinopyroxenes, and hundreds on almost all plagioclases), which
contrasts with earlier research (e.g. Gualda and Ghiorso, 2007;
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evidence of such oxide placement, and found none. We also inspected
the larger non-molten clinopyroxene crystal surfaces and found that if
an oxide inclusion/impurity was present at the interface it did not act
as a bubble nucleation site, while the impurity-free, non-molten
clinopyroxene surfaces did. If the oxides within the clinopyroxene
were the underlying reason for what appears as heterogeneous
nucleation on clinopyroxene surfaces,wewould expect the other oxides
present within the melt to behave the same, which they do not.
Combining these observations with those of inclusions and plagioclases
also nucleating bubbles, we see no evidence that oxide impurities
within the clinopyroxene crystals were the reason for heterogeneous
bubble nucleation on clinopyroxene surfaces.

Several plagioclase-bubble and clinopyroxene-bubble aggregates
were isolated from the phase contrast scan of sample 3-7 and divided
into sub-volumes to determine the number of bubbles that nucleated
on the respective crystals. Bubbles were segmented by combining the
watershed and morphological segmentation algorithms of ImageJ. Due
to the proximity of some bubbles (Figs. 7 and 8) the values obtained
only represent the minimum numbers of bubbles nucleated, and it
was often clear with the naked eye that the protocols applied could
not discern all the small bubbles present. For plagioclases theminimum
number of bubbles was between 110 and 365, while for clinopyroxenes
between 20 and 121. To compare, in sample 2b-8, a single oxide crystal
out of the 24 present nucleated 2 bubbles, and in sample 3-6 a single
oxide out of the 218 present nucleated 6 bubbles.

There is a strikingdifference in the number of bubbles that nucleated
on silicate crystal surfaces compared to those on oxide surfaces in our
Fig. 8.A comparison between the in situ and the ex situ tomographicmicroscopy images. For bot
clinopyroxene or a plagioclase crystal with their associated bubbles. The in situ slice correspo
difference between the end of scanning and quenching. In the ex situ image of sample 3-6 we
bubbles on their surfaces. The lowermost bubble in the sample 3-6 plagioclase 3D visualizatio
presented here is located 525 μm above the slice presented in Fig. 7.
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Hurwitz and Navon, 1994). There is no preferential spatial distribution
of silicates or oxideswithin the samples, i.e. there are oxides, of different
sizes, present in both the parts of the sample closer to the hotspot
(“hotter”) and in those further away from it (“colder” part). In many
places, we can observe a silicate and an oxide crystal in close proximity,
sometimes even an oxide between two silicate crystals, with bubbles
nucleating first on the silicates, in every experiment (Figs. 7 and 8,
sample 3-6).

A 2D axial slice from the in situ imaging that best shows bubble
growth with time was selected (Fig. 7) and subsequently stacked into
a time-lapse animation to illustrate the dynamic changes in the three-
phase system during the experiments (electronic supplements 1 and
2), along with time-lapse animations of bubbles growing on the two
different clinopyroxene crystal types in 3D (electronic supplements 3
and 4). A complete 3D visualization of the ex situ scans of samples 2b-8
and 3-6 from TOMCAT can be found in electronic supplement 5 and 6.

The in situ imaging allowed observation of the change in the contact
angle during bubble growth, which is a dynamic property not obtainable
in static scans. In cases where bubbles did not encounter neighbouring
bubbles on the crystal surface, the contact angle between the bubbles
and the clinopyroxene changes from amaximum of ~140°± 5° to amin-
imum of ~50° ± 5° (measured on 15 bubbles through ~20 timesteps).
When two bubbles come into contact their contact angles stop at 90°. In
the latter case, bubbles do not coalesce; instead, they continue to grow
outward into themelt. A thin layer of melt remains between the bubbles,
and they do not detach from the clinopyroxene during the duration of the
experiment (Fig. 6).
h samples, the same slice is presented for bothmethods, followed by a 3D visualization of a
nds to timestep t100, and it's ex situ counterpart is not completely identical due to a time
can see oxides within the melt, that grew during synthesis at high pressure, and have no
n is faded out because a bubble from another crystal indented it. For sample 3-6 the slice



Bubbles on plagioclase crystals appear as continuous bubble films on
the crystal surface and only with close inspection of the ex situ scans do
the thinmelt films between bubbles become visible (Fig. 7, sample 3-6).

the crystals during bubble nucleation and growth are: 1) the tempera-
tures at which the very first bubble nucleation events occurred (from
550 °C to 660 °C) are above the glass transition temperature for similar
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This suggests that bubbles nucleated individually on plagioclase sur-
faces, spread very quickly to occupy the available surface, all occurring
below the 3 μm pixel size used in these experiments. In the bubbles
that remained solitary on plagioclase crystals, the contact angle changes
roughly from 120° ± 5° to 75° ± 5° (measured on 15 bubbles through
~20 timesteps).

