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Abbreviations and variables

BSD
BSE
CD

CF
CFDDP
CI
EMP(A)
EOS
FOV
FPA
FTIR
HDAC
IB
(T)IHPV
MIR
MORB
MSD
NIR
NQ
QFM
REF
RQ

S/N

SD

SE
SEM
SSD
TLM
VAD79
WDS

bubble size distribution

back-scattered electron

continuous decompression

Campi Flegrei

Campi Flegrei deep drilling project
Campanian Ignimbrite

electron microprobe (analysis)

equation of state

field of view

focal plane array

Fourier-transform infrared (spectroscopy)
hydrothermal diamond anvil cell

isobaric experiment/sample

(transparent) internally heated pressure vessel
mid-infrared

mid-ocean ridge basalt

multi-step decompression

near-infrared

normal quench

quartz-fayalite-magnetite (solid oxygen buffer)
reference experiment/sample

rapid quench

signal-to-noise

step-wise decompression

single-element

scanning electron microscopy

single-step decompression

transmitted light microscopy

phonolitic starting glass from the Vesuvius AD 79 eruption

wavelength-dispersive X-ray spectroscopy



Abbreviations and variables

o4

B

AFe
APren
APrioN
APy

dpP-dr!

Ny(n)
Ni(t)

P final
Pi
P start

absorption

defining parameter for the diffusion- or viscosity-controlled regime
shrinking factor of the bubble volume during cooling

total H>O concentration expressed as molecular number

free energy of formation for a bubble nucleus with critical radius
supersaturation pressure for heterogeneous bubble nucleation
supersaturation pressure for homogeneous bubble nucleation
supersaturation pressure of H>O in the melt

diffusion coefficient (thesis text and Appendix A)

diffusivity of total H2O (Appendix C)

decompression rate

molar extinction coefficient

viscosity

bubble diameter

jump distance of a cation in the melt

population density of bubbles with diameter /

number of quench crystal aggregates per unit volume of sample
number of bubbles per unit volume of sample, bubble number density
number of bubbles per unit volume of pure melt or glass

number of bubbles per total unit volume of sample (Vmelvglass + Vo)
density

pressure

hydrostatic exterior pressure in the melt around a bubble
equilibration pressure

final pressure of decompression

interior bubble vapor pressure

starting pressure of decompression

H>O saturation pressure in the melt

absorption quotient

bubble radius

surface tension

decompression time to Pina
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teq equilibration time prior to decompression
T temperature

Teq equilibration temperature

Ty fictive temperature of the melt where the bubble volume reduction stops
T, glass transition temperature

Ty run temperature prior to rapid quench

Vi volume of the bubbles in a sample

Vbubble ascent velocity of a bubble

Valass volume of the glass without bubbles

Vineit volume of the melt without bubbles

Vi molar volume (thesis text and Appendix B)

volume of a H>0 molecule in the melt (Appendix C)
Xp volume fraction of bubbles in a sample

Xmo(fluid)  molar fraction of H2O in the fluid



Zusammenfassung

Zusammenfassung

Die Entgasung von Magmen wihrend des Aufstiegs kann anhand von
Dekompressionsexperimenten mit Volatil-haltigen Silikatschmelzen simuliert werden. Die
dekompressionsinduzierte Volatil-Ubersittigung in der Schmelze fiihrt zur Nukleation und dem
Wachstum von Blasen. Die Simulation dieser dynamischen Entgasungsprozesse erfordert
optimierte Experimente, deren Ergebnisse hauptséchlich von der Dekompressionsrate abhangig
sind. Diese Dissertation liefert wichtige Erkenntnisse {iber den Einfluss der in der Literatur
beschriebenen Dekompressionsmethoden  (kontinuierliche/stufenweise =~ Dekompression,
CD/SD) und Startmaterialien (Glaszylinder/-pulver) auf die homogene Blasennukleation und
den Verlauf der H>O-Entgasung. H>O-haltige Silikatschmelzen wurden in einer intern
beheizten Argon-Gasdruckanlage bei einer Temperatur von 1323 K oberhalb des Liquidus
dekomprimiert. Die Dekompression startete bei einem Druck von 200 MPa und wurde mit
nominellen Dekompressionsraten von 0.0028-1.7 MPa-s™! durchgefiihrt. Bei Erreichen der
Zieldriicke von 100-60 MPa wurden die Proben isobar abgeschreckt.

Die Experimente belegen, dass die Entgasung von Silikatschmelzen gegeniiber dem
experimentellen Protokoll hochst sensibel ist. Diese Dissertation offeriert auf Basis der
Ergebnisse von optimierten Versuchen grundlegende Richtlinien fiir die Durchfiihrung und die
Interpretation von Entgasungsexperimenten. Ein fundamental wichtiger Aspekt ist die
Beriicksichtigung der Volumenreduktion der Blasen aufgrund des sinkenden molaren
Volumens (V) des entgasten H>O wiahrend der isobaren Abkiihlung. Die Blasenvolumina und
die Porositit in einer abgeschreckten Probe stimmen nicht mit dem Zustand vor dem Abkiihlen
tiberein. Das Blasenvolumen kann iiber einen Schrumpf-Faktor korrigiert werden. Dieser
Faktor ist definiert iiber die V,, (H20) bei der Versuchstemperatur vor dem Abkiihlen (7,) und
bei einer fiktiven Temperatur (77), bei der weiteres Schrumpfen der Blasen durch die Viskositét
der Schmelze verhindert wird. In erster Ndherung kann die Glastransformations-Temperatur fiir
Ty angenommen werden. Die korrigierte Porositit einer abgeschreckten Probe ist innerhalb
eines relativen Fehlers von <10 % identisch zu der erwarteten Porositét bei 7,4, die anhand des
residualen H>O-Gehalts im Glas berechnet werden kann. Die Volumenreduktion der Blasen
wéhrend der Abkiihlung unter hohem Druck ist bei der Analyse und der Interpretation von

Blasen-haltigen Proben bis heute nicht beriicksichtigt worden.



Zusammenfassung

Diffusives Blasenwachstum wéihrend der Dekompression kann zu Volatil-
Konzentrationsgradienten in Richtung der Blasen fithren. Die Evaluation der bildgebenden
Mikro-FTIR-Spektroskopie mit einem ,,focal plane array“-Detektor als analytische Methode
zur Untersuchung von CO;- und H>O-Diffusionsprozessen in Silikatschmelzen ist ebenfalls
Teil dieser Dissertation. Gesamt-CO»/H>O-Diffusionskoeffizienten, die {iber das bildgebende
Verfahren anhand von Konzentrations-Distanz-Profilen in Diffusionspaar-Proben ermittelt
wurden, sind innerhalb des Fehlers identisch zu den Diffusionskoeffizienten, die iiber die
klassische Einelement-Detektor-Analyse bestimmt wurden. Das bildgebende Verfahren ist
besonders gut geeignet, um Diffusionsprozesse auf einem Malstab weniger Mikrometer zu
untersuchen. Allerdings lieBen Messungen der gesamt-H>O-Konzentration um Blasen in einer
dekomprimierten Probe keine signifikanten Konzentrationsgradienten erkennen. Dies konnte
auf den Transport von Schmelze wéhrend des Blasenschrumpfens zuriickzufiihren sein.

Der Vergleich zwischen CD und SD hat gezeigt, dass die Simulation von
kontinuierlichem Magmenaufstieg CD-Experimente mit angemessenen Dekompressionsraten
erfordert. SD fiihrte zu umfangreicher Nukleation von Blasen, da die Diffusion von H2O
wihrend der Dekompressionsschritte zeitlich limitiert war. CD mit Raten <0.024 MPa-s™!
ermdglichte eine kontinuierliche Reduktion der Ubersittigung durch Diffusion von HO,
nachdem sich erste Blasen gebildet hatten. Die Anzahldichten der Blasen (Ny) in Proben von
CD-Experimenten mit geringen Dekompressionsraten sind mehrere GroéBenordnungen
niedriger und die Blasen sind grofer als in Proben von SD-Experimenten.

Entgasungsexperimente mit dem Fokus auf homogener Blasennukleation sollten mit
blasenfreien Glaszylindern von ausreichender Grofle durchgefiihrt werden. Im Gegensatz zu
Glaszylindern verhinderte die Verwendung von Glaspulvern die homogene Nukleation von
Blasen. Die eingeschlossene Luft im Porenraum des Glaspulvers fiihrte wahrscheinlich zur
Bildung von kleinsten, in der Schmelze verteilten H>O-Nz-Blasen vor der Dekompression. Die
Entgasung der Glaspulver-Proben wurde iiber das diffusive Wachstum dieser bereits
vorhandenen Blasen bewerkstelligt. Dies belegen die im Vergleich zu den Glaszylinder-Proben
hoheren Porosititen und grofleren Blasen, wobei die Ny in den Glaspulver-Proben um mehrere
GroBenordnungen geringer sind. Weiterhin erfordert die Untersuchung von homogener
Blasennukleation einen kurzen Dekompressionszeitraum, um die Reduzierung der Ny durch
Ostwald-Reifung und Koaleszenz von Blasen zu minimieren. Aufsteigende Blasen diirfen die

homogene Nukleation nicht beeinflussen.



Zusammenfassung

Anhand der Ny der Glaszylinder-Proben wurde die Anwendbarkeit eines Modells zur
homogenen Blasennukleation in Abhédngigkeit von der Dekompressionsrate (Toramaru, 2006)
getestet. Die experimentell bestimmten Ny sind bis zu 5 GréBenordnungen hoéher als die mit
dem Modell berechneten Werte. Eine der Hauptursachen konnte die Verwendung der
makroskopischen Oberfldchenspannung im Modell zur Beschreibung der Blasennukleation auf
molekularer Ebene sein. Die modellierten Ny stimmen am besten fiir eine um mehr als eine
GroBenordnung verminderte Oberflichenspannung von ~0.003 N-m™! mit den experimentellen
Werten iiberein. In Anbetracht der iiber optimierte Experimente neu bestimmten, hohen Ny ist
es erforderlich, dass bestehende Modelle zur homogenen Blasennukleation wihrend des
Magmenaufstiegs an die neuen Datensétze angepasst werden. Dies wird dazu beitragen, die
dynamischen Prozesse der Schmelzentgasung, die zu explosiven Vulkanausbriichen fiihren

kann, besser zu verstehen.



Abstract

Abstract

Magma degassing during ascent can be simulated by decompression experiments with volatile-
bearing silicate melts. Decompression-induced volatile supersaturation in the melt results in
bubble nucleation and growth. The simulation of these dynamic degassing processes
necessitates optimized experiments in which the results are primarily dependent on the
decompression rate. This doctoral thesis reveals the influence of the decompression methods
(continuous/step-wise decompression, CD/SD) and starting materials (glass cylinder/powder)
reported in literature on homogeneous bubble nucleation and the course of H>O degassing. H>O-
bearing silicate melts were decompressed at a super-liquidus temperature of 1323 K in an
internally heated argon pressure vessel. Decompression started from a pressure of 200 MPa
with nominal decompression rates of 0.0028-1.7 MPa-s™!. At final pressures of 100-60 MPa,
the samples were quenched rapidly at isobaric conditions.

The experiments document that melt degassing is highly sensitive to the experimental
protocol. Based on the results of optimized experiments, this thesis provides essential
guidelines for the conduction and interpretation of degassing experiments. A fundamentally
important aspect is the consideration of the bubble volume reduction due to decreasing molar
volume (V:) of the exsolved H>O during isobaric rapid quench. The bubble volumes and the
porosity of a vitrified sample do not correspond to the condition prior to cooling. The bubble
volume can be corrected using a shrinking factor that is dependent on the V, (H20) at run
temperature prior to isobaric rapid quench (7,) and at a fictive temperature (7y) where further
shrinkage is prevented by melt viscosity. In first approximation, the glass transition temperature
of the melt can be used for 7. The corrected porosity of a quenched sample is within a relative
error of <10 % equal to the expected porosity at 7,, that can be calculated from the residual
H>O content in the glass. To date, the volume reduction of bubbles during cooling under high
pressure has not been considered in the analysis and interpretation of vesiculated samples.

Diffusive bubble growth during decompression can result in volatile concentration
gradients towards bubbles. The evaluation of micro-FTIR imaging with a focal plane array
detector as analytical method to study diffusion processes of CO> and H>O in silicate melts is
also part of this thesis. Bulk CO; and H>O diffusivities derived from imaging of concentration-
distance profiles in diffusion couple samples are within the error identical to the diffusivities

derived from standard single-element detector analysis. The imaging technique is particularly



Abstract

suited to study diffusion processes on a micrometer scale. However, imaging of the total H.O
concentration around a bubble in a decompressed sample did not reveal significant
concentration gradients. This could be a result of melt transport around the bubbles during
shrinkage.

The comparison between CD and SD has shown that the simulation of continuous
magma ascent requires CD experiments with reasonable decompression rates. SD resulted in
extensive bubble nucleation, because H>O diffusion was limited in time during the
decompression steps. CD with rates <0.024 MPa-s™! facilitated continuous reduction of the
supersaturation by diffusive bubble growth after bubble nucleation was triggered. The bubble
number densities (Ny) in glass cylinder samples from CD experiments with low decompression
rates are several orders of magnitude lower and the bubble diameters are bigger than in samples
of SD experiments.

Degassing experiments with focus on homogeneous bubble nucleation should start from
sufficiently sized, bubble-free glass cylinders. In contrast to glass cylinders, the use of glass
powders prevented homogeneous bubble nucleation. The trapped air in the pore space of the
glass powder probably led to the formation of tiny H.O-N: bubbles throughout the melt prior
to decompression. Degassing of the glass powder samples was facilitated by diffusive growth
of these pre-existing bubbles. This is evidenced by higher porosities, bigger bubbles and several
orders of magnitude lower Ny than in the glass cylinder samples. Furthermore, the investigation
of homogeneous bubble nucleation necessitates a short decompression timescale to minimize
the reduction of Ny due to Ostwald ripening and bubble coalescence and to prevent alteration
of the nucleation record due to bubble ascent.

Based on the Ny of the glass cylinder samples, the applicability of a model for
homogeneous bubble nucleation in dependence of the decompression rate (Toramaru, 2006)
was tested. The experimentally determined Ny are up to 5 orders of magnitude higher than the
values calculated with the model. This may be mainly attributed to the usage of the macroscopic
surface tension in the model to describe the nucleation of bubbles at the molecular level. The
modeled Ny match the experimental values best for a more than one order of magnitude reduced
surface tension of ~0.003 N-m'. Considering the newly determined high Ny from optimized
experiments, current models for homogeneous bubble nucleation during magma ascent have to
be adjusted to the new data. This will contribute to a better understanding of the dynamic melt

degassing processes that can trigger explosive volcanic eruptions.



1. Introduction

1. Introduction

1.1. Magma ascent and melt degassing

The dynamic processes in the course of magma ascent through the crust are controlling
parameters for volcanic activity. The exsolution of dissolved volatiles such as H>O, CO» and
sulphur compounds from the melt in a super-critical fluid phase (referred to as “degassing”) at
high pressure (P) and temperature (7) is the most important mechanism triggered during ascent,
because it influences the physico-chemical evolution of a magma including the ascent rate and
the eruptive style of a volcano (e.g. Sparks, 1978; Gonnermann and Manga, 2007). In most
magmatic systems, H>O is the dominant volatile component with up to several wt% H>O
dissolved in the melt. Its solubility is strongly dependent on P and to a lesser extent on the
chemical composition of the melt (e.g. Duan, 2014). The ascent of magma is coupled with a
decrease of P that lowers the solubility and ultimately leads to a supersaturation with volatiles
in the melt (Sparks et al, 1994; Gonnermann and Manga, 2007). This supersaturation initiates
bubble nucleation and growth in the melt that decrease the density of the ascending magma by
increasing its porosity. The degassing process of H>O can also result in decompression-induced
crystallization due to increasing liquidus 7 (Hammer and Rutherford, 2002; Couch et al., 2003).
Both degassing and crystallization influence the rheology of the ascending magma (Manga

et al., 1998).

Bubbles can either nucleate homogeneously in the melt from an aggregation of H>O molecules
or heterogeneously on suitable nucleation sites such as small crystals (Sparks, 1978; Hurwitz
and Navon, 1994). In both cases, the free energy of formation (4F.) of a bubble nucleus with
critical radius has to be overcome to create a new melt-fluid phase boundary. This energetic
barrier is dependent on the supersaturation pressure (4Pg, P difference between vapor P in the
melt and exterior P) and on surface tension (o) (Hirth et al., 1970; Hurwitz and Navon, 1994;
Sparks et al., 1994). In case of heterogeneous nucleation on suitable crystals, 4F. can be
lowered due to a decrease of surface tension that depends on crystal morphology and the
wettability of the crystal surface (Hurwitz and Navon, 1994). With increasing A4Ps, during
magma ascent, the energetic barrier is reduced and the bubble nuclei start to grow by exceeding

the critical radius (Hirth et al., 1970; Toramaru, 1989). The corresponding critical
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supersaturation pressure for homogeneous nucleation (4Pp,n) is higher than for heterogeneous
nucleation (4Ppen). Typical APuon reported for HoO-bearing rhyolitic and phonolitc melts at
different P-T conditions are ~60-120 MPa, whereas heterogeneous nucleation already occurs at
APren of >5 MPa (e.g. Hurwtiz and Navon, 1994; Gardner et al., 1999; Mangan and Sisson,
2000, Gardner and Denis, 2004; Iacono Marziano et al, 2007). The newly formed bubbles in
the ascending magma grow by volatile diffusion into the bubbles, coalescence and due to
expansion of the exsolved volatile phase in the course of decompression. At the early stage of
degassing, a small bubble can also be dissolved again in favor of a bigger bubble in close
proximity. This Ostwald ripening process decreases the surface of the melt-fluid interface and

therefore minimizes the free energy of the system (Voorhees, 1992; Higgins, 2006).

The degassing paths of the ascending melt in terms of dissolved volatile content against P can
follow disequilibrium and/or equilibrium trends once the melt has become saturated (Mangan
and Sisson, 2000; Gonnermann and Manga, 2005). Until the first bubbles nucleate and grow,
the melt follows a disequilibrium trend due to increasing volatile supersaturation. After bubble
nucleation, this supersaturation can be decreased by diffusive bubble growth. The early onset
of heterogeneous bubble nucleation can lead to efficient equilibrium degassing (Mangan and
Sisson, 2000). Homogeneous bubble nucleation delays degassing and the melt can become
highly supersaturated, following a disequilibrium path. Further degassing of the melt is strongly
dependent on the ascent rate of the magma, because it controls the timescale for diffusive bubble

growth.

In return, the ascent rate of the magma is influenced by the growth of bubbles. Bubbles reduce
the density and increase the buoyancy of the magma (Gonnermann and Manga, 2007).
Persistent bubble growth therefore increases the ascent velocity and in positive feedback also
AP in the melt due to accelerated decompression. Magma ascent rates are additionally
dependent on reservoir depth, crystal content and conduit diameter (Rutherford, 2008). Typical
ascent rates for felsic and intermediate magmas through the crust are 0.001-0.015 m-s™.
Mid-ocean ridge basalt (MORB) magmas can already reach ascent velocities of 0.1-10 m-s’!
during effusive eruptions. The highest ascent rates with more than 200 m-s™! are reported for
kimberlitic magmas and other explosive eruptions (Paonita and Martelli, 2006; Sparks et al.,

2006; Rutherford, 2008; Misiti et al., 2011).
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The interaction of the growing bubbles during magma ascent is crucial for the eruptive style of
a volcanic system. Bubbles can stay isolated without interconnections until the magma reaches
a shallow level. The volatile phase cannot escape the system. Close to the surface, the decrease
of P leads to rapid expansion of the bubbles. This closed-system degassing can result in magma
fragmentation and explosive volcanism (Gaonac’h et al., 2003). In case of open-system
degassing, the bubbles can rise in the magma body towards the surface if the ascent rate is slow
enough or the bubbles interconnect by rupture of the bubble wall (Gonnermann and Manga,
2007). Bubble coalescence can be triggered by bubble wall stretching and inter-bubble P
gradients of neighbored bubbles (Castro et al., 2012). The extent of bubble coalescence is
strongly dependent on melt viscosity, timescale of magma ascent and the inter-bubble distance
(Gardner, 2007). The lower the viscosity of a system, the easier bubbles can get interconnected
or rise towards the surface. Extensive coalescence of bubbles generates magma permeability
and facilitates volatile discharge from the magmatic system that also controls the fumarolic
activity of a volcanic system. Low viscosity magmas such as MORBs are more likely to erupt
effusively due to an efficient degassing network, whereas highly silicic magmas with increased
viscosity and lacking interconnection of bubbles to enable gas permeability bear the potential
for explosive eruptions (Sparks et al., 1994). The strain rate due to rapid volatile expansion in
a highly vesiculated melt during accelerated magma ascent can increase rapidly and prevent
melt relaxation by viscous flow. As a result, the magma starts to fragment by brittle failure
(Dingwell and Webb, 1989; 1990; Alidibirov and Dingwell, 1996). This process can also lead

to pyroclast formation at low 7.

1.2. Decompression experiments

The concealed processes of bubble nucleation, growth and coalescence in ascending magmas
below the fragmentation level can be simulated by decompression experiments in HP-HT setups
with volatile-bearing melts. The experiments were mostly performed in a cold seal pressure
vessel or an internally heated pressure vessel (IHPV) with H>O or argon (+Hy) as pressure
medium and the possibility for a rapid quench (RQ) of the sample (e.g. Huwitz & Navon, 1994;
lacono Marziano et al., 2007; Pichavant et al.,, 2013). Due to its importance and for
simplification, the majority of the decompression experiments was conducted with H2O as

single volatile component in the melt in order to investigate the principal degassing
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mechanisms. In case of homogeneous bubble nucleation and growth in melts, the corresponding
experiments should be performed at super-liquidus conditions to avoid the energetically favored
heterogeneous bubble nucleation on crystals. A few in situ degassing studies were also
conducted in a transparent IHPV with sapphire windows (Gond¢ et al., 2011) and in Bassett-
type diamond or moissanite anvil cells (Martel and Bureau, 2001; Masotta et al., 2014).
However, these setups are either limited in the 7 range in case of the transparent IHPV or non-
isothermal during decompression, because (uncontrolled) P decrease is facilitated by rapid

cooling of the anvil cells.

Due to technical limitations, a step-wise decompression (SD) technique was used in most of the
previous experimental simulations of magma ascent in high pressure vessels. The P was
released by a single- or a multi-step decompression (SSD or MSD) method (e.g. Hurwitz and
Navon, 1994; Gardner et al., 1999; Larsen and Gardner, 2004; Mastrolorenzo and Pappalardo,
2006; Iacono Marziano et al., 2007). At SSD only one decompression step is performed to reach
the final pressure (Pfinar) and at MSD the sample is decompressed by sequential P drops of equal
height. In both cases, the P decrease is followed by an isobaric annealing period over a certain
amount of time (Appendix B). Commonly, a nominal decompression rate was interpolated from
the onset of each P decrease to the endpoint of the annealing period (e.g. Gardner et al., 2000;
Hammer and Rutherford, 2002; Gardner, 2007, Tacono Marziano et al., 2007). The actual
decompression rate of 2.5-10 MPa-s™! during each P drop was sometimes orders of magnitude
higher than the calculated nominal decompression rate, because the P decrease was usually
facilitated by manually opening and closing a conventional HP needle valve that is connected
to the autoclave. The resulting decompression rates correspond to extreme magma ascent rates
0f93-370 m-s™' (Appendix B). Such high magma ascent velocities only occur during kimberlitic
volcanism and lead to immediate eruption of the magma. Due to the annealing period at SSD
after the fast decompression step, this method does not represent a natural magma ascent
scenario. Explosive eruptions and pyroclast formation can be simulated in shock-tube
experiments (e.g. Alidibirov and Dingwell, 1996). The MSD technique can be used to simulate
complex natural magma ascent paths with periods of ascent followed by temporary storage
throughout the volcanic feeding system, but the previous studies that involved MSD were not
performed to investigate the effect of complex magma ascent paths (Brugger and Hammer,

2010).
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Up to now, only few experimental studies of magma ascent below the fragmentation level were
conducted with realistic continuous decompression (CD) rates. Mangan and Sisson (2000)
found that delayed disequilibrium degassing during continuous decompression of rhyolitic
melts can lead to a supersaturation of H>O within the melt of about two times the equilibrium
content. The study of Brugger and Hammer (2010) on decompression-induced crystallization
in rhyodacitic magmas revealed that MSD and CD paths with identical nominal decompression
rates lead to differences in plagioclase crystal textures due to diverging growth regimes. In
order to investigate the effect of the decompression method on melt degassing, Nowak et al.
(2011) performed a single set of decompression experiments with a hydrous rhyodacitic melt
at SSD, MSD and CD at an identical nominal decompression rate of 0.28 MPa-s!. It could be
demonstrated that SD enhances bubble nucleation due to sudden supersaturation, whereas the
degassing at CD is mainly achieved by bubble growth. Pichavant et al. (2013) simulated basaltic
magma degassing with the CD method and were able to generate CO»-supersaturated melts that

could give insights to explosive basaltic volcanism.

1.3. Starting materials of the experiments

The decompression experiments to date were either performed with glass cylinders or glass
powders as starting material. The material was pre-saturated or the capsules were loaded with
the nominally dry glass and additional H,O (e.g. Gardner et al., 1999; lacono Marziano et al.,
2007). Glass powder can be used to shorten the equilibration time (z.,) for the dissolution of the
H>O in the melt prior to decompression due to shorter diffusion distances corresponding to the
grain sizes. Many experiments were conducted with glass powder and additional H>O in excess
to solubility prior to decompression (e.g. Gardner et al., 1999; Larsen and Gardner, 2004). This
method results in so-called hydration bubbles that develop during equilibration in the former
pore spaces filled with the residual H>O which could not be dissolved in the melt (Gardner et
al., 1999). These pre-existing bubbles throughout the melt influence melt degassing in their
H>O drainage zone, because diffusive growth of pre-existing bubbles is energetically favored
to bubble nucleation. The radius of the spherical drainage zone is controlled by the
decompression rate that governs AP, and the time available for H>O diffusion (Larsen and
Gardner, 2000; Iacono-Marziano et al., 2007). The use of glass cylinders and additional H>O is

less critical, because all the H2O is at first located at the capsule-melt interface. Only the amount
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that matches H>O solubility will diffuse into the initially volatile-free melt cylinder. The excess
H>O will remain in one or a few big fluid bubbles at the capsule-melt interface that are barely

able to influence melt degassing in the center of sufficiently sized samples.

