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Abstract

Melt degassing by bubble nucleation and growth is a driving mechanism of magma ascent.
Therefore, decompression experiments with hydrous silicate melts were used to investigate the
onset and the dynamics of H,O degassing. Nominally H,O-undersaturated trachytic Campi
Flegrei and phonolitic Vesuvius melts representative for the magma compositions of the Campi
Flegrei volcanic system were decompressed at a super-liquidus temperature of 1050 °C from 200
MPa to final pressures (Pfinq) of 100, 75 and 60 MPa using continuous decompression rates of
0.024 and 0.17 MPas™. Experiments started from either massive glass cylinders or glass powder
to demonstrate the influence of the starting material on melt degassing. Glass powder can be used
to shorten the equilibration time (Z,) prior to decompression for dissolution of H,O in the melt.
The decompressed samples were quenched and compared in terms of bubble number density
(Np), porosity and residual H,O content in the melt.

Decompression of all glass cylinder samples led to homogeneous bubble nucleation with high
Ny of ~10° mm™. The supersaturation pressures for homogenecous bubble nucleation were
estimated to be <76 MPa for the trachytic and <70 MPa for the phonolitic melt. In contrast to
glass cylinders, the usage of glass powder equilibrated for 24 h before decompression prevented
homogeneous bubble nucleation during decompression. We suggest that trapped air in the
powder pore space resulted in the formation of tiny H;O-N; bubbles throughout the samples prior
to decompression. Degassing of these glass powder samples was facilitated by diffusive growth
of these pre-existing bubbles and thus did not require significant H,O supersaturation of the melt.
This is evidenced by several orders of magnitude lower Ny and lower residual H,O contents at
correspondingly higher porosities compared to the glass cylinder samples. However, a significant

extension of #, to 96 h in the glass powder experiments led to degassing results comparable to
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the glass cylinder samples. This effect is probably due to Ostwald ripening, coalescence and the
ascent of the pre-existing bubbles during the extended ¢, prior to decompression.

The Ny of the glass cylinder samples were used to test the applicability of the vesiculation
model provided by Toramaru (2006). For the applied decompression rates, the experimental Ny
are up to 5 orders of magnitude higher than the values predicted by the model. This may be
mainly attributed to the usage of the macroscopic surface tension and the total H,O diffusivity in
the model to describe the molecular process of bubble nucleation. A significant increase in
modeled Ny can be achieved by application of a reduced surface tension in combination with the
lower diffusivity of network formers as a limiting parameter for the formation of a bubble
nucleus.

This study demonstrates that the investigation of homogeneous bubble nucleation necessitates
an optimized experimental protocol. We strongly recommend to perform experiments with
massive glass cylinders as starting material. The timescale of decompression is a limiting
parameter and must be short enough to minimize the opportunity for a reduction of Ny by bubble
coalescence. Considering our comparably high Ny, the samples of many previous experimental
studies that were used to calibrate models for homogeneous bubble nucleation were probably
subject to significant Ny reduction. Newly derived data from optimized experiments will require

improved models for homogeneous bubble nucleation during magma ascent.

Keywords: Campi Flegrei, magma ascent, decompression experiment, homogeneous bubble

nucleation, H,O degassing, bubble number density
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Introduction

The Campi Flegrei (CF) are an active volcanic system in the Campanian plain close to the
densely populated area of Naples (Italy). The CF volcanism is characterized by mainly explosive
activity with both magmatic and hydromagmatic episodes (e.g. Mastrolorenzo and Pappalardo,
2006). The main structural feature is a nested caldera that formed during two main collapses
(Orsi et al., 1992) related to catastrophic eruptions: the 39 ka Campanian Ignimbrite (CI) and the
14 ka Neapolitan Yellow Tuff events. During the CI super-eruption 150-200 km® dense rock
equivalent of magma were emitted and spread as ignimbrites over 30000 km? (De Vivo et al.,
2010; Rolandi et al., 2003). A geophysical anomaly beneath the whole Neapolitan area suggests a
huge and long-lived deep magma chamber shared by the CF and the Vesuvius stratovolcano,
which is in direct neighborhood to the city of Naples (Pappalardo and Mastrolorenzo, 2012). The
present bradyseism in the CF indicates magmatic activity that could lead to potentially
catastrophic eruptions that threaten millions of people in this highly populated area (De Vivo et
al., 2010). Such eruptions are driven by violent magmatic ‘degassing’. This term is used to
describe the exsolution of a supercritical fluid phase from the ascending magma due to
decreasing volatile solubility in the silicate melt. The driving degassing process is the exsolution
of H,O from the melt as main volatile component in most magmatic systems (Sparks, 1978).
However, these dynamic degassing processes beneath volcanic systems cannot be observed
directly in nature. Therefore, the simulation of magma ascent by decompression experiments with
volatile-bearing silicate melts is essential to understand these processes.

Pressure (P) decrease during magma ascent results in volatile supersaturation in the melt that
initiates nucleation and growth of fluid bubbles. These processes cause a substantial density
decrease and influence the viscosity of the ascending magma (e.g. Gonnermann and Manga,

2007). Therefore, melt degassing is the driving force for increased ascent rates. In volatile-
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saturated magmas, degassing during decompression can be facilitated by growth of pre-existing
bubbles. Increasing supersaturation during magma ascent may trigger heterogeneous and/or
homogeneous bubble nucleation and growth, depending on the presence of heterogeneous
nucleation sites such as crystals. In case of heterogeneous bubble nucleation, the required
supersaturation P can be significantly reduced compared to bubble nucleation in a crystal-free
homogeneous melt (Hurwitz and Navon, 1994; Toramaru, 1989). Increasing ascent velocities
may cause multiple nucleation events due to the change from a diffusion-controlled to a
viscosity-controlled regime (Toramaru, 1995). However, the occurrence of multiple nucleation
events is also dependent on the bubble number density (Ny) and the size of the pre-existing
bubbles (Toramaru, 2014). The bubble nucleation record can also be influenced by Ostwald
ripening and coalescence, both reducing Ny (Toramaru, 2006). The complex degassing history of
natural volcanic rocks often conceals the record of the onset of degassing. Therefore,
homogeneous bubble nucleation has already been investigated in experimental studies (e.g.
Gondé et al., 2011; Mangan and Sisson, 2000; Mourtada-Bonnefoi and Laporte, 2002).

In many other previous degassing studies glass- or natural volcanic rock powder was used as
starting material for decompression experiments (e.g. Gardner et al., 1999; Martel and Iacono-
Marziano, 2015; Mastrolorenzo and Pappalardo, 2006; Suzuki et al., 2007). Experiments starting
from glass powder and excess H,O produce numerous small hydration bubbles in the melt prior
to decompression. Diffusive growth of such pre-existing hydration bubbles can inhibit nucleation
and growth of decompression bubbles in the fluid depleted drainage zone of the hydration
bubbles during decompression (Gardner et al., 1999; Larsen and Gardner, 2000). However, pre-
existing bubbles in the melt do not exclusively form due to excess H,O in the capsule. Nominally
H,O-undersaturated starting conditions using glass powder are suggested to produce air (or

simplified N,) bubbles in the melt prior to decompression (Mourtada-Bonnefoi and Laporte,
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2002; Simakin et al., 1999) due to the air in the pore space of the powder, which is entrapped
during capsule preparation. These bubbles in the melt may then have the same effect on
degassing as pre-existing hydration bubbles and facilitate equilibrium degassing paths during
decompression. Thus, it is important to consider the effects of starting material and volatile
contents in the experimental samples on degassing.

In this study, the H,O degassing behavior of two magma compositions (a trachyte from the CI
super-eruption and a K-phonolite from the Vesuvius AD 79 plinian eruption) was investigated at
constant decompression rates to simulate the degassing scenarios of magma compositions
representative for the still active Campi Flegrei volcanic system. Decompression experiments
starting from glass powder and massive glass cylinders are compared in terms of the onset and
extent of degassing. The experimentally derived bubble number densities are used to test the
applicability of the wvesiculation model of Toramaru (2006), which was developed for
homogeneous bubble nucleation at a constant decompression rate. Experimental limitations are
outlined and will contribute to improve the investigation of homogeneous bubble nucleation in

silicate melts.

Experimental and analytical procedures
Starting material
The starting glasses for all experiments were synthesized by mixing fired oxide (SiO,, TiO,,
Al,O3, FeO, MnO, MgO), dried carbonate (CaCOj;, Na,COs, K,CO3) and (NH4),HPO4 powders
according to the analysis of the CI Triflisco composition (OF17c1-sp) and the Vesuvius “white
pumice” composition (VAD79) reported in Civetta et al. (1997) and Iacono Marziano et al.
(2007), respectively (Table 1). The powder mixtures were ground and homogenized for 30 min in

a zirconia ball mill and fused in a PtooRh;¢ crucible for 6 h at 1600 °C. Afterwards, the crucible
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was rapidly quenched in water. The final homogenization was carried out by grinding the glass
batches for 20 min in the ball mill and fusing the glass powders for 1 h at 1600 °C. This step
leads to the formation of Nj-rich bubbles (due to entrapped air in the pore space of the glass
powders) during melting. Most of these bubbles ascended to the surface of the melt batch during
fusing. However, it is possible that some N,-rich bubbles remained in the melts due to the limited
fusing timescale. The amount of residual bubbles is also influenced by bubble size and viscosity
of the melt that affect bubble ascent. Instead of a rapid quench in water, the melts were cooled
down moderately by an air-fan in order to inhibit tension cracks in the glass. The cooling rate was
fast enough to prevent the melt from partial crystallization. 6 - 7 mm long cylinders with 5 mm in
diameter were drilled out of the glasses and ground at the edges. For the applied decompression
rates in this study, Marxer et al. (2015) showed that 5 mm cylinders provide sufficient space for
homogeneous bubble nucleation and growth in the capsule center that is unaffected by
heterogeneous bubble nucleation processes at the capsule-melt interface and the corresponding
diffusional loss of H,O towards the capsule wall.

A calibrated 10 ml pycnometer (£5 pl) was used to determine the porosity of several glass
cylinders. The reference densities of the nominally dry, bubble-free glasses were calculated by
the model of Appen (1949) modified by Kloess (2000). The resulting density of the CI glass is
2508 g1 and 2496 g1 for the VAD79 glass. The pycnometer density measurements of the CI
glass cylinders (2507+15 g1”', 4 cylinders measured) matched the calculated density for the CI
composition and indicate porosities <1 %. The derived porosity of the VAD79 glass cylinders
(2403+48 g-1", 10 cylinders measured) varies between 1 - 6 %. These porosities are confirmed by
bubble phase proportions derived from image analysis of halved glass cylinders.