Bubbles nucleated on oxide surfaces in the very last few timesteps (if
at all; Fig. 6) and had a volume of only several voxels, which prevented
the quantification of their contact angle change.

4. Discussion

Weconsider that the simplest explanation of our data is that bubbles
nucleate directly on plagioclase and clinopyroxene in an andesitic
magma. However, this finding is at odds with many earlier observa-
tions; hence we must verify that no other nucleation processes were
active in our experiments. First, we discuss the possibility of bubble
nucleation on cracks in the glassy sample or crypto-heterogeneities in
the melt. Next, we consider the possible role of oxides as bubble nucle-
ation sites in our experiments, and we show that the 2D images used in
earlier studies can create the false idea that bubbles nucleate near
crystals, rather than on crystal-melt interfaces. If bubbles can nucleate
readily on plagioclase and clinopyroxene then there are other aspects
of the process that may be important. Asperities and edges play a role
in the nucleation of bubbles in some situations, but what was their
role here? Finally, we discuss dynamic changes in the contact angle
and the role of bubble detachment in magma degassing.

4.1. Lack of bubble nucleation on the cracks within the glass and crystals

We must discuss the possibility that bubble nucleation occurred on
cracks in the charge (observed with a nanoCT) while the material was
still a glass. If such cracks were nucleation sites then we would expect
to see bubbles forming during in situ scanning in linear and planar
arrays throughout the sample. This was never observed in these exper-
iments; hence we conclude that bubbles have not nucleated on such
cracks.

Wemust also consider the possibility that bubbles could have nucle-
ated on small cracks that formed along the crystal-melt (or glass)
boundaries due to the unequal expansion of crystals and glass during
in situ heating. Coefficients of thermal expansion (α298 K) are not
well known for natural materials and the closest we could find
are: 5.8 × 10−6 °C−1 for anorthite glass (Arndt and Häberle,
1973) or 4.5 × 10−6 °C−1 for aluminosilicate glass (Varshneya,
1994), 1.5 × 10−5 °C−1 for plagioclase (five value average for
An78Ab22 from Tribaudino et al., 2010), 3.33 × 10−5 °C−1 for
clinopyroxene (diopside, Cameron et al., 1973) and 2.06 × 10−5 °C−1

for oxides (magnetite, Skinner, 1966). Based on these values, all thema-
terials expand very similarly, but the smallest difference is between the
plagioclase and the glass. Hence, if expansion cracks were themain rea-
son for bubble nucleation, we would expect to see more bubbles nucle-
ating on oxides and/or bubbles nucleating sooner on clinopyroxene
than on plagioclase. We did not observe either phenomena and hence
reject this hypothesis.

Additionally, the argument that nucleation occurs at expansion
cracks implies that when bubbles start nucleating, the material around
the crystal is a glass, and not a melt, in which case bubble nucleation
and growth would cause further cracking of the glass, which again is
never observed in these experiments. From the initial stages of nucle-
ation and throughout their growth all bubbles display hemispherical
topologies, indicating that they do not encounter any differential
resistance from the surrounding material, which must be a melt. Two
additional arguments in favour of melt, rather than glass, surrounding
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composition andesitic glasses (Giordanoet al., 2005), 2) as heating com-
mences and before bubble nucleation starts, we observe the annealing
of quench cracks within the glass. However, where these cracks cut
across a crystal, they do not anneal and the crystal expands (Fig. 7, sam-
ple 2b-8). No bubbles formed in the intra-crystalline cracks during these
experiments, since the bubbles that formed on the outer crystal surfaces
prevented themelt from entering this newly available space. It is easy to
distinguish between these textures (un-annealed crystal cracks and the
bubbles) because of their different orientation: the former cut through
the crystal whereas the latter form along its boundaries. Furthermore,
there is a time difference between their formations. When bubbles
start to nucleate heterogeneously on silicate crystals that have an un-
annealed crack, we do not observe the expansion of this crack along
the crystal surface. Based on these arguments we conclude that the
bubbles nucleated and grew within a melt and not a glass, and that
cracks are not important for bubble nucleation in our experiments.