A further problem related to glass powder as starting material is the trapped air (or simplified
N»2) in the pore space during capsule preparation. Nominally H>O-undersaturated starting
conditions using glass powder are suggested to produce N2 bubbles throughout the melt prior
to decompression (Simakin et al., 1999; Mourtada-Bonnefoi and Laporte, 2002). Besides
typical volatile components such as H>O, COz and S-species, silicate melts can also dissolve
several hundred ppm N> dependent on P (e.g. Carroll and Webster, 1994). The solubility of a
volatile component in the melt is also influenced by the activity in the coexisting fluid (e.g.
Duan, 2014). In case of a mixed volatile phase consisting of several wt% H>O and only few
hundred ppm N in the capsules at the beginning of the experiments, the activity and therefore
the solubility of N> is greatly reduced (Appendix C). It can therefore be expected that after
equilibration, the bubbles consist of a mixed H2O-N> fluid with a high molar fraction of H.O
(X#20). The problem of pre-existing H2O-Nz bubbles throughout the melt and its critical impact
on the simulation of melt degassing can be avoided by using bubble-free glass cylinders. The
glass cylinders can sometimes also contain air-filled bubbles due to fusing of the starting
material in the atmospheric furnace from powder. However, the porosity and the corresponding
amount of Ny in the bubbles of a synthesized glass batch are usually very low compared to the

glass powder mixture (Appendix C).

1.4. Bubble size distributions and number densities

The decompressed and partially degassed samples can be analyzed for the number of nucleated
bubbles per unit volume (Ny) and the bubble size distribution (BSD). Size distributions were
initially introduced for crystallization processes (Randolph and Larson, 1971; Marsh, 1988).
They can give insights into nucleation and growth rates of crystals (Marsh, 1988; Higgins,
2006). The basic theory is also applicable to bubbles (e.g. Mourtada-Bonnefoi and Laporte,
2004; Shea et al., 2010b). BSDs are commonly expressed as the natural logarithm of the
population density in dependence of bubble size In n(/), because nucleation and growth of

bubbles (or crystals) over time follow exponential functions (e.g. Blower et al., 2002; Hammer,
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2008). The population density is the number of bubbles per unit volume within a confined size
interval and the sum of the bubbles of every size class is equal to Ny. The sample analysis is
either based on 2D or 3D imaging information (Appendix B). BSDs and Ny-values of
experimental samples can be compared to natural volcanic eruption products to obtain
information about onset of degassing (depth), nucleation mechanism (heterogeneous and/or
homogeneous) and magma ascent velocity. It is also possible to infer non-linear magma ascent
due to changes in the conduit or multiple nucleation and growth events (e.g. Shea et al.,
2010a, b). In this context it is important to normalize the derived number densities per total unit
volume of the sample (volume of melt and bubbles) Ny(t) to pure melt volume Ny(n) in order

to correct Ny for the individual porosity of a sample (Appendix B).

1.5. Bubble shrinkage and other quench effects

Unless the degassing experiments are performed with in-situ methods, the partially degassed
melts have to be quenched at Pji.a of decompression to vesiculated, volatile-bearing glasses in
order to analyze the samples for their BSD and porosity. A rapid quench of melt samples can
prevent crystallization during cooling. Above the glass transition, the viscosity of the melt and
the speciation of dissolved H>O is not quenchable (Dingwell and Webb, 1990; Nowak and
Behrens, 2001). The density of the melt also increases with decreasing 7' (Ochs and Lange,
1999). Two degassing studies casually mentioned that the size of H,O-filled bubbles decreases
during quench. Hurwitz and Navon (1994) presumed that cooling reduced the bubble volumes
in their samples, because they observed unstable wetting angles of ~90° between necked
bubbles and microlites. Simakin et al. (1999) also mention the shrinkage of bubbles during
quench and a relation to melt viscosity, but both publications do not go into any further details.
Further experimental studies did not consider this volume reduction of bubbles during quench
in the interpretation of porosities and BSDs determined from vitrified experimental samples.
Therefore, the reported porosities and BSDs in the vitrified samples probably do not correspond
to the conditions prior to rapid quench of the melts. The shrinkage of bubbles also increases the
Ni(t)-value of a sample during cooling. Only the Ny(n)-value (normalized to the respective

porosity in the melt and the glass) remains constant.

15



1. Introduction

Mclntosh et al. (2014) lately attributed the decrease of the bubble volumes to resorption of H,O
by diffusion into the melt during quench due to a possible increase of H2O solubility with
decreasing 7. Such a dependence of H>O solubility on 7 was shown by Holtz et al. (1995) for
a rhyolitic and Schmidt and Behrens (2008) for a phonolitic melt at P <400 MPa. However, this
effect might be strongly dependent on melt composition and the few experimental data for the
phonolitic melt only document the solubility >1123 K. McIntosh et al. (2014) calculated a mass
reduction of ~40 % of the exsolved H>O in a bubble due to quench resorption, which would
significantly decrease sample porosity and shift the BSD towards lower diameters during
cooling. The basis for their interpretation and calculation are increased total H>O concentrations
around the bubbles. Such total H>O concentration-distance profiles are a quenchable feature in
experiments with silicate melts (e.g. Nowak and Behrens, 1997). However, these concentration
gradients are only valuable if mass transport in the melt during quench does not interfere with

the profile.

1.6. Micro-FTIR imaging of H20 and COz2 concentration gradients in glasses

The growth of bubbles in ascending magmas is greatly affected by volatile diffusivity, because
it influences the amount and the timescale of supersaturation in the melt once bubbles have
nucleated (e.g. Sparks et al., 1994). The quantification of H>O and CO; diffusion processes is
therefore essential to investigate the dynamics of diffusive bubble growth. Volatile
concentration-distance profiles in silicate glasses in the direction of diffusion can be used to
determine the diffusion coefficients (D) of the volatile species in the melt (e.g. Nowak and
Behrens, 1997; Sierralta et al., 2002). The D-values are a measure for volatile mobility and can
be obtained from diffusion couple experiments. In this method, a volatile-bearing and a
nominally volatile-free glass cylinder are sealed in plane contact in a capsule and annealed at
HP-HT, enabling unidirectional diffusion into the nominally volatile-free cylinder (Lapham et
al., 1984). After a specific run time, the diffusion couple is quenched rapidly and the resulting
concentration-distance profile in the glass is usually obtained by Fourier transform infrared
(FTIR) spectroscopy in case of H>O and CO». The corresponding D-values can be derived from
a modified Boltzman-Matano analysis or from least-square fits of an applied error function
(Nowak and Behrens, 1997; Nowak et al., 2004). Diffusion couple experiments have e.g. shown
that volatile mobility increases with 7. Furthermore, the diffusivity of total H>O strongly
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increases with total H,O content in the melt, whereas the mobility of bulk CO; is independent

of CO; concentration (e.g. Nowak and Behrens, 1997; Spickenbom et al., 2010).

The previous diffusion couple studies mostly involved spatially resolved FTIR transmission
measurements with a standard single-element (SE) detector mounted on an infrared microscope
to monitor the concentration-distance profiles (e.g. Sierralta et al., 2002). The measurements
(mid- or near-infrared, MIR or NIR) were performed in 10-100 um steps using a knife-edge
aperture to narrow the field of view (FOV) in the direction of diffusion. Each measurement
provides the averaged sample information of the FOV in a single spectrum. This method results
in a single concentration-distance profile (Appendix A). FTIR microscopes can also be
equipped with a focal plane array (FPA) detector to enable micro-FTIR imaging in a single
measurement. In contrast to the SE detector, the FPA combines multiple detector elements
(pixels) and facilitates simultaneous recording of individual spectra within one measurement
(Lewis et al., 1995). Micro-FTIR imaging is meanwhile an established application to visualize
H>O and CO: concentrations in earth materials and enables measurements at high spatial
resolution on a micrometer scale (Della Ventura et al., 2010; Appendix A). This method is
therefore also applicable for imaging of H,0O and CO> concentration gradients in silicate glasses,
especially in diffusion couples. A single sample measurement with the FPA detector results in
multiple parallel concentration-distance profiles (Appendix A). Volatile concentration
gradients are also expected around bubbles in partially degassed samples due to diffusive
growth (e.g. Proussevitch and Sahagian, 1996). Micro-FTIR imaging is a promising method for
the verification of such bubble growth models by monitoring total H,O concentrations around

bubbles.

1.7. Objectives of this thesis

A first objective is to compare micro-FTIR imaging to conventional SE detector analysis for
the determination of total CO; and total H,O diffusion coefficients from diffusion couple
samples to highlight advantages of the FPA detector. The Micro-FTIR imaging technique is
also tested on a partially degassed sample of a decompression experiment to visualize the
concentration of total H2O in the glass matrix around bubbles (Appendix A) in order to obtain

information on diffusive bubble growth.
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The degassing study of Nowak et al. (2011) comparing SSD, MSD and CD in hydrous
rhyodacitic melts was based on a single set of experiments with a fixed decompression rate and
a relatively high step size of 50 MPa at MSD. One aim of this study is to verify the differences
in degassing behavior of H,O at SD and CD for a less silicic, alkali-rich phonolitic melt
composition from Vesuvius at different nominal decompression rates and a smaller step size
during MSD (Appendix B). The most important objective is the quantification of bubble
shrinkage during isobaric rapid quench due to cooling of the exsolved H2O in the bubbles
(Appendix B). This process has to be considered for proper interpretation of the porosity and
the BSD that is determined from a partially degassed, virtrified sample. Based on the
quantification of the bubble volume reduction, a correction method for the porosity and the

BSD of a vitrified sample is provided in this study.

A further aim is to investigate the influence of the starting material (glass cylinder vs. glass
powder) on H>O degassing during decompression of hydrous phonolitic and trachytic melts
(Appendix C). The experimentally determined Ny(n) are compared to calculated Niy(n) of the
bubble number density decompression rate meter of Toramaru (2006) for homogeneous bubble
nucleation at a constant decompression rate (Appendix C). Experimental limitations (e.g.
degassing timescale) are outlined and will contribute to improve the investigation of

homogeneous bubble nucleation in silicate melts.

1.8. Experimental and analytical strategy

At first, Micro-FTIR imaging with a 64x64 pixels FPA detector was compared to standard SE
detector analysis on four pre-existing samples of CO; diffusion couple experiments
(Appendix A). The double-sided ground and polished glass slabs of rhyolitic to hawaiitic
composition were monitored in MIR transmission mode for total CO> (and total H>O)
concentration-distance profiles in the direction of diffusion. The SE detector profiles were
determined in steps of 10 um with a knife-edge aperture of 170x15 pm. The total length of the
profiles was ~1 mm. The FOV of the FPA detector is 170x170 pm. The measurements were
conducted with maximum FPA resolution as well binned resolutions (4x4 and 16x16 pixels) by
seamless sample mapping (Appendix A). The different FPA detector resolutions correspond to

nominal lateral resolutions of ~2.7-42.5 um in the direction of diffusion. The resulting parallel
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concentration-distance profiles were averaged to a single profile and compared to SE detector

analysis.

All degassing-related experiments were performed in a vertically operated IHPV with argon as
pressure medium. The IHPV is equipped with a piezo-actuator-controlled decompression valve
facilitating both SD and CD (Nowak et al., 2011). The decompression valve was improved with
a retaining spring that drives the valve needle out of the valve seat if the coupled piezo-ceramic
is shortened. Furthermore, the valve was upgraded with a digital micrometer for more precise
manual positioning of the needle together with the force-fit connected piezo-actuator. The
I[HPV is equipped with a RQ device that enables a maximum sample cooling rate of

approximately 150 K-s! (Berndt et al., 2002).

The main experimental parameters for the comparison of SD and CD (Appendix B) were
adopted from the decompression experiments of lacono Marziano et al. (2007). The phonolitic
starting glass VAD79 was synthesized from mostly dried oxide and carbonate powders at 1873
K in several steps. Cylinders of 6-7 mm length and 2.5 and 5 mm diameter were drilled out and
loaded into either Pt or AugoPd2o capsules with deionized water. The bigger sample diameter
was chosen to minimize the effect of early degassing at the capsule-melt interface (Mangan and
Sisson, 2000; Iacono-Marziano et al., 2007). Reference samples (REF) with variable H>O
content in the melt were generated for FTIR and EMP analysis. The starting conditions for all
decompression experiments were 200 MPa and 1323 K. The equilibration time (%) at these
P-T conditions for the H>O to distribute homogeneously in the 2.5 or 5 mm cylinders was either
72 or 96 h. The solubility of the VAD79 melt was found to be ~5.6 wt% prior to decompression
(Appendix B). The 2.5 mm glass cylinders were sealed with H2O in excess in capsules with
flat-crimped headspaces. The 5 mm glass cylinders were loaded into capsules with a lid at the
bottom and a star-crimped headspace at the top to force the volumetric expansion of the sample
during decompression in a single direction. These samples were sealed with ~5 wt% H>O,
resulting in nominally H>O-undersaturated conditions at the beginning of decompression to
avoid the presence of a big fluid bubble in the capsule. After equilibration, decompression was
conducted isothermally with nominal rates from 0.0028 to 1.7 MPa's! in sets of each SSD,
MSD and CD. The samples were quenched rapidly at isobaric conditions at a Pgina of mostly

75 MPa. The vesiculated glasses were analyzed for residual H>O contents. The stereological
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conversion method of Higgins (2000) to obtain 3D data from limited 2D sample information
was positively tested for the application on bubbles and mainly used to determine BSDs,
volume fraction of bubbles (X») and Ny-values in suitable samples (Appendix B). Additionally,
Micro-FTIR imaging was applied to a partially degassed sample that was prepared as a double-
sided polished glass slab for transmission measurements (Appendix A). The thickness of the
slab was decreased to a level where the bubbles in the slab are cut at both top and bottom to
avoid apparent total H>O concentration gradients due to sample thinning at the curved bubble

wall (Appendix A).

Further sets of CD experiments starting from nominally H>O-undersaturated conditions were
conducted with moderate decompression rates of 0.024 and 0.17 MPa-s' down to a Pfua of
100 MPa with glass cylinders (5 mm) and glass powders as starting material (Appendix C).
Capsule geometry of the glass powder experiments was identical to the glass cylinder
experiments and the initial H2O contents in the melts were within the error ~4.7 wt%. The
samples in Appendix C were equilibrated at a 7¢; of 1573 K to eliminate former grain
boundaries of the glass powder that could serve as possible nucleation sites and to speed up
dissolution of H20 into the massive glass cylinders. Equilibration times (%) for glass powder
experiments were either 24 or 96 h. After f,, the T was decreased to 1323 K prior to
decompression. The effect of different starting materials on H>O degassing was also
investigated for a trachytic melt composition (Campanian Ignimbrite, CI) of Campi Flegrei
(Appendix C). Isobaric experiments (IB) with the CI composition were performed to document
the conditions after equilibration and prior to decompression. One IB sample was quenched
with a moderate cooling rate of ~150 K-min™! (referred to as normal quench, NQ) to verify the
formation of quench crystals in the CI experiments. Further CD experiments with hydrous CI
melts were performed down to a Ppna of 75 and 60 MPa. The vesiculated samples in
Appendix C were additionally analyzed using transmitted light microscopy (TLM) to determine

Ny-values of bubbles with diameters on a micrometer scale.
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1.9. Contributions to this thesis

A first test of the micro-FTIR imaging method on a single CO» diffusion couple was performed
by Marxer (2009). Basic insights into the comparison of CD vs. MSD in experiments with
2.5 mm VAD79 glass cylinders and H>O in excess in the capsules down to a Pfina of 75 MPa
were reported in Marxer (2011). Some of the H»O-bearing reference samples were also
generated in the course of Marxer (2011). The applicability of the stereological conversion
method of Higgins (2000) on bubbles was verified by Bellucci (2013). A part of the H,O-
undersaturated experiments with 5 mm cylinders for the comparison of CD vs. SD was
conducted and analyzed by Bellucci (2013). The comparison of different starting materials for
the degassing experiments with hydrous trachytic melts and the discussion of homogeneous
bubble nucleation (Appendix C) are part of the CFDDP (Campi Flegrei Deep Drilling Project)
that is conducted by Oliver Preu8 under supervision of Prof. Dr. Marcus Nowak. In this case,
the author of this thesis conceived and performed experiments with hydrous phonolitic
Vesuvius melts that were integrated in Appendix C. First experiments and analyses for the
comparison between glass cylinder and glass powder with the VAD79 melt composition were
performed and analyzed by Wolf (2014). A part of the experiments and analyses for the
comparison glass cylinder vs. glass powder with the trachytic melt composition was conducted
by Ulmer (2013). All experiments and analyses of Bellucci (2013) and Wolf (2014) were co-
supervised by the author of this thesis under general supervision of Prof. Dr. Marcus Nowak in
the course of this experimental degassing study. The basic results of the listed student theses
were combined in the publications and the manuscript provided in Appendix A-C together with
further substantial experimental and analytical data from the author. Appendix C is used
together with Oliver Preul8. The interpretation and discussion of the individual results were
interlinked and extended, especially with respect to bubble shrinkage and correction of this
quench effect as well as the influence of the starting material and the discussion of
homogeneous bubble nucleation. All authors listed above are acknowledged as co-authors of
the publications and the manuscript. Specific personal contributions of the author of this

doctoral thesis are presented on the first page of each appendix.
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2. Results and discussion

2.1. Micro-FTIR imaging

FPA detector measurements at a resolution of 64x64 pixels enabled detailed imaging of sample
features such as cracks or bubbles in the diffusion couple samples (Appendix A). The spatial
resolution is nonetheless limited the by the wavelength-dependent diffraction of light (Ippolito
etal., 2005), geometric sample effects and the confocal beam path of the microscope. Increasing
FPA detector resolution decreased the signal-to-noise ratio (S/N) of the recorded MIR spectra
and resulted in scattering of the determined absorption band areas that were used as basis for
the concentration-distance profiles (Appendix A). Nevertheless, averaging of the multiple
parallel profiles reduced this scatter to the level of SE detector analysis, which are based on the
averaged sample information from the FOV confined by the knife edge aperture (Appendix A).
The timescale of FPA sample mapping at maximum resolution was similar to standard SE
detector analysis at identical profile length and the diffusion couple could be easily monitored

for interfering melt convection due to the resulting multiple parallel profiles.

The concentration-distance profiles had to be corrected in length for cracks in the diffusion
couples and crack-related data points had to be deleted. Micro-FTIR imaging at maximum
resolution allowed precise correction of these features. Despite a different lateral resolution in
the direction of diffusion, the SE detector concentration-distance profile and the averaged
profiles obtained by FPA mapping are almost congruent. The profile shapes with a length of
more than 1 mm are barely influenced by averaging sample information over ~2.7 or ~42.5 um
in the direction of volatile diffusion. However, the influence of lateral resolution in the direction
of diffusion is crucial for shorter concentration-distance profiles. The error function fits of the
profiles also display matching trends (Appendix A). The derived bulk CO> and H>O diffusivities
from measurements with different FPA detector resolutions range from log D = -11.03
to -11.33 (D in m*-s™") at 500 MPa and 1523-1623 K and are within the error identical to SE

detector analysis.

Micro-FTIR imaging was also used to visualize total H>O concentration around bubbles in a

decompressed and partially degassed sample (Appendix A). Within error, concentration
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gradients towards the bubble wall could not be detected. The readjustment of thermodynamic
equilibrium prior to rapid quench could have eliminated the expected spherical H>O
concentration gradients around the bubble in this confined sample volume. Nevertheless, the
spatial resolution of this technique in thin samples is sufficient to investigate diffusion processes
on a micrometer scale. Recently, McIntosh et al. (2014) applied this imaging technique to
partially degassed samples and in contrast to our results, they monitored total H->O
concentration-distance gradients in the glass around bubbles with profile lengths of several
dozen micrometers. However, there are no data on the H>O solubility of the VAD79 melt
around the glass transition temperature (7y) to verify their suggestion of H>O resorption into

the melt.

2.2. Bubble shrinkage during isobaric rapid quench

The headspaces of the capsules from the degassing experiments are usually widened due to
expansion of the sample during decompression. The bubbles are often deformed and some
samples show large- and small-scale flow textures (Appendix B). Flow textures in and around
bubble indentions that document melt transport at high viscosity are direct evidence for bubble
volume reduction during isobaric rapid quench of the samples. The interpretations of bubble
deformation mechanisms by Castro et al. (2012) and McIntosh et al. (2014) due to bubble wall-
stretching during coalescence and quench resorption of H>O are not considered for the samples.
The deformed bubbles are often too isolated in the sample and significant total H>O
concentration gradients around the bubbles could not be detected (Appendix A). Besides, the
interpretation of Mclntosh et al. (2014) is based on measurements of total H>O distribution in
several year old samples. This timescale could have led to alteration of the samples by H2O
incorporation in the vitrified state. Indicators for this consideration are the increasing total HO
concentrations towards cracks in the glasses and the H>O species concentration-distance
profiles obtained by micro-FTIR imaging around formerly H>O-filled bubbles. Their measured
species concentrations suggest an increase of molecular H,O in the melt. However, the
speciation of dissolved H>O (OH™ and molecular H>O) in the melt is not quenchable above T,
(e.g. Dingwell and Webb, 1990; Nowak and Behrens, 2001). Quench resorption of molecular
H>O above T, would affect the concentration of both species at the bubble rim in case of profile

B-B’ (Fig. 6d in Mclntosh et al., 2014), because equilibrium speciation is regained (e.g. Nowak
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and Behrens, 2001). It is unlikely that the maximum measured OH™ concentration in this profile
is linked to the lowest measured molecular H>O content if the total H>O concentration change

occurred above 7.

The volume reduction of bubbles in the partially degassed samples was the consequence of the
decrease in molar volume (V:,) of the exsolved H>O inside the bubbles with decreasing 7 during
isobaric rapid quench (Duan and Zhang, 2006; Appendix B). The resulting difference between
interior vapor pressure in the bubble (P;) and the constant exterior P during isobaric rapid
quench in the autoclave was equilibrated by reduction of the bubble volume. From the onset of
cooling until the glass transition, the melt reacted to shear forces by viscous flow (e.g. Dingwell
and Webb, 1990). The viscosity of the melt increased with decreasing 7" during quench. Bubble
volume reduction proceeded during isobaric cooling until the melt was too viscous to relax at a
fictive temperature (77). In a first approximation, 7 (log # ~ 10; # in Pa-s) was used as 7rto
quantify the extent of bubble shrinkage (Appendix B). During isobaric cooling the volume of a
bubble decreases by a shrinking factor B; that is dependent on P and T

_ Vm(HZO) [Pfinal'Trq]
* Vm(HZO) [Pfinal: Tf]

0y

where T, is the run temperature prior to isobaric rapid quench. For a quench with ~150 K-s™!
ata Pfina of 75 MPa, T,4 0f 1323 K and a uniform residual H2O content of ~3 wt% in the partially
degassed VAD79 melt, B is ~2.5 using a T, of ~840 K (Dingwell and Webb, 1990; Giordano
et al., 2008; Appendix B). This calculation is a scenario for maximum shrinkage. The
termination of volume reduction due to a “viscosity quench” at e.g. 10° Pa‘s (Thomas et al.,
1994; Barclay et al., 1995) would decrease B to ~2.2. This difference in By is considered to be
within the uncertainty of the approximation for bubble shrinkage. Furthermore, By is considered
constant for all bubbles in the decompressed samples. The effect of bubble size on P; (and
therefore on V, of the exsolved H»>O) is negligible for the observed bubble diameters in the
vitrified samples (Appendix B). T is dependent on the residual H2O content in the melt and on
the cooling rate (e.g. Dingwell and Webb, 1990; Giordano et al., 2005). Applying the principles
of the hydrous species geospeedometer of Zhang et al. (2000), the decompressed samples do
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not provide any evidence for variable quench rates of the melt from capsule center towards the

rim that would result in different 7, over the sample profile.

The reduction of the bubble volumes in the samples was achieved by isometrical shrinkage
and/or deformation of the bubbles (ellipsoids/indentations). This depended on the location of
the bubble in the capsule as well as on the bubble shape before shrinkage was initiated. The
collapse of big fluid bubbles (e.g. in decompression experiments with H>O in excess) in the
cooling melt resulted in a directed melt flow in the capsules that affected the bubble texture and
possibly also the capsule geometry (Appendix B). Excess fluid prior to decompression should
therefore be avoided. The effect of bubble shrinkage can also be observed in the reference
samples that were loaded with H>O in excess (Fig. 1). After a few days of equilibration time,
the big H>O-filled bubbles in the capsule should be spherically rounded, at least on the side
facing the capsule center in order to achieve minimum surface energy. However, the bubbles
are massively deformed and dented due to the volume reduction during isobaric rapid quench.
This observation in the un-degassed reference samples is a further proof that the deformation

of the bubbles does not arise because of bubble interactions.

bottom

Fig. 1: Back-scattered electron (BSE) image of REF08. The capsule (white) was loaded with
a 2.5 mm glass cylinder and H>O in excess. Equilibration time was 72 h at 75 MPa and
1323 K. The experiment was performed in a vertically operated IHPV. Capsule orientation
is provided in the image. The two big excess H>O bubbles (black) in the glass (grey) are

deformed due to volume reduction of the bubbles during isobaric rapid quench of the melt.
The melt transport during rapid quench can also interfere with possible total H>O concentration

gradients that could have formed towards bubbles due to diffusive growth during

decompression. This could be the explanation for the lack of total H>O concentration gradients
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in the decompressed sample that was monitored by micro-FTIR imaging (Appendix A). If
concentration gradients due to diffusive bubble growth are partly preserved and still detectable
in a vitrified sample, the derived concentration-distance profiles have to be corrected for the
disturbance due to the melt transport. The investigation of diffusive bubble growth based on
information collected from quenched samples (e.g. by micro-FTIR imaging) has become

extremely complex due to the shrinkage of the bubbles in the melt during isobaric rapid quench.