After drilling, the residual glasses were crushed and different grain size fractions were

separated by sieving. A 1:1 weight fraction mixture of grain sizes from 500 — 200 um and <200
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um was used as starting material to minimize the porosity during capsule preparation. The
porosity of the powder was determined by complete filling and weighing a cylindrical steel
container with 5 mm inner diameter and 10 mm height. The loose powder mixture has a porosity
of ~46 %. Compaction of the powder with a piston and a hammer in a cylindrical steel container
with 5 mm inner diameter resulted in a porosity of ~29 %, which is suggested to be the initial

porosity of powder in the filled capsule.

Capsule preparation

Gold-Palladium (AugoPd,o) was chosen as capsule material for all experimental runs because
of the temperature (7) range of the experiments (1300 — 1050 °C) and to inhibit iron loss from the
melt into the capsule material (e.g. Kawamoto and Hirose, 1994). AugoPd,¢ tubes (inner diameter
5 mm, wall thickness 0.2 mm) were cleaned in acetone and annealed at 850 °C under atmospheric
conditions over night to soften the material for further processing. All experiments were
performed in 13 mm long capsules with a welded lid at the bottom. The capsules were loaded
with either glass powder (~220 mg, compacted with a piston) or a glass cylinder (~280 mg) and
additional H,O. The capsule top was crimped with a drill chuck and welded shut. Possible
leakage was checked gravimetrically after heating the capsules at 110 °C for at least one hour.
Additionally, all capsules were pressurized at room temperature for a few minutes in a cold-seal
pressure vessel at 100 MPa with water as pressure medium to ensure the structural integrity of the
capsule. A gain of weight due to the infiltration of water into the capsules through microscopic

leaks was not observed.

Experimental method
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All experiments were conducted in a vertically operated internally heated argon pressure
vessel (IHPV) at intrinsic oxygen fugacity (fO,) conditions. At H,O-saturated conditions, the fO,
was determined to be ~3.5 log units above the fO, of the quartz-fayalite-magnetite (QFM) solid
oxygen buffer (Berndt et al., 2002). The IHPV is equipped with a rapid quench (RQ) device that
facilitates a maximum sample cooling rate of approximately 150 K-s' (Berndt et al., 2002),
depending slightly on the mass and the heat conductivity of the capsule. At RQ, the capsule is
dropped from the hot spot zone into the cold quench zone of the sample holder. Rapid cooling
causes tension cracks in the glassy state. To minimize cracks in the samples, a 55 mm long
ceramic filler rod was inserted into the quench zone to slightly reduce the cooling rate during RQ
of our experiments. Alternatively, shutting down the furnace while the capsule remains
suspended in the hot spot zone quenches a sample with a lower cooling rate of ~150 K'min™ and

is referred to as normal quench (NQ) in this study. Both RQ and NQ were performed isobarically.

Isobaric experiments

A set of three isobaric experiments (IB-C-1a, IB-C-b, IB-C-2, Table 2) starting from CI glass
cylinders was performed to check the equilibration time (%) for a homogeneous dissolution of
H,0O within the melt and to characterize the starting conditions just before decompression. The
samples with ~4.7 wt% H,O were run at 200 MPa and 1300 °C for a t,, of 96 h. The equilibration
temperature (7.,) of 1300 °C was chosen to keep 7., as short as possible, because the total H,O
diffusion in silicate melts increases exponentially with 7" (e.g. Nowak and Behrens, 1997). After
teq, One sample was quenched rapidly, whereas the T for the other two samples was lowered to the
decompression temperature of 1050 °C. After an additional annealing time of 30 min, these two

samples were quenched by either RQ or NQ to investigate the influence of the cooling rate on the
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hydrous melt. Isobaric experiments with the VAD79 composition (REF02-12) are documented in
Marxer et al. (2015).

A set of four isobaric experiments with CI glass powder as starting material was conducted at
200 MPa and 1300 °C with different H,O contents (Table 2). These powder samples were
equilibrated for 24 h and quenched rapidly. The resulting H,O-bearing glasses (IB-P-1 to 4) were
used to verify the near infrared (NIR) absorption coefficients for the trachytic composition (Table
2) given in Fanara et al. (2015). The NIR measurements of the isobaric samples showed that z.,’s
of 96 h for cylinders (IB-C-1a, IB-C-b, REF12) and 24 h for powder (IB-P-4) are sufficient to

dissolve H,O in the melt homogeneously.

Decompression experiments

Four sets of degassing experiments starting from nominally H,O-undersaturated conditions
using both glass powder and massive cylinders were conducted with identical decompression
parameters to investigate the influence of the starting material on melt degassing. CI and VAD79
samples were equilibrated with about 4.7 wt% H,O at 200 MPa and 1300 °C. The ¢, was always
96 h for experiments starting from glass cylinders. The powder samples were equilibrated for
either 24 or 96 h (Table 3) to investigate the effect of #,, on melt degassing. After 7., the 7 was
lowered to 1050 °C and the samples were annealed for 30 min. Starting from these super-liquidus
conditions (Fanara et al., 2012; lacono Marziano et al., 2007; Marxer et al., 2015), isothermal
decompression was performed by continuous P release using a high-pressure low-flow metering
valve equipped with a piezoelectric nano-positioning system (Marxer et al., 2015; Nowak et al.,
2011). The continuous decompression rate was either 0.024 or 0.17 MPa's” down to a final
pressure (Ppnqa) of 100 MPa. Further glass cylinder samples were decompressed to a lower Py

of 75 and 60 MPa (Table 3). At Pj,q, all samples were quenched rapidly at isobaric conditions.
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Sample preparation

Several pieces of the CI and VAD79 starting glasses from different locations in the melting
crucible were embedded in epoxy resin racks for chemical analysis by electron microprobe
(EMP). The surfaces of all racks were ground, polished and coated with carbon using a carbon
sputterer. After the experiments, the capsules were checked for weight loss due to possible
leakage. The capsules were cut longitudinal along the cylinder axis in two halves. One half was
directly embedded in epoxy resin racks for examination with a scanning electron microscope
(SEM) to generate high-resolution backscattered electron (BSE) images. The other half of a
sample was removed from the capsule, embedded and double-sided ground and polished down to
a thickness of 150 - 200 um for Fourier transform infrared (FTIR) measurements and transmitted

light microscopy (TLM).

EMP analysis

The nominally dry CI and VAD79 starting glasses were analyzed by WDS measurements
using a JEOL JXA 8900 R electron microprobe at an accelerating voltage of 15 kV and a beam
current of 4 nA. The glasses were analyzed with a defocused beam of 20 um in diameter to
inhibit loss of alkalis (Stelling et al. 2008). The peak counting times were set to 10 s (Na), 16 s
(Si, Al, Fe, Mg, Ca, K) and 30 s (Ti, Mn, P). The results of these WDS analyses are presented in

Table 1.

FTIR spectroscopy
The residual total H,O concentrations of the glasses were determined by NIR measurements

with a Bruker Vertex 80v FTIR-spectrometer. A CaF, beam splitter and a halogen light source
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were used. The spectrometer is coupled to a Hyperion 3000 IR-microscope with a motorized
sample stage, enabling sequences of spatially resolved measurements. NIR absorption spectra
from 4000 to 6000 cm™ of the glasses were recorded in transmission mode using a 15x IR
Cassegrain objective and an In-Sb single element detector. The spectra were collected with 32 -
50 scans at a resolution of 4 cm™. The spectrometer was evacuated and the microscope was
flushed continuously with dried air to minimize influence of atmospheric HO. The knife-edge
aperture was set to 30x30 (VAD79) or 50x50 um (CI) and reference spectra were taken without a
sample in the beam path. The total H,O content was determined from the peak heights of
absorption bands at 5210 cm ' (molecular H,O) and 4470 cm™ (OH)) as sum of the species
concentrations (e.g. Behrens and Nowak, 2003; Scholze, 1960). Tangential baselines fitting the
minima on both sides of each band (Ohlhorst et al., 2001) were used for the trachytic samples. A
linear background correction was applied to the phonolitic samples (Iacono Marziano et al.,
2007). A Mitutoyo digital micrometer was used to measure the thickness of the samples with an
accuracy of 2 - 3 um. The molar absorption coefficients and the density (p) data of the hydrous
CI glasses were adopted from Fanara et al. (2015). The absorption coefficients are 0.98(3) and
1.19(2) I'mol™-cm™ for the 5210 and 4470 cm™ band, respectively. The density was calculated by
the equation (p [g1'] = 2457-24-wt% H,0) using the gravimetrically determined initial H,O
contents. The corresponding data for the VAD79 composition are provided in lacono Marziano et
al. (2007). The densities of the hydrous VAD79 glasses were calculated by (p [g1'] = 2470-
13-wt% H,0) and the molar absorption coefficients are 1.18(11) and 1.14(9) I'mol™-cm™ for the
5210 and the 4470 cm™ bands, respectively. Total H,O concentration distance profiles of the
hydrous glasses of isobaric experiments were monitored by at least 10 individual NIR
measurements parallel and perpendicular to the cylinder axis and averaged H,O contents are

presented in Table 2.
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SEM and 2D image analysis

BSE images of polished sample sections were recorded with a LEO 1450 VP SEM. Each
sample was mapped by taking 80 - 130 single images with a resolution of 1024x768 pixels at a
magnification of 120 - 300x. Additionally for sample CD-C-5, four different excerpt areas were
mapped at a higher magnification of 880 - 1100x. The single images were stitched together and
used to determine the bubble number density (Ny) in suitable samples. The bubble number
density normalized to pure melt or glass volume (Ny(n)) provides information about nucleation
processes during decompression. The bubble intersections were redrawn in a separate image layer
and loaded into the ImagelJ 1.47 software (Schneider et al., 2012). The bubble intersections were
fit with ellipses to determine 2D porosities of the vitrified samples. The axes lengths of the
ellipses were imported into the CSDCorrections software (Higgins, 2000) for the calculation of
3D porosities and bubble number densities. A detailed description of this method is provided in
Marxer et al. (2015).

The intersection probability of bubbles (or other objects) in a 2D cut plane decreases with the
3D bubble diameter (e.g. Higgins, 2006). The corresponding decrease in the 2D intersection
diameter (and in depth of the bubble pit in a polished sample) may complicate proper
identification and distinction from other surface features of the specimen. Bubble number
densities based on direct 3D sample information may therefore be more reliable in case of very
small bubbles on a pm scale. For this study, the Njy-values of samples or parts of samples that

contain such small bubbles were determined using transmitted light microscopy.

Transmitted light microscopy
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The NIR samples were also examined with a Zeiss Axio Imager M2m microscope to obtain
3D information on Ny in samples with bubbles of only several um diameter. The microscope is
equipped with a motorized sample stage. The Fission Track Studio software “Trackworks”
(Autoscan Systems) was used to manually count all observable bubbles in selected sample
volumes. The analyzed cuboid volume is confined by the field of view and the thickness of the
glass section. The field of view was either 87x65 um or 175x132 pm depending on the used
objective (50x and 100x). The bubble counts were used to calculate the number of bubbles per
total unit volume of glass and bubbles per mm’ (Ny(t)). TLM provides the actual 3D diameters of
bubbles (e.g. Gardner et al., 1999). The averaged bubble diameters and the bubble counts were

used to estimate the porosities and to calculate the N)(n) of the samples.