4.2. Lack of nucleation on crypto-heterogeneities in the melt

It has been proposed (Gardner et al., 1999) that nucleation could
occur on solid structures within the melt smaller than can be detected
with the image resolution used in this study. If this were the case in
our experiments, then we would expect to observe two phenomena:
First, these crypto-heterogeneities should be randomly present
throughout the melt. Crystal melting did not occur or was minimal
during the starting material synthesis, and the glass composition is
the same both close to and far away from crystals. The SEM composi-
tional analysis (electronic supplement 7) showed no difference in
glass composition close to and further away from the crystal. Hence,
we see no reason for localisation of crypto-heterogeneities closer to
the crystals rather than further away from them. Second, if bubbles nu-
cleated on crypto-heterogeneities close to the crystal instead on the
crystal surface, we would see their shape change from spherical to
hemispherical once they encounter the crystal surface. One could
argue that in the first timesteps, where bubbles are identified by only
a few voxels, there is not enough information to determine their
shape. However, we would then also expect to see bubbles forming
on such crypto-heterogeneities sufficiently far away from the crystal
for us to be able to track their shape, yet, no bubbles are forming away
from the crystal at the same time as those that form at the crystal-
melt interface. Hence, we see no reason neither for localisation of
crypto-heterogeneities closer to the crystals rather than further away
from them nor for bubble nucleation on them. In the volumes imaged
ex situ, bubble walls were inspected for the presence of small oxides
or any other phases that could act as suchheterogeneities, unobservable
from in situ scans alone, and none were found.

4.3. Lack of nucleation adjacent to the crystals (“melt films”)

Some recent studies have described the presence of bubbles close
to silicate crystal surfaces, but separated from them by a melt film
(e.g.Giachetti et al., 2010, 2011). However, we believe that this observa-
tion could be an artefact of observation in 2D. We show a similar situa-
tion in Fig. 9a–c, where a bubble was imaged by SEM in a section cut
from sample 3-7, already imaged in 3D. If the SEM images were the
only information at our disposal, we might have concluded that
the bubble in question nucleated homogeneously in the melt, close to
the crystal surface. However, in the reconstructed 3Dvolume it becomes
clear that the 2D cross-section in question does not contain the bubble's
maximum diameter. The maximum diameter plane is in fact located a
few micrometers below the SEM cross-section, and there the bubble
and plagioclase crystal are in contact. For the sample in question, the
SEM cross-section contains other plagioclase crystals with bubbles in



contact with their surfaces (Fig. 9g–i), but this example shows the
importance of 3D (and 4D) imaging in correctly identifying a bubble's
position.

bubbles nucleating elsewhere in the melt and growing towards the
silicate crystals (e.g. Giachetti et al., 2010).