2.3. Correction of BSDs and porosities

Due to the bubble volume reduction, the BSD in a vitrified sample does not correspond to the
size distribution in the melt prior to rapid quench. The determined BSD can be easily corrected
after deformed bubbles have been transformed to spherical bubbles of identical volume
(Appendix B). Afterwards, the bubbles of each size class in the BSD of the spheres can be
corrected for the volumetric loss by inflation with the respective Bs (Eq. 1), shifting the new
BSD towards bigger diameters and lower n(/)-values. The decrease of the bubble volumes
during isobaric rapid quench also reduces the porosity of a partially degassed sample. In order
to correct the volume fraction of bubbles in the vitrified sample, the volumes of the bubble-free
melt and glass are considered to be equal. The volume fraction of bubbles in the melt prior to
quench can be calculated from the volume fraction of bubbles in the glass considering B;. The

volume fraction of bubbles in the glass is defined as:

Vp, (glass)

Xp (gl =
b(g 355) Vb (glass) + Vglass

2

where V5 is the volume of the bubbles in a sample and Vgiuss 1s the volume of the glass without
bubbles. It is assumed that the volume of the melt without bubbles at 7y (Vierr) 1s equal to Veiass

of the vitrified sample. Ve can then be expressed as:

_ Vp(glass)

Vineir = Vglass = m — Vp(glass) (&)

by rearrangement of Eq. 2. At 74, the total volume of the bubbles in the melt is:
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Vp(melt) = B -V, (glass) 4)

because the individual bubble volumes are inflated with the shrinking factor. In analogy to

Eq. 2, the volume fraction of bubbles in the sample prior to rapid quench is calculated by:

X, (melt) = — 2 (meD 5)
b Vp(melt) + Ve
and can be re-written as:
B; - Vi (glass)
X It) =
p(melt) V, (glass) ®)

B -V, (glass) + — Vp(glass)

X, (glass)

by substitution of Ve and Vi(melt) using Eq. 3 and 4. Factorization of Vx(glass) in the

denominator of Eq. 5 results in:

B. -V, (glass B
Xp(melt) = s Volg i = i 6)
Vp(glass) - |Bs + X, (glass) 1| B+ X, (glass) 1

and enables the reduction of Vj(glass) from the general fraction. In order to remove the sub-

fraction in the denominator of Eq. 6, the general fraction can be expanded by Xj(glass) to:

Bs - X (glass) B B; - X (glass)
B, - X, (glass) + 1 — X, (glass) 1+ {X,(glass) - [B; — 1]}

X, (melt) = (7)

for final simplification. This correction of X} is an approximation, because it depends e.g. on a
uniform residual H>O content in the sample that controls 7. The 2D phase proportions of
bubbles were used for this correction, because the calculated 3D data are sometimes error-prone
due to a limited number of analyzed bubbles and problems with the stereological conversion of

deformed objects (Appendix B).
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The corrected porosities can now be compared to the expected porosities in the melt based on
the residual H>O content in the glass (Gardner et al., 1999). For a Pjiua of 75 MPa, the corrected
porosities of the vesiculated VAD79 glasses (22-35 %) are close to the expected porosities in
the melt that range from 24-31% (Appendix B). The correction of bubble shrinkage is also
applicable to higher Pjuu of 150 and 100 MPa after adjustment of By to the respective H>O
content and Pfinei. For samples with minor bubble deformation and a high number of analyzed
bubble intersections, the correction results in a relative error <10 % between expected and

corrected porosity.

2.4. Application of bubble shrinkage to other studies

Simakin et al. (1999) assumed that the relatively high visocosity of their partially degassed
rhyolitic melts at 1023 K and 3 wt% equilibrium H>O content at a P« of 40 MPa (log 7 ~ 6.8;
using Giordano et al., 2008) prevented bubble shrinkage during quench. Nevertheless, Hurwitz
and Navon (1994) most likely observed bubble shrinkage in a rhyolitic melt at similar
conditions with an even higher 7, due to their faster quench rate. In first approximation, the
bubble volumes in Simakin et al. (1999) could still be reduced by a maximum B; of ~1.9 during

quench (Table 1).

Table 1: Estimations of B; for decompressed rhyolitic and basaltic samples in literature.

Pﬁnal Trq C(HZO) melt Tga Bs
[MPa] [K] [wt%] [K]

rhyolite

40 1023 2.8 ~775 ~1.9
(Simakin et al., 1999)
basalt

50 1423 1.5 ~860 ~2.1b
(Pichavant et al., 2013)
rhyolite

75 1098 3.7 ~820 ~2.1
(Gardner et al., 1999)

: Ty was calculated after Giordano et al. (2008) and Dingwell and Webb (1990).
b Pichavant et al. (2013) used a H2O-COx fluid. A molar fraction of CO2 of 0.1 in the bubble
fluid was assumed for the EOS program of Duan and Zhang (2006) for the calculation of an

exemplary Bs.
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The approximation for shrinkage during quench can also be used for bubbles with mixed
volatile components if the V;, of the fluid as a function of T is known. Pichavant et al. (2013)
conducted decompression experiments with basaltic melts and HoO-CO; fluids. The V,, of a
H>0-CO: fluid is also computable using Duan and Zhang (2006). However, low molar fractions
of CO; in the fluid phase have barely any influence on ¥, of the mixture compared to pure H>O.
The addition of CO; nevertheless reduces H>O solubility in the melt and therefore results in

higher 7, (Morizet et al., 2007).

Larsen and Gardner (2000) excluded bubble shrinkage in the decompressed and quenched
rhyolitic samples of Gardner et al. (1999). They attributed bubble elongation of small bubbles
in the vicinity of big hydration bubbles as indicators for the growth of these bubbles during
degassing, instead of their shrinkage during quench. They substantiated this consideration by
the good correspondence of expected porosities in the melt and the measured porosities in the
glasses in decompression experiments starting with glass cylinders. In contrast to this
observation, the estimated B for a sample quenched at a P of 75 MPa is quite significant
with a value of ~2.1 (Table 1). It is possible that the extent of bubble shrinkage is influenced
by the viscosity of the melt at the onset of cooling, but without further experimental data this is

just a consideration.

2.5. Continuous vs. step-wise decompression

The reference samples document that decompression of the VAD79 samples started from a
homogeneous melt (Appendix B). In the decompressed samples, bubbles at the capsule walls
are often bigger than the bubbles in the center. Many specimens show a bubble-free zone
between capsule wall and vesiculated sample center that resulted from early degassing at the
melt-capsule interface due to heterogeneous bubble nucleation. This process most probably
prevented homogenous bubble nucleation in the 2.5 mm CD samples with the lowest
decompression rate, because the supersaturation in the melt could be reduced by H>O diffusion
towards the sample rim. This effect is less pronounced in the 5 mm samples, because the
diffusion distance is doubled. The H>O content in the center of 5 mm samples is not measurably

affected.
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For a Pgna of 75 MPa, the Ny(n)-values of CD and MSD samples increase with nominal
decompression rate, whereas the average bubble diameter decreases (Appendix B). The Ny(n)-
values of the SSD samples are generally higher than those in the samples of MSD and CD
experiments. At low nominal decompression rates, the basic results of Nowak et al. (2011)
could be verified. In contrast to CD, SD led to higher population densities of bubbles with
smaller diameters in the BSDs of the vitrified samples. SD resulted in up to several orders of
magnitude higher Ny(n)-values. At a CD rate of 0.024 MPa-s!, AP, increased only slowly.
After the first bubbles nucleated and started to grow, further degassing of the melt was primarily
facilitated by H>O diffusion into existing bubbles. This is evidenced by more or less constant
Ni(n)-values of the 2.5 mm CD samples decompressed with 0.024 MPa-s™! to different Pyar.
These CD experiments suggest a AProny <50 MPa for the VAD79 melt. The P drop during SSD
led to sudden supersaturation in the melt and caused extensive homogeneous nucleation due to
the rapid decrease of the energetic barrier for bubble nucleation (Hirth et al., 1970). MSD
samples with low nominal rates can display features of both SSD and CD. Decompression was
performed with extreme decompression rates and followed by annealing periods that enabled
diffusive bubble growth. It could be demonstrated that the SD technique is not suitable to
simulate the degassing processes during CD of a hydrous melt with low, reasonable
decompression rates. MSD can be used to simulate periods of magmatic ascent and storage in

the volcanic feeding system, but only with reasonable decompression rates during P decrease.

The measured residual H>O contents in the glasses slightly increase with nominal
decompression rate (Appendix B). This observation is perhaps due to the decreasing timescale
for diffusion-controlled melt degassing. On the other hand, this increase could result from the
measurement of H>O-filled bubbles in the analyzed sample volume due to a narrow bubble
spacing on a micrometer scale. The differences between CD and SD decreased with increasing
nominal decompression rate, because actual and nominal decompression rates aligned. The
rapidly increasing APss triggered massive bubble nucleation that shortened the diffusion
distances for H>O towards bubbles. SSD always resulted in the highest Ny(n)-values in the
decompressed samples in the order of ~10° mm™ after P drop, because the induced
supersaturation with H>O in the melt was always identical for all nominal decompression rates

and higher than necessary for homogeneous bubble nucleation. Only for the lowest nominal
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decompression rate, the measured Ny(n)-value is significantly decreased, because the extreme

annealing period facilitated extensive bubble coalescence and ascent in the capsule.

2.6. Reproducibility of VAD79 decompression results

The reproducibility of results from CD experiments with high decompression rates, 2.5 mm
cylinders and a Pjnaw of 75 MPa is very good in terms of bubble size and Ny(n)-values
(Appendix B). The minor differences in experiments with lower CD rates may be attributed to
sectioning effects during sample preparation or capsule width during decompression that would
influence H>O diffusion distances. Significant differences in Ny(n)-values and bubble sizes in
samples of repeated experiments can be observed for MSD with low nominal decompression
rates. The poor reproducibility can be attributed to the method of decompression. Variations in
the onset of bubble nucleation due to P drop uncertainties caused by the fast actual
decompression rate could have influenced the available timescale for diffusive bubble growth
and coalescence and would result in different bubble sizes and Ny(n)-values. The bubbles in the
initially H2O-undersaturated experiments with 5 mm glass cylinders and Pfina of 75 MPa are
usually bigger than in the corresponding 2.5 mm samples with H>O in excess. This could be an
effect of the bigger sample diameter that prevented significant H>O loss towards the capsule

walls in the 5 mm samples.

The decompressed 2.5 mm samples can be compared to specimens of lacono Marziano et al.
(2007) and reveal significant differences (Appendix B). The experiments were performed with
nearly identical parameters. The quench rates in both studies were comparable. Differences due
to diverging shrinking factors are therefore unlikely. lacono Marziano et al. (2007) did not
observe homogeneous bubble nucleation in MSD experiments with decompression rates of
0.0028-0.17 MPa-s™!. The reported AP,y of ~100 MPa for a fast decompression rate in Iacono
Marziano et al. (2007) is higher than the experiments with a low CD rate in Appendix B suggest
(CD10, CDI11). The residual H>O contents reported by lacono Marziano et al. (2007) are
therefore higher and porosities are significantly lower than in this study. The early onset of
degassing reported in Appendix B is probably related to the presence of pre-existing bubbles

prior to decompression as discussed in Appendix C.
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2.7. Glass cylinder vs. glass powder as starting material

The samples of isobaric CI experiments with the highest H>O contents contain crystal
aggregates with number densities (Nc) in the same order of magnitude (~10°> mm™) as the
number densities of the bubbles in the CI cylinder samples decompressed to a Pginar of 100 MPa
(Appendix C). However, these crystals most likely formed after homogeneous bubble
nucleation during quench of the vesiculated sample and did not trigger melt degassing. In any
case, the occurrence of heterogeneous bubble nucleation on the quench crystals during quench
in the CI glass cylinder samples would not interfere with the principal observations for the
comparison of glass cylinder vs. glass powder as starting material in experiments decompressed

to a Pfina of 100 MPa.

Although all decompression experiments reported in Appendix C started from the same
nominally H,O-undersaturated conditions with ~4.7 wt% H>O in the melt, the glass powder
samples with a z.; of 24 h degassed more efficiently than the corresponding glass cylinder and
glass powder experiments with a #.; of 96 h for both the CI and VAD79 composition as well as
for both applied decompression rates. The glass powder samples with a f; of 24 h are
characterized by lower residual H>O contents in the glass, higher porosities and bigger bubbles
with Ny(n) <550 mm™ that are orders of magnitude lower than in the decompressed glass
cylinder or glass powder samples with a #,; of 96 h (Ny (n) ~1-5-10° mm™, bubble diameters
<5 um). Near-equilibrium degassing of the glass powder samples equilibrated for only 24 h
started with the onset of decompression and was facilitated by growth of tiny pre-existing
H>0O-N> bubbles with a high Xu20(fluid) of ~0.9 (Appendix C). These pre-existing bubbles
formed throughout the melt, because the amount of trapped N> in the pore space of glass powder
samples was higher than N> solubility at experimental conditions. The glass cylinder samples
were initially free of bubbles in the melt prior to decompression. Therefore, a significant 4Pss
had to build up to trigger homogeneous bubble nucleation at a later stage during decompression.
Considering the H>O saturation pressure for both compositions, 4Pp,n can be estimated as
<76 MPa for the CI and <70 MPa for the VAD79 melt. Due to this delayed onset of degassing,
the cylinder samples feature a high residual H,O concentration in the glass close to the initial
H>O content in combination with very low porosities and bubble diameters on a micrometer

scale. The decompressed glass powder samples with a significantly longer #., of 96 h show a
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very similar degassing behavior. This is probably due to the increased timescale for Ostwald
ripening, coalescence and ascent of the pre-existing HoO-N» bubbles in the powder samples to
the top of the capsules prior to decompression, resulting in a bubble-free melt (Appendix C).
The use of glass powder in decompression experiments to simulate homogeneous bubble
nucleation is therefore not of advantage, because t.;, must be extended to remove pre-existing
bubbles in the melt by growth and ascent. This problem would be even more pronounced for

melts with higher viscosity due to decreasing bubble ascent velocity.

2.8. Effects of decreasing Pfina on the record of bubble nucleation

Further decompression experiments with the hydrous CI melt starting from glass cylinders were
conducted down to a Ppna of 75 and 60 MPa (Appendix C). Decreasing Pna at a certain
decompression rate increases the degassing timescale (time from the onset of homogeneous
bubble nucleation to Pfinar). This can enhance Ostwald ripening and bubble coalescence, which
both decrease the Ny(n) in a sample and would suggest a less extensive bubble nucleation. The
Ny(n) in the trachytic samples decompressed to a Pjina 0of 75 MPa (Appendix C) are slightly
decreased compared to the samples quenched at 100 MPa. This documents that the first bubble
nucleation event was completed. It is likely that extensive ripening and coalescence of bubbles
would occur if the samples were decompressed to Prinas <60 MPa. The timescale for extensive
coalescence is suggested to be in the order of seconds in case of high Ny(n) combined with short

inter-bubble distances in hydrous melts with a low viscosity (Appendix C).

At the lowest decompression rates, the reduction of P« aggravated the problem of diffusional
H>O loss from the melt to the heterogeneously nucleated bubbles at the capsule-melt interface.
These bubbles detached and ascended from the bottom of the capsule during decompression
due to increasing buoyancy force. The detached bubbles grew by volatile expansion and H,O
diffusion from the supersaturated melt into the bubbles. The latter led to depletion of H>O on
the whole ascent track (Appendix C). This reduction of supersaturation could prevent
homogeneous bubble nucleation in the bubble tracks. If these bubbles ascended through clouds
of homogeneously nucleated small bubbles, they could also grow by Ostwald ripening and
coalescence at the expense of the small bubbles and delete the record of their nucleation. Further

decompression and the corresponding increase of 4Ps may be sufficient to trigger a second
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homogeneous bubble nucleation event in the formerly depleted ascend tracks and suggest a

AP,y that is much higher than for the first bubble population.

2.9. Comparison of determined Ny(n) to the model of Toramaru (2006)

Toramaru (2006) developed a model for homogeneous bubble nucleation and growth at a
constant decompression rate in the diffusion-controlled regime. It can be used to calculate the
Ny(n) of a completed single nucleation event in dependence of the decompression rate
considering the surface tension of the melt as well as the diffusivity and concentration of total
H>O (Appendix C). The model is valid for homogeneous bubble nucleation in a single-phase
melt free of pre-existing bubbles during super-liquidus isothermal decompression. A further
pre-requisite is the absence of Ostwald ripening and coalescence. Therefore, the applicability
of the model was tested for the glass cylinder samples with the highest Pg.r of 100 MPa
(Appendix C). The calculated values are several orders of magnitude lower than the
experimentally determined Njy(n). This difference presumably arises due the use of a
macroscopic surface tension and effects of H>O speciation on H>O molecule concentration and
diffusivity. Bubble nucleation is a process on a molecular scale, where the application of
macroscopic physical descriptions may fail and lowered surface tensions have to be considered
(e.g. Gonnermann and Manga, 2013). A significant decrease of the macroscopic o
(~0.133 N-m™) to a value of ~0.003 N-m™! would be necessary to describe the new experimental
data (Appendix C). It is also conceivable that bubble nucleation is influenced by the comparably
low diffusivity of silicate network components that may control the clustering of the H.O

molecules in the melt (Navon and Lyakhovsky, 1998).

At identical decompression rates, the VAD79 CD samples with a P of 75 MPa reported in
Appendix B have much lower Ny(n) than the corresponding CI and VAD79 samples with Ppas
of 100, 75 and 60 MPa that are documented in Appendix C. Their Niy(n) are within the error
close to the values calculated with the model using a macroscopic surface tension
(Appendix C). However, the initial H,O contents in these samples were higher and the extended
degassing timescale due to earlier onset of bubble nucleation and lower Pfiua probably led to
extensive bubble interactions (Ostwald ripening and coalescence) that reduced the Ny(n).

Toramaru (2006) adjusted the model parameters considering experimentally determined Ny(n)
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of selected decompressed samples from previous degassing studies (e.g. Mangan and Sisson,
2000; Mourtada-Bonnefoi and Laporte, 2002). Some of these samples were probably subject to
significant bubble interactions that reduced the Ny(n) during further decompression. This is
evident from Njy(n) that decrease with increasing degassing timescale in experimental sets with
similar decompression rates (Appendix C). It is probably necessary to improve current models
for homogeneous bubble nucleation with data from new experiments that are not affected by

Ostwald ripening and bubble coalescence.
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3. Implications and limitations for future degassing studies

The results of this thesis will help to improve future experimental studies of homogeneous
bubble nucleation and melt degassing to a point where the results of decompression experiments
are only controlled by the decompression rate as single variable under otherwise identical
conditions. Homogeneous bubble nucleation necessitates a single-phase melt prior to
decompression. Bubble-free glass cylinders should be used as starting material. Depending on
the timescale of decompression, the sample size must be sufficient to guarantee a melt pool that
is not affected by volatile loss to heterogeneously nucleated bubbles at the capsule-melt
interface. The ascent and growth of these bubbles narrows down the experimental window for
decompression. In order to simulate continuous magma ascent, a continuous decompression
rate corresponding to reasonable ascent rates has to be applied. For a more accurate
determination of 4Ppuon, the Pfina has to be as close to the terminus of the nucleation event as
possible (until the bubbles are detectable). Finally, the volume reduction of bubbles during
quench has to be considered. High porosities in the samples prior to quench will force massive
melt transport during cooling of the exsolved fluid and destroy the bubble texture. The bubble
sizes and porosities determined from the vitrified samples have to be corrected for this quench

effect.
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4. Unresolved issues and outlook

The approximation for the bubble shrinkage factor can be refined to apply to variable H.O
contents around bubbles in the melt that influence 7. Experiments with different melt
compositions should be performed to investigate possible influences of melt viscosity prior to
cooling on the extent of the volume reduction. The viscosity limit for shrinkage that corresponds
to Ty could be narrowed down by isobaric in-situ cooling experiments of bubble-bearing melts
at high P. The shrinking effect extremely complicates the investigation of diffusive bubble
growth. However, if volatile concentration gradients around bubbles are detectable at some
point, a precise knowledge of the melt flow around bubbles (e.g. by modeling) could enable the
correction of the measured volatile concentration-distance profiles in the glass to the condition

prior to rapid quench.

Simakin et al. (1999) stated that the expansion of welded capsules during decompression may
provoke a nucleation event due to the mechanical perturbation. This could be true if the crimped
headspaces suddenly expand due to a high preserved overpressure in the capsule compared to
the ambient P in the autoclave. The timescale of capsule expansion is unknown, but it is unlikely
that the walls or crimped headspaces of the precious metal sample container are very rigid at
high 7 or that the welded seal is able to hold a significant overpressure of e.g. 5 MPa before
leakage occurs. Nevertheless, the effects of sample container geometry (e.g. length of the
crimped headspaces) and sealing method (lid vs. crimped headspace at identical sample
diameter) have to be investigated in a forthcoming study. Significant overpressure in the
capsules would delay bubble nucleation and degassing. The differences in the derived
maximum 4Pp,y for the VAD79 melt in this study and in lacono Marziano et al. (2007) could
be linked to this effect. However, it is also conceivable that a difference in porosity (and
therefore also in the amount of initially trapped N»2) of the VAD79 glass cylinders is the reason
for a low apparent 4P,y for H2O in Appendix B, because the presence of a few pre-existing
H>0O-N> bubbles could have prevented homogeneous nucleation of H>O bubbles at low CD
rates. The initial porosity of the VAD79 glass cylinders was not determined for every sample.
Considering the high Ny(n) in the samples of the experiments with low decompression rates
reported in Appendix C and the comparably high Niy(n) in some samples of experiments with

orders of magnitude higher decompression rates documented in Appendix B, it is conceivable
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that the amount of initially nucleated bubbles is independent of the decompression rate. Only
after bubble nucleation, the decompression rate (in combination with Pj,a) could become the
controlling parameter for the evolution of the bubble population by defining the timescale
available for the reduction of the Ny{(n) by Ostwald ripening and bubble coalescence. It is also
possible that the comparably low Np(n) in the samples of CD experiments with low
decompression rates reported in Appendix B could be a result from ascent of heterogeneously
nucleated bubbles from the capsule-melt interface due to the increased degassing timescale. On
the other hand, the effect of differences in the initial HoO content in the melt on bubble
nucleation are up to now barely constrained by experiments. Further CD experiments with
different melt compositions and a wider range of decompression rates are necessary to
investigate the onset of homogeneous bubble nucleation in greater detail. These experiments
should be quenched at decreasing Pjina in small P intervals to gaplessly document the influence
of the degassing timescale. Additional CD experiments have to be performed with mixed
volatiles such as H,O-CO; fluids to approach the natural system. Differences in the fluid
composition could influence 4Pxon and therefore the timescale available for degassing during
magma ascent. Furthermore, sub-liquidus CD experiments will allow the combined study of
homogeneous bubble nucleation in melts and heterogeneous nucleation on crystals as
nucleation sites. The resulting datasets can be used to improve models for bubble nucleation
and growth in ascending magmas that help to retrace the ascent and eruption dynamics of

natural vesiculated samples.
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Abstract

Glass samples of diffusion couple experiments with rhyolitic to hawaiitic melts were analyzed
by FTIR microscopy with a common single element and a 64x64 element focal plane array
detector to obtain total CO2 and H2O concentration distance profiles. In contrast to the single
element detector, the array detector facilitates mid-infrared spectral imaging with a resolution
on a micrometer scale. The imaged sample information was converted to multiple parallel
concentration distance profiles, using the absorption band areas of the dissolved volatile
species. The bulk CO2 and H»O diffusivities from measurements with different array resolutions
range from log D =-11.03 to -11.33 (D in m?*s!) at 500 MPa and 1523-1623 K. All determined
diffusion coefficients are within the error identical to single element detector analysis. Further
test measurements were performed on a partially degassed, vesiculated phonolite in order to
visualize the concentration of H>O around bubbles. Both applications confirm that FTIR
imaging is a convenient tool to investigate the spatial distribution of CO2 and H>O in silicate

glasses, especially in terms of diffusion-related studies.

Key-words: FTIR microscopy, spectral imaging, FPA, CO,, H>O, diffusion, bubbles, silicate

melt

1. Introduction

The detection of concentration gradients of volatiles such as H>O and CO: in silicate glasses is
essential for the quantification of diffusion processes in corresponding melts. Fourier-transform
infrared (FTIR) microscopy in combination with the focal plane array (FPA) detector
technology is an advanced tool for measurements of high spatial resolution. Multiple detector
elements (pixel) allow the simultaneous recording of individual spectra within one
measurement (frame). The employment of different detector materials enables either near-
infrared (NIR) or mid-infrared (MIR) imaging in the range of 10000-500 cm™, corresponding
to wavelengths of 1-20 um (Lewis et al., 1995). In most cases, commercially accessible arrays
are multi-channel mid-infrared Mercury-Cadmium-Telluride (MCT) detectors for a spectral
range of 4000-1000 cm™'. The spectral range includes the fundamental OH-stretching vibration
and the H,O-bending vibration as well as the absorption bands of molecular CO, and CO3*
(Fine & Stolper, 1986; Davis & Tomozawa, 1996). Hence, this method can provide detailed

information on the spatial distribution of H>O and CO> in the sample.
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There are already several studies in geosciences applying micro-FTIR imaging
techniques. Most of these applications comprise imaging of CO> and H>O distributions in
different geologic materials. Della Ventura et al. (2010) compiled a review on new applications
published so far and employed FPA imaging to visualize the kinetics of leucite dehydration
with increasing temperature. Several studies involve the investigation of melt inclusions (Mls).
Wysoczanski & Tani (2006) analyzed H>O species concentration and distribution in volcanic
glasses and in Mls within plagioclase crystals. Furthermore, Nichols & Wysoczanski (2007)
determined CO> and H>O concentrations in unexposed MIs hosted in olivine crystals.
Qualitative and quantitative imaging of H-C-O groups in olivine-hosted MIs was applied by
Mormone et al. (2011). Other FPA applications focus on the distribution of CO> and H>O in
single crystals from natural samples such as sodalite-group minerals (Balassone et al., 2012),
pollucite (Bellatreccia ef al., 2012) and cordierite (Della Ventura et al., 2009, 2012). Ito &
Nakashima (2002) detected liquid-like H>O in polycrystalline quartz grains and finally, Prechtel
& Stalder (2010, 2012) employed FPA imaging to locate OH-defects in synthetic enstatite.