Results

Isobaric experiments

Concentration distance profiles of the hydrous glasses from isobaric experiments measured by
FTIR revealed homogeneous distribution of H,O (averaged H,O contents presented in Table 2)
throughout the glass cylinders without concentration gradients. Examination of the CI and
VAD79 starting materials using TLM and SEM revealed that the nominally dry glasses
(quenched by air fan cooling) are free of crystals and only contain some air bubbles that resulted
from glass synthesis. In contrast, the samples of the isobaric CI experiments with ~4.7 wt% H,O
starting from glass cylinders and powder (IB-C-la, IB-C-b, IB-P-4, RQ, Table 2) contain
numerous, not clearly recognizable objects <1 um in size. Figure 1a shows small objects in the
glass of sample IB-C-1b quenched from 1050 °C. The number density of objects in these RQ
samples ranges between 1-10° and 4.5-10° mm™ (Table 3). The CI sample with ~4.7 wt% H,O

quenched from 1050°C with a cooling rate of about 150 K'min™ (IB-C-2, NQ) shows needle-
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shaped and radially aggregated quench crystals of up to 13 um length (Figs. 1b and Ic) with an
aggregate number density of 7-10" mm™. The rapidly quenched, hydrous VAD79 cylinder sample
(REF12, Table 2) is homogeneous without quench crystals or other small objects. The same
observation can be made for the two CI samples (RQ) with the lowest H,O contents of about 1
and 2 wt% (IB-P-1 and IB-P-2, Table 2). The samples IB-P-1 to IB-P-4 with different H,O
contents were used to verify the NIR absorption coefficients for the trachytic composition given
in Fanara et al. (2015). The measured H,O contents match the gravimetrically obtained values

within error (Table 2).

Decompression Experiments

The BSE images of the samples decompressed to a Pg,y of 100 MPa with both
decompression rates reveal significant differences in degassing behavior between samples
starting from massive glass cylinders and glass powder equilibrated for 24 h prior to
decompression (Figs. 2 and 3). Images of the complete halved capsules are provided in the
electronic appendix (eFigs. 1-13). The BSE images suggest that cylinder samples are bubble-free,
but the TLM images reveal very small bubbles with diameters <4 um (Figs. 4a and 4c). In
contrast, the powder samples, which were equilibrated for 24 h (CD-P-1 and CD-P-24 at 0.17
MPa-s™ and CD-P-2a, CD-P-22 at 0.024 MPas, Fig. 2), show high porosities up to 14 % and
are characterized by low Nj{(n) of big bubbles (87 - 215 mm™, Table 3). Moreover, CD-P-1 shows
a heterogeneous distribution of these big bubbles and a belt of much smaller bubbles in the center
of the sample (Fig. 3, eFigs. 5a and 5b). This results in two different N)(n)-values of 215 mm™
for the big bubbles and 2-10° mm™ for the belt of small bubbles. The corresponding glass
cylinder samples (CD-C-1, CD-C-23 at 0.17 MPa's”" and CD-C-2, CD-C-25 at 0.024 MPa-s™,

Fig. 2) reveal very high Ny(n) of 2:10° to 6:10° mm™ with bubble diameters of 1 - 4 pm that result
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in porosities <l %. These small bubbles are not observable in BSE images (Figs. 2 and 3).
Transmitted light images of CD-C-1 and CD-C-2 exhibit small objects in the vicinity of bubbles
to which the bubble surface is extended by a thin neck (Fig. 5). In contrast to the powder
experiments with a t,, of 24 h, the samples CD-P-2b and CD-P-32 that were equilibrated for 96 h
(Figs. 2 and 4) show the same degassing texture of small bubbles with high Nj{(n) of 2:10° to
3-10° mm” as the corresponding glass cylinder samples (CD-C-2 and CD-C-25) (Figs. 2 and 4).

The CI glass cylinder samples decompressed to a P, of 75 MPa (CD-C-3 at 0.024 MPa-s™
and CD-C-4 at 0.17 MPa's”, Fig. 6) are characterized by higher porosities and bigger bubble
sizes. Within error, the Njy(n)-values are similar to those of the cylinder samples quenched at a
Pfinar of 100 MPa (Table 3). The BSE image of sample CD-C-4 suggests that bubbles are limited
to the lower part of the glass cylinder (Fig. 6 and eFig. 3a). However, both specimens (CD-C-3,
CD-C-4) also contain homogeneously distributed small bubbles (<4 um) in the upper part of the
cylinder similar to CD-C-2 (Fig. 4a). The bubbles located at the capsule-melt interface in CD-C-3
(Fig. 6, eFigs. 2a and 2b) are more numerous and clearly bigger than the corresponding bubbles
in CD-C-4 (Fig. 6, eFigs. 3a and 3b), which was decompressed with the higher decompression
rate. The capsule lid at the bottom of CD-C-3 is not decorated with bubbles. Instead, this sample
features some big bubbles in the center of the glass cylinder. The sample area around each of
these big bubbles is free of the small bubbles (excerpt Fig. 6).

The CI glass cylinder sample CD-C-5 decompressed to a Pji. of 60 MPa at 0.17 MPa-s"! was
removed from the capsule during sample preparation. The bubbles located at the former capsule-
melt interface are therefore only partly visible (Figs. 7a and 7b, eFigs. 1a and 1b). The BSE
image suggests a homogeneous distribution of bubbles with an average diameter of 8 um within
the sample, but the TLM image of the whole sample (Fig. 7b) reveals convection patterns, which

are suggested to be induced by a density gradient due to massive bubble nucleation. The porosity
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and the Njy(n)-values were obtained from the BSE images using the CSDCorrections software
(Higgins, 2000). The mean Ny{(n)-value of ~7-10° mm” (average of four different areas
containing more than 400 bubble intersections) is comparable to the Ny(n)-of the cylinder
samples decompressed to a Pj,y of 75 and 100 MPa (Table 3). The mean porosity of ~10 % is the
highest of all decompressed cylinder samples. The bubble size distribution (BSD) of sample area
4 is characterized by a near-linear trend with a narrow size range from 3 to 13 um (Fig. 7c¢).

The equilibrium solubility of H,O at a Pj,, of 100 MPa and 1050 °C is ~3.5 wt% for both the
CI and the VAD79 composition (Fanara et al., 2015; lacono Marziano et al., 2007). The
measured H,O contents of samples originating from glass powder with a #., of 24 h and a Py, of
100 MPa are closer to the equilibrium H,O content than the cylinder samples (Table 3). NIR
measurements of the highly vesiculated glass cylinder and powder samples with a 7., of 96 h
result in values close to the initial H,O concentration prior to decompression. This also applies
for the CI cylinder samples decompressed to a P, of 75 MPa (Table 3). In the upper part of the
sample CD-C-3 (Fig. 6, eFigs. 2a and 2b), where the homogeneously distributed small bubbles
are present in the volume measured by NIR, the measured H,O content (~4.57 wt%) is near the
initial H,O content of 4.78 wt%. One exception is the bubble-depleted area around the big
bubbles in this sample (excerpt Fig. 6). The residual H,O content of the pure glass in the bubble-
depleted zone (~3 wt%, Table 3) is close to the extrapolated solubility of the CI melt at 75 MPa
(2.89 wt%) as derived from the solubility data of Fanara et al. (2015). The residual H>O content
of sample CD-C-5 decompressed to a Ppny of 60 MPa could not be determined by NIR
measurements due to high Ny(n)-values of ~7-10 mm™. The calculated residual H,O content of
~3.2 wt% derived from the corrected melt porosity is still higher than the extrapolated

equilibrium solubility at 60 MPa (2.61 wt%).
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Discussion

Quench crystal formation

The NQ isobaric experiment resulted in the formation of quench crystal aggregates consisting
of ~13 um long needle-shaped crystals in the CI melt containing ~4.7 wt% H,O (Fig. 1b). We
suggest that the smaller, unidentified objects in the corresponding RQ isobaric experiments with
the CI melt (~4.7 wt% H,0, both powder and cylinder, both quenched from 1050 and 1300 °C)
are also crystals that formed during cooling (Fig. 1a). The RQ samples from the two isobaric CI
experiments with the lowest H,O contents in the melt do not contain any objects. Thus, the
effectiveness of quench crystal formation is controlled by the cooling rate and the H,O content of
the melt that influences the glass transition temperature (75) (Dingwell and Webb, 1990; Morizet
et al., 2007). A faster cooling rate leads to a higher 7,, whereas a higher H,O content in the melt
reduces T,. The quench crystals in the RQ samples of isobaric experiments with 4.7 wt% H,O are
smaller than those in the NQ sample, because the time for crystallization is shorter. Furthermore,
diffusivity of components required for crystal formation and growth decreases with decreasing
H,O content of the melt (Koepke and Behrens, 2001). This explains the absence of any detectable
quench crystals in the nominally dry starting material and the two isobaric CI experiments with
the lowest H,O contents in the melt. The VAD79 samples do not contain any detectable quench
crystals (Table 1). The small differences in CI and VAD79 bulk composition have a negligible
influence on 7, but obviously have an impact on crystal nucleation and crystallization kinetics.
Both the starting glass and other samples of isobaric experiments (REF02-06 and REF12 from
Marxer et al., 2015) do not contain any detectable crystals.

The number densities of quench crystals aggregates (N¢) in the samples of the isobaric CI
experiments are within the same order of magnitude (~10° mm™) as the Ny of the bubbles in the

cylinder samples decompressed to 100 MPa (Tables 2 and 3). On a first glance, this could be a
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hint that the bubbles in the decompressed CI cylinders nucleated heterogeneously on the quench
crystals and initiated degassing during cooling. However, crystals can also nucleate
heterogeneously on the surface of bubbles (Davis and Thinger, 1998). Some of the decompressed
CI samples contain bubbles that are connected to smaller objects by a thin neck (Fig. 5). These
objects are suggested to be quench crystals, probably magnetite which is liquidus-phase at 7' <
1000 °C in the CI system (Fanara et al., 2012). Similar bubbles connected by a neck to oxide
microlites that were already present in the melt during decompression were observed by Hurwitz
and Navon (1994). They presumed that this unstable bubble neck forms due to the shrinkage of
the H,O-filled bubble during isobaric RQ, which has been investigated further by Marxer et al.
(2015). A significant volume reduction of a bubble is only expected, if the bubble already existed
prior to RQ. Considering the size of the bubble in comparison to the crystal, it would be
conceivable that the crystals found in the decompressed CI samples formed at a later stage on the
surfaces of existing bubbles and did not affect melt degassing. Quench crystals were not observed
in sample CD-C-5 decompressed to a Pj,a of 60 MPa. The absence of quench crystals in this
sample is further proof that crystals observed in some samples of isobaric experiments (Table 2)
and decompression experiments (Table 3) formed after the nucleation of bubbles during quench.
However, small quench crystals <1 pm might not be visible by TLM due to high Ny(n) in
combination with bigger mean bubble diameters. The Ny(n)-values of the decompressed CI
cylinders are also comparable to those determined in the corresponding VAD79 samples (Table
3), which do not show any evidence of quench crystal formation. Even if heterogeneous bubble
nucleation during quench occurred, it does not affect the principle observations and
interpretations made for the comparison of the different starting materials glass powder and

massive glass cylinders.