Fig. 9. Post-process images of sample 3-7, observed with a SEM and with propagation-based phase contrast synchrotron radiation microCT. Each of the 4 rows presents the same feature.
There is an angular difference of 15° between the two methods, so the scans are not identical. a, b) Plagioclase crystal imaged with SEM. A series of bubbles can be seen very close to the
plagioclase border. Only the one of the furthest right side appears to be in contact with the jagged surface of the plagioclase. c) The same plagioclase crystal, seen with propagation-based
imaging. Thepale line along the border of the crystal is the x-ray equivalent to theBecke line. Due to the tilt between the two different planes, image c is 10 μmbelow images a and b, but on
it we see all the bubbles in direct contact with the plagioclases – an example that demonstrates how 2D observations can lead to erroneous assumptions. d, e) Clinopyroxene crystal with
bubbles on its surfaces.We see the bubble in direct contact and a part of the crystal that presumably startedmelting. f) The same clinopyroxene crystal seen from a slightly tilted plane.We
seemore bubbles on the right-hand side, with a hemispherical topology, due to contactwith the crystal. g, h) Plagioclase crystal with a bubble on its surface. The zoomed image shows the
absence of anymelt film between the bubble and the plagioclase. i) The same bubble on the tilted plane.We see the contact area between the bubble and the plagioclase is now larger and
that the curvature of the bubble follows the surface of the plagioclase. j, k) A plagioclase and a clinopyroxene crystal in contact. Only the outer rim of the clinopyroxene is visible, with
bubbles around it. We see the outer rim consists of spikes (compositionally the same to the core) and that bubbles are located in between the spikes. l. On the lower magnification
propagation-based image we can observe two clinopyroxenes and we see that the one on the left-hand side has larger bubbles on its outer rim, which appear unaffected by its spiked
surface.
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For comparative purposes, we imaged two natural samples, one an-
desitic fromMontserrat and the other basaltic from Stromboli (Fig. 10).
The textures produced around silicate crystals present in both those
samples are very similar to those in our in situ scans, and can also be
compared to other published textures (e.g. Giachetti et al., 2010, 2011;
Hurwitz and Navon, 1994). All examples lack a melt film between the
plagioclase crystals and the bubbles, based on microCT ex situ scans.
Due to our in situ observations, the mechanisms that produce such tex-
tures can now be explained as bubbles nucleating on the silicate-melt
interfaces and growing outward instead of the previous explanation of
4.4. Bubble nucleation and surface asperities

In many studies in volcanology, material science and fluid dynamics,
the surface characteristics of a potential bubble nucleation site are
regarded as extremely important (e.g. Atchley and Prosperetti, 1989;
Hurwitz and Navon, 1994). It is generally accepted that the rougher
parts of an interface are less wetted by the surrounding liquid/melt,
and hence have a higher potential for heterogeneous bubble nucleation
(Atchley and Prosperetti, 1989; Blander and Katz, 1975; Cole, 1974).
At the 3 μm resolution of the in situ tomography, the surfaces of



clinopyroxene appear smooth and the plagioclase surface is not visible;
hence we examined both minerals at higher resolution with phase
contrast ex situ tomography and scanning electron microscopy

not so sensitive to surface energy changes. This is also visible for
clinopyroxenes with spiked outer rims, where bubbles on the spiked
rim have grown to sizes much larger than a single spike, i.e. they are

Fig. 10.Comparison of bubble-crystal textures in experimental charges and natural samples visualized usingmicrotomography. Plag=plagioclase. a. Experimental sample 3-6 of andesitic
composition. Three plagioclase crystals are visible on the outer border of the melt, each surrounded by bubbles that nucleated and grew on the crystal surface. b. Natural sample from
Monserrat, of andesitic composition. In the center of the image, there is a plagioclase crystal in contact with gas bubbles. The longer axis of the majority of the bubbles appears
perpendicular to the plagioclase surface, giving the appearance of an arrangement of bubbles radiating from the crystal outward. c. Natural sample from Stromboli, of basaltic
composition, with another plagioclase crystal in contact with bubbles. We see both large and small bubbles, all following the crystal's surface morphology. Cases such as b and c were
until know interpreted as bubbles growing towards a crystal (e.g. Giachetti et al., 2010), after nucleating elsewhere.

543P. Pleše et al. / Lithos 296–299 (2018) 532–546

2

(Fig. 8). The plagioclase crystals have very angular morphologies,
consistent with fracture along cleavage planes and show no signs of
melting during starting material synthesis. Ex situ phase contrast
revealed that bubbles are on plagioclase surfaces but give no additional
information on the surfaces themselves, as they appear smooth at a
resolution of 0.65 μm. Scanning electron microscopy did reveal the
presence of some crevices with bubbles (Fig. 9a–c). In ex situ phase
contrast, both the clinopyroxene core and rim surfaces appear smooth,
however scanning electron microscopy revealed that the outer rim
surface is in fact highly irregular and full of pits (Fig. 9j–l) visible at a res-
olution of 0.65 μm. However, for both plagioclase and clinopyroxene,
bubbles have nucleated on both the irregular and the smooth parts of
the crystals. Hence, the irregularities present acted as nucleation sites,
but there is no evidence to suggest that nucleation occurred more
frequently at asperities than at what appear to be smooth surfaces at
the maximum resolution used in this study.