With this study we want to propagate the use of micro-FTIR imaging in experimental
petrology, especially for the investigation of CO> and H>O diffusion. The first application is
focused on the detection of one-dimensional concentration gradients of CO; and H20O in
synthetic silicate glasses to determine total CO> and H>O diffusion coefficients in
corresponding silicate melts. FPA imaging is compared with conventional single element (SE)
detector micro-FTIR analysis to highlight the advantages. The second objective is to test FTIR
imaging as a method for the visualization of H>O concentration around vesicles in a quenched,

hydrous phonolitic melt that was decompressed experimentally.

2. Sample characterization

FTIR measurements with a standard SE and a FPA detector were carried out on four samples
of CO; diffusion couple experiments conducted by Sierralta et al. (2002) and Nowak et al.
(2004). The diffusion couple technique facilitates investigation of unidirectional diffusion
processes (Lapham et al., 1984). The analyzed diffusion couples are of synthetic rhyolitc to
hawaiitic composition (Table 1). The CO»-free glass cylinders with a nominally dry
composition (AbNa2, Rhyolite and Hawaiite) contain ~400-600 ppm of H>O due to the
incorporation of H>O from the atmosphere during glass synthesis in the furnace. In the CO»-

bearing glass cylinders, the use of hygroscopic silver-oxalate as CO> source (Sierralta et al.,
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2002; Nowak et al., 2004) resulted in up to ~600 ppm of additional H>O content, depending on
the H,O contamination level of the silver-oxalate (Table 1). Therefore, H>O concentration
distance profiles can be obtained after the CO» diffusion experiments if the difference in H.O
content within a diffusion couple is sufficiently high. The experiments were performed in an
internally heated pressure vessel (IHPV) at 500 MPa and 1523 or 1623 K with an effective
diffusion time (Nowak & Behrens, 1997) of about 1 h. The measured samples are double-sided
ground and polished glass slabs prepared parallel to the diffusion direction of CO> with a
thickness of 100 um, containing no crystals and only few bubbles and cracks. The slabs are
glued on slotted glass slides for infrared analysis in transmission mode. The samples were
already analyzed with a SE detector for the determination of total CO» diffusion profiles
(Sierralta et al., 2002; Nowak et al., 2004).

Additional FPA images were obtained from a vesiculated, phonolitic glass. A hydrous
melt (containing 5.6 wt% H>O) was synthesized in an IHPV at 200 MPa and 1323 K.
Subsequently, the melt was isothermally decompressed to a final P of 75 MPa with a nominal
decompression rate of 0.17 MPa-s™!, applying the multistep decompression technique provided
by lacono Marziano et al. (2007). At final P, the partially degassed melt was quenched rapidly
to a crystal-free glass. The equilibrium H>O-content in the residual melt at 75 MPa and 1323 K
is ~3 wt% for this phonolitic composition (Iacono Marziano et al., 2007). The vesiculated glass

was double-sided ground and polished to a thickness of ~50 pm.

3. Analytical technique
3.1. FTIR spectroscopy
All MIR absorption spectra were acquired in transmission mode with a Bruker Vertex 80v
vacuum FTIR spectrometer coupled with a Hyperion 3000 infrared microscope for spatially
resolved measurements, using a globar light source and a KBr beamsplitter. Spectra were
collected with 32 scans from 3950-950 cm™! at a spectral resolution of 4 cm™'. The spectrometer
was evacuated and the microscope was flushed continuously with dried air to minimize the
influence of atmospheric HO and CO,. The microscope is equipped with both a SE-MCT
detector, coupled with a knife-edge aperture in the beam path, and a FPA detector consisting of
64x64 MCT detector elements. Both detectors were used with a 15x Cassegrain objective.

The FPA detector facilitates fast micro-FTIR imaging by simultaneous acquisition of

4096 MIR spectra within less than 60 s at 32 scans, a spectral resolution of 4 cm™ and a mirror
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velocity of 5 kHz. In combination with the 15x objective, the array detector has a field of view
(FOV) of 170x170 um in the focal plane. Each pixel therefore maps a sample area of ~2.7x2.7
um. Nevertheless, true maximum lateral resolution is limited by the wavelength-dependent
diffraction of light (Ippolito et al., 2005). The resolution of FPA detector measurements can be
decreased by a pixel binning function with the Bruker OPUS spectroscopy software (version
7.0). Square pixel clusters with a side length of 2, 4, 8 or 16 detector elements are generated
and the sample information across all binned detector elements is averaged. A digitally
controlled, motorized sample stage facilitates automated mapping of large sample areas by

gapless concatenation of multiple frames.

3.2. Band assignment
Background corrected spectra of the four CO»-bearing glasses recorded with the SE detector
are shown in Fig. 1. The references for background subtraction were taken from the CO»-free
part of the samples. All spectra show sinusoidal modulations due to partial internal reflection
of the beam between the plane-parallel surfaces of the polished glass slabs, causing interference
fringes (Tamic et al., 2001). The spectra of the diffusion couples Rhyolite, Ab0.7H,0O and
AbNa2 expose a distinct absorption band at ~2350 cm™, resulting from the v3 antisymmetric
stretching vibration of dissolved molecular CO; (Fogel & Rutherford, 1990; Blank & Brooker,
1994). Due to the change in bulk composition towards the hawaiitic glass, the speciation of
dissolved total CO, successively shifts from molecular CO, towards COs> (Fine & Stolper,
1986; Fogel & Rutherford, 1990; Sierralta ef al., 2002). The spectrum of the depolymerized
Hawaiite only displays the absorption band doublet due to the v3 antisymmetric stretch vibration
of distorted CO3%" in the range of 1750-1300 cm™ (Fine & Stolper, 1986; Nowak et al., 2004).
The broad absorption band at ~3570 cm™ due to the fundamental OH stretching
vibration (Davis & Tomozawa, 1996) in the spectra of the diffusion couples Rhyolite and
AbNa?2 also reveals the difference in total H>O concentration (~300 and ~600 ppm) between
the CO»-bearing glass cylinder and the CO»-free reference (Table 1). The concentration of OH
is expressed as c(H>O) in wt% (Nowak & Behrens, 1995). Background subtraction with
identical concentrations of OH in both reference and sample would have eliminated the OH
absorption band, as evident from the spectra of the diffusion couples Ab0.7H,0O and Hawaiite.
The spectra of AbNa2 and Rhyolite do not reflect the actual H>O content within these samples.
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However, the relative values of H>O concentration, used as basis for the determination of the

total H>O diffusion coefficient, are not affected by this background subtraction.

3.3. Determination of concentration distance profiles

In order to validate the comparability of SE and FPA detector results to the previous
measurements by Sierralta et al. (2002) and Nowak et al. (2004), total CO, and H>O
concentration distance profiles were at first determined with the conventional SE detector
method. Single absorption spectra were collected using a knife-edge aperture of 15x170 pm
with the short side length parallel to the volatile diffusion direction (Fig. 2). Each recorded
spectrum displays the averaged information of the analyzed sample volume. Background
measurements were programmed after every 10th measurement to minimize the effect of
changes in the concentration of atmospheric H>O and CO; and to avoid influence of
instrumental drift. Analyses were performed in increments of 10 um parallel to the diffusion
direction, resulting in an overlap of 5 um for consecutive measurements (Fig. 2). The fixed
increments were adjusted by the motorized sample stage. All SE measurements result in a single
concentration distance profile for each sample. Profiles range from maximum to zero CO>
concentration on a length of 1.5-2.5 mm. The mere analytical time for obtaining a single
concentration distance profile with the SE detector is around 30-40 minutes.

FPA mapping was applied to the identical sample volume using the maximum detector
resolution of 64x64 pixel as well as binned resolutions of 16x16 and 4x4 pixel clusters for each
170x170 um frame. Every pixel or cluster records an individual spectrum with the averaged
sample information of the corresponding volume. The mapping was restricted to the direction
of diffusion and reference spectra were recorded prior to each measured frame. Analytical times
for FPA sample mapping are comparable to conventional SE detector analysis at the described
settings, but the resulting data density is many times higher. In contrast to the SE detector
method, FPA mapping at maximum resolution results in 64 parallel, gapless profiles. The
recorded spectra are sorted by column across all FPA frames (Fig. 2). Measurements with
binned resolutions correspondingly contain 16 or 4 parallel profiles at chosen mapping
parameters. The pixel binning function was applied to test the influence of lateral resolution in
the direction of diffusion on the concentration distance profile.

For both the SE and the FPA method, the peak areas of either the molecular CO>
(Rhyolite & Ab0.7H,0) or the COs>" absorption band (AbNa2 & Hawaiite) were used to obtain
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total CO> concentration distance profiles (Nowak et al., 2004; Spickenbom et al., 2010). The
peak areas were determined by integration, applying a tangential linear baseline correction
provided by the OPUS spectroscopy software. H>O concentration distance profiles on the basis
of the OH fundamental stretching mode (Fig. 1) could be obtained from AbNa2. The spectrum
of the Rhyolite also reveals a small H>O concentration difference of ~300 ppm between the
COs-bearing and the CO»-free glass cylinder. However, the corresponding OH concentration
distance profiles in this sample were very inhomogeneous. These profiles were excluded from
further analysis.

Exported OPUS output data had to be converted from relative sample coordinates to
absolute diffusion distances. Cracks within the glass slabs artificially extend the length of the
obtained concentration distance profiles of H2O or CO; (Fig. 3). To avoid influences of crack-
related data points on the determination of the diffusion coefficients, all affected values were
cut out of each profile. The widths of the cracks in the direction of diffusion were measured by
optical microscopy. The profile lengths were then corrected for this displacement. For each
FPA resolution, the mean values of all data points at the same diffusion distance in the parallel
profiles were calculated to create a single concentration distance profile. The corresponding
total CO, and H»O diffusion coefficients Dco2™ and Dp20™ for both SE and averaged FPA
profiles were derived from least-square fits of an applied error function (Nowak ef al., 2004).

Considering the concentration-dependent diffusion of HO, Dp20™

can be derived by a
modified Boltzmann-Matano analysis, utilizing Fick’s second law (Nowak & Behrens, 1997).
However, since the total concentrations and the concentration difference of incorporated H>O
in the diffusion couple AbNa2 are in the range of several hundred ppm (Table 1), H>O diffusion
is presumed to be independent of concentration. Therefore, the same error function used for the

fotal js applied in a first approximation to calculate Dy20”. For this

determination of Dco:
approximation, concentration distance profiles based on the relative values of H>O
concentration are sufficient. The derived D20 for AbNa2 are only valid for the specific H2O

contents and P-T conditions listed in Table 1.

3.4. Imaging of H20 concentration around vesicles in a silicate glass
Further single frame FPA test measurements were performed on the experimentally
decompressed, quenched phonolitic melt. MIR spectra were recorded at a FPA resolution of

64x64 pixel, using air as reference for background subtraction. The concentration of H>O is
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imaged as peak area of the OH absorption band at ~3600 cm™. The OH peak areas were

determined applying a tangential linear baseline correction, provided by the OPUS software.

4. Results and discussion

4.1. Geometric effects

FPA measurements with a resolution of 64x64 pixel enable detailed imaging of sample features
like cracks or bubbles inside the glass (Fig. 4a, b). Data points related to the crack in the rhyolitic
sample can be clearly assigned by the breakdown in peak area of molecular CO,. The
transmitted light image displays a width of ~25 pm in the un-forked part of the crack (Fig. 4a).
Nevertheless, the determined peak areas are affected to a lateral extent of more than 50 um
(Fig. 4b). The difference to the measured width in the transmitted light image can be attributed
to the crack geometry within the sample. For most samples, the crack surfaces do not run
parallel to the beam path. In the affected sample volume, the MIR signal passes through two
offset, superimposed glass wedges (Fig. 5a). The beam therefore travels through a reduced
sample thickness and crosses non-plane-parallel surfaces. This leads to partial reflection as well
as refraction of the beam and causes blurring of the crack edges. Thinning of the glass wedges
(Fig. 5a) also results in imaging of apparent concentration gradients towards the crack (Fig. 4b),
because the absorption is dependent on sample thickness. Due to these distorting geometric
effects, all affected data points were deleted during profile length correction. However, the
length of the profiles was only corrected for the actual width of the crack. This resulted in data
gaps, but the fitting procedure with the error function is stable enough despite missing data
points.

Similar geometric effects have to be considered if FPA imaging is used for the partially
degassed, vesiculated phonolite. The analyzed sample volume contains a completely closed
vesicle (Fig. 5Sb, A) and a bubble cut at both top and bottom (Fig. 5b, B). Assuming spherical
vesicle growth, FPA transmittance analysis will provide the most detailed information on H,O
distribution if applied on a very thin section with a bubble cut at both sides. The curvature of
the bubble wall and of possible spherical diffusion fronts around the bubble is reduced to a
nearly planar excerpt, situated plane-parallel to the beam path. In contrast to an enclosed

vesicle, the analyzed glass volume with variable thickness is minimized (Fig. 5b).
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4.2. Concentration distance profiles and diffusion coefficients

For each diffusion couple, the comparison of the resulting total CO> (and H>O) concentration
distance profiles of the SE and the FPA method displays the same trend. The profiles of the
rhyolitic sample were chosen as representative examples (6a-d). The three sets of multiple
parallel profiles obtained by FPA mapping and the SE detector profile reveal identical
concentration gradients. All profiles display the crack in the glass. The difference in the
breakdown of peak area in the FPA profiles due to the crack is a consequence of applied detector
resolution. Depending on the binning factor, each data point corresponds to a profile segment
0f42.5, ~10.6 or ~2.7 um. The crack, affecting a volume with a width of ~50 um (Fig. 5a), is
therefore only imaged roughly with a high pixel binning factor.

Increasing FPA resolution intensifies scattering of the determined peak areas (Fig. 6a-c).
This effect can be attributed to the quality of the recorded MIR spectra. The signal-to-noise
(S/N) ratio of the individual spectra increases with the number of binned detector elements
(Fig. 7). The energy information collected by each detector element is used to create an
averaged spectrum for each pixel cluster, resulting in reduced spectral noise. A low S/N ratio
randomly influences the peak areas, especially for low IR-active species concentrations or
broad absorption bands (e.g. OH-band at ~3570 cm™!). Automated peak area determination also
contributes to the observed scattering. The erratically distributed noise patterns in the spectra
interfere with the fixed limits of integration at specific wavenumbers. The slope of the applied
baseline, and therefore the peak area of the absorption band, varies for the individual spectra.
This effect could be minimized by manual peak area determination. The SE detector spectra
display the highest signal to noise (S/N) ratios due to the recording of a single, averaged
spectrum for a FOV of 15x170 pm. Nevertheless, the variations in determined peak areas
(Fig. 6d) are comparable to FPA measurements with 16x16 pixel (~10.6x10.6 um, Fig. 6b).
This can be attributed to a similar lateral resolution in the direction of CO> diffusion.

Despite different S/N ratios of the individual spectra and variable resolutions in the
direction of diffusion, the SE concentration distance profile and the averaged profiles obtained
by FPA mapping are almost congruent (Fig. 8a). The number of recorded spectra and the
advantage to average over multiple parallel profiles at highest FPA resolution reduces the
scattering of the peak areas to a minimum. Likewise, the error function fits of the averaged

profiles display matching trends (Fig. 8b).
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For each diffusion couple and every applied method, the derived total CO> diffusion
coefficients (Table 2; D in [m?*s™']) are identical within the error of ~0.15 log units of the former
SE detector analysis by Sierralta et al. (2002) and Nowak et al. (2004). At 1623 K and 500 MPa
the determined log Dco2* range from -11.10 to -11.22 for the Rhyolite and from -11.17
to -11.21 for the Hawaiite. SE and FPA analysis of the diffusion couples Ab0.7H>0O and AbNa2
result in log Dco2 from -11.18 to -11.33 at 1523 K.

The obtained OH concentration distance profile for AbNa2 displays the same gradient
as the corresponding CO3? profile (Fig. 8c). In comparison to the peak areas of CO3?" at the
highest FPA resolution, the scattering of the averaged OH peak areas is more pronounced due
to the described effect of a broad absorption band at a low S/N ratio. Nevertheless, the fitted
profiles at FPA mapping with 64x64 pixel are still congruent (Fig. 8d). The derived log D20™™
for the SE and the FPA method range from -11.03 to -11.29 for the specific H2O concentrations
in the diffusion couple (Table 1). Considering the small concentration difference (about 600
ppm), the symmetrical total H>O concentration distance profile implies in first approximation
concentration-independent H>O diffusion. The application of an error function to calculate

fotal is therefore considered to be convenient for such low H.O concentration differences.

Drizo
The derived diffusivities of total H>O and CO; for AbNa2 are within the error identical at 1523
K and 500 MPa.

The application of different FPA resolutions within each diffusion couple does not
affect the reproducibility of the derived diffusion coefficients. The obtained concentration
distance profiles with a length of more than 1 mm are barely influenced by averaging the sample
information over ~2.7 or 42.5 um in the direction of volatile diffusion. All glasses are nearly
free of cracks and bubbles within the concentration gradients. The correction of diffusion
distances and the elimination of affected data points also barely influenced the determined

diffusion coefficients. However, the influence of lateral resolution in the direction of diffusion

will become crucial for shorter concentration distance profiles.

4.3. H20 concentration around vesicles in a silicate glass

The comparison of the transmitted light image (Fig. 9a) with the OH concentration image
(Fig. 9b) reveals nearly homogeneous concentration of H>O around the bubbles in the
quenched, decompressed phonolitic melt. The vesicle in the lower left part of the frame

(Fig. 9a, A) is completely surrounded by glass. Despite the small dimension of ~10 um of the

56



Appendix A

vesicle in the direction of the IR beam (determined by optical microscopy in combination with
the z-drive of the motorized sample stage), the outline is still visible in the OH concentration
image due to the described geometric effects. The glass thickness around the vesicle varies and
the beam path is altered by non-plane-parallel surfaces (Fig. 5b, A). On the contrary, the OH
concentration image of the big vesicle (Fig. 9a, B) cut at both top and bottom in the center of
the frame is decisively sharper (Fig. 9b, B). The dark rim around the bubble in the transmitted
light image corresponds to a concentration gradient in the OH concentration image. In
consideration of the homogeneous H>O distribution in the rest of the sample, this feature is
interpreted as an apparent concentration gradient due to the thinning of the glass slab caused by
the remaining curvature of the bubble wall (Fig. 5b, B). At a nominal decompression rate 0.17
MPa-s’!, the readjustment of thermodynamic equilibrium prior to rapid quench could have

eliminated the expected spherical H>O concentration gradients around the bubble.

5. Conclusion and outlook

Due to the simultaneous acquisition of multiple parallel concentration distance profiles, FTIR
imaging is particularly suited to study diffusion processes of CO> and H2O in silicate melts. In
comparison to conventional SE detector analysis, FPA imaging is proven to yield reliable
diffusion data with a high data density on a micrometer scale in a short time. Nevertheless,
transmission measurements for the investigation of diffusion processes should be considered
with caution if the diffusion front in the sample is not plane-parallel to the beam path.
Concentration gradients in the direction of the beam path cannot be displayed.

Future objectives are the elucidation of diffusive H2O and CO> bubble growth and to
study the fractionation of these volatiles in ascending magmas by analyzing the quenched melts
of continuous decompression experiments (Nowak et al., 2011). FPA test measurements on
partially crystallized samples are in progress to investigate H>O distribution and possible

concentration gradients in the glass matrix around crystals.
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Tables

Table 1: Experimental parameters and characterization of the analyzed diffusion couple

samples.
AbNa2' Ab0.7H,0' Rhyolite? Hawaiite?
P [MPa] 500 500 500 500
T [°K] 1523 1523 1623 1623
¢ (CO;) [Wt%] 0.20 0.20 0.20 0.20
¢ (H20) [wt%]? 0.11/0.05 0.73/0.73 0.07/0.044 0.06/0.06*
tetrective® [S] 3770 3770 3798 3798

Notes: For further details see !Sierralta et al. (2002) and *Nowak et al. (2004). Ab0.7H,0 =
albitic composition with additional 0.7 wt% H>O (original exp. no. D38), AbNa2 = albite with
2 wt% NaO in excess (original exp. no. D25). The rhyolitic and hawaiitic composition are
simplified and iron-free (original run no. Rh01-CO2 and Ha01-CO2). 3The concentration of
H>O0 in the CO,-doped/CO»-free glass cylinders can be different. “The H>O contents in the CO»-
free rhyolitic and hawaiitic glass cylinders were not determined explicitly by Nowak et al.
(2004). For this study, the H>2O concentrations were determined following the same method,
using the peak heights of the OH-absorption band from MIR measurements with air as
reference. c(OH) is expressed as c(H>0) in wt% (Nowak & Behrens, 1995). oecive = effective
diffusion time (Nowak & Behrens, 1997).
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Table 2: Comparison of the derived logarithmic diffusion coefficients log Dco2 " and log
DHZOtoml (D in [m2.s-1]).

analyzed SE SE FPA FPA FPA
species (2002/2004) (current) 4x4 pixel 16x16 pixel 64x64 pixel
AbNa2 COs? -11.22" -11.26 -11.33 -11.33 -11.30
OH n.d. -11.17 -11.03 -11.07 -11.29
Ab0.7H.0 COz2 (mol.) -11.33" -11.29 -11.18 -11.29 -11.28
Rhyolite COz2 (mol.) -11.102 -11.10 -11.13 -11.15 -11.22
Hawaiite COs? -11.182 -11.19 -11.20 -11.17 -11.21

Notes: !Sierralta et al. (2002) and *Nowak et al. (2004). Ab0.7H,O = albitic composition with
additional 0.7 wt% H2O, AbNa2 = albite with 2 wt% Na>O in excess. The error is estimated to
be ~0.15 log units for total CO, (Nowak et al., 2004). The error for log Ds20"* was not
determined, but is expected to be slightly higher than for log Dco2"*! due to the low S/N ratio
of the broad OH absorption band.
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Figure captions

Fig. 1: Background subtracted MIR SE detector spectra of measurements in the CO2 (H20)-
bearing cylinder half of the diffusion couples, using reference spectra collected in the CO»-free
part of the samples. Ab0.7H>O = albitic composition with additional 0.7 wt% H>O, AbNa2 =
albite with 2 wt% NazO in excess. Further diffusion couple details are provided in Table 1.
Spectra are shifted for clarity.

Fig. 2: Comparison of measurements with the SE (left) and the FPA detector (right). Sample
mapping with the SE detector was performed with an aperture of 15x170 um in increments of
10 um, resulting in one spectrum for each aperture frame and a single concentration distance
profile. The illustrated FPA measurement represents a detector resolution of 64x64 pixel. Each
detector element is assigned an individual spectrum obtained with a FOV of ~2.7x2.7 um.

Column-wise data handling results in 64 parallel concentration distance profiles.

Fig. 3: FPA mapping of the rhyolitic sample consisting of 10 frames (170x170 um each frame)
in the direction of diffusion at a resolution of 64x64 pixel, resulting in 4096 individual spectra

mol

each frame. The displayed peak areas of the CO,™* absorption band are assembled in 64 parallel
concentration distance profiles. The crack in the transmitted light image in the bottom of the

plot is clearly imaged by the breakdown of the determined peak areas.

Fig. 4: (a) Transmitted light image of the crack in the Rhyolite. The width of the crack is
~25 pum in the un-forked part. The black frame (170x170 um) confines the glass volume of a
single frame FPA measurement. The sample thickness is 100 um. (b) Corresponding CO,™"
concentration image, derived from a FPA measurement at 64x64 pixel. The peak areas around
the crack are affected to a lateral extent of more than 50 um and display an apparent

concentration gradient due to the crack geometry within the sample (Fig. 5a).
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Fig. 5: (a) Schematic section parallel to the beam path through the un-forked part of the crack
in the Rhyolite. In the affected sample volume the IR beam passes a variable glass thickness
and non-plane-parallel surfaces. Decreasing sample thickness can lead to imaging of apparent
concentration gradients. (b) Schematic section parallel to beam path through two bubbles in the
partially degassed phonolite. Bubble A is closed and completely surrounded by glass, bubble B
is cut at top and bottom. Assuming spherical concentration gradients around the bubbles,
transmittance measurements for the determination of spatial volatile distribution in the glass
around a bubble will provide the most detailed information for a thin sample and a cut bubble.
The curvature of the bubble wall and of concentration gradients towards the bubble is
minimized and bubble-glass transitions of the IR beam are reduced to a small sample volume.

In both schematic sections the beam path was simplified for graphical reasons.

Fig. 6: CO,™! concentration distance profiles of the rhyolitic sample for FPA mapping with 10
frames (170x170 pm each frame) in the direction of diffusion at (a) 4x4 pixel (4 parallel
profiles), (b) 16x16 pixel (16 parallel profiles) and (c) 64x64 pixel (64 parallel profiles). (d)
CO>™! concentration distance profile determined by SE detector analysis. The breakdown in

CO,™! peak area corresponds to the crack in the glass.

Fig. 7: Comparison of individual spectra from the Rhyolite for SE and FPA measurements. The

S/N ratio of the spectra decreases with increasing FPA resolution. Spectra are shifted for clarity.