19

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5480 12/9

The powder problem

Previous studies already indicated that glass powder as starting material might not be
appropriate to study bubble nucleation processes in silicate melts (e.g. Gardner et al., 1999;
Iacono Marziano et al., 2007; Mourtada-Bonnefoi and Laporte, 2002; Simakin et al., 1999). The
degassing process can be influenced by the growth of pre-existing bubbles in the capsule prior to
decompression. Hydration bubbles (Gardner et al., 1999) in our samples were avoided by starting
from nominally H,O-undersaturated conditions, but the reduction of additional water in the
capsule increases the pore volume in powder samples that is filled with air.

The amount of entrapped air (assumed as 100 % N,) in the capsules of our experiments can
be calculated considering the capsule dimensions, the pure glass volume and the amount of added
water. Once sealed, the capsules have a total free volume of about 157 mm’. The compacted glass
powder has a porosity of ~29 %. Assuming that the whole free capsule volume is filled with ~220
mg powder and considering ~11 mm® of added water for samples with 4.7 wt% H,O, the pore
volume is at least ~35 mm’. This corresponds to ~177 ppm N, at atmospheric conditions. The
calculated amounts of entrapped N, are minimum values for optimal powder compaction
assuming no free volume in the capsule headspace above the sample. During heating and melting,
the HO-N; fluid mixture (Xy20 near 1) in the pore space will form bubbles throughout the whole
sample. After preferential dissolution of H,O, H,O-N, bubbles with slightly decreased X0
(fluid) will remain in the melt. The usage of a more fine-grained powder leads to smaller pores
and probably smaller H,O-N, bubbles in the melt after equilibration, but the total porosity will
not decrease. If pre-hydrated glass powder is used as starting material this problem is even more
severe (e.g. Fiege et al., 2014), because the amount of enclosed N, is higher due to lacking water

in the powder pore space prior to the decompression experiments.
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If massive glass cylinders are used, the free volume in the capsule is lower. Cylinders used in
this study were 5 mm in diameter and 6.5 mm in height resulting in a volume of ~127 mm’. To
attain H,O contents of about 4.7 wt% in the melt, ~13 mm® H,O have to be added considering a
cylinder weight of ~280 mg. The remaining free volume of at least 17 mm’ in our capsules
contained ~86 ppm N,. But in contrast to glass powder, the N, is enclosed in the headspace of the
capsule or free volumes at the sample-capsule interface that will form one or more bigger
bubbles, if the glass cylinder is free of air bubbles. The amount of N, in experiments starting
from cylinders increases, if the glass contains a residual porosity due to the synthesis from
powder at 1600 °C. The amount of entrapped N, in porous glass cylinders was estimated from
density measurements with the pycnometer. A maximum porosity of 6 % for the VAD79 glass
cylinders would result in only ~3 ppm trapped N, under atmospheric conditions. This calculation
is based on the assumptions, that the bubbles in the synthesized batch contain 100% N, and that
the bubble sizes are preserved at 7, of 665 °C during a moderate quench at atmospheric
conditions. 7, was calculated for a residue of 0.1 wt% H,O in the melt using the model of
Giordano et al. (2008). Further cooling of the porous glass to ambient 7 reduces Py, in the
bubbles of the glass batch to ~30 kPa and the trapped amount of N; is correspondingly low. N»-
filled bubbles in the glass cylinders are therefore far less critical than the powder pore space.
However, higher porosities in glass cylinders could still lead to problems, if the entrapped
amount N, within the cylinder sample does not completely dissolve in the melt prior to
decompression.

To date only few studies about nitrogen solubility in hydrous silicate melts were performed
for the applied P-T and fO, range (Carroll and Webster, 1994; Libourel et al., 2003; Miyazaki et
al., 2004; Roskosz et al., 2013). N, and Ar have comparable atomic/molecular dimensions and

comparable solubility (Carroll and Webster, 1994). The similarity in solubility supports the view
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that nitrogen dissolves physically in silicate melts at QFM+3.5 as non-reactive N, molecules
(Libourel et al., 2003). The N solubility is reported to be a few ppm at 0.1 MPa (Libourel et al.,
2003; Roskosz et al., 2013) and increases up to 150 ppm per 100 MPa (Carroll and Webster,
1994). Due to lacking N,-H,O solubility data, a solubility model of H,O-N; fluid mixtures (Fig.
8) was assumed on the basis of the experimentally determined H,O-CO, solubility reported in
Fanara et al. (2015) for the CI composition. These data illustrate that the CO, solubility in the CI
melt is very low near H,O-saturated conditions at 200 MPa. Applied to our nominally slightly
H,O-undersaturated starting conditions prior to decompression, it is likely that only about 100
ppm of the entrapped N, will dissolve in the melt at 200 MPa and 1050 °C (Fig. 8). The few ppm
N that are trapped in the bubbles of the glass cylinders should therefore easily dissolve together
with H,O and not interfere significantly with melt degassing during decompression. In case of
glass powder as starting material, the calculated amount of entrapped N, (~177 ppm) will lead to
H,0-N, bubbles with a high Xy, (fluid) of ~0.9 that are distributed throughout the whole
sample. However, bubbles in the TLM images of the isobaric experiments using powder as
starting material could not be observed due to possibly small diameters <1 um. Pre-existing
bubbles in the melt of powder samples will grow by volatile diffusion into the bubbles as soon as
the melt becomes supersaturated during decompression. At sufficiently high number densities of
pre-existing bubbles, this degassing process can inhibit homogeneous nucleation of bubbles in the
melt in case of a diffusion-controlled growth regime (Mourtada-Bonnefoi and Laporte, 2002;
Toramaru, 1995). It is therefore possible that one of the major controlling factors of previous
degassing experiments was the usage of glass powder (e.g. Fiege et al., 2014; Mastrolorenzo and

Pappalardo, 2006; Suzuki et al., 2007).

Decompression experiments (Pring = 100 MPa)
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Although all experiments were performed at nominally H,O-undersaturated conditions, the
comparison between decompressed cylinder samples of both compositions and their powder
equivalents equilibrated for 24 h documents that melt degassing is massively influenced by the
starting material due to the probable presence of pre-existing bubbles in the powder samples. In
case of the cylinder samples, the melt is bubble-free prior to decompression. Thus, the onset of
melt degassing is delayed until the energetic barrier for the formation of the new phase boundary
is exceeded by reaching the critical supersaturation P to trigger homogeneous bubble nucleation
(APx,n). This energetic barrier can be expressed as the free energy of formation (AF,) of a bubble

nucleus with critical radius:

_l6ro’
" 3AP]

(1)

and is strongly dependent on the surface tension (o) of the melt as well as AP, (difference
between vapor P in the melt and exterior P) (Hirth et al., 1970). In case of heterogeneous
nucleation on crystals or the capsule-melt interface, this energy is lowered with the result that
degassing is initiated at a lower APy, in the melt (Hurwitz and Navon, 1994). After nucleation, the
bubbles can grow by volatile diffusion and expansion. Both of these growth processes only
increase the bubble volumes and do not affect the Ny(n) of the sample.

The equilibrium porosity (using Eqn. 5 in Gardner et al., 1999) is ~14 % in the melts (CI and
VAD79 composition) for an initial H,O content of ~4.7 wt% at a Pj,, of 100 MPa and 1050 °C.
The equilibrium solubility of HO at 100 MPa in both melts is ~3.5 wt% (Fanara et al., 2015;
Tacono Marziano et al., 2007). At this Py, the cylinder samples only contain very small bubbles
(Fig. 4) with high N)(n)-values of 1-10° to 5-10° mm™ (Table 3). Within error, the measured H,O
contents in the cylinder samples correspond to the initial contents, because numerous small

bubbles in the samples have inhibited the NIR measurements of the residual H,O dissolved in the
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glass. However, the low corrected porosities of <2 % in the melts (Table 3) corresponding to
<0.15 wt% degassed H,O are also proof for high residual total H,O contents. This documents a
high supersaturation in the melt prior to quench and confirms delayed, late-stage bubble
nucleation. Porosities close to equilibrium conditions are only reached in the decompression
experiments using glass powder that were equilibrated for 24 h (Table 3). The NIR measurements
of dissolved H,O in these glasses also confirm that the melt degassed more efficiently than in
experiments with cylinders. Degassing of the powder experiments equilibrated for 24 h was
facilitated by growth of tiny pre-existing H,O-N, bubbles and started with the onset of
decompression. These bubbles grew during decompression to 100 MPa by volatile expansion and
H,O diffusion into bubbles resulting in low bubble number densities in these experiments (Table
3). In comparison to the cylinder specimens, the low residual H,O contents of the powder
samples suggest a near-equilibrium degassing path for both applied decompression rates. Only
sample CD-P-1 (Table 3) shows higher H,O contents in the narrow belt in the middle of the
capsule that is occupied by numerous small bubbles (Fig. 3) which may indicate homogeneous
bubble nucleation. This feature may be an artifact from powder compaction and H,O loading
leading to the different degassing textures within the sample. In any case, the contrasting bubble
textures in CD-P-1 do not support the usability of glass powder equilibrated for only 24 h.
Decompression experiments starting from glass powder with a z,, of 96 h show a degassing
behavior of the melt that is comparable to the corresponding glass cylinder samples (Fig. 4). We
suggest that this observation is due to growth and ascent of the H,O-N, bubbles during
equilibration, resulting in a bubble-free melt prior to decompression. Bubble ascent in the melt is
generally facilitated by buoyancy due to differences in density of the volatile phase and the
surrounding melt. Additionally, the viscosity of the melt and the bubble size are the controlling

factors of this process. The ascent of a bubble in a melt can be described by Stokes’ Law:
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_ 27"2 (pmelt - pﬂuid ) g o)
Voubble = o (2)

where vy 18 the ascent velocity, 7 is the bubble radius, p.r and pp.iqa are the densities of the
melt and the fluid (assumed to be 100 % H,0), g is 9.81 m's> and 7 is the viscosity of the melt
(Berlo et al., 2011). Equation 2 was used to calculate the ascent distance of bubbles as a function
of bubble diameter for two temperatures (1050 and 1300 °C) and two #,’s (24 and 96 h) (Fig. 9).
For simplification, we assume instant volatile saturation of the melt at the beginning of the
equilibration period in the powder experiments due to small grain sizes. The viscosity of the
hydrous CI melt with 4.7 wt% H,O was calculated after Misiti et al. (2011) to be 77 Pa-s at 1050
°C and 4 Pa-s at 1300 °C. The viscosities of the hydrous VAD79 melt at these temperatures are
slightly lower, respectively. The corresponding densities of H,O were calculated using the model
of Duan and Zhang (2006) to be 311 g1 (1050 °C) and 254 g-1"' (1300 °C) at 200 MPa. For a
calculated melt density of 2255 g'I"' (Ochs and Lange, 1999), a bubble with 1 pm in diameter
would rise only ~2 um in the hydrous CI melt at 1050 °C in 96 h. At 1300 °C the same bubble
would ascent 43 um in the same time. A pre-existing bubble in our powder experiments has to
rise ~6.5 mm from the bottom to the top of the capsule during a ., of either 24 or 96 h at 1300 °C
(Fig. 9). A timescale of 96 h in our low-viscosity melts most likely facilitates growth of the H,O-
N, bubbles that results in increased ascent velocities. In situ investigation of vesiculated basaltic
melt by Masotta et al. (2014) demonstrates a timescale for Ostwald ripening of about 50 s.
Ostwald ripening requires different internal bubble pressures that correspond to different bubble
sizes. These P differences increase exponentially with decreasing bubble sizes (Young-Laplace
relation). In addition to coalescence, Ostwald ripening may therefore be a conceivable process for
growth of the pre-existing tiny bubbles. A diameter of 12 um is required for a bubble to ascend

from the bottom lid to the capsule top. We suggest that a 7., of 24 h in our powder experiments is