4.5. Effect of crystal edges on bubble nucleation and growth

Conventional heterogeneous bubble nucleation theory (Navon and
Lyakhovsky, 1998) shows that changes in the surface energies involved
in a crystal-bubble-melt assemblage (equations found in Hurwitz and
Navon, 1994), would be manifested by a change in the bubble-crystal
contact angle. The crystals' contribution to the crystal-melt and the
crystal-bubble surface energy would then be dependent on the crystal
plane in question, as different crystallographic planes have different
surface energies (Eustathopoulos et al., 1999). Furthermore, if a bubble,
while spreading on a crystal surface were to encounter a change in the
crystal plane, such as a crystal edge or corner, the abrupt surface energy
change would make it an ideal place for bubble growth to stop or per-
haps to induce a rapid change in contact angle that could cause the bub-
ble to detach. The plagioclase crystals and large clinopyroxene crystals
in our study exhibit such angular morphologies, where cleavage planes
intersect (Fig. 7, sample 2b-8). During the in situ scanning, we observed
bubbles forming on cleavage plane surfaces and spreading along them.
When they encountered a crystal edge, bubbles extended around it
and continued to spread on the new crystallographic plane with no
change or pause in growth rate. This observation leads us to conclude
that either the surface energy differences between crystallographic
planes of a single crystal are not different enough to affect the assem-
blages' combined surface energy, or that perhaps the assemblage is
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in contact with several spikes, but do not seem to be influenced by
such an irregular surface (Fig. 9k, l). The possibility of the crystal-melt
surface energy not playing as big of a role in the melt-crystal-bubble
assemblage as previously thought might be why silicate crystals were
favoured over oxides as bubble nucleation sites in our experiments.

4.6. Contact angle changes and possible bubble detachment

The bubble contact angle is an extremely important parameter, yet
much of the existing data have significant limitations. Firstly, in all stud-
ies thus far (Fig. 2), the measurement of the contact angle was done in
2D and the value assumed to be representative of the actual, 3D value.
This may not be correct and such data must be viewed with caution.
Secondly, contact angles are frequently observed in the final, static
state of the sample. It is evident that contact angles change as bubbles
grow and this can only be recognized in dynamic observations. In our
study the bubble contact angle on both plagioclase and clinopyroxene
surfaces decreased with time, at least until a neighbouring bubble was
encountered. A decreasing trend in the contact angle leads us to consid-
er that there is a possibility that it would continue to decrease to zero, if
a bubble was solitary, at which point the bubble will detach from the
crystal (a zero degree contact angle implies no contact).

Gualda and Ghiorso (2007) considered that a bubble-silicate crystal
pair would tend to detach, contrary to a bubble-oxide pair that would
tend to remain attached. Our decreasing contact angles is in agreement
with their findings, since it is intuitively clear that detachment of any
bubble from any surface would be expressed by an angle decrease,
while attachmentwould be expressed through a contact angle increase.
This process (contact angle hysteresis) is well documented and
extensively studied in chemistry, material sciences and engineering
(e.g. Hirth et al., 1970; Whyman et al., 2008).

Even thoughwe observed a consistent decrease in the contact angle,
we did not observe bubble detachment during our experiments. This
was anticipated due to the low water content in our samples (0.25–
0.5 wt% H2O) and the short experimental duration (50 s). If we were to
take for example an andesite with 6 wt% H2O and a viscosity of 10 Pa s,
and using Stokes' law velocity, it would take a bubble of 100 μm radius
3.3 s to move 10 μm away from its initial location. In our case, the water
content ismuch lower, hence the viscosity is higher and the bubble veloc-
ity is orders of magnitude slower. Since the imaging of bubble develop-
ment was the primary aim of our experiments, we stopped scanning



before any potential detachment could take place. In our experiments,
complete detachment would also be difficult to observe due to homoge-
neous bubble nucleation that takes place as the temperature rises and

reactivated for the nucleation of new bubbles. It is this possibility that
makes silicate crystals much more interesting than oxide crystals for
the study of bubble nucleation and magma degassing.

Ourfindings show that heterogeneous bubble nucleation on silicates
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essentially fills up all the space within the sample. Additionally, our
heterogeneously nucleated bubbles are not solitary, but in contact one
with the other and thus they interact with one another. This makes it
harder for a solitary bubble to detach from the bubble cluster formed on
the crystal surface. In a natural system, solitary bubble detachment from
a crystal surface would occur when the critical radius of either bubble
or crystal is surpassed (i.e. when the detachment force becomes greater
than the attachment force; Gualda and Ghiorso, 2007), if at that point,
there is space available in the surroundingmelt (i.e. homogeneous bubble
nucleation has not yet occurred).