Fig. 8: (a) Length-corrected CO>™' concentration distance profiles of the Rhyolite. The parallel
profiles obtained by FPA mapping were averaged to a single profile for each FPA resolution.
Profiles are shifted for clarity. (b) The corrected profiles of the Rhyolite were fitted with an
error function. Total CO: concentration is normalized from 1 (max. ¢) to 0 (min. ¢). (c) Length-
corrected and averaged CO3;* and OH concentration distance profiles of sample AbNa2,
determined by FPA mapping at 64x64 pixel. AbNa2 = albite with 2 wt% Na>O in excess.
Profiles are shifted for clarity. (d) Fitted error functions for AbNa2. Total CO; and H>O

concentration is normalized from 1 (max. c) to 0 (max. c).
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Fig. 9: (a) Transmitted light image of a closed vesicle surrounded by glass (A) and a bubble cut
at top and bottom (B) in the experimentally decompressed phonolite. The black frame (170x170
um) confines the glass volume of a single frame FPA measurement. The sample thickness is
about 50 um. (b) Corresponding OH concentration image, derived from a FPA measurement at
64x64 pixel. The outlines of the enclosed vesicle (A) are blurred, whereas the cut bubble (B) is
imaged sharply. The concentration gradient corresponding to the black rim in the transmitted
light image is probably due to the decreasing glass thickness at the bubble wall, as illustrated
in Fig. 5b.
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H,0 The bubbles in the quenched samples are often deformed and dented. Flow textures in the glass indicate melt
Phonolitic melt transport at high viscosity. We suggest that this observation is due to bubble shrinkage during quench. This
Degassing general problem was mostly overlooked in the interpretation of experimentally degassed samples to date.
Bubble Bubble shrinkage due to decreasing molar volume (V,;,) of the exsolved H,0 in the bubbles occurs during isobaric

rapid quench until the melt is too viscous too relax. The decrease of V;,(H,0) during cooling at P, of the exper-
iments results in a decrease of the bubble volume by a shrinking factor B,:

Vn(H0) [Pt Ty
Vm(HZO) [‘Pﬁna!rT}’_

5

where Ty, is the run temperature of the sample prior to isobaric rapid quench and Ty is the fictive temperature
where the bubbles stop to shrink. In a first approximation, the glass transition temperature (T,) of the melt
can be used for T At a Pgng of 75 MPa and a T, of ~840 K in our experiments, the bubble volume decreases by
a B; of ~2.5. Thus, bubble textures, size distributions and porosities derived from the vitrified samples do not cor-
respond to the conditions prior to isobaric rapid quench. Nevertheless, the volume fraction of bubbles (X) in the
melt can be calculated by:

B, - X;(glass)

Xp(melt) = 35X Tglass) —X, (glass)

using the measured volume fraction of bubbles in the glass in consideration of B;. The corrected porosities are
within a relative error of <10% equal to the expected porosities at T,, that can be easily calculated from the resid-
ual H;O content in the glass.
At nominal decompression rates >0.17 MPa-s™" and a Pgq of 75 MPa, the decompression method has only
minor influence on melt degassing. SD and CD result in high bubble number densities of 10*-10°> mm™3. Fast P
drop leads to immediate supersaturation with H,0 in the melt, At such high nominal decompression rates, the
diffusional transport of H,0 is limited and therefore bubble nucleation is the predominant degassing process.
The residual H,0 contents in the melts decompressed to 75 MPa increase with nominal decompression rate.
After homogeneous nucleation is triggered, CD rates <0.024 MPa-s~ ! facilitate continuous reduction of the su-
persaturation by H,O diffusion into previously nucleated bubbles, Bubble number densities of CD samples with
low nominal decompression rates are several orders of magnitude lower than for SD experiments and the bubble
diameters are larger. The reproducibility of MSD experiments with low nominal decompression rates is worse
than for CD runs. Commonly used SD techniques are therefore not suitable to simulate melt degassing during
continuous magma ascent with low ascent rates.

© 2015 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +49 7071 29 76097.
E-mail address: holger.marxer@uni-tuebingen.de (H. Marxer).
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1. Introduction

Melt degassing is the jet propulsion of magma ascent. Decom-
pression of magma induces supersaturation with dissolved vola-
tiles such as H,0, CO» and sulfur compounds in the melt and
results in nucleation and growth of bubbles (Sparks, 1978;
Gonnermann and Manga, 2007). Volatile exsolution primarily
controls magma ascent velocity and the eruptive style of a volca-
no (e.g., Eichelberger et al., 1986; Woods and Koyaguchi, 1994;
Mangan et al., 2004; Gonnermann and Manga, 2007). Open or
closed system degassing is influenced by viscosity of the magma,
volatile diffusivity as well as bubble interconnectivity and set
terms for explosive or effusive volcanism. The concealed process-
es of homogeneous bubble nucleation and growth during magma
ascent can be investigated by decompression experiments with
volatile-bearing melts. A crucial parameter for these experiments is
the decompression rate, which is directly proportional to magma
ascent velocity. Natural ascent rates cover a wide range, from 0.001
to 0.015 m-s~! for felsic and intermediate magmas in the crust,
0.1-10 m-s~ ! for effusive MORBs and more than 200 m-s~ ' for
kimberlites and explosive eruptions (e.g., Paonita and Martelli,
2006; Sparks et al., 2006; Rutherford, 2008; Misiti et al., 2011).

Due to technical limitations, a step-wise decompression (SD)
method was used in most previous experimental studies for the
simulation of continuous magma ascent. The pressure was either
released by single- or multi-step decompression (SSD/MSD) with de-
compression rates of 2.5-10 MPa-s~"' for the decompression steps
(e.g., Hurwitz and Navon, 1994; Lyakhovsky et al., 1996; Larsen and
Gardner, 2004; Gardner, 2007). After P drop, the sample was annealed
for a certain amount of time at lower pressure, Nominal continuous de-
compression (CD) rates were interpolated between the onset of a de-
compression step and the endpoint of the subsequent annealing
period (e.g., Gardner et al., 1999; 2000; Hammer and Rutherford,
2002; Larsen et al., 2004; Gardner, 2007; lacono Marziano et al.,
2007). These nominal decompression rates are sometimes orders of
magnitude lower than the rate of the actual decompression step.
Assuming an average bulk rock density of 2.7 g-cm 2, the rapid decom-
pression steps correspond to extreme ascent velocities of
93-370 m-s~ !, realized in nature only during kimberlitic volcanism.
To date, only few decompression experiments were performed using
CD with reasonable decompression rates (e.g., Mangan and Sisson,
2000; Brugger and Hammer, 2010; Pichavant et al., 2013). The SD tech-
nique was therefore compared to true, continuous decompression by
Nowak et al. (2011) to determine the influence of decompression
path on melt degassing. A hydrous, rhyodacitic melt was decompressed
at a nominal decompression rate of 0.28 MPa-s~ ! with SSD, MSD and
CD. SD resulted in enhanced bubble nucleation due to sudden supersat-
uration of H,0 within the melt, whereas CD favored bubble growth as
predominant degassing mechanism.

Besides the method of decompression, further problems arise during
quenching of the vesiculated sample. Hurwitz and Navon (1994)
already presumed that the volume of H,O-filled bubbles in the melt
decreases during cooling, but did not go into further details. However,
the consideration of bubble shrinkage is important for the interpreta-
tion of data (such as porosities, bubble diameters etc.) that are derived
from vitrified samples of decompression experiments, Nevertheless,
the consequences of bubble shrinkage during quench were not taken
into account in further experimental studies. A first quantification of
the actual volumetric loss of a bubble during isobaric rapid quench
due to cooling of the exsolved H,0 was presented by Marxer et al.
(2013). Recently, McIntosh et al. (2014) additionally reported on de-
creasing bubble volumes during quench due to resorption of H,O from
fluid into the melt. It is essential to realize and investigate such quench
effects for a critical evaluation of experimental data.

One aim of this study is to compare the H,0 degassing behavior of
a phonolitic melt at SSD, MSD and CD at different decompression

rates to verify the basic results of the single set of decompression ex-
periments from Nowak et al. (2011) for a less silicic melt composi-
tion from Vesuvius and a smaller step-size at MSD. The main
experimental parameters were adopted from the decompression ex-
periments of lacono Marziano et al. (2007). A further objective is to
demonstrate major experimental and analytical problems. Especially
bubble shrinkage during quench due to cooling of the exsolved H,0
was mostly not considered in the interpretation of experimental
data to date and is now quantified in this study.

2. Experimental and analytical methods
2.1. Starting material and capsule preparation

Batches of phonolitic glass (Table 1) were synthesized on the basis of
the EMP analysis from lacono Marziano et al. (2007) of the “white
pumice” from the Vesuvius AD79 (VAD79) eruption. A mixture of
dried oxide (Si0,, TiO,, Al,03, FeO, MnO, Mg0) and carbonate (CaCO,,
Na,C0s, K2CO3) powders was ground up for 30 min in a ball mill.
Phosphorus was added as (NH3),HPO,4. The powder mixture was slowly
decarbonized in a furnace at 1 atm and finally fused at 1873 Kfor6 hina
PtggRh o crucible. After the melt was quenched rapidly in water, the
shattered glass was ground up again for 20 min for final homogeniza-
tion and re-melted at 1873 K for 1 h. This melt was air-cooled to
produce a crack-less glass. The quench rate was sufficient to prevent
crystallization during cooling. 6-7 mm long cylinders with diameters
of 2.5 and 5 mm were drilled out of the glass. The different cylinder
diameters were used to investigate the effects of sample size in the
decompression experiments. The edges of the glass cylinders were
ground to prevent cutting of the capsule material during pressurization
in the autoclave prior to heating.

The glass cylinders with 2.5 mm diameter were sealed in
Pt-capsules with an outer diameter of 3 mm and a wall thickness of
0.25 mm (initial tube length 15-17 mm). Deionized water was
loaded at the bottom of the capsules. The Pt-capsules were closed
by crimping the ends together with flat-nose pliers and the seams
were welded shut. The glass cylinders with 5 mm diameter were
sealed in AugoPd,g-capsules with an outer diameter of 5.4 mm and
a wall thickness of 0.2 mm (initial tube length 13 mm). The bottoms
of the AuPd-capsules were closed with fitting inner lids and the top
was crimped using a drill chuck, resulting in a three-armed star.
After welding, all capsules were checked for leaks by heating
(1 h at 383 K in the compartment dryer) and subsequent
re-weighing.

Table 1
Chemical composition of the synthesized VAD79 glass by EMPA.
[wt.z]? 10°

Si0, 57.53 0.63
TiO; 0.29 0.02
Al;05 20.73 0.18
FeO*® 271 0.19
MnO 0.14 0.03
MgO 0.38 0.03
Ca0 3.32 0.11
Na,0 5.28 0.17
K;0 9.53 0.21
P05 0.10 0.03
3 100.00

A total number of 17 analyses distributed over several pieces of glass was used for the
determination of the chemical composition of the starting material.

* Averaged chemical composition, normalized to 100 wt.%.

b 1o is the standard deviation of the mean value.

¢ Total Fe as FeO.
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2.2. Isobaric experiments

All experiments were performed in a vertically operated internally
heated argon pressure vessel (IHPV) with a rapid quench setup
(Berndt et al., 2002). The isobaric experiments were conducted to
determine H;0 solubilities and to produce reference glasses for electron
microprobe (EMP) and Fourier transform infrared (FTIR) analysis. Six
Pt-capsules were loaded with 2.5 mm glass cylinders and increasing
weighed portions of ~2-6 wt.% H,0 (Table 2). These samples were
equilibrated at super-liquidus conditions of 200 MPa and 1323 K to gen-
erate homogeneous, H,O-bearing melts. One solubility experiment with
a 2.5 mm cylinder was performed at 75 MPa and 1323 K. A minimum
equilibration time (t.,) of 72 h was derived from the time series exper-
iments of lacono Marziano et al. (2007). Another experiment was con-
ducted with a 5 mm cylinder and ~5 wt.% H,O at 200 MPa and
1323 K. A teq of 96 h was sufficient for the diffusion and homogeneous
distribution of the H,0 into the melt cylinder (Table 2). After equilibra-
tion, the samples were quenched rapidly with ~150 K-s~! at isobaric
conditions. The quench rate was reported in Berndt et al. (2002).

2.3. Decompression experiments

The IHPV is equipped with a special high-P valve construction
(Nowak et al., 2011), facilitating both CD and SD. The super-liquidus
starting conditions of 200 MPa and 1323 K as well as the range of nom-
inal decompression rates from 0.0028 to 1.7 MPa-s~! were adopted
from lacono Marziano et al. (2007). The solubility of H,0 at starting
conditions prior to decompression was found to be 5.6 wt.% (Table 2).
The 2.5 mm glass cylinders were sealed in Pt-capsules with ~6 wt.% de-
ionized H,O to ensure a H,O-saturated melt coexisting with a free fluid
phase prior to decompression (lacono Marziano et al., 2007). The
AuPd-capsules were loaded with ~5 wt.% H,O for slightly fluid-
undersaturated conditions. All decompression experiments were
carried out in two steps. The samples were equilibrated for 72 h
(2.5 mm cylinders) or 96 h (5 mm cylinders) at 200 MPa and 1323 K.
The required equilibration periods for homogeneous H,0 distribution
in the melt were adopted from the synthesis of the reference glasses
(Table 2). Subsequently after equilibration, the samples were decom-
pressed isothermally using SSD, MSD and CD (Table 3). MSD was per-
formed in steps of approximately 10 MPa (Fig. 1). The decompression
rate for the actual decompression steps at SD was ~10 MPa-s~ . This
rate corresponds to a magma ascent velocity of 370 m:s~'. The CD
rates compare to ascent velocities of 0.1-63 m-s~ . Due to the fast

Table 2
Synthesis of the H,O-bearing reference glasses.

Exp.# Cylinder P, teg  Weighed portion of ~ Total H,0 content in
diameter [MPa] [h] H20in capsule glass by FTIR
[mm)] [we.%]? [wtx]?
REFOZ 25 200 96  1.98(0.22)° 2.20(0.01)
REFO3 25 200 96  3.00(0.23)° 3.10(0.01)
REF04 25 200 96 3.88(0.20° 4.10(0.06)
REFD5 2.5 200 96 5.04(0.23)° 5.15(0.05)
REFO6 2.5 200 96 5.68(0.20)d 5.60(0.10)
REFO9 25 200 72 6 14(0.]8)d 5.63(0.07)
REFO8 25 75 96 3.74(0.20) 3.01(0.04)
REF12 5.0 200 96  4.86(0.05)° 4.89(0.12)

Equilibration temperature (T.;) was 1323 K for all experiments. Equilibration pressure
(Peq) and time (t.q) varied.
The extinction coefficients (¢) and the density (p) of the glasses for the calculation of the
H,0 content were adopted from lacono Marziano et al. (2007): &(4470 cm ™ ') = 1.14 +
0.09 and £(5210 cm ™ ') = 1.18 + 0.09 [l-mol™ '-cm ™ ']; p = 2.47-(0.013 wt.% H,0)
[g-cm ™).

2 Weighing error in brackets.

b Means of at least 10 individual measurements over the whole sample (41 in
brackets).

¢ Hy0-undersaturated.

4 H,0 in excess.
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decompression rate during SD, the error of the P drop during the
decompression steps is up to 1.5 MPa. A final pressure (Pgpq) of
75 MPa was chosen for the comparison of SD and CD run products.
Two additional CD experiments were decompressed to 150 and
100 MPa to determine a minimum P for the onset of bubble nucleation
and growth. At Pg,q the samples were quenched rapidly with
~150 K-s~ ! at isobaric conditions.

24. Sample preparation

The samples were weighed after the experiments to check for leaks.
Most of the capsules were deformed after the decompression experi-
ments. Many of these show an inflexion of the walls around the middle
of the capsule and inflated headspaces. The specimens were cut in half
lengthwise along the cylinder axis, mostly through the maximum defor-
mation. One half was directly embedded (sample enclosed by the noble
metal container) with the cut surface upside. This surface was ground
and polished on for scanning electron microscopy (SEM) and EMP anal-
ysis. The other cylinder half was carefully peeled out of the capsule and
also embedded with the cut surface upside. These glasses were double-
sided ground parallel to the cut surface down to a thickness of
125-500 pum (depending on the porosity of the specimen) and polished
for FTIR transmission measurements. The FTIR samples were mostly
ground on the side opposing the cut surface to obtain a maximum sam-
ple area.

2.5. EMP analysis and SEM images

The glass composition was analyzed by WDS measurements with a
JEOLJXA 8900 R EMP at an acceleration voltage of 15 kV and a beam cur-
rent of 4 nA. All samples were measured with a defocused beam of
20 um diameter. The peak counting times were set to 10 s (Na), 16 s
(K, Si, Ca, Al, Mg and Fe) and 30 s (Mn, Ti and P). The residual total
H>O content in the glass of some highly vesiculated samples was
determined using the by-difference method (Devine et al., 1995). The
nominally dry VAD79 starting glass and the synthesized H,O-bearing
glasses (REF02-06, Table 2) were used as reference samples. At least
10 measurements were performed on each of those references.

For some of their decompressed samples, Mangan and Sisson
(2000) and lacono Marziano et al. (2007) already demonstrated de-
creasing H,0 concentrations from the center of the glass cylinders to
the side wall of the capsules. This was explained by H,O diffusion to-
wards the heterogeneously nucleated bubbles at the capsule-melt
interface during decompression. The residual total H,O contents
(also those by FTIR) of the decompressed samples in this study
were therefore determined parallel to the cylinder axis in the center
area of the specimens on the basis of at least 10 individual measure-
ments. The determination of the residual H,O content in the glass
with the by-difference technique in extremely vesiculated samples
is difficult. In general, this method has a comparably low accuracy
and precision (>0.5 wt.%; Devine et al., 1995). This is most probably
the main reason for the relatively high standard deviations of the
means of the H,0 contents determined with this technique in the
fast decompression experiments (Table 3). Bubbles just beneath
the polished surface in or very close to the excitation volume could
additionally result in infrequent overestimation of the residual H,0
content in the glass, especially in highly vesiculated samples with
bubble interstices on a micrometer scale.

Back-scattered electron (BSE) images were recorded with a LEO
1450 VP SEM at a resolution of 1024 x 768 pixel. The magnification
was adjusted to resolve the smallest bubbles in each sample. The
bisected capsules were completely mapped with up to 60 single BSE
images. These images were stitched together and corrected for differ-
ences in tonal value.
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Fig. 1. P-t diagram for a set of SSD, MSD and CD experiments that were isothermally de-
compressed from 200 to 75 MPa with a nominal decompression rate of 0.024 MPa-s ™!
at 1323 K. After the homogenization period, the decompression methods differ significant-
ly despite an identical nominal decompression rate. Errors for the P drop during the de-
compression steps of MSD and SSD are up to 1.5 MPa. The CD path is an actual P-t log of
CDO08 (Table 3). At Pspq the samples were quenched rapidly.

2.6. Fourier transform infrared spectroscopy

Near infrared (NIR) absorption spectra of the glasses were recorded
in transmission mode using a Bruker Vertex 80v vacuum FTIR spectrom-
eter with a CaF, beam splitter and a halogen light source. The spectrom-
eter is connected to a Hyperion 3000 microscope with an In-Sb single
element detector and a motorized sample stage for spatially resolved
measurements. The microscope was used in combination with a 15x
Cassegrain objective and a knife-edge aperture. The spectra were re-
corded with 32-120 scans at a spectral resolution of 4 cm™! using air
as reference. The microscope was flushed continuously with dried air
to avoid influence of atmospheric H,0 and CO;. Depending on the spac-
ing between the bubbles in the glass and the thickness of each sample,
the knife-edge aperture was adjusted to a square of 10-90 pm side
length. It was taken care to avoid bubbles in the confined sample
volume by focusing through the glass slab. The spacing between the
bubbles in highly vesiculated samples is extremely narrow over the
whole sample thickness. It is most likely that the measurements in
these specimens included parts or even whole H,O-filled bubbles due
to the confocal beam path of the microscope. In this case, the deter-
mined total H,O contents are higher than the residual contents in the
glass. In principle, this problem could be minimized by reducing the
sample thickness, but the preparation of highly vesiculated glasses to
double-sided polished slices of <100 um resulted in the destruction of
some of the samples.

Total H,O contents were determined following the method of
Behrens et al. (1996). The peak heights of the OH-absorption band at
~4470 cm™ ! and the absorption band of molecular H,0 at ~5210 cm™!
were used for the calculation of the species concentration after linear-
tangential background correction of the spectra. The sample thickness
was measured with an error of 2-3 pm using a Mitutoyo digital microm-
eter. The density of the phonolitic glass and the molar absorption coeffi-
cients were adopted from lacono Marziano et al. (2007). The reference
glasses with variable H>O content were analyzed at first to verify the
application of the adopted data (Table 2). At least 10 individual measure-
ments were performed parallel to the cylinder axis in the center area of
the decompressed samples. Additional concentration distance profiles
were measured perpendicular to the cylinder axis in the middle of the
glass slabs to monitor a decrease of H,O content towards the capsule
walls.

2.7. Quantitative image analysis

Bubble size distributions (BSDs) and bubble number densities (Ny)
of the partially degassed phonolitic melts were determined for
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qualitative comparison of bubble nucleation and growth during decom-
pression. The application of size distributions to characterize vesiculat-
ed samples was initially adopted from Marsh (1988), who used crystal
size distributions (CSDs) to derive information about nucleation density
as well as nucleation and growth rates. The size distributions can be
generated by direct 3D measurement or stereological transformation
of 2D information from cut sections (Jerram and Higgins, 2007). 3D
methods involve e.g., serial sectioning (Mock and Jerram, 2005) or
X-ray micro-tomography (Polacci et al., 2006; Baker et al., 2012).
Gardner et al. (1999) directly measured the diameters of spherical
bubbles within a confined volume under a transmitted light micro-
scope. 2D techniques require stereological models (e.g., Saltikov,
1967) combined with corrections for the intersection probability and
the cut section effect (Peterson, 1996; Sahagian and Proussevitch,
1998; Higgins, 2006). User-friendly, semi-automated software can be
used to calculate 3D size distributions and number densities from
image analysis (e.g., Higgins, 2000; Shea et al., 2010).

The BSDs and Ny, of most samples in this study were determined on
the basis of the BSE images using the program CSDCorrections 1.40
(Higgins, 2000), because this software includes an option to correct
for ellipsoidal (deformed) bubbles. CSDCorrections was already used
e.g., by Mastrolorenzo and Pappalardo (2006) for the calculation of
BSDs. Nevertheless, a simplified modeling experiment was performed
to verify the usability of this crystal size distribution program in terms
of bubbles. Therefore, cubes (representing melt batches) containing
randomly arranged spheres (bubbles) with up to three different diame-
ters were modeled with a CAD software (Fig. 2a). The dimensions of all
objects are known. Different slice planes through the cubes were
processed with the program Image] 1.47 (Schneider et al., 2012). The in-
tersections of the spheres in these planes (Fig. 2b) were fit with ellipses
and their axes were measured. The axes lengths were imported to
CSDCorrections for BSD and Ny calculation of the model. The roundness
factor and the aspect ratios of the axes were set to 1 for spheres. The op-
tion to correct for voids/bubbles cannot be used in the specific case of
calculating BSDs with this program, because the population densities
and the volumetric phase proportions of all size intervals would be mas-
sively overestimated. The bubbles must be treated like a crystalline
phase. As a result, the bubble number density is calculated per total
unit volume of glass and bubbles (Ny(t)). The determined BSD size in-
tervals match true sphere diameters in the 3D models best for not less
than 150-250 measured intersections of spheres within the slice planes.
This number is similar to a result of the detailed study from Mock and
Jerram (2005), where CSDs were determined from 3D reconstruction.
It was demonstrated, that a sample size of at least ~200 individual
particles is sufficient to determine size distributions with appropriate
reproducibility. Ny(t) and the volumetric phase proportions of spheres
in the cubes (porosities of the models) could be reproduced with a rel-
ative error of <10%. The application of this method on highly vesiculated
samples from this study should result in a better accuracy, because the
number of analyzed bubble intersections is higher than in the 3D
models. The error is therefore sufficiently small for the comparative pur-
pose of BSDs and Ny, in this study.

The BSDs of most vesiculated glasses were determined on the basis
of the BSE images by analyzing a representative orthogonal excerpt
from center of the samples (along the cylinder axis of the capsule)
where the bubbles are mostly least deformed. The intersections of the
bubbles were manually redrawn and colored in a second image layer
over the BSE images with the help of an image processing program to
maximize posterization (Fig. 3). This layer was imported into Image]
and all intersections were fitted and measured. 2D porosities
(phase proportion of bubble intersections in the sample excerpt)
could be determined from these data. The deformation of former
spherical bubbles to ellipsoids in some samples was taken into account
by adjusting the aspect ratios of the 3 axes in CSDCorrections. The aspect
ratios were determined from the double-sided polished glass slabs with
a transmitted light microscope and a digitally controlled sample stage.
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Fig. 2. (a) 3D model of a cubic sample with randomly arranged bubbles. The models were generated to test the usability of the stereological conversion method. The slice plane in the cube
above islocated parallel to a face in the center of this cube, In this example, all bubbles have the same diameter. (b) The intersections of the bubbles with equal diameter have different sizes
in the slice plane. All intersections were colored in black, fitted/measured with Image] and the resulting dataset was processed with CSDCorrections.