25

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5480 12/9

not sufficient to cause significant bubble growth by ripening and coalescence to accelerate the
ascent of the pre-existing bubbles during equilibration. Small H;O-N; bubbles therefore remain in
the melt and cause immediate degassing by growth of these bubbles at the onset of
decompression. In case of the powder experiments with a #, of 96 h, the melt is bubble-free prior
to decompression and melt degassing is delayed until supersaturation facilitates the nucleation of
new H,O-rich bubbles. This is supported by the NIR measurements and the porosities of the
decompression experiments using glass powder equilibrated for 96 h that document a high

residual H,O content in the melt on the level of the cylinder samples (Table 3).

Decompression experiments (Pring = 75 — 60 MPa)
The glass cylinder samples decompressed to a P, of 75 MPa are characterized by higher
porosities and slightly lower Ny(n)-values than the cylinder samples quenched at a Pj,, of 100
MPa. In consideration of the small differences in bubble size, coalescence is suggested to be the
dominant process that reduces bubble number density in our samples during decompression.
Figure 10 is suggested to document the onset of coalescence of two bubbles. Decompression to a
lower Pjn increased the available degassing time and therefore enhanced bubble growth by
expansion of the fluid phase, diffusion of H,O into the bubbles and coalescence. The influence of
the degassing timescale is also apparent from the size of the bubbles at the capsule-melt interface
in the samples decompressed to 75 MPa. The bubbles in sample CD-C-3 (0.024 MPa's™, Fig. 6,
eFigs. 2a and 2b) are clearly bigger than those in CD-C-4 (0.17 MPa-s™, Fig. 6, eFigs. 3a and 3b)
due to longer time for diffusive growth of heterogeneously nucleated bubbles at the capsule-melt
interface during decompression.

The big bubbles (up to 400 um diameter) in the center of sample CD-C-3 are suggested to

have formed heterogeneously at low AP; at the capsule-melt interface on the bottom lid. After
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detachment due to volume-related buoyancy force, these bubbles ascended during decompression
(Fig. 6, eFigs. 2a and 2b). Assuming heterogeneous nucleation at H,O-saturated conditions (176
MPa for 4.7 wt% H»0), it can be calculated from Equation 2 that a bubble with 400 um diameter
already needs ~67 of the 69 minutes decompression time (0.024 MPa-s™) to ascent 4 mm in the
melt. Therefore, the ascent of the detached bubbles must have begun prior to homogeneous
nucleation. The ascending detached bubbles grew by volatile expansion and H,O diffusion from
the supersaturated melt into the bubbles. The latter leads to depletion of H,O in a spherical
drainage zone around the bubbles. Due to the ascent, the H;O-depleted zone covers the whole
ascent track. This is evidenced by the absence of small homogeneously nucleated bubbles
(excerpt Fig. 6, eFigs. 2a and 2b) and lowered residual H,O contents in the glass throughout the
tracks of the big detached bubbles. Homogeneous nucleation of the small bubbles therefore only
occurs in regions with higher H,O supersaturation. Further ascent of the detached bubbles
through the melt might displace small homogeneously nucleated bubbles and can be accelerated
by growth due to coalescence and ripening processes. In the latter case, the detached bubbles
delete the nucleation history of an existing population by interaction with the smaller bubbles on
their ascent tracks and they may initiate the nucleation of a second bubble population during
further decompression in the depleted zones.

Both, the BSE and the TLM image of sample CD-C-4 (eFigs. 3a and 3b) shows that the lower
central part of the capsule contains more numerous and slightly bigger bubbles (~12 pm) than the
rest of the sample. In the case of homogeneous bubble nucleation, it is conceivable that the first
bubbles preferably nucleated in the lower central part of the sample and had more time to grow.
Mangan and Sisson (2000) observed a preferred bubble nucleation close to the upper capsule

headspace and attributed this effect to melt displacement during opening of the crimped capsule.
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However, melt displacement at the bottom lid is unlikely for our capsule geometry. There is no
evidence that the shape of the capsule influences nucleation in our experiments.

The CI glass cylinder sample CD-C-5 with the lowest Py, of 60 MPa (0.17 MPas™) is the
most degassed cylinder sample with the highest porosity of ~10 % in the glass (Figs. 7a and 7b,
eFigs. 1a and 1b). Due to the lowest final P and the high Ny(n) with bubble diameters up to 13
pum, the corrected porosity (~25 %) in the melt is closer to the equilibrium porosity (~33 %) than
in samples decompressed to higher P, of 75 and 100 MPa (Table 3). The Ny(n)-values of all
decompressed cylinder samples range within one order of magnitude (6-:10% — 7-10° mm™) with a
conservatively estimated analytical error of half an order of magnitude based on the differences
in BSE and TLM measurements (Table 3). The high Njy(n)-value of the 60 MPa sample is a
further hint for homogeneous bubble nucleation in all cylinder samples. It is unlikely that bubbles
of up to 13 um diameter grow during the few seconds of rapid quench. The size distribution (Fig.
7¢) with a narrow size range of these bubbles documents a single nucleation event within a short
time interval as described in Figure 7b in Toramaru (1989). Considering homogeneous bubble
nucleation in the cylinder samples with a Pj,,; of 100 MPa, we can estimate a AP,y of <76 MPa
for the CI and <70 MPa for the VAD79 melt using the solubility data of Fanara et al. (2015) and

Iacono Marziano et al. (2007), respectively.

Integration of results into the model of Toramaru (2006)
Toramaru (2006) reported a model to describe homogeneous nucleation and growth of
bubbles at a constant decompression rate. This formulation relates Ny(n) to physico-chemical

parameters such as surface tension, diffusivity and concentration of total HO (Eqn. 3).

r.c Y NP (prar-c.D )
N (m=34.c.[ 107 o '(Vm PW] (B 2kT C-D 3)
3.kT-P; kT 4.0%-(dP/dt)
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Ny{(n) is the number of bubbles per unit of bubble-free melt volume (m™), C is the initial total
H,O concentration expressed as molecular number per cubic meters (m™), o is the surface
tension at the bubble-melt interface (N'm™), k is the Boltzmann constant (1.38-10% JK™), 7 is
the temperature (K), Py is the H,O saturation pressure (Pa), V,, is the volume of a H,O molecule
in the melt (3-10% m’; Burnham and Davis, 1971), D is the total H,O diffusivity in the silicate
melt (m*s™) and dP/dt is the decompression rate in Pa's™. The conversion of Ny(t)- (e.g. provided
by the CSDCorrections software) into Ny(n) is essential, because only Nj(n)-values are
independent of diffusive bubble growth and expansion (Proussevitch et al., 2007; Toramaru,
1989).

This model is valid for homogeneous bubble nucleation in a melt free of pre-existing bubbles
during super-liquidus isothermal decompression at a constant rate in the diffusion-controlled
regime. The sample size has to be sufficient to guarantee a melt pool that is unaffected by
diffusional volatile loss to the capsule-melt interface. The application of this model necessitates a
completed single nucleation event as well as the absence of Ostwald ripening and coalescence.
The bubble size distribution should display a narrow size range and follow a linear trend in the In
n(l) vs. [ plot, where n(/) is the population density of bubbles with diameter / in a certain size
interval (Toramaru, 2006). The diffusion-controlled regime is defined by the parameter a4 =
taecPwl4n > 2:10° (Toramaru, 1995), where #4. is the time (s) needed for decompression to P
For both melt compositions, a4 is about 107 for a decompression rate of 0.17 MPa's™ and even
higher for lower decompression rates. However, during fast decompression to low Pj,y with
large AP, high-viscous melts such as rhyolites become viscosity-controlled, because the H,O
content in the melt decreases due to exsolution while the viscosity steadily increases (cf. Fig. 9a

in Toramaru, 1995).
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For exemplary purpose, the Ny(n) of homogeneously nucleated bubbles of CI glass cylinder
experiments were applied to the model of Toramaru (2006). A surface tension of 0.133 N'm™' was
derived from Bagdassarov et al. (2000) considering the dependence of total H,O content and 7 on
o. It has to be emphasized that the calculated surface tension of 0.133 N-m™ is valid for rhyolitic
melts, not for compositions of samples in this study. In general, surface tension data by direct
measurement as described in Bagdassarov et al. (2000) are quite poor and unconstrained material
properties for compositions other than synthesized haplogranite. Py for the H,O content of 4.7
wt% at 1050 °C was extrapolated from the solubility experiments of Fanara et al. (2015) to be
~176 MPa. The initial total H,O content C of 3.54-10%” m™ was calculated using the melt density
at Py and T provided by the model of Ochs and Lange (1999). The total H,O diffusivity (D) of
1.57-10" m*s™ was calculated for 1050 °C and 4.7 wt% H,O by the formulation for trachytic
compositions given in Fanara et al. (2013). Application of Equation 3 results in calculated Ny(n)-
values that are up to five orders of magnitude lower than in the samples of our glass cylinder
experiments decompressed at rates of 0.024 and 0.17 MPa-s™ to 100 - 60 MPa providing Ny(n) of
~10° mm™ (F ig. 11). The same holds for VAD79 composition because the parameters D, C, g, a4
and Py of Equation 3 are similar for the CI and the VAD79 melt.