We envision two possible mechanisms of bubble cluster detach-
ment: simple cluster detachment and coalescence induced detachment
(Fig. 11). 1) If the bubble cluster does not encompass the crystal's entire
surface, at a certain point along the bubble-crystal-melt contact line,
melt can protrude between the flank bubble(s) and the crystal, at the
point in time when the detachment force surpasses the attachment
one (forces defined in Gualda and Ghiorso, 2007). This could lead to a
chain reaction, where after the first bubble starts to detach, it's immedi-
ate neighbours follow suite, preferring to maintain the bubble cluster
intact than to remain on the silicate crystal surface. 2) Instead of main-
taining individual thinmelt films between each neighbouring bubble, in
an effort to reduce the bubble cluster's total surface energy, bubble
coalescence occurs (either between just two neighbouring bubbles, or
more). This coalescence event leads to an abrupt bubble-crystal contact
angle change and the total surface energy decreases, provoking bubble
detachment. Both hypotheses would be possible if heterogeneous
bubble nucleation is the primary nucleation process, and homogeneous
nucleation is secondary. In both hypotheses the silicate crystal surface is
Fig. 11. Possible bubble-crystal detachment scenarios. a–c) Schematic representation of observe
a silicate crystal surface. Here, theflank bubbles start to detach first and the rest follow, preservi
Here, bubble coalescence occurs first, and the decrease in bubble surface energy provokes deta
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5. Conclusions
can occur in magma and should not be ignored. We also demonstrate a
decreasing trend in bubble-crystal contact angles, indicating a tendency
for detachment, in accordance with published work on low silicate
crystal-bubble affinity (Gualda and Ghiorso, 2007). This indicates that
silicate crystals can generate bubbles and subsequently lose them,
thereby freeing their surfaces to nucleate bubbles again.

Combining heterogeneous bubble nucleation on silicate crystals
with the possibility of detachment could offer an explanation as to
why inmany natural and experimental systems there are more bubbles
found than oxide crystals could be expected to produce (see Shea,
2017). Instead of homogeneously nucleating within the melt, as
generally proposed, the excess of bubbles could have been generated
on silicate crystal surfaces present in these systems. We show that
heterogeneous bubble nucleation on silicates is possible, and that,
given the possibilities of 4D imaging and in the light of our findings,
the explanations for certain textures in both natural and experimental
samples should be reconsidered. We emphasize that observing the
contact angle change (increase or decrease) via time-resolved, in situ ex-
periments is the best way of determining a bubble's affinity for a crystal
surface. We were also able to directly confirm that the contact angle
changes during bubble growth and that the post-process angles reported
thus far in the literature are unlikely to be true angles, as suggested by
Gardner and Denis (2004).
d bubble growth during in situ experiments. d–f) Hypothesis 1 for bubble detachment from
ng a bubble cluster. g–i) Hypothesis 2 for bubble detachment from a silicate crystal surface.
chment.



The minimum number of bubbles that nucleated on minerals in our
experiments can be used to demonstrate the relative bubble nucleation
efficiencies of their surfaces. Such a comparison can be safely made
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within our experimental suite, wherein every sample the melt compo-
sition, individual mineral species composition and initial water concen-
tration were constant. In other words, the only changing parameters
between different minerals were the crystal-melt and crystal-bubble
surface energy, so we can say that the silicate crystals were more
efficient than the oxides. It is very tempting to apply this difference in
efficiency to other systems with different melt and mineral composi-
tions and water concentrations; however, the authors warn against
making direct extensions without further experiments. Nevertheless,
our finding that clinopyroxene and plagioclase crystals dominate as
sites of bubble nucleation in andesitic melts shows that the possible
effect of these crystals on vesiculation and therefore the effusive to
explosive transition (Bai et al., 2011) should be taken into account.

If the role of silicate crystals in bubble nucleation is viewed in this
light, their importance in bubble nucleation models and eruption pre-
diction models changes considerably, from being an almost neglected
parameter to becoming perhaps one of the governing ones – a phenom-
enon worthy of further research.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2017.11.024.
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