In some of the samples the aspect ratios of the measured ellipsoidal
bubbles are scattered randomly. The aspect ratios were then set to
1:[(1 + ¢)/2]:c, where ¢ corresponds to the longest axis. This adjust-
ment resulted in the best match between 2D and calculated 3D porosi-
ties. The lengths of the major axes of the fit ellipses from Image] were
used as basis for the generation of the BSDs. A logarithmic base 10 size
scale with 5 bins per decade was chosen. After processing with
CSDCorrections, the calculated Ny(t)-values have to be normalized to
the bubble-free melt (or glass) volume:

Ny(n) = (1)

where Ny(n) is the number of bubbles per melt (or glass) volume and X},
is the volume fraction of bubbles. The normalization of Ny(t) is essential,
because only Ny(n) is independent of bubble growth (Proussevitch
et al,, 2007). Samples with the same number of bubbles and an identical
bubble-free melt volume, but with different porosities (due to different
average diameter of the bubbles) will have contrasting Ny(t)-values.
However, the Ny(n)-values of these samples are equal. In the absence
of Ostwald ripening or bubble coalescence, this can reveal similarities
in the nucleation behavior. The Ny{(n)-values of samples with very few
bubbles were derived from transmitted light microscopy of the
double-sided polished glass slabs in combination with the BSE images
of these samples.

Fig. 3. BSE image of the vesiculated sample CD09 with a second image layer containing the
manually colored intersections of the bubbles (white ellipses) in a representative part
from the center of the sample. The redrawn bubble intersections were used to determine
the BSD and Ny, of the specimen. In this sample, 488 intersections were analyzed.

If the BSD and Ny of a deformed sample is exclusively based on BSE
images or similar 2D information, it has to be noticed that sample prep-
aration can influence the result of the stereological conversion. Assum-
ing that a sample has ellipsoidal bubbles whose major axes are all
parallel to the cylinder axis of the capsule and the capsule is prepared
perpendicular to the cylinder axis, there is a chance that the intersec-
tions of the bubbles in the slice plane are perfectly circular. This could
lead to the assumption that the bubbles in the specimen are spherical.
In this case, the calculated individual bubble volumes would be signifi-
cantly lower.

3. Results
3.1. Starting material

The reference sample REF09 (Table 2), which was quenched at the
starting conditions of the H,O-saturated decompression experiments
with the 2.5 mm cylinders, reveals a homogeneous and crystal-free
glass. It is almost completely free of small bubbles (Fig. 4a). It has to
be noticed that the addition of ~0.5 wt.% H,0 in excess inevitably led
to the formation of a big fluid bubble in the capsule. This fluid bubble
in REF09 was simply not cut during sample preparation. In the corre-
sponding slightly H,O-undersaturated 5 mm sample (REF12), the
glass does not contain any visible bubbles or other inhomogeneities
(Fig. 4b).

3.2. Comparison of the decompression experiments

Decompression led to nucleation and growth of bubbles in the
samples (Fig. 5). The complete BSE images of all decompressed samples
are provided in the electronic appendix (eFig. 1-10). Bubbles at or close
to the capsule walls are often bigger than the bubbles in the center and
many samples show the bubble-free zone between capsule wall and ve-
siculated sample center that was already described by lacono Marziano
etal. (2007). The initially crimped headspaces of the capsules are usual-
ly widened and filled with melt and the bubbles in the samples are at
least partially deformed (Fig. 6a, b). The big fluid bubble due to initial
excess H,O in the capsules with the 2.5 mm cylinders (H,O-saturated
starting conditions) is always present, but was not always sectioned
during sample preparation.

The BSE images of the samples from the experiments with a low
nominal decompression rate of 0.024 MPa-s~'and a Pfines of 75 MPa re-
veal evident differences in degassing behavior (Fig. 7a, c). In the center
of the samples, the bubbles are distributed homogeneously in the glass.
In contrast to CD, both MSD and SSD result in higher population
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Fig. 4. BSE images of the reference samples REF09 (a) and REF12 (b) quenched at 200 MPa (details in Table 2). The glasses (gray) are homogeneous and crystal-free. Only REFO9 contains a
few, very small bubbles. REF09 was equilibrated with H;O in excess in the capsule, REF12 is slightly HzO-undersaturated. The black lines in both glasses are tension cracks that formed

during quench in the glassy state.

densities of bubbles with smaller diameters in the quenched samples
(Fig. 7b, d). The MSD and CD samples have broader BSDs than the ex-
tremely vesiculated SSD specimens. The bubble diameters in the
5 mm CD and MSD sample are generally bigger and the population
densities are lower than in the corresponding 2.5 mm specimens
(Fig. 7b, d). The BSDs of the 2.5 and 5 mm SSD samples are comparable,
At a fast nominal decompression rate of 1.7 MPa-s~ !, the differences in
degassing behavior between SD and CD are less pronounced (Fig. 7e).
The BSDs of the CD and MSD sample are shifted towards smaller bubble
diameters and higher population densities, but the peak bubble diame-
ter is still bigger than in the SSD sample (Fig. 7f). In comparison to the
results of a nominal decompression rate of 0.024 MPa-s~ !, the BSD of
the SSD sample barely changed.

For a fixed Ppnq 0f 75 MPa, the Ny(n)-values of CD and MSD samples
increase with nominal decompression rate, whereas the average bubble

CD 0.024 MPa-s"

CD10
RELE

cD11
100 MPa

Fig. 5. BSE images of CD samples (2.5 mm cylinders, H;O-saturated starting conditions)
after decompression with a rate of 0.024 MPa-s™ ' ata Pping 0f 150, 100 and 75 MPa.
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diameter decreases (Fig. 8, 9). At low rates, MSD can result in an up to
two orders of magnitude higher Ny(n) than CD. These differences
gradually align with increasing nominal decompression rate. The
Ny(n)-values of the SSD samples are generally higher than those in

Fig. 6. BSE images of CD03 (a) and CDO8 (b) after decompression (2.5 mm cylinders, H,0-
saturated starting conditions). CDO3 was decompressed with 0.17 MPa-s ' and CDOS was
decompressed with 0.024 MPa-s™ ' to a Pynq of 75 MPa. The capsules were cut in half par-
allel to the cylinder axis, CD03 was bisected through the maximum deformation. Different
amounts of melt migrated in to the initially crimped headspaces. The side walls of CD03
are massively inflexed. The capsule ends of this sample were lost during preparation.
The dashed line indicates the capsule outline prior to the experiment. Both samples dis-
play deformed bubbles at least in some parts of the capsule. The big bubble at the top of
CDO08 (marked with the white arrow) was initially formed due to excess H;O in the cap-
sule prior to decompression.
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Fig. 7. Comparison of the BSE images and the BSDs of selected samples decompressed with CD, MSD and SSD at the same nominal decompression rate. {a, b) 0,024 MPa-s~" with 2.5 mm
cylinders at H,O-saturated starting conditions. (c, d) 0.024 MPa-s~! with 5 mm cylinders at slightly H,O-undersaturated starting conditions. (e, f) 1.7 MPa-s~ ' with 2.5 mm cylinders at
H0-saturated starting conditions. Psq was 75 MPa for all experiments. The BSDs show the population density n(l) as a function of the diameter (1) of the bubbles in the quenched sample.
The diameter corresponds to the major axis of the bubble-ellipsoid. Due to graphical reasons, the excerpts of the BSE images do not directly correspond to the BSDs. The 2D images that

were used as basis for the BSDs are deposited in the electronic appendix.

the samples of MSD and CD experiments (Table 3). For SSD at nominal
decompression rates >0.024 MPa-s~!, Ny(n) is in the order of
~10° mm~3 and then drops about nearly two orders of magnitude at
the lowest rate (Fig. 8). The Ny(n)-values of the 2.5 mm CD samples
with a decompression rate of 0.024 MPa-s~ ! that were quenched at dif-
ferent Ppy,q are all within the same order of magnitude (Table 3, Fig. 5).
The bubble diameter increases with decreasing Pngy.

The residual H,0 contents in the samples with a Pgpq of 75 MPa are
displayed in Fig. 10, At CD and MSD with low nominal decompression
rates <0.024 MPa-s~ ', the H,O concentration is within the error in
the range of the solubility of H,O at Pgpg (~3 wt.%). This is also valid
for the single analyzed 2.5 mm SSD sample at a nominal decompression
rate of 0.0028 MPa-s~'. Faster decompression results in an increase of
about 0.5 wt.% for MSD samples and a slightly lower increase for the
5 mm CD samples. The error bars that correspond to the standard devi-
ations of the plotted means also increase with decompression rate. H,O
concentration distance profiles perpendicular to the cylinder axis of the
5 mm CD samples decompressed with 0.17 MPa-s~ ' and 1.7 MPa-s ™!
do not reveal severe concentration gradients from sample center

towards the former capsule-melt interface (Fig. 11). The residual H,O
concentration of the 2.5 mm CD sample with a decompression rate of
0.024 MPa-s~ ! that was quenched at a Pfig Of 100 MPa (Table 3, Fig. 5)
is within the error equal to the corresponding equilibrium H,O content
determined by lacono Marziano et al. (2007). The sample quenched at
a Pfing 0f 150 MPa has a ~0.5 wt.% higher concentration than the equilib-
rium H,O content.

4. Discussion
4.1. Experimental and analytical problems

4.1.1. Bubble shrinkage during rapid quench

Burgisser and Gardner (2005) already mentioned a migration of
melt into the initially crimped headspaces of their capsules due to the
volumetric expansion during degassing, because of the nucleation and
growth of fluid bubbles. This deformation is also observed in
almost all of the decompression experiments with the 2.5 mm cylinders
(H50 in excess in the capsule) to varying degrees (Fig. 6a, b). The
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Fig. 8. Normalized bubble number densities (Ny(n), logarithmic) of the samples as a func-
tion of nominal decompression rate. The data points with solid symbols are derived from
experiments with 2.5 mm cylinders at H,O-saturated starting conditions. Open symbols
correspond to the 5 mm samples (slightly H;O-undersaturated starting conditions). Ppa
was 75 MPa for all experiments. The solid green line and the dashed blue line are linear
regressions of the data points from the 2.5 mm CD and MSD experiments. The Ny(n)-
values of the 5 mm samples were excluded from regression due to lower initial H,O con-
tent prior to decompression. The red dotted line is only a non-committal trend for the
2.5 mm SSD specimens.
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CD (5 mm cylinders)

A

Fig. 9. BSE image excerpts of 5 mm CD samples decompressed with rates of 0.0028-
1.7 MPa-s~ . With increasing decompression rate, the bubble diameters decrease and
the Ny{(n)-values increase. At the lowest rate, the sample center is nearly completely
free of bubbles. Larger void spaces can be found at the capsule-melt interface.

bubbles in these samples are also partially deformed. This could be due
the movement of the vesiculated melt into the headspaces during
decompression and expansion. On the other hand, the bubbles would
target spherical shape in a short time after deformation at a low
melt viscosity in order to lower the surface energy. The precise point
of time during decompression where the crimped headspaces open up
is unknown. In addition, the timescale of this capsule deformation
(slow process or instantaneous event) is obscure. Nevertheless, this
capsule deformation definitely occurs before rapid quench is initiated
and the resulting bubble deformation is therefore unlikely to be
preserved in a low viscosity melt, especially in experiments with a low
nominal decompression rate and a correspondingly high time interval
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Fig. 10. Residual H,0 contents of the samples decompressed to a Pnq 0f 75 MPa. The shad-
ed area corresponds to the solubility at Prn (+ analytical error). The solid symbols corre-
spond to experiments with 2.5 mm cylinders at H,O-saturated starting conditions. The
open symbols correspond to the 5 mm samples (slightly H,O-undersaturated starting
conditions). The data points are the means of at least 10 individual measurements in
the center area of the samples (error bars +10). The data points marked with a star are
means from samples with high Ny(n)-values and very narrow spacing between the
bubbles. Explicit data and further details are listed in Table 3.
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Fig. 11. H,0 concentration distance profiles determined by FTIR measurements perpen- oL l I

dicular to the cylinder axis over the complete width of two CD experiments with 5 mm
cylinders. Deformation of the samples can reduce the sample diameter. The decompres-
sion rates were 0,17 MPa-s~ ' and 1.7 MPa-s ™" at a Py of 75 MPa, The shaded area cor-
responds to the solubility at Pgug (£ analytical error).

for bubble re-shaping. Bubble deformation was also observed in the ex-
perimental study of Mongrain et al. (2008) and attributed to local melt
shearing due to expansion and interconnection of bubbles during de-
compression. In many natural pumices, the deformation of bubbles
can be explained by increasing interconnectivity between bubbles
with associated gas escape from the melt (Gardner et al,, 1996). Castro
et al. (2012) attributed bubble deformation to bubble wall stretching.
Thinning bubble walls in combination with inter-bubble P gradients
were identified as a cause for dimpled bubbles in the course of coales-
cence, McIntosh et al. (2014) re-interpreted buckled bubble walls as ev-
idence for bubble shrinkage due to quench resorption of H,0.

In the course of sample preparation, a closer look at the bubbles on
the side wall of a 5 mm glass cylinder revealed dented bubbles as well
as flow textures within the indentations (Fig. 12) and the surrounding
glass matrix. Due to the isolated location of the big bubble in the center
of Fig. 12, bubble wall thinning and coalescence (Castro et al., 2012) is
not considered as cause for the indentation. Considerable total H,O con-
centration gradients around the bubbles as reported by McIntosh et al.
(2014) could not be detected (Marxer and Nowak, 2013). We suggest
that the observed bubble deformation in our case is mostly due to a se-
vere decrease of the molar volume (V,,) of the exsolved and the excess
H,0 in the capsule during rapid quench. Throughout the onset of
cooling until the glass transition, the melt is able to react to shear forces
by viscous flow (e.g., Dingwell and Webb, 1990). In contrast to

Fig. 12. Microscope image of the side wall of the vesiculated glass cylinder from sample
CD19. The visible surface was in contact to the capsule wall. The heterogeneously nucleat-
ed bubbles are dented and the white arrows indicate flow textures around the bubbles and
within the indentations.
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Fig. 13. V;;, of the exsolved H,0 within the bubbles decreases with T during isabaric rapid
quench. This effect is enhanced by decreasing Prnq (legend) of the decompression exper-
iment, All data points were generated with the EOS program of Duan and Zhang (2006).
The run temperature prior to rapid quench (T,4) was 1323 K for all experiments. The
marked glass transition temperature (T;) of ~840 K corresponds to a VAD79 melt with
-3 wt.% H0 that is quenched rapidly at ~150 K-s~ .

Vin(melt), V,, of the exsolved H,0 is strongly dependent on the P-T con-
ditions. It can e.g., be calculated using the equation of state (EOS) pro-
gram for H,0, CO, and the H,0-CO, system from Duan and Zhang
(2006). For exsolved pure H»0, V,,, continuously decreases with T for a
fixed Ppnq (Fig. 13). The lower the quench P in the range of
200-75 MPa, the higher is the effect of cooling on V,,(H,0). The interior
fluid P of the bubbles in the melt diminishes while the exterior argon Pin
the autoclave remains constant. This difference in P is counterbalanced
by a reduction of the bubble volumes during cooling until the melt is
too viscous to relax and the bubbles stop to shrink at a fictive tempera-
ture (Ty). As a first approximation, the volumetric loss of a HO-filled
bubble is quantified for the case that the bubble is able to shrink until
the glass transition temperature (T,) is reached (T; = T). For the deter-
mination of Ty, it is assumed that the residual H,O content in the melt has
reached equilibrium prior to rapid quench. At a Pgpq of 75 MPa, the sol-
ubility of H,O in the VAD79 melt is ~3 wt.% (Table 2). For a moderate
quench rate of ~150 K-min™", T, (corresponding to the maximum of
the c,-peak with a viscosity of log 1) ~ 10 Pa-s) of this H,0-bearing
phonolitic melt is ~760 K (Giordano et al., 2008). A rapid quench with
a cooling rate that is 60 times faster (from K-min~" to K-s~') results
in an increase of T, of about 80 K for a rhyolitic melt with 3 wt.% H,0
(Dingwell and Webb, 1990). If a similar effect is assigned to the phono-
lite, T, is reached at approximately 840 K for a rapid quench rate of
150 K-s~'. During an isobaric rapid quench at a Py,q of 75 MPa,
Vin(Ho0) decreases from ~144 cm®-mol™' at 1323 K to
~58 cm?-mol™! at T, (Fig. 13). Assuming that the amount of the
exsolved H,0 in the bubble remains constant, the decrease of V,,;(H;0)
results in a decrease of the bubble volume by a shrinking factor B that
corresponds to the ratio of Vi;;(H,0) before and after rapid quench:

p, = V) [P T )
V., (H,0) [PﬁnahTf}

where Ty, is the run temperature of the sample prior to rapid quench. For
a quench at 75 MPa, 1323 K and a H,0 content of ~3 wt.% in the VAD79
melt, B; is ~2.5, if we assume in first approximation that the bubbles are
able to shrink until T, is reached.

It is conceivable that B is dependent on bubble size. Due to the
surface tension (¢r) there is a positive P difference between the interior
vapor pressure (%) in the bubble and the hydrostatic exterior pressure
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in the melt (P,). This relation is generally described by the Young-
Laplace equation. The P difference across the melt-vapor interface can
be calculated by:

(p-p) = 22 3

where 1 is the radius of a spherical bubble (Hirth et al., 1970; Toramaru,
1989). This relation shows that P; is dependent on the size of the bub-
bles. Therefore, V,, of the exsolved H,0 at a certain Py,q and Traddition-
ally depends on the bubble radius (Toramaru, 1989). With decreasing
radius the P difference (P; — P,) increases exponentially (Eq. (3)). For
an observed minimum bubble radius of 1.5 pm in the vitrified samples
(that corresponds to r at Ty), this P difference is only ~0.2 MPa, assuming
a surface tension of ~0.16 N-m ™~ ! for the VAD79 melt with ~3 wt.% H,0
at a Prng 0f 75 MPa and a Ty of ~840 K. The o-value was derived starting
from a surface tension of ~0.08 N-m ! for the hydrous VAD79 melt at
200 MPa and 1323 K (Gardner, 2012) and considering an increase of o
by a factor of 2 due the decreased H,0 content in the melt at a Pgpq of
75 MPa and the decrease of T, to Ty (Bagdassarov et al., 2000; Mangan
and Sisson, 2005; Gardner et al., 2013). This small P difference has neg-
ligible influence on V,, of the exsolved H,O (Duan and Zhang, 2006).
Thus, in the approximation for bubble shrinkage (Eq. (2)) B can be con-
sidered as constant for the observed bubble sizes. Furthermore, bubbles
with a radius <1.5 pm in our samples do not significantly contribute to
the measured porosity.

The calculation of B is a scenario for maximum shrinkage, because
the cooling melt will possibly prevent bubble shrinkage at a higher Ty
due to increasing viscosity. The studies of Thomas et al. (1994) and
Barclay et al. (1995) suggested a ‘viscosity quench’ of bubble size at
melt viscosities =107 Pa-s. Isothermal expansion of the bubbles due to
external P decrease is assumed to be minimized or negligible at such
high viscosities and fast decompression rates. The viscosity limit of
10° Pa-s could also be applicable for the shrinkage of bubbles. Based
on this limit, the corresponding Ty of a VAD79 melt with 3 wt.% H.0
would be ~40 K higher than for a viscosity of 10'° Pa:s (Giordano
et al., 2008). The corresponding B; for a Pgq of 75 MPa would be ~2.2
(instead of ~2.5 for a viscosity limit of 10'° Pa-s). This minor difference
is considered to be within the uncertainty of our approximation for bub-
ble shrinkage. The viscosity of a melt is influenced by the concentration
of dissolved H,0 (e.g., Giordano et al., 2005). Differences in the residual
H.0 content within the melt therefore influence Trand the residual bub-
ble volume. For the approximation of the volumetric loss of bubbles
across the sample, the H,O-content of the melt was considered to be
constant at the level of equilibrium solubility prior to rapid quench in
order to determine a fixed value for T, Differences in the quench rate
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Fig. 14. NIR absorption spectra of measurements close to the capsule wall and in the center
of CD20. The spectra are normalized to a sample thickness of 1T mm and shifted for clarity.
The absorption bands at ~5210 and ~4470 cm ™" correspond to molecular H,0 and OH™,
respectively. The residual total H,0 contents are equal. The quotient Q' = (A4470)%/As210 is
dependent on the quench rate (Zhang et al., 2000) and within the error of 2% identical for
the rim and the center of the sample.
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of the melt inside the capsule from the wall to the center of the cylindri-
cal sample could also affect T, (Dingwell and Webb, 1990). The hydrous
species geospeedometer of Zhang et al. (2000) in rhyolite can be used in
first approximation for a qualitative comparison of the quench rate
across the sample. Therefore, NIR measurements in the center and
close to the capsule wall (Fig. 14) were performed in one of the partially
degassed 5 mm samples. The total residual H,O contents in the glass are
identical within the analytical error. The quotient Q' = (As70)*/As210
was determined following Zhang et al. (2000) using the peak heights
of the absorption bands of OH™ {A4470) and molecular H20 (Asz10)
from the NIR absorption spectra. Within the relative uncertainty of 2%
both determined Q’-values (sample rim: 0.223 and sample center:
0.221) are identical. Following Zhang et al. (2000), the respective
quench rates for the rim and the center of the sample can be considered
as equal in first approximation. Variations of T, due to differences in the
quench rate across the samples are therefore not taken into account.

In decompression experiments with hydrous silicate melts in HP-HT
autoclaves, Vi, of the exsolved H,0 in the fluid phase is a non-
quenchable parameter. The bubble sizes (and therefore the porosity)
will decrease with T during isobaric quench, until melt relaxation is
negligible. This implies that Ny(t) of a sample increases during cooling
until Ty is reached, because the total V decreases. The viscosity of the
melt as well as the speciation of H,O (OH ™~ or molecular H,0) that is dis-
solved in the melt are also not quenchable above the glass transition
(e.g., Dingwell and Webb, 1990; Nowak and Behrens, 2001). The V,, of
a hydrous silicate melt (and therefore the melt density) is affected by
P, T and the amount of dissolved H,O (Ochs and Lange, 1999), but the
effect of T on V,;,(melt) is negligible compared to the effect on V,,, of
the exsolved H,0. For the VAD79 composition with 3 wt.% dissolved
H,0 at 75 MPa, the density of the melt increases only ~5% from 2.28
to 2.37 g-cm > during cooling from 1323 to 840 K (Ochs and Lange,
1999). A quenchable feature in experiments with hydrous silicate
melts are total H,O concentration-distance profiles caused by diffusion
(e.g., Nowak and Behrens, 1997). Furthermore, the Ny(n)-values
(Eqg. (1)) of a vesiculated sample before (melt) and after rapid quench
(glass) are identical, because the Ny(t)-values have to be normalized
to the respective porosity. A comparison of our results to melt degassing
experiments of other authors should be possible, because the vesiculat-
ed samples of fellow experimentalists were most likely subjects to sim-
ilar bubble shrinking processes during isobaric rapid quench at high P in
their autoclaves.

4.1.2. Influence of bubble shrinkage on the sample texture

The cooling, H,0-filled bubbles can either contract isometrically due
to multi-directional melt transport around the bubble or they shrink
asymmetrically and get deformed near Ty The size of the bubbles and
the location in the capsule influences the shrinking process. Bigger bub-
bles close to the capsule-melt interface are more likely to get deformed
than small bubbles in the center of the capsule, because multi-
directional melt transport close to the capsule wall is limited. The ob-
served flow textures in the dented bubbles at the capsule wall
(Fig. 12) are inferred to result from bubble shrinkage at a high viscosity
during rapid quench. The cooling melt was sucked inwards due to the
decreasing fluid P inside the bubble. The transport of melt towards or
around shrinking bubbles may also be an explanation for the lack of
H»O concentration gradients in the glass matrix around bubbles in sam-
ple MSD03 with a nominal decompression rate of 0.17 MPa-s~ ', as ev-
ident from micro-FTIR imaging (Marxer and Nowak, 2013). H,0
concentration gradients, resulting from diffusive bubble growth during
decompression, could be distorted or leveled.

The shrinkage of big bubbles in the capsules affected the whole sam-
ple texture. The 3 mm Pt-capsules were loaded with ~0.5 wt.% H30 in
excess (Table 3), resulting in a big fluid bubble in the capsule prior to de-
compression, which is usually located in the top part of the sample
(Fig. 6b, 15a). During decompression, these excess fluid bubbles grew
substantially because of diffusive bubble growth and expansion due to
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Fig. 15. BSE images of CD10 (a) and CD19 (b) after decompression. The big bubble at the
top of CD10 was initially formed due to excess H;O in the capsule. During rapid quench
this bubble collapsed and was dented on the side facing the sample center. This shrinkage
caused melt movement in the capsule. Smaller bubbles were entrained and elongated. De-
spite initially slightly H;O-undersaturated conditions and the lack of a big fluid bubble in
the top of CD19, the bubbles are still deformed. It is likely that any capsule deformation
prior to rapid quench is intensified during volume reduction of the sample due to bubble
shrinkage. Such a directed capsule deformation during cooling may result in deformed
bubbles as observed in CD19.

decreasing exterior P. The volumetric collapse of these bubbles during
rapid quench was associated with extensive melt transport in the cap-
sule, The vesiculated melt was drawn towards the collapsing bubble
and the smaller bubbles were entrained and deformed in combination
with their own shrinkage (Fig. 15a). This can lead to elongation of
spherical bubbles in the sample center (Fig. 15a). Some of the big bub-
bles collapsed on the side facing the crimped headspace (Fig. 6b). The
bubbles in the sample center were then probably not entrained and de-
formed due to the melt movement that is triggered by the collapse of
the big bubble. In this case, bubbles could keep their spherical shape
by isometrical shrinkage. The AuPd-capsule setup with the 5 mm glass
cylinder, ~5 wt.% initial H,O content and the lid at the bottom was
inter alia chosen to prevent excess H,O in the capsules prior to decom-
pression. The other aim was to force the volumetric expansion in the
course of decompression in one preferred direction to avoid thinning
of the sample as it was observed for some of the 2.5 mm samples
(Fig. 6a). However, some of the big capsules are also inflexed
(Fig. 15b, eFig. 5, 6). The inflexions may be attributed in part to melt mi-
gration into the headspace prior to rapid quench. Moreover, it is con-
ceivable that these inflexions result from the reduction of the sample
volume due to shrinkage of bubbles during cooling. A directed contrac-
tion of the capsule by inflexion of the side wall during quench can lead
to the observed deformation of the bubbles to ellipsoids (Fig. 15b).
Other capsules (independent of material) and the bubbles inside appear
to be quite un-deformed (eFig. 1-10) after decompression, but it is not
known, if e.g., the capsules were barrel-like inflated prior to rapid
quench.