The discrepancies between calculated and observed Ny(n)-values may be attributed to H,O
species-related changes in C and D as well as the usage of a macroscopic surface tension. The
nucleation of bubbles is a process on a molecular scale, where macroscopic physical descriptions
are likely to fail (e.g. Bottinga and Javoy, 1990; Gonnermann and Gardner, 2013; Navon and
Lyakhovsky, 1998; Ruckenstein and Nowakowski, 1990; Sparks, 1978; Toramaru, 1989). Bubble
nucleation prerequisites the aggregation of H,O molecule clusters with a typical critical radius of
1 — 10 nm (Gonnermann and Gardner, 2013; Toramaru, 1995) that is attributed to local

concentration fluctuations in the melt (Hurwitz and Navon, 1994). It is conceivable to refer the
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coefficient C in Equation 3 to the actual concentration of H,O molecules with respect to the
species concentrations of molecular H,O and OH' in the silicate melt at P-T conditions (Nowak
and Behrens, 1995; Nowak and Behrens, 2001). At a total HO content of 4.7 wt% and 1050 °C,
the molecular H,O content is in the range of 1 wt%. Considering the H,O speciation, D should be
substituted by the diffusivity of molecular H,O (e.g. Toramaru, 1995), which is one order of
magnitude higher than the total H,O diffusivity at experimental conditions (e.g. Behrens and
Nowak, 1997). Such an increase of D in Equation 3 results in a decrease of predicted Ny(n) by
one order of magnitude (Fig. 11). In contrast, the decrease of C due to H,O speciation barely
increases Ny(n) by less than half an order of magnitude. In combination, these opposing effects
shift Ny(n) to even lower values than necessary to describe our experimental data. In this model, a
significant increase of Ny(n) can be achieved by decreasing the surface tension in Equation 3,
while using C and D for total H,O. The best match of predicted Ny(n) to our CI and VAD79
experimental results is achieved for a & of ~0.003 N'm™ (Fig. 11). Lowered surface tensions on
the molecular scale of bubble nucleation compared to macroscopic values were already suggested
in previous studies (e.g. Bottinga and Javoy, 1990; Gonnermann and Gardner, 2013; Hamada et
al., 2010; Kashchiev, 2003; Kashchiev, 2004; Ruckenstein and Nowakowski, 1990; Toramaru,
1990; Toramaru, 1995). This effect may be attributed to a dependence of surface tension on
bubble (nucleus) size (Ruckenstein and Nowakowski, 1990; Tolman, 1949), thermal fluctuations
supplying the energy of formation of a new surface (Bottinga and Javoy, 1990) or a diffuse
interface between nucleus and surrounding melt (Gonnermann and Gardner, 2013; Kashchiev,
2003; Kashchiev, 2004; Kelton and Greer, 2010). Actually, for the instantaneous decompression
experiments by Hurvitz and Navon (1994), Toramaru and Miwa (2008) argue that the Nj(n) data
can be explained by using a very low effective ¢ of 0.016 N-m™ with the number of nucleation

sites modifying the pre-exponential factor of the nucleation rate. However, a value of 0.003 N'm™
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is significantly lower than any other suggested by bubble nucleation experiments and therefore
quite unlikely.

Navon and Lyakhovsky (1998) suggested a completely different approach to explain the
discrepancy between experimentally determined and modeled Ny(n). They proposed to consider
the diffusivity of silicate network components rather than H,O diffusivity to form a H,O bubble
nucleus in a hydrous supersaturated melt. This idea is based on the similar distances of
neighboring H,O molecules in the fluid and in the melt, even if the species concentration of 1
wt% dissolved molecular H,O is considered. At a Pp,u of 100 MPa, the calculated mean
distances are 0.6 nm in the fluid and 1.1 nm in the melt. The formation of a nucleus may
therefore be kinetically controlled by the diffusion of silicate network components to enable
clustering of HO molecules. In this case, the diffusivity of network forming cations linked to
melt viscosity becomes a controlling factor (Navon and Lyakhovsky, 1998). This relation can be

expressed by the equation of Eyring (1936):
D="2_ 4)

where k is the Boltzmann constant, 7 the temperature in K, 4 the jump distance in m and 7 the
viscosity in Pa-s. It is noteworthy that this equation is not exactly correct for silicate melts other
than a pure SiO, melt (Liang et al., 1996), but in first approximation the diffusivity of network
formers can be calculated. A mean jump distance of 3-10"° m for the chemical diffusivity of high
field strength elements like Zr*" in both dry and hydrous melts was determined by Koepke and
Behrens (2001) and is suggested to be comparable to Si*" and AI’* diffusion. At 1050 °C and 4.7
wt% total H,O a viscosity of 77 Pa-s was calculated using the relation of Misiti et al. (2011) for
the CI melt. Insertion of the jump distance into Equation 4 provides a network former diffusivity

of 810" m*s™ that is more than 2 orders of magnitude lower than the total H,O diffusivity. The
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corresponding shift of the logVy(n)/(dP/df) line in Fig. 11 by 3.5 orders of magnitude is still not
sufficient to match the experimentally determined Ny(n). However, in combination with a
moderate reduction of the macroscopic surface tension from o value of 0.133 to 0.042 N-m™' the
model of Toramaru (2006) can match the experimental data.

In addition, Fig. 11 shows a comparison between Njy(n)-values of this study and selected
data of previous studies (Gondé et al., 2011; Mangan and Sisson, 2000; Marxer et al., 2015;
Mourtada-Bonnefoi and Laporte, 2002). The presented Njy(n) are obtained from pairs of
experiments with equal or at least comparable decompression rates that are characterized by low
and high AP (filled vs. open symbols). Experiments using glass powder as starting material were
not considered, because the observed Ny(n) are mainly controlled by the number of hydration or
H,0O-N, bubbles in the melt prior to decompression. Samples with low AP close to the terminus
of the homogeneous nucleation event potentially fulfill the criteria for the application of the
vesiculation model of Toramaru (2006). A reliable experimentally determined Nj(n) of Gondé¢ et
al. (2011) for a haplogranitic melt representing the Ny(n) directly after bubble nucleation (sample
#45 in Gondé et al., 2011; filled hexagon in Fig. 11) is three orders of magnitude higher than the
modeled value using the macroscopic ¢ and H,O diffusivity. It is in the range of our determined
Ny(n) and supports (1) the credibility of our results in terms of high Ny(n) produced by
homogeneous bubble nucleation well above the liquidus, (2) that Ny(n) is within error
independent of composition and (3) the suggestion of a reduced surface tension and/or the effect
of silicate network component diffusivity for the bubble nucleation process. This observation is
confirmed by high Njy(n) values of decompressed hydrous rhyolitic melts reported in Mangan and
Sisson (2000) (sample #37) and Mourtada-Bonnefoi and Laporte (2002) (samples VGD33 and

VGDA43) not influenced by bubble coalescence presented in Fig. 11 (filled symbols).

33

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5480 12/9

In contrast to samples quenched subsequently after the nucleation event, samples with higher
AP and identical/similar dP/d¢ (open symbols in Fig. 11) are mostly characterized by orders of
magnitude lower Ny(n). Marxer et al. (2015) performed decompression experiments with the
VAD79 composition from 200 MPa down to a P, of 75 MPa (CD18, CD19, CD21), but with a
higher initial H,O content of ~5.2 wt% and still slightly H,O-undersaturated at 200 MPa. Higher
initial H,O content in the melt at otherwise identical conditions is equivalent to a higher bubble
nucleation P during decompression. In combination with a lower P, the timescale for bubble
coalescence that reduces Ny(n) is extended. This is supported by the Ny(n) of samples from
experiments with higher AP reported in Gondé¢ et al. (2011) (sample #23), Mangan and Sisson
(2000) (sample #69) and Mourtada-Bonnefoi and Laporte (2002) (samples VGD59 and VGD31)
that are plotted in Fig. 11 (open symbols). Early bubble coalescence during decompression was
already observed by Mourtada-Bonnefoi and Laporte (2002) and in situ in HDAC experiments by
Gondé et al. (2011). Recent in situ observation of Masotta et al. (2014) have shown that massive
bubble coalescence can occur within minutes in nominally H,O-free, highly viscous rhyodacitic
melts at 1100 °C and ambient P. The time interval for extensive bubble coalescence is expected
to be shortened down to a scale of seconds in case of less silicic, hydrous melts. This
consideration implies that the observed Ny(n) are strongly dependent on the instant of time at
which the samples are quenched. This might be the explanation for the still high values of Njy(n)
of sample CD-C-5 (~4.7 wt% H,0, 0.17 MPa-s™") decompressed to 60 MPa. It is conceivable that
this sample was quenched just before the onset of extensive bubble coalescence.

The Ny(n) of the 5 mm samples in Marxer et al. (2015) are over the whole range of applied
decompression rates close to the values predicted by the model of Toramaru (2006) using the
total H,O diffusivity and the macroscopic surface tension of 0.133 N-m™ which does not apply to

our newly determined data. Among other studies, Toramaru (2006) used some Ny(n) of
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decompression experiments reported e.g. in Mangan and Sisson (2000) and Mourtada-Bonnefoi
and Laporte (2002) to adjust the model parameters. If these parameters are based on experiments
that were already subject to Ny(n) reduction, the modeled Ny(n) will also be underestimated. It
may therefore be necessary to improve current models for homogeneous bubble nucleation with

data from new experiments.

Implications and limitations for future studies of homogeneous bubble nucleation in silicate
melts

The prerequisite to study homogeneous bubble nucleation is a single-phase melt. As
documented in this study and in Marxer et al. (2015) this can be ensured by using massive glass
cylinders as starting material and sufficient 7., to guarantee a homogeneous volatile content in the
melt prior to decompression. Further parameters such as volatile diffusivity, # and o that are
dependent on melt composition and temperature should be considered before conducting
degassing experiments, because the investigation of homogeneous nucleation and growth of
volatile bubbles during isothermal decompression requires an experimental window, where the
experimental result is mainly controlled by the decompression path. An important limiting
parameter is the decompression timescale that is defined by the decompression rate and Pj,.. The
time-dependent diffusional loss of volatiles into heterogeneously nucleated bubbles at the
capsule-melt interface defines the minimum sample diameter needed to retain a sufficiently sized
unaffected melt pool in the center of the specimen. Furthermore, the decompression duration is
limited by the ascent of heterogeneously formed bubbles at the capsule-melt interface that is
dependent on melt viscosity. These two limitations require the largest technically possible
capsule dimensions. On the other hand, a bigger capsule volume leads to a decrease in cooling

rate and therefore to possible quench crystal formation. In order to study a single homogeneous
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bubble nucleation event, P, has to be as close to the terminus of the event as possible.
Unnecessary low Py, increase the degassing timescale and enable bubble growth by coalescence
that leads to a reduction of Ny(n). Increasing porosities in the samples decrease the inter-bubble
distances and aggravate the interaction of bubbles. Additionally, high porosities cause massive
shrinkage of bubbles due to the significant decrease in molar volume of the fluid during isobaric
quench. This reduction of bubble volumes necessitates the correction of bubble sizes and
porosities that are determined from the vitrified samples in order to match the conditions prior to
quench (Marxer et al., 2015).