4.1.3. Correction of BSDs and porosities

The derived BSDs in the vesiculated glass samples do not correspond
to the actual size distributions in the melt, because the bubbles shrink
during quench and the associated melt transport in the capsule can
lead to bubble deformation. The BSDs can be corrected in two steps.
The deformation can be taken into account by transforming the bubble
ellipsoids of each size interval of the BSD to bubble spheres of equivalent
volume. The porosity of the sample does not change by this transforma-
tion. Ny(n) and the number of size classes are also identical. The individ-
ual volume of the ellipsoids in a size class can be calculated using the
aspect ratios of the ellipsoids' axes. The diameter of the corresponding
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Fig. 16. BSD correction of sample CD09 for a B of ~2.5. The ellipsoids were transformed to
spheres of equivalent volume to correct the deformation and then the diameters of the
spheres were expanded to match the size of the bubbles prior to rapid quench, Ny(n) is
identical for all displayed BSDs.

spheres can then be derived from this calculated volume. The resulting
BSD of the spheres is shifted towards smaller diameters and slightly
higher population densities (Fig. 16), because the BSD of the vesiculated
glass was initially calculated on the basis of the major axis of the ellipses
(see 2.7). The BSD of the spheres can then be corrected for the volumet-
ric loss of the bubbles during cooling. Therefore, the bubbles of each size
class are inflated by the shrinking factor (Eq. (2)), whereas Ny{(n) is kept
constant again. In comparison to the initial BSD in the glass, the
corrected BSD is shifted towards bigger diameters and lower population
densities (Fig. 16). The interval widths of the corresponding size inter-
vals in each plot change due to the correction from ellipsoids to spheres
to corrected spheres. Because of the constant number of bubbles in the
corresponding size intervals of the three BSDs in Fig. 16, the population
densities also change (Higgins, 2006).

The BSDs of this study are calculated from limited 2D information
and therefore error-prone. Derived values like the porosity and
Ny(n) have to be considered carefully. As evident from Table 3, the 2D
porosities measured with Image] and the calculated 3D phase propor-
tion of bubbles in the glasses with CSDCorrections often differ signifi-
cantly (e.g., for MSDO02 and SSD03). This might be due to the fact that
fixed aspect ratios of the bubble ellipsoids were used for each sample,
whereas the individual bubbles feature a whole range of aspect ratios
(e.g., Fig. 6a, 15b). In this context, the use of the major axis of the ellipses
as basis for the stereological transformation of all intersections (see 2.7)
can also contribute to the error. In some samples, the total amount of
bubbles that were intersected and analyzed was below the recommend-
ed number of particles for a realistic 3D calculation. A few big bubbles in
the analyzed 2D sample area can already have a great effect on the cal-
culated 3D phase proportion, because their individual volume is already
high. These effects are even worse for samples with very deformed bub-
bles such as CD19 (Fig. 15b). The 2D phase proportion of bubbles is
therefore more reliable than the calculated 3D information for these
samples.

The shrinkage of bubbles during isobaric rapid quench results in a
decrease of porosity in the sample. The volume of the bubble-free
melt is considered to be identical to the bubble-free glass. The volume
fraction of bubbles (X,) in the melt at the endpoint of decompression
can be calculated from the measured volume fraction of bubbles in the
vesiculated glass, considering the ratio of V,,,(H»O) before and after bub-
ble shrinkage at Pppar:

B, - X,(glass)
1+ [B; - Xp(glass)]—X, (glass)

X, (melt) = (4)
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where B is the shrinking factor of the bubbles (Eq. (2)). This calculation
is again only an approximation on the basis of a uniform B;, a constant
H,0 concentration in the melt and thus a constant Trover the analyzed
sample area, The corrected porosities of suitable samples with a Pgq of
75 MPa (H,0 content near 3 wt.%, limited bubble coalescence and
ascent, sample center appears not to be influenced by degassing at the
capsule-melt interface) range from 22 to 35% and are significantly
higher than the porosities measured in the glasses (Table 3). These
corrected porosities were calculated with a B; of ~2.5. The 2D phase
proportions (determined with Image]) were used for Xp(glass). This
correction is of course also valid for reliable 3D data for X,(glass).
Another possibility to calculate X,(melt) is directly from a corrected
BSD. The determination of a volumetric phase proportion from a size
distribution is described in Higgins (2002).

The expected porosity in the melt prior to rapid quench can be calcu-
lated using the H,O content in the melt at starting conditions of decom-
pression and the residual H,O content in the glass (Eq. (5) in Gardner
et al,, 1999). The excess H»0 in the capsules of the decompression ex-
periments with the 2.5 mm cylinders is expected not to contribute to
the porosity that is derived from the bubbles in the sample center.
Significant proportions of small preexisting bubbles in the melt prior
to decompression as shown in Gardner et al. (2000) could not be
found at starting conditions of the experiments (Fig. 4a), because the
excess H,0 is concentrated in a big bubble (e.g., Fig. 15a). The corrected
porosities of the glasses (22-35%) are close to the expected porosities in
the melt that range from 24 to 31% (Table 3). The correction of bubble
shrinkage can also be applied to the two 2.5 mm samples quenched at
a higher Pfng of 150 and 100 MPa (CD10 and CD11). Adjusting T and
B, to the respective H,O content and Py, the corrected porosities and
the expected melt porosities agree very well (Table 3). Small differences
between corrected and expected values can generally arise, because the
correction is based on assumptions for viscosity and H,O content in the
melt to determine T Additionally, the corrected porosities are only
calculated from limited 2D information of mostly deformed objects.
For samples with minor bubble deformation and a high number of
analyzed bubble intersections, the correction results in a relative error
<10% between expected and corrected porosity. This comparison is a
further confirmation for the shrinkage of bubbles during isobaric rapid
quench as well as the applicability of the correction. Bubble shrinking
could also be an explanation for the difference between measured and
expected porosity in some of the samples from the decompression
experiments described in Gardner (2012).

4.2.CDvs. SD

Decompression from H,O-saturated conditions leads to increasing
supersaturation with H,0 in the melt. The resulting supersaturation P
(AP, difference between vapor P in the melt and exterior P) is a
controlling parameter for bubble nucleation. At the beginning of decom-
pression, homogeneous nucleation of bubbles is energetically inhibited.
The free energy of formation (AF,):

3
AF, = 161102 (5)
3AP

for a nucleus with critical radius is dependent on the surface tension and
on AP (Hirth et al., 1970). With increasing AP, this energetic barrier is
lowered until the critical supersaturation P for homogeneous bubble
nucleation (APy,y) is reached and the first bubbles start to grow by ex-
ceeding the critical bubble embryo radius (Sparks, 1978). Further
degassing of the melt is facilitated by diffusion of H,O molecules into
these existing bubbles (bubble growth) as well as nucleation and
growth of new bubbles. The energetic barrier for nucleation can be
lowered by surfactants such as crystals. In case of heterogeneous nucle-
ation, AF, is reduced by a dimensionless factor that is dependent on the
wetting behavior of melt and vapor phase with respect to the nucleation
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surface (Sparks, 1978; Hurwitz and Navon, 1994; Sparks et al., 1994). In
decompression experiments, early degassing of the sample due to het-
erogeneous bubble nucleation and growth at the capsule-melt interface
is able to prevent homogeneous nucleation in the sample center, if the
nominal decompression rate is low enough (Mangan and Sisson,
2000; lacono Marziano et al., 2007).

The difference between the degassing behavior of the VAD79 sam-
ples decompressed with CD, MSD and SSD at a nominal rate of
0.024 MPa-s~ ! is analogous to the results of Nowak et al. (2011) for
their experiments with a rhyodacitic melt composition. Although the
experiments with the 5 mm cylinders were conducted at slightly H,O-
undersaturated starting conditions, the results are similar to the obser-
vations made for the 2.5 mm samples (Fig. 7a, ¢). The effect of H,0-
undersaturated starting conditions is that APy, is reached at a later
stage during decompression, because the P has to decrease below equi-
librium conditions for the respective H,O-content at first in order to
generate supersaturation. In this case, the total P decrease is always
higher than APs. The same applies to samples where H,0 diffused
from the sample center towards heterogeneously nucleated bubbles at
the capsule-melt interface, thus reducing the H,O content in the melt
(Mangan and Sisson, 2000). SSD down to 75 MPa at a nominal decom-
pression rate of 0.024 MPa-s~ ! results in a sudden high AP, because
the total P drop of 125 MPa is facilitated in less than 13 s. The energetic
barrier for bubble nucleation is massively decreased (Eq. (5)), resulting
in extremely high Ny{(n)-values (Fig. 8). H,0 diffusion towards hetero-
geneously nucleated bubbles at the capsule-melt interface does not af-
fect H,O concentration in the center of the SSD samples during the
decompression step. Only a thin rim close to the interface is bubble-
free or decorated with bigger bubbles (Fig. 7a, ¢). In contrast to Nowak
et al. (2011), the residual H20 content in SSD07 is higher (~0.5 wt.%)
than in the CD and MSD samples (Fig. 10). This is probably only an an-
alytical problem (see 2.6), because the annealing period of >1 h after
the decompression step is sufficient to regain fluid-melt equilibrium,
because the diffusion distances are very short in such a highly vesiculat-
ed melt (<50 um). At a CD rate of 0.024 MPa-s~ ', AP, increases only
slowly (partially due to H,0 diffusion towards the capsule-melt inter-
face). The nucleation of bubbles in the sample center is energetically
inhibited until AP,y is exceeded. After the first bubbles start to grow,
further degassing of the melt is primarily facilitated by H,0 diffusion
into existing bubbles due to the moderate increase of AP;; with time.
This is evidenced by more or less constant Ni(n)-values of the CD sam-
ples decompressed with 0.024 MPa-s™! to different Py, (Table 3,
Fig. 5). AP,y is <50 MPa in the HyO-saturated CD experiments at
0.024 MPa-s~!, which is less than half of the P interval determined by
lacono Marziano et al. (2007) for the VAD79 composition. Heteroge-
neous nucleation of the bubbles on surfactants such as small crystals
in CD10 (Fig. 5) is improbable, because the experiments were
performed at super-liquidus conditions. Inhomogeneities in the melt
could not be detected either in CD10 or at starting conditions of our ex-
periments (REF09, Fig. 4a). There were very few, small bubbles in the
melt prior to decompression (REF09) of the 2.5 mm samples, but
these pre-existing bubbles are certainly not as homogeneously distrib-
uted in the melt as the bubbles in CD10 (Fig. 5). Bubble ascent during
decompression from the interface at the capsule bottom is not consid-
ered due to the small size of the bubbles. Nevertheless, this does not in-
terfere with the principal observation that bubble growth is the favored
degassing mechanism at low CD rates. Although the Ny(n)-values of the
CD series decompressed with 0.024 MPa - s~ ! are below 500 mm—>
(Table 3), the residual H,0 contents are within the error equal to the
equilibrium solubilities determined by lacono Marziano et al. (2007),
except for the sample with the highest Pg,y of 150 MPa (CD10). The
slight measured supersaturation in this sample is probably the residue
of the initial supersaturation that was necessary to trigger homoge-
neous bubble nucleation. After APy,y was reached, the supersaturation
could be slowly decreased by diffusive bubble growth until it was de-
graded at the latest around a P of 100 MPa (CD11). CD at low
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decompression rates therefore seems to enable equilibrium degassing,
once the nucleation and growth of bubbles has started. MSD at
0.024 MPa-s~ ! can display features of both SSD and CD (Fig. 7a). The
decompression steps were performed with the same extreme decom-
pression rate as for SSD, resulting in a sudden increase of AP in the
melt during each P drop. After the first nucleation event, degassing is fa-
cilitated by both nucleation of new bubbles as well as growth of existing
bubbles due to the annealing intervals of ~7 min after each decompres-
sion step. These repeated changes in AP, result in Ny(n)-values and
bubble diameters that are located between the SSD and CD samples
(Fig. 7a, b; 8).

The 2.5 mm samples that were decompressed with a nominal de-
compression rate of 0.0028 MPa-s~ ' to a Pypg of 75 MPa show similar
differences in the degassing behavior between CD and SD, but are also
subject to the long nominal decompression time of more than 12 h.
Many bubbles in CD06 and MSDO06 have ascended and form a big
void/bubble in the top part of the sample (eFig. 1). Homogeneous bub-
ble nucleation in CDO6 could have even been prevented, because the
low AP in combination with the time available for H,O diffusion at
this decompression rate probably resulted in degassing by heteroge-
neous bubble nucleation and growth at the capsule-melt interface.
Due to the low level of supersaturation at CD and the available time
for H,0 diffusion during the annealing periods at SD, the residual H,O
concentrations are all at equilibrium content at Pr,qr (Fig. 10). The ex-
treme annealing interval is also the reason for the decrease in Ny(n) of
SSD03 compared to other SSD samples at higher decompression rates
(Fig. 8). The initial total P drop with a rate of 10 MPa-s~ ! is equal for
all SSD experiments. Only the annealing periods increase with decreas-
ing nominal decompression rate. Therefore, the Ny(n)-values in the
melt are identical in all SSD samples immediately after the single de-
compression step. At the lowest nominal decompression rate, the an-
nealing period is high enough to enable processes such as Ostwald
ripening and bubble coalescence (eFig. 1). This results in the observed
drop of Ny(n) of about two orders of magnitude.

With increasing nominal decompression rate, the differences in
degassing behavior between CD and SD gradually decrease due to the
effect of a fast P drop that results in a sudden high AP in the melt. At
the highest nominal decompression rate of 1.7 MPa-s~!, there are bare-
ly any differences in the BSDs and Ny(n)-values between CD and MSD
(Fig. 7e, f; 8). The CD rate of 1.7 MPa-s~ ! is already close the actual
rate of 10 MPa-s™ ' during the decompression steps at SD. Diffusive
bubble growth is extremely limited due to the short nominal decom-
pression time of only ~1 min. Bubble nucleation is therefore the
predominant degassing process at high nominal decompression rates
as evident from the high Ny(n)-values for all decompression methods
(Fig. 8). Despite the short time interval for H,O diffusion during decom-
pression, the melt already degassed significantly throughout the whole
sample (Fig. 10, 11) due to the high Ny(n)-values in combination with
short diffusion distances. This supports the results of other studies
that a phonolitc melt can degas very efficiently after bubble growth
has started (e.g., Mongrain et al., 2008).

4.3. Reproducibility of the decompression experiments

Some of the 2.5 mm experiments were performed in duplicate with
identical nominal parameters. The reproducibility of the CD experi-
ments at a high decompression rate (CD04, CD09) is good. The Ny(n)-
values and porosities are within an acceptable range (Fig. 8, Table 3)
and the bubble sizes are comparable (eFig. 8). At a low CD rate (CDO07,
CD08), Ny(n) differs slightly by one order of magnitude at a low level
and the BSE images reveal that the bubbles in CD08 are smaller than
the more heterogeneously distributed bubbles in CD07 (Fig. 8, eFig. 9).
This could be due to differences in the capsule geometry during decom-
pression. The initially crimped capsule headspaces open during decom-
pression due to the increase of sample volume. It may be that different
amounts of melt migrated into the capsule headspaces, thus changing

MSD 0.024 MPa‘s™ (2.5 mm)

Fig. 17. BSE images of two MSD samples (2.5 mm cylinders, H;0-saturated starting
conditions) after decompression with a rate 0f 0.024 MPa-s ™' at a Py of 75 MPa. Despite
identical experimental protocol, the resulting bubble diameters, sample texture and
Ny(n)-values are extremely different.

the H,0 diffusion distances towards the capsule-melt interface. On the
other hand, cut effects from sample preparation can also contribute to
diverging results, if the analysis is mainly based on 2D information.
This applies especially to samples with only few big bubbles. Extreme
differences occur during MSD at low nominal decompression rates.
Ny(n) of MSDO7 is three orders of magnitude higher than of MSDO02
and the bubbles are clearly smaller (Table 3, Fig. 17). These contrasting
results are most likely due to the step-wise method of decompression.
The error of the P drop is about 1.5 MPa due to the fast decompression
rate. In a first experiment APy, can be exceeded already e.g., during
the fourth P drop, by exceeding the nominal decompression steps of
10 MPa, if we assume a AP,y of 41 MPa for this consideration. In a
second experiment, the nominal P drops are not overstepped during
decompression. The supersaturation of H»O that is achieved during
the fourth step in this second run is therefore just below the limit for
homogeneous bubble nucleation. The bubbles in the first experiment
have time to grow by H,O diffusion or even coalescence throughout
the annealing period after the fourth decompression step (Fig. 1),
whereas the bubbles in the second experiment did not even nucleate
yet. The timescale of the annealing periods is up to ~1 h for the lowest
nominal decompression rate (MSDO06). The onset of bubble nucleation
in MSD experiments with low nominal decompression rates could
greatly differ and the variations in total time that is available for bubble
growth will result in different Ny(n) and bubble sizes.

Despite lower initial H,0-content at slightly H,O-undersaturated
starting conditions of the decompression experiments, the bubbles in
the 5 mm specimens decompressed with 0.024 MPa-s~ ! are clearly
bigger than in the corresponding 2.5 mm samples (Fig. 7a-d). Due to
the doubled cylinder diameter, the H,O content in the center of the
5 mm samples is less affected by early degassing at the capsule-melt in-
terface and the results are expected to be more reliable. The total
amount of H,0 that degassed by homogeneous bubble nucleation and
growth could have been higher than in the 2.5 mm samples, but without
further CD experiments with 5 mm cylinders that are quenched at
higher P to verify APy, this remains unclear.

Some of our decompressed samples can be compared to run prod-
ucts from the experiments of lacono Marziano et al. (2007) and reveal
significant differences. In contrast to lacono Marziano et al. (2007),
our glass cylinders were 100 pm wider in diameter and sometimes
~1 mm longer and we used a synthetic starting material. The chemical
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composition of our VAD79 glass (Table 1) is within 1o equal to the
natural composition (lacono Marziano et al.,, 2007), except for the
weight fraction of Al,03 (—0.61 wt.%). On the other hand, the weight
fraction of SiO; is slightly higher (4 0.38 wt.%) in our starting material
and as both Si** and AI>* are network forming cations, the contrasting
differences should not significantly influence controlling parameters
such as viscosity and T, The quench rates in both studies are compara-
ble. Differences due to diverging shrinking factors are therefore unlike-
ly. The samples B64, B76 and B75 in lacono Marziano et al. (2007)
correspond to the MSD experiments with decompression rates of
0.0028-0.17 MPa-s ™ '. lacono Marziano et al. (2007) reported that
they did not observe homogeneous bubble nucleation in these samples
and the measured residual H,O contents are higher than in our corre-
sponding MSD specimens (Table 3 in lacono Marziano et al., 2007 vs.
Table 3). Even the results of their CD experiment with a high decom-
pression rate of 1.7 MPa-s~! (sample B74) differ from our observations
for CD04 and CD09. The uncorrected porosity of B74 is only 5% (vs. 14.5%
for CD09), although it was decompressed to a slightly lower Pgnq of
70 MPa. The bubble number density of B74 is ~20 times higher than
Ny(n) of our corresponding CD samples and the bubbles are much
smaller (Fig. 5¢ in lacono Marziano et al., 2007 vs. Fig. 7e). This is prob-
ably due the lower nucleation P of <50 MPa observed in this study
(Fig. 5) compared to the reported APy,y of ~100 MPa in lacono
Marziano et al. (2007). Consequently, bubbles nucleated earlier in our
runs and the timescale for growth and/or coalescence was larger.
Marginal bulk compositional variations are unlikely to result in a more
than twice as high value for APy;,y. Heterogeneous nucleation on surfac-
tants (such as small crystals below the detection limit) as described by
Hurwitz and Navon (1994) is also improbable, because the experiments
were conducted at super-liquidus conditions. A change of sample geom-
etry due to melt migration into the capsule headspace during decom-
pression could also influence the H,O diffusion distance towards the
capsule wall, thus affecting the level of H,0 supersaturation in the
melt (especially in experiments with a low nominal decompression
rate and small capsule diameters). Influences of parameters such as cap-
sule length (including the crimped headspaces), sealing method and
resulting rigidity of the sample container are conceivable, but have to
be investigated in detail in a forthcoming study.

5. Conclusions and outlook

The basic results of Nowak et al. (2011) in terms of degassing behavior
at different decompression methods could be verified for a H,0-bearing
phonolitic melt at nominal decompression rates of <0.024 MPa-s~ . SD
favors the nucleation of bubbles due to sudden supersaturation with
H>O0 in the melt within a limited period of time. At CD, the supersatura-
tion resulting from moderate P decrease is continuously reduced by diffu-
sive bubble growth after the first bubbles nucleated in the melt. With
increasing nominal decompression rate, the differences between the
three decompression methods gradually decrease due to the effect of
fast P drop. Despite smaller decompression steps at MSD (10 instead of
50 MPa) and lower total P decrease (125 instead of 250 MPa) than in
the study of Nowak et al. (2011), the SD technique is still not suitable
to simulate the degassing processes during CD of a hydrated melt with
low, reasonable decompression rates. Modified MSD experiments could
be used for the simulation of melt degassing behavior during magma as-
cent with subsequent storage at higher crustal levels, but only if the de-
compression steps are realized with suitable CD rates.

The BSDs and the porosities in all our vitrified experimental samples
do not correspond to the actual bubble sizes at Py, prior to isobaric
rapid quench. The shrinkage of bubbles due to decreasing V,,,(H,0) dur-
ing quench initiates melt transport in the capsule. These effects have to
be considered if such experimental samples are e.g., compared to natu-
ral specimens in terms of their porosities and BSDs or if models for dif-
fusive bubble growth are derived from the H,O concentration around
bubbles. Direct comparison of quenched samples from different
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experimental setups can also be problematic, if quench parameters are
varying. The comparison of experimental samples with different Pq
is difficult, because the decrease of V,,,(H;0) with T is dependent on P.
The BSDs and porosities can be corrected in first approximation, but
these calculations are based on assumptions for important influence pa-
rameters (viscosity limit, uniform residual H,O content in the sample
etc.) at the moment. For an accurate correction, 3D in situ measure-
ments of bubble sizes in the whole samples during CD and isobaric
cooling would have to be performed at HP-HT conditions to absolutely
quantify the effect of bubble shrinkage. Only in case of a non-isobaric
quench, where the external P of the pressure medium decreases by
the same amount as the internal fluid P in the bubbles, the bubble vol-
umes would remain constant. The effect of bubble shrinkage should
be considered in future melt degasing studies.