Considering these experimental limitations, future experiments will improve the investigation
of homogeneous bubble nucleation in silicate melts. This will contribute to a better understanding
of melt degassing triggering volcanic eruptions at the interface of the molecular to the

macroscopic world during magma ascent.
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Figure captions
Figure 1. TLM and BSE images of two CI isobaric experiments starting from glass cylinders
with ~4.7 wt% H,0, equilibrated for 96 h at 200 MPa and 1300 °C. (a) TLM image of IB-C-1b:
RQ starting from 1300 °C. The glass section contains objects >1 um diameter (black dots in
focus plane) that are probably quench crystals. Some objects appear to be bigger in diameter due
to the optical halo effect. (b) TLM image of IB-C-2: NQ starting from 1050 °C. The glass section
contains quench crystal aggregates with radially arranged, needle-shaped crystals with several
um length. The quench crystals are bigger than in sample IB-C-1b due to the lower cooling rate.
(c) BSE image of IB-C-2: Single quench crystal aggregate with needle-shaped crystals that are
radially arranged around a central microlite of presumably different chemical composition. The
crystals were too small for chemical analysis by EMP. The glass-crystal image contrast suggests

an oxide microlite as central crystal in the aggregate.

Figure 2. Comparison of BSE images of selected samples decompressed to a Pfu. of 100 MPa
(0.024 MPas™") using massive glass cylinders and powder with the CI and VAD79 composition
as starting material. The orientation of the capsules during the runs was realized as displayed.
Despite identical and homogeneous initial H,O content in the melt prior to decompression, the
glass powder samples that were equilibrated for a f,, of 24 h (central row) are clearly more
degassed than the samples starting from massive glass cylinders (top row) and glass powder with
a to,y of 96 h (bottom row). The powder samples with a 7., of 24 h are characterized by bigger
bubbles, higher porosities and lower bubble number densities. The bubbles in the samples with a
teg 0f 96 h are only few um in diameter, more numerous and homogeneously distributed in the

glass. These small bubbles are not visible at this magnification.

46

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5480 12/9

Figure 3. Comparison of BSE images of selected samples decompressed to a P, of 100 MPa
(0.17 MPa-s™) using a massive CI glass cylinder (teg= 96 h) and powder (., = 24 h) as starting
material. The top and the bottom of the images represent the orientation of the capsules during
the decompression runs. In correspondence to the samples of the experiments with a lower
decompression rate (shown in Fig. 2), the glass powder sample (CD-P-1, bottom image) is more
degassed than the glass cylinder sample (CD-C-1, top image). The glass cylinder sample contains
numerous small bubbles on a um scale that are not visible at this magnification. The glass
powder sample also features a belt of small bubbles in the central part of the capsule (right image

excerpt).

Figure 4. TLM images of CI (two left images) and VAD79 (two right images) samples
decompressed with 0.024 MPas'! to a Ppnar of 100 MPa. All images have the same scale. The
samples CD-C-2 (a) and CD-C-25 (c) started from glass cylinders and samples CD-P-2b (b) and
CD-P-32 (d) from glass powder. All experiments were equilibrated for 96 h prior to
decompression. All samples contain homogeneously distributed bubbles with few pm diameter.
The Ny(n) and porosities of the samples are comparable for corresponding experiments with the
same melt composition (see Table 3). In contrast to decompressed glass powder samples with a
teq of 24 h, the degassing behavior of samples with a #., of 96 h is identical to the glass cylinder

samples.

Figure 5. TLM images of CD-C-1 decompressed to a Py, of 100 MPa (0.17 MPa-s’l) using a
massive CI glass cylinder with different magnifications. The sample contains homogeneously

distributed bubbles with several pm in diameter. The image reveals that some of these bubbles
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are in close vicinity to small opaque crystals, probably magnetite, and connected by a thin neck
to the crystal surface. The formation of a thin neck towards a microlite is also described in

Hurwitz and Navon (1994) and attributed to bubble shrinkage during quench.

Figure 6. BSE images of CI glass cylinder samples (CD-C-3, CD-C-4) decompressed to a Pfpa
of 75 MPa with 0.024 MPa-s” (top image) and 0.17 MPa-s” (bottom image). The orientation of
the capsules during the decompression runs are represented by the top and the bottom of the
images. The area around each of the big bubbles in sample CD-C-3 is free of the elsewhere
homogeneously distributed small bubbles with several pm in diameter (right image excerpt). For

details see text.

Figure 7. BSE (a) and a mapped TLM image (b) of sample CD-C-5 decompressed to a Pja of
60 MPa with 0.17 MPa-s". The top and the bottom of the images represent the orientation of the
capsules during the decompression runs. The TLM image reveals extensive convection patterns
within the capsule. The bubbles in the BSE image were big enough to be analyzed with
CSDCorrections software (Higgins, 2000). (¢) Exemplary BSD plot derived from sample area 4
in (a) shows the logarithmic population density In n(/) as a function of the diameter (/) of the
bubbles in the quenched sample. The diameters correspond to the major axes of the bubble-

ellipsoids. The BSD is characterized by a narrow size range and a near-linear trend.

Figure 8. H,O-N; solubility model on the basis of the experimentally determined H,O-CO,
solubility reported in Fanara et al. (in press) for the CI composition at the decompression 7" of
1050 °C. The amounts of dissolved N, are maximum values as suggested by Carroll and Webster

(1994). Isobars are adopted from Fanara et al. (in press) and are marked with the corresponding
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P. The dashed isopleth represents the fluid composition in equilibrium with the melt. At 200 MPa
and an initial H,O content of 4.7 wt% in the melt prior to decompression, the solubility of N, is
correspondingly low. Thus, a significant amount of the N, in the capsule of glass powder samples

remains in the HO-dominated fluid phase.

Figure 9. Ascent distance of H,O bubbles as a function of bubble diameter for the equilibration
and decompression 7 (1300 and 1050 °C) and two #,,’s (24 and 96 h). Instant volatile saturation
of the melt at the beginning of the equilibration period in the glass powder experiments is
assumed. Increasing 7 accelerates bubble ascent due to the lowered viscosity of the melt and

decreased density of the supercritical fluid (see text, Eqn. 2).

Figure 10. The TLM image of sample CD-C-4 decompressed to a P, of 75 MPa with 0.17
MPa-s” shows two neighbored bubbles that extend towards each other by a small bulge. These

bubbles were quenched just at the beginning of coalescence.

Figure 11. Logarithmic Ny(n)-values of samples of this study (error about £0.5 log units) and of
selected previous experimental studies as a function of decompression rate in comparison to the
calculated Ny(n)-values for the CI melt using the model of Toramaru (2006). The trends were
calculated (1) for a macroscopic surface tension of 0.133 N'm” and a total H,O diffusivity of
1.57-10"° m*s™ (solid line) and (2) a network former diffusivity of 8:10"° m*s™ in combination
with a moderately lowered surface tension of 0.042 N'm™ (dashed line). Filled symbols represent
Ny(n) of samples from experiments where most likely coalescence did not occur. Empty symbols
represent Ny(n) of samples from experiments that are suggested to be influenced by coalescence

reducing Ny(n) (indicated by arrows). Note: Mal5: CD experiments of Marxer et al. (2015) in 5
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mm capsules, VAD79 composition at 1050 °C. Goll: TIHPV experiments of Gondé et al.
(2011), haplogranite at 900°C. ML02: Mourtada-Bonnefoi and Laporte (2002), rhyolite at 800

°C. MS00: Mangan and Sisson (2000), rhyolite at 900 °C.

Electronic Appendix
eFigure 1a. BSE image of the CI glass cylinder sample CD-C-5 with a 7, of 96 h and

decompressed to a Py, of 60 MPa with 0.17 MPa-s™.

eFigure 1b. Mapped TLM image of the CI glass cylinder sample CD-C-5 with a #,, of 96 h and

decompressed to a Py, of 60 MPa with 0.17 MPa-s™.

eFigure 2a. BSE image of the CI glass cylinder sample CD-C-3 with a #, of 96 h and

decompressed to a P, of 75 MPa with 0.024 MPa-s™.

eFigure 2b. Mapped TLM image of the CI glass cylinder sample CD-C-3 with a ¢, of 96 h and

decompressed to a Py, of 75 MPa with 0.024 MPa-s™.

eFigure 3a. BSE image of the CI glass cylinder sample CD-C-4 with a #, of 96 h and

decompressed to a Py, of 75 MPa with 0.17 MPa-s™.

eFigure 3b. Mapped TLM image of the CI glass cylinder sample CD-C-4 with a ¢, of 96 h and

decompressed to a Py, of 75 MPa with 0.17 MPa-s™.
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eFigure 4. BSE image of the CI glass cylinder sample CD-C-1 with a #, of 96 h and

decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure 5a. BSE image of the CI glass powder sample CD-P-1 with a 7, of 24 h and

decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure Sb. Mapped TLM image of the CI glass powder sample CD-P-1 with a #,, of 24 h and

decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure 6. BSE image of the CI glass cylinder sample CD-C-2 with a #, of 96 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.

eFigure 7a. BSE image of the CI glass powder sample CD-P-2a with a f, of 24 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.

eFigure 7b. Mapped TLM image of the CI glass powder sample CD-P-2a with a #,, of 24 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.

eFigure 8. BSE image of the CI glass powder sample CD-P-2b with a #, of 96 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.

eFigure 9a. BSE image of the VAD79 glass powder sample CD-P-22 with a #,, of 24 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.
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eFigure 9b. Mapped TLM image of the VAD79 glass powder sample CD-P-22 with a z,, of 24 h

and decompressed to a Py, of 100 MPa with 0.024 MPa-s ™.

eFigure 10. BSE image of the VAD79 glass cylinder sample CD-C-23 with a 7, of 96 h and

decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure 11a. BSE image of the VAD79 glass powder sample CD-P-24 with a #., of 24 h and

decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure 11b. Mapped TLM image of the VAD79 glass powder sample CD-P-24 with a ., of 24

h and decompressed to a Py, of 100 MPa with 0.17 MPa-s™.

eFigure 12. BSE image of the VAD79 glass cylinder sample CD-C-25 with a #,, of 96 h and

decompressed to a Pjy,y of 100 MPa with 0.024 MPa-s™.

eFigure 13. BSE image of the VAD79 glass powder sample CD-P-32 with a #,, of 96 h and

decompressed to a Pjyy of 60 MPa with 0.17 MPa-s™.
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Chemical compositions (wt%, normalized to 100 %) of synthesized starting

Table 1. glasses based on analyses of natural CF Triflisco OP17cl-sp by XRF in

Civetta et al. (1997) and natural VAD79 in lacono Marziano et al. (2007).
CI CI VAD79 VAD79

Civetta this study MI::;;;?]O this study

XRF Data n=27 n=12 n=17

SiO, 58.52 58.87 (34) 57.15 (39) 57.53 (63)
TiO, 0.45 0.44 (2) 0.30 (5) 0.29(2)

ALO; 18.81 18.53 (23) 21.34 (25) 20.52 (18)
FeO* 4.36 4.41 (25) 2.70 (17) 2.71 (19)
MnO 0.08 0.08 (3) 0.14 (6) 0.14 (3)
MgO 1.48 1.42 (7) 0.39 (5) 0.38(3)
CaO 4.13 4.09 (15) 3.26 (12) 3.32(11)
Na,O 2.92 3.08 (14) 5.16 (15) 5.38 (17)
K,O 8.98 8.82 (16) 9.46 (15) 9.53 (21)
P,0s 0.26 0.254) 0.09 (4) 0.10 (3)

Notes: Errors are provided in parentheses.

Standard deviation (1c) based on EMPA analysis.

#: Total Fe concentration in the glass given as FeO.
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Table 2. Run conditions and H,O contents of isobaric experiments.

weighed total H,O number of
starting quench T prior portion of  content in average Nc(t)
. o . analyzed . . d
exp. # composition material method quench H,O in glass by objects object size (glass)
capsule FTIR
[h] [°Cl [wt%]* [wt%]" [um] [mm™]
IB-C-1a CI cylinder 96 RQ 1050 4.75(0.05) 4.87(0.10) 82 03-1 1.17E+05
IB-C-1b CIl cylinder 96 RQ 1300 4.73(0.05) 4.93(0.10) 84 0.7 1.11E+05
IB-C-2 CI cylinder 96 NQ 1050 4.72(0.05) 4.66(0.10) 267 10-13 7.01E+04
REF12¢ VAD79 cylinder 96 RQ 1050 4.86(0.05) 4.89(0.12)
IB-P-1 CI powder 24 RQ 1300 0.98(0.05) 1.10(0.05)
IB-P-2 CI powder 24 RQ 1300 1.95(0.05) 2.05(0.04)
IB-P-3 CI powder 24 RQ 1300 3.87(0.05) 4.01(0.13)
IB-P-4 CI powder 24 RQ 1300 4.76(0.05) 4.84(0.17) 280 03-1 4.42F+05

Equilibration temperature was 1300 °C and equilibration pressure was 200 MPa.
*:Weighing error in brackets.

°: Means of at least 10 individual measurements over the whole sample (+1o in brackets), molar absorption coefficients and densities are provided in the
text. Thickness of the samples ranges between 120 — 160 um.

: VAD79 composition, equilibrated at 1050°C, for details see Tab. 1 in Marxer et al. (2015).

4 N((t) is the number of quench crystal aggregates per total unit volume derived from TLM.

1188

1189
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1190

Table 3. Synopsis of the decompression experiments and the main results.

total .0 residual total 2D porosity 3D porosity equilibrium expected corrected
starting dP-dt’ content H.0 content counting number of average (glass; h (glass) f;om porosity porosity porosity Nu(t) (glass) Ny(n) (melt) i
exp. # composition N teq [h] Prinal [MPa] - dissolved in in glass by analyzed object size u . o 30h Bs comments
material [MPass™] method N ImageJ BSE or TLM (melt) (melt) (melt) [mm™] [mm’
melt at Pgar FTIR objects [um] o/ 1¢ iy YT o/ 1¢ o/ 1"
[We%]® [w[%]n [area%] [vol%] [vol%] [vol%] [vol%]
CD-C-5 CI cylinder 96 60 0.17 4.78(5) nd. BSE 430 7-9 8.59 8.88 33.6 nd. 22.6 5.68E+05 6.23E+05 3.00 area |
BSE 453 7-9 10.36 10.5 33.6 nd. 26.0 7.51E+05 8.39E+05 3.00 area 2
BSE 441 7-9 8.66 9.09 33.6 nd. 23.1 7.06E+05 7.77E+05 3.00 area 3
BSE 438 7-9 10.9 10.9 33.6 nd. 26.8 6.09E+05 6.84E+05 3.00 area 4
BSE 440 7-9 9.63 9.84 33.6 n.d. 24.7 6.59E+05 7.30E+05 3.00 average
CD-C-3 CI cylinder 96 75 0.024 4.78 (5) 4.57 (6 BSE 645 - 4.8 5.4 26.5 38 15.2 1.87E+05 1.98E+05 3.15
TLM 143 11.5(2.0) 1.61 26.5 38 4.9 5.53E+04 5.62E+04 3.15
CD-C-4 CI cylinder 96 75 0.17 4.75(5) 4.88 (13) BSE 507 - 33 3.6(4) 26.2 0.0 10.5 6.12E+04 6.35E+04 3.15
TLM 182 ~4 0.27 26.2 0.0 0.9 8.11E+04 7.55E+04 3.15
CD-C-1 CI cylinder 96 100 0.17 4.62(5) 4.64 (10) TLM 529 4-5 0.54 14.0 0.0 1.6 1.52E+05 1.53E+05 298
CD-P-1 CI powder 24 100 0.17 4.67 (5) 4.06 (10) BSE 123 - 4.8 4.9 145 8.0 133 204 215 2.98 area of big bubbles
TLM 213 5-7 29 14.5 1.8 8.2 2.58E+05 2.64E+05 298 area of small bubbles
CD-C-2 CI cylinder 96 100 0.024 4.68 (5) 4.58 (6 TLM 901 4-5 0.26 14.6 1.4 0.8 4.68E+05 4.69E+05 298
CD-P-2a CI powder 24 100 0.024 4.74 (5) 3.81(8) BSE 84 130 5.6 5.4(1.5) 15.4 11.9 14.5 73 87 2.98
CD-P-2b CI powder 96 100 0.024 4.64 (5) 4.73 (14) TLM 218 1- 0.1 14.2 0.0 0.3 2.73E+05 3.24E+05 2.98
CD-P-22 VAD79 powder 24 100 0.024 4.73 (5) 3.71(9) BSE 229 - 4.5 6.1(1.2) 15.1 12.9 13.6 508 541 251
CD-C-23 VAD79 cylinder 96 100 0.17 4.76 (5) 4.83 (6 TLM 362 1-2 0.0 15.4 0.0 0.1 1.01E+05 1.01E+05 251
CD-P-24 VAD79 powder 24 100 0.17 4.73 (5) 3.86 (4) BSE 134 - 5.6 5.6(8) 15.1 11.2 12.6 319 338 251
CD-C-25 VAD79 cylinder 96 100 0.024 4.66 (5) 4.68 (5 TLM 493 1- 0.05 14.4 0.0 0.1 1.29E+05 1.30E+05 251
CD-P-32 VAD79 powder 96 100 0.024 4.73 (5) 4.60 (8) TLM 156 1 - 0.07 15.1 1.8 0.2 1.77E+05 1.77E+05 2.51

Starting pressure (Pu..) was 200 MPa for all experiments.

“: Weighed portions of HO (weighing error in brackets).

" Means of individual measurements in the center area of the sample (<1 in brackets).

: Porosity displayed as 2D phase proportion of bubbles determined from a representative excerpt in the sample center acquired by BSE imaging.
: Calculated from Eq. 5 in Gardner et al. (1999) using solubility data of Fanara et al. (in press) and lacono-Marziano et al. (2007).
: Calculated from Eq. 5 in Gardner et al. (1999) using the residual H,O contents.
: Calculated from Eq. 3 in Marxer et al. (2015) using the corresponding shrinkage factor Bs and the 3D porosity.
: Ni(t) is the number of bubbles per total unit volume (Vs + Viubbies)-

: Ni(n) is the number of bubbles normalized to the bubble-free volume.

q
1]

e,
b

. Shrinkage factor calculated from Eq. 2 in Marxer et al. (2015).

’: Numerous small objects in the measuring volume.
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Chemical compositions (wt%, normalized to 100 %) of synthesized starting
Table 1 glasses based on analyses of natural CF Triflisco OP17c1-sp by XRF in Civetta
et al. (1997) and natural VAD79 in Iacono Marziano et al. (2007).

CI CI VAD79 VAD79
Civetta this study Iacono Marziano this study
XRF Data n=27 n=12 n=17
Sio, 58.52 58.87 (34) 57.15(39) 57.53 (63)
TiO, 0.45 0.44 (2) 0.30 (5) 0.29 (2)
AL O, 18.81 18.53 (23) 21.34 (25) 20.52 (18)
FeO* 436 4.41 (25) 2.70 (17) 2.71(19)
MnO 0.08 0.08 (3) 0.14 (6) 0.14 (3)
MgO 1.48 1.42 (7) 0.39 (5) 0.38 (3)
CaO 4.13 4.09 (15) 3.26 (12) 3.32(11)
Na,O 2.92 3.08 (14) 5.16 (15) 5.38(17)
K,O 8.98 8.82 (16) 9.46 (15) 9.53 (21)
P,0; 0.26 0.25 (4) 0.09 (4) 0.10 (3)

Notes: Errors are provided in parentheses.
Standard deviation (1) based on EMPA analysis.

* Total Fe concentration in the glass given as FeO.




Table 2 — Run conditions and H,O contents of isobaric experiments.

weighed total H,O
. . ; . number of
. starting guench T prior portion of content in average
composition . teg . analyzed ) .
exp. # material method quench H,O in glass by objects object size
capsule FTIR
[h] [°Cl] [wt%]* [wt%]” [um]
IB-C-1a Cl cylinder 96 RQ 1050 4.75(0.05) 4.87(0.10) 82 03-1
IB-C-1b Cl cylinder 96 RQ 1300 4.73(0.05) 4.93(0.10) 84 0.7
IB-C-2 Cl cylinder 96 NQ 1050 4.72(0.05) 4.66(0.10) 267 10-13
REF12° VAD79 cylinder 96 RQ 1050 4.86(0.05) 4.89(0.12)
IB-P-1 Cl powder 24 RQ 1300 0.98(0.05) 1.10(0.05)
IB-P-2 Cl powder 24 RQ 1300 1.95(0.05) 2.05(0.04)
IB-P-3 Cl powder 24 RQ 1300 3.87(0.05) 4.01(0.13)
IB-P-4 Cl powder 24 RQ 1300 4.76(0.05) 4.84(0.17) 280 03-1

Equilibration temperature was 1300 °C and equilibration pressure was 200 MPa.

#:Weighing error in brackets.

®: Means of at least 10 individual measurements over the whole sample (1o in brackets), molar absorption coefficients and densities are provid

Thickness of the samples ranges between 120 — 160 um.

. VAD79 composition, equilibrated at 1050°C, for details see Tab. 1 in Marxer et al. (2015).
N c () is the number of quench crystal aggregates per total unit volume derived from TLM.
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