The results of this study can be used to optimize decompression
experiments for the simulation of continuous magma ascent. The exper-
imental protocol must not negatively influence the degassing processes.
Decompression has to be performed continuously. The diameter of the
sample container must be maximized to exclude any influence on nu-
cleation and growth processes in the sample center due to early
degassing at the capsule-melt interface. Initial excess H,O in the cap-
sules prior to decompression should be avoided. The shrinkage of bub-
bles must be corrected in order to determine the porosity of the melt
prior to rapid quench. Besides further improvement of the experimental
setup and protocol, current decompression experiments involve the
degassing processes during CD of the VAD79 melt with mixed H,O-
CO, fluids to continuously approach the natural system.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jvolgeores.2014.11.017.
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eFigure captions

eFig. 1: BSE images of CD06 (a), MSDO06 (b) and SSDO03 (c) decompressed to a Pfina 0of 75 MPa
with a nominal decompression rate of 0.0028 MPa-s™! (2.5 mm cylinders, H>O-saturated starting

conditions). The headspaces of CD06 and MSD06 were lost during sample preparation.

eFig. 2: BSE images of CDOS (a), MSDO07 (b) and SSD04 (c) decompressed to a Pjina 0of 75 MPa
with a nominal decompression rate of 0.024 MPa-s! (2.5 mm cylinders, H,O-saturated starting
conditions). The excerpts with the redrawn bubble intersections in white color were used for

the generation of the BSDs in Fig. 7b.

eFig. 3: BSE images of CD03 (a), MSDO03 (b) and SSDO5 (c) decompressed to a Pfina 0of 75 MPa
with a nominal decompression rate of 0.17 MPa-s™!' (2.5 mm cylinders, H,O-saturated starting

conditions). The headspaces of CD03 and MSDO03 were lost during sample preparation.

eFig. 4: BSE images of CD04 (a), MSD04 (b) and SSDO06 (c) decompressed to a Pfina 0of 75 MPa
with a nominal decompression rate of 1.7 MPa-s™ (2.5 mm cylinders, H,O-saturated starting
conditions). The excerpts with the redrawn bubble intersections in white color were used for
the generation of the BSDs in Fig. 7f. The headspaces of CD04 and MSD04 were lost during

sample preparation.

eFig. 5: BSE images of CD19 (a), MSDOS (b) and SSD07 (c¢) decompressed to a Pfina 0f 75 MPa
with a nominal decompression rate of 0.024 MPa-s (5 mm cylinders, slightly H,O-
undersaturated starting conditions). The excerpts with the redrawn bubble intersections in white

color were used for the generation of the BSDs in Fig. 7d.
eFig. 6: BSE images of CD samples (5 mm cylinders, slightly H>O-undersaturated starting

conditions) decompressed to a Pjina of 75 MPa with decompression rates of 0.0028 MPa-s™! (a),
0.024 MPa-s™! (b), 0.17 MPa-s™! (c) and 1.7 MPa-s™! (d).
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eFig. 7: BSE images of CD samples (2.5 mm cylinders, H>O-saturated starting conditions)
decompressed with 0.024 MPa-s™! to different Pjn of 150 MPa (a), 100 MPa (b) and 75 MPa

(¢). One headspace of CD11 was lost during sample preparation.

eFig. 8: BSE images of two CD samples (2.5 mm cylinders, H>O-saturated starting conditions)
decompressed to a Pjina of 75 MPa with 1.7 MPa-s': CD04 (a) and CDO09 (b). The headspaces

of CD04 were lost during sample preparation.

eFig. 9: BSE images of two CD samples (2.5 mm cylinders, H>O-saturated starting conditions)
decompressed to a Pinas of 75 MPa with 0.024 MPa-s™': CD07 (a) and CDOS (b). The headspaces

of CDO07 were lost during sample preparation.

eFig. 10: BSE images of two MSD samples (2.5 mm cylinders, H>O-saturated starting
conditions) decompressed to a Ppna of 75 MPa with a nominal decompression rate
0.024 MPa-s™': MSDO02 (a) and MSDO7 (b). The headspaces of MSDO02 were lost during sample

preparation.
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eFigures

0.0028 MPa-s"' (2.5 mm)

b) MSD06

eFig. la-c
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0.024 MPa-s™' (2.5 mm)

eFig. 2a-c
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0.17 MPa-s"' (2.5 mm)
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1.7 MPa-s*' (2.5 mm)

c) SSD06

b) MSD04

eFig. 4a-c
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d) CD21
1.7 MPa's™
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eFig. 6a-d
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0.024 MPa-s' (2.5 mm)
b) CD11 c) CD08

eFig. 7a-c
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CD 1.7 MPa-s' (2.5 mm)

b) CD09
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CD 0.024 MPa's' (2.5 mm)
a) CDO7 b) CD08

eFig. 9a, b
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Abstract

Melt degassing by bubble nucleation and growth is a driving mechanism of magma ascent.
Decompression experiments with hydrous silicate melts can be used to investigate the onset
and the dynamics of H>O degassing. Nominally HoO-undersaturated trachytic Campi Flegrei
and phonolitic Vesuvius melts were decompressed at a super-liquidus 7" of 1050 °C from 200
MPa to final pressures (Pfina) of 100, 75 and 60 MPa using continuous decompression rates of
0.024 and 0.17 MPa-s™!. Experiments started from either massive glass cylinders or glass
powder to demonstrate the influence of the starting material on melt degassing. Glass (or natural
rock) powder can be used to shorten the equilibration time () prior to decompression for
dissolution of H>O in the melt. The decompressed samples were quenched and compared in
terms of bubble number density (Vy), 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™. With decreasing P, the residual H,O concentrations in the glass
decrease from values close to the initial content (Pfna = 100 MPa) in direction of the equilibrium
H>O concentration (Pfina = 60 MPa). The supersaturation pressures for homogeneous bubble
nucleation can be 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 prevented homogeneous bubble
nucleation in the melt. We suggest that trapped air in the powder pore space resulted in the
formation of tiny H2O-N: bubbles throughout the samples prior to decompression. Degassing
of the glass powder samples was facilitated by diffusive growth of these pre-existing bubbles
and did not require significant supersaturation with H>O in the melt. This is evidenced by
several orders of magnitude lower Ny and lower residual H>O contents at correspondingly
higher porosities than in the glass cylinder samples. However, significant extension of 7, in the
glass powder experiments led to degassing results comparable to the glass cylinder samples.
This effect is probably due to Ostwald ripening, coalescence and the ascent of the pre-existing
bubbles during the extended equilibration time 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 a macroscopic surface tension in the model to
describe the molecular process of bubble nucleation. A significantly lowered surface tension of

~0.003 N-m™' would be necessary to describe our results with the model of Toramaru (2006).
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Our study has shown that the investigation of homogeneous bubble nucleation necessitates
decompression experiments, where the derived data are mainly dependent on the applied
decompression rate. 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 due to Ostwald ripening and
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 bubble interactions. Newly derived data from optimized
experiments will require improved models for homogeneous bubble nucleation during magma

ascent.

Keywords
Homogeneous bubble nucleation, decompression experiment, magma ascent, Campi Flegrei,

H>0 degassing, bubble number density

Introduction

The Campi Flegrei (CF) are an active volcanic field in the Campanian plain close to the highly
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
(Orst 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 super-critical 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).
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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-
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 nucleation sites such
as crystals. In case of heterogeneous bubble nucleation, the required supersaturation pressure
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). The bubble nucleation record is also influenced by Ostwald ripening and
coalescence (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
lacono-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 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 N2) bubbles in the melt prior to decompression (Mourtada-
Bonnefoi and Laporte, 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
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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. 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
vesiculation 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 (SiO2, TiOz,
ALO3, FeO, MnO, MgO), dried carbonate (CaCO3, NaCO3, K2CO3) and (NH4)2HPO4 powders
according to the analysis of the CI Triflisco composition (OF17¢1-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 PtooRhio crucible for 6 h at 1600 °C. Afterwards, the
crucible 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 N»-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
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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 ul) 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 <l %. The derived porosity of
the VAD79 glass cylinders (2403+48 g-1"!, 10 cylinders measured) varies between 1 - 6 %.

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
pum was used as starting material to minimize the porosity during capsule preparation. 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 (AusgoPd20) 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). AugoPd2o 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.
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Experimental method

All experiments were conducted in a vertically operated internally heated argon pressure vessel
(IHPV) at intrinsic oxygen fugacity (fO2) conditions. At HxO-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/b and IB-C-2, Table 2) starting from CI glass
cylinders was performed to check the equilibration time (#,) for a homogeneous dissolution of
H>O within the melt and to characterize the starting conditions just before decompression. The
samples were equilibrated with ~4.7 wt% H>O at 200 MPa and 1300 °C for a #., of 96 h. The
equilibration temperature (7%;) of 1300 °C was chosen to keep ., as short as possible, because
the total H,O diffusion in silicate melts increases exponentially with 7' (e.g. Nowak and
Behrens, 1997). After 4, one sample was quenched rapidly, whereas the 7 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 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 increasing H>O content (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. (in press). The NIR measurements of the isobaric

108



Appendix C

samples showed that equilibration times of 96 h for cylinders (IB-C-1a/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.
Equilibration time 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 z., on melt
degassing. After t.4, 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; Iacono Marziano et al.,
2007), 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 (Pfinar) of 100 MPa. Further glass cylinder samples were decompressed
to a lower Pfina of 75 and 60 MPa (Table 3). At Pjina, all samples were quenched rapidly at

isobaric conditions.

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 sputtered. 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).
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Analytical methods

EMP analysis

The nominally dry CI and VAD79 starting glasses were analyzed by WDS measurements using
aJEOL 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 pm in diameter to inhibit loss
of alkalis. 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 H2O 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
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 H>O. The knife-edge
aperture was set to 30x30 (VAD79) or 50x50 pm (CI) and reference spectra were taken without
a sample in the beam path. The total H2O 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. (in press). 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 HoO contents. The corresponding data for the VAD79 composition are provided in

Iacono Marziano et al. (2007). The densities of the hydrous VAD79 glasses were calculated by
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(p [gl'] = 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™! band, respectively.

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 ImageJ 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 Ny-values of samples or parts of samples

that contain such small bubbles were determined using transmitted light microscopy.

Transmitted light microscopy

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 pm 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 um depending on the used

objective (50x and 100x). The bubble counts were used to calculate the number of bubbles per
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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 Ny(n) of the samples.

Results

Isobaric experiments

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% HO starting from glass cylinders and powder (IB-C-1a/b and IB-
P-4, RQ, Table 2) contain numerous, not clearly recognizable objects <1 pum in size. Figure la
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>0 quenched from 1050°C with a cooling rate of about 150 K-min'!
(IB-C-2, NQ) shows needle-shaped and radially aggregated quench crystals of up to 13 pm
length (Fig. 1b, ¢) 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 increasing H>O contents were used to verify the NIR absorption coefficients for
the trachytic composition given in Fanara et al. (in press). 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 Pjina 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
(Fig. 2, 3). Images of the complete halved capsules are provided in the electronic appendix
(eFig. 1-13). The BSE images suggest that cylinder samples are bubble-free, but the TLM
images reveal very small bubbles with diameters <4 pm (Fig. 4 a, c). 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,
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CD-P-22 at 0.024 MPa-s™!, Fig. 2), show high porosities up to 14 % and are characterized by
low Ni(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). This results in two different Ny(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 at0.17 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 um that result in porosities <I %. These
small bubbles are not observable in BSE images (Fig. 2, 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 z; of 24 h, the
samples CD-P-2b and CD-P-32 that were equilibrated for 96 h (Fig. 2, 4) show the same
degassing texture of small bubbles with high Ny(n) of 2:10° to 3-10° mm as the corresponding
glass cylinder samples (CD-C-2 and CD-C-25) (Fig. 2, 4).

The CI glass cylinder samples decompressed to a Pjina 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, bigger
bubble sizes and slightly lower Ny(n)-values than the cylinder samples quenched at a Pyina 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, 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, eFig. 2a, b) are more numerous and clearly bigger than the corresponding bubbles in
CD-C-4 (Fig. 6, eFig. 3a, b), 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 Pjina 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 (Fig. 7a, b, eFig. 1a, b). The BSE image
suggests a homogeneous distribution of bubbles with an average diameter of 8§ pm 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 and the Ny(n)-values were obtained from the BSE images using the CSDCorrections
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software (Higgins, 2000). The mean Ny(n)-value of ~7-10> mm™ (average of four different areas
containing more than 400 bubble intersections) is in the same order of magnitude as in the
cylinder samples decompressed to a Pfina 0of 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 Pfinar of 100 MPa and 1050 °C is ~3.5 wt% for
both the CI and the VAD79 composition (Fanara et al., in press; lacono Marziano et al., 2007).
The measured H>O contents of samples originating from glass powder with a #., of 24 h and a
Pfinar 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 z., of
96 h result in values close to the initial HoO concentration prior to decompression. This also
applies for the CI cylinder samples decompressed to a Psina of 75 MPa (Table 3). In the upper
part of the sample CD-C-3 (Fig. 6, eFig. 2a, b), where the homogeneously distributed small
bubbles are present, 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 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. (in press). The residual H>O content of sample CD-C-5
decompressed to a Pfinar of 60 MPa could not be determined by NIR measurements due to high
Ni(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%).

Discussion

Quench crystal formation

The NQ isobaric experiment resulted in the formation of quench crystal aggregates consisting
of ~13 pm 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>O, 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
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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 (7%) (Dingwell and
Webb, 1990; Morizet et al., 2007). An increasing cooling rate leads to a higher 7, whereas a
higher H>O content in the melt reduces 7,. 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 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 probably due to the small difference in bulk composition
(Table 1). 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 (Nc) 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 (Table 2, 3). On a first glance, this could be a
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. 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 that was further investigated 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 Prina of 60 MPa. The absence of quench crystals
in this sample is further proof that crystals formed after the nucleation of bubbles during quench.
However, small quench crystals <1 pum might not be visible by TLM due to high Ni(n) in

combination with bigger mean bubble diameters. The Ny(n)-values of the decompressed CI
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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 principal observations and
interpretations made for the comparison of the different starting materials glass powder and

massive glass cylinders.

The powder problem

Previous studies already indicated that glass powder as starting material might be not
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»0, 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 H2O-N; fluid mixture (Xu20 near 1) in the pore space
will form bubbles throughout the whole sample. After preferential dissolution of H>O, H2O-N>
bubbles with slightly decreased Xu20 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.

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
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~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 N2 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% N2 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 7T
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-7 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 solubilities (Carroll and Webster, 1994). The similarity in
solubility supports the view that nitrogen dissolves physically in silicate melts at QFM+3.5 as
non-reactive N2 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 N2-H>O solubility data, a solubility model of
H>0-N> fluid mixtures (Fig. 8) was assumed on the basis of the experimentally determined
H>0-CO; solubility reported in Fanara et al. (in press) 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
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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>O-N> bubbles with a high
Xuz20(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 pum. 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 (Pfina = 100 MPa)

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 pressure to trigger homogeneous
bubble nucleation (APmon). This energetic barrier can be expressed as the free energy of

formation (AF.) of a bubble nucleus with critical radius:

B 16mo3

AE. =
©  3AP*

0y

and is strongly dependent on the surface tension (o) of the melt as well as APy (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 APg in the melt (Hurwitz and

Navon, 1994). After nucleation, the bubbles can grow by volatile diffusion and expansion. Both
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of these growth processes only increase the bubble volumes and do not affect the Ny(n) of the
sample.

The equilibrium porosity (using Eq. 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 P of 100 MPa and
1050 °C. The equilibrium solubility of H>O at 100 MPa in both melts is ~3.5 wt% (Fanara et
al., in press; lacono Marziano et al., 2007). At this Pfa, the cylinder samples only contain very
small bubbles (Fig. 4) with high Ny(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 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 H20 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, H2O diffusion, Ostwald ripening and coalescence, leading to 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). This feature may be an artifact from powder compaction and H>O loading
leading to the heterogeneous degassing texture. In any case, this texture does not support the
usability of powder samples equilibrated for 24 h, because the glass cylinder samples do not
show such inhomogeneity. Decompression experiments starting from glass powder with a e,
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>0O-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
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bubble size are the controlling factors of this process. The ascent of a bubble in a melt can be

described by Stokes’ Law:

Zrzg(pmelt - pfluid)

o 2)

Ububble =

where viunpie 1s the ascent velocity, 7 is the bubble radius, pmer: and pjuia 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 equilibration times (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 H2O were
calculated using the model of Duan and Zhang (2006) to be 311 g-1"! (1050 °C) and 254 g-I'!
(1300 °C) at 200 MPa. For a calculated melt density of 2255 g-1"! (Ochs and Lange, 1999), a
bubble with 1 um 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 already ascent 43 pum 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 z., of either 24 or 96 h at 1300 °C (Fig. 9). A timescale of 96 h in our low-viscosity
melts most likely facilitates extensive growth of the H>O-N; bubbles by Ostwald ripening and
coalescence (Gardner, 2007; Gondé¢ et al., 2011; Martel and Iacono-Marziano, 2015; Masotta
et al., 2014). A diameter of 12 pm 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 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 96 h powder
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samples that document a high residual H>O content in the melt on the level of the cylinder

samples.

Decompression experiments (Pfina = 75-60 MPa)
The glass cylinder samples decompressed to a Pgnar of 75 MPa are characterized by higher
porosities and slightly lower Ny(n)-values than the cylinder samples quenched at a Pfinu of
100 MPa. Decompression to a lower Pj,u increased the available degassing time and therefore
enhanced diffusive bubble growth as well as ripening and bubble coalescence. Figure 10
documents the onset of coalescence of two bubbles. 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) are clearly
bigger than those in CD-C-4 (0.17 MPa-s’!, Fig. 6) due to longer time for growth of
heterogeneously nucleated bubbles at the capsule-melt interface by H>O diffusion during
decompression.

The big bubbles (up to 400 pm 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 detachment due to volume-related buoyancy force, these bubbles ascended during
decompression (Fig. 6, eFig. 2a, b). Assuming heterogeneous nucleation at H>O-saturated
conditions (176 MPa for 4.7 wt% H20), 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, eFig. 2a, b) 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 is accelerated by growth due to coalescence and ripening processes. The
detached bubbles delete the nucleation history of an existing population by interaction with the
smaller bubbles on their ascend tracks and they may initiate the nucleation of a second bubble

population during further decompression in the depleted zones.
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The BSE image of sample CD-C-4 (Fig. 6, eFig. 3a, b) shows that the lower central part
of the capsule contains more numerous and slightly bigger bubbles (~12 um) than the rest of
the sample (only visible and evaluable in TLM images, Fig. 10). In 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. 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 Pjina of 60 MPa (0.17 MPas™!) is
the most degassed cylinder sample with the highest porosity of ~10 % in the glass. Due to the
lowest final pressure 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 Psnw of 75 and 100 MPa (Table 3). The Np(n)-values of all
decompressed cylinder samples range within one order of magnitude (6-10* — 7-10° mm™)
assuming an analytical error of half an order of magnitude. The highest Ny(n)-value of the
60 MPa sample is further proof for homogeneous bubble nucleation in all cylinder samples. It
is unlikely that bubbles of up to 13 pm diameter grow during the few seconds of rapid quench.
The size distribution (Fig. 7c) with a narrow size range of these bubbles documents a single
nucleation event within a short time interval as described in Fig. 7b in Toramaru (1989).
Considering homogeneous bubble nucleation in the cylinder samples with a Pfna of 100 MPa,
we can estimate a APpoy of <76 MPa for the CI and <70 MPa for the VAD79 melt using the

solubility data of Fanara et al. (in press) and lacono 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 H,O (Eq. 3):

3
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where Ni(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™), ¢ is the surface
tension at the bubble-melt interface (N-m™), k is the Boltzmann constant (1.38-102 J-K'!), T
is the temperature (K), Pw 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)-values is essential, because only
Npy(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(/) vs. I 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 = tsecPw/4y > 2-10° (Toramaru, 1995), where #4. is the time (s)
needed for decompression to Pfuu. For both melt compositions, o4 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 Prna 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).

The parameters D, C, o, ay and Py of Equation 3 are similar for the CI and the VAD79
melt. For exemplary purpose, the data 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. Py for the H>O content
of 4.7 wt% at 1050 °C was extrapolated from the solubility experiments of Fanara et al. (in
press) 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
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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 Ni(n) of ~10° mm™ (Fig. 11). 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 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 H>O 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 experimental results is achieved
for a o 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). Navon and Lyakhovsky (1998) suggested a completely different
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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 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% molecular H>O is considered. At a Pjua 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 H2O molecules. In this case, the diffusivity of network forming cations linked to
viscosity of the melt becomes a controlling factor (Navon and Lyakhovsky, 1998). This relation

can be expressed by the Eyring equation:

D = k—T “)
ni
where k is the Boltzmann constant, 7 the temperature in K, 4 the jump distance in m and # the
viscosity in Pa-s. 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% H2Oy a viscosity of 77 Pa-s was calculated using the relation of Misiti et al. (2011) for
the CI melt. Insertion into Equation 4 provides a network former diffusivity of 8-107"* m?-s™!
that is more than 2 orders of magnitude lower than the total H>O diffusivity. The corresponding
shift of the logNy(n)/(dP/d¢) line in Fig. 11 by 3.5 orders of magnitude is still not sufficient to
match the experimentally determined Njy(n). It is therefore conceivable that both surface tension
and diffusivity contribute to the discrepancy between modeled and experimental Ny(n)-values.
Our determined Ny(n) can be compared with selected data of previous studies (Gondé
et al., 2011; Mangan and Sisson, 2000; Marxer et al., 2015; Mourtada-Bonnefoi and Laporte,
2002) that potentially fulfill the criteria for the application of the vesiculation model of
Toramaru (2006). Experiments using glass powder as starting material were not considered,
because the observed Ny(n) are mainly controlled by the number of hydration or HoO-N»
bubbles in the melt prior to decompression. A reliable experimentally determined Ny(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 also three orders of
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magnitude higher than the modeled value using the macroscopic ¢ and is in the range of our
determined Ny(n) (Fig. 11). This supports (1) the credibility of our results (2) that Ny(n) is
within error independent of composition and (3) the suggestion of a reduced surface tension
and effect of diffusivity for the nucleation process. Comparable to our study, Marxer et al.
(2015) performed decompression experiments with the VAD79 composition down to a Pfinar of
75 MPa, but with a higher initial H>O content of ~5.2 wt% in the 5 mm samples (still slightly
H>O-undersaturated). The resulting Ni(n) of the experiments with the same decompression
rates as in this study are 2 - 3 orders of magnitude lower than for the experiments with an initial
H>O content of ~4.7 wt%. Ostwald ripening and coalescence can decrease the number of
bubbles during decompression. Due to the higher initial H>O content in the experiments of
Marxer et al. (2015), bubble nucleation and growth started at a higher P than in the experiments
of this study. However, the total timescales available for degassing by homogeneous bubble
nucleation and growth is e.g. very similar for the CI experiment decompressed to 60 MPa
(CD-C-5) with ~4.7 wt% H,O at a decompression rate of 0.17 MPa-s™! and the corresponding
VAD79 experiment with ~5.2 wt% H>O and a Prina of 75 MPa (CD18 reported in Marxer et al.,
2015). Nevertheless, the observed Ny(n) in CD-C-5 are orders of magnitude higher. It is
conceivable that this sample was quenched just before the onset of extensive bubble
coalescence. The 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. This time interval for extensive bubble interaction is expected to be shortened
down to a scale of seconds in case of less silicic, hydrous melts.

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),
which does not apply to our newly determined data. Among other studies, Toramaru (2006)
used some Ny(n) of decompression experiments reported e.g. in Mangan and Sisson (2000) and
Mourtada-Bonnefoi and Laporte (2002) to adjust the model parameters. If such parameters are
based on experiments that were already subject to Ostwald ripening and/or coalescence, the
predicted Ny(n) will generally be too low. Early bubble coalescence during decompression was
observed by Mourtada-Bonnefoi and Laporte (2002) and in situ in HDAC experiments by
Gondé et al. (2011). Some of these experiments are also characterized by a high total P decrease
(AP up to >300 MPa) in combination with high porosities of up to 68 % in the glass, which are
even higher in the melt due to bubble shrinkage during quench (Marxer et al., 2015). Both
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factors enhance the occurrence of bubble interactions that reduce Ny(n) due to the increased
degassing timescale and decreasing bubble spacing. This effect is evident from the range of
determined Ny(n) reported in Gond¢ et al. (2011), Mangan and Sisson (2000) and Mourtada-
Bonnefoi and Laporte (2002) for samples of experimental sets with similar decompression rate
but different degassing timescales (time from onset of homogeneous bubble nucleation to Pfinar).
The Ny(n) of samples from experiments with the shortest decompression timescale are the
highest within a set (filled symbols in Fig. 11). These bubble populations are presumably
unaffected by Ostwald ripening or coalescence. Further decompression leads to bubble
interaction and significantly lowered Ni(n) (empty symbols in Fig. 11). It may therefore be
necessary to improve current models for homogeneous bubble nucleation with data from new

experiments that are not affected by Ostwald ripening and/or bubble coalescence.

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 equilibration time 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 7" 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 Pjina. The time-dependent diffusional loss of volatiles to heterogeneously nucleated bubbles
at the capsule wall 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, an increasing capsule volume leads to a decrease in
cooling rate and therefore to possible quench crystal formation. In order to study a single
homogeneous bubble nucleation event, Psna has to be as close to the terminus of the event as

possible. Unnecessary low Pfna increase the decompression timescale and enable bubble
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growth by Ostwald ripening and coalescence that both lead 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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Tables

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

Cl Cl VAD79 VAD79

Civetta this study Malfzcig:g 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)
Al20; 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 413 4.09 (15) 3.26 (12) 3.32 (11)
NaO 2.92 3.08 (14) 5.16 (15) 5.38 (17)
K20 8.98 8.82 (16) 9.46 (15) 9.53 (21)
P20s 0.26 0.25 (4) 0.09 (4) 0.10 (3)

Notes: Errors are provided in parentheses.
Standard deviation (15) 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.

exp. # starting t; quench T prior weighed total H.O number average Nc(t) (glass)?
material method quench portion of content of object
H20 in in glass analyzed size
capsule by objects
FTIR
[h] [°C] [wt%]? [wt%]® [um] [mm?]
IB-C-1a cylinder 96 RQ 1050 4.75(0.05) 4.87(0.10) 82 0.3-1 1.17E+05
IB-C-1b cylinder 96 RQ 1300 4.73(0.05) 4.93(0.10) 84 0.7 1.11E+05
1B-C-2 cylinder 96 NQ 1050 4.72(0.05) 4.66(0.10) 267 10-13 7.01E+04
REF12°¢ cylinder 96 RQ 1050 4.86(0.05) 4.89(0.12)
1B-P-1 powder 24 RQ 1300 0.98(0.05) 1.10(0.05)
1B-P-2 powder 24 RQ 1300 1.95(0.05) 2.05(0.04)
1B-P-3 powder 24 RQ 1300 3.87(0.05) 4.01(0.13)
1B-P-4 powder 24 RQ 1300 4.76(0.05) 4.84(0.17) 280 0.3-1 4.42E+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 (16 in brackets), molar
absorption coefficients and densities are provided in the text. Thickness of the samples ranges
between 120 and 160 um.

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

d: Ne(t) is the number of quench crystal aggregates per total unit volume derived from TLM.
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Table 3: Synopsis of the decompression experiments and the main results (continued on the

next page).

exp. # compo- starting te Pinal dp-dt’ total H,O residual counting number of average
sition material [h] [MPa] [MPa-'s™] content total HLO method analyzed object
dissolved content objects size
inmeltat in glass [um]

Psat by FTIR

[wt%]? [wt%]°
CD-C-5 Cl  cylinder 96 60 0.17 4.78(5) n.d. BSE 430 7-9
BSE 453 7-9
BSE 441 7-9
BSE 438 7-9
BSE 440 7-9
CD-C-3 Cl  cylinder 96 75 0.024 478 (5) 4.57 (6y BSE 645 -
TLM 143  11.5(2.0)
CD-C4 Cl  cylinder 96 75 0.17 4.75(5) 4.88 (13y BSE 507 -
TLM 182 ~4
CD-C-1 Cl  cylinder 96 100 0.17 4.62 (5) 4.64 (10) TLM 529 4-5
CD-P-1 Cl powder 24 100 0.17 4.67 (5) 4.06 (10) BSE 123 -
TLM 213 5-7
CD-C-2 Cl  cylinder 96 100 0.024 4.68(5) 4.58 (6) TLM 901 4-5
CD-P-2a Cl powder 24 100 0.024 4.74 (5) 3.81(8) BSE 84 130
CD-P-2b Cl powder 96 100 0.024 4.64 (5) 4.73 (14) TLM 218 1-2
CD-P-22 VAD79 powder 24 100 0.024 473(5) 3.71(9) BSE 229 -
CD-C-23 VAD79  cylinder 96 100 0.17 476 (5) 4.83 (6y TLM 362 1-2
CD-P-24 VAD79 powder 24 100 0.17 473(5) 3.86(4) BSE 134 -
CD-C-25 VAD79  cylinder 96 100 0.024 4.66(5) 4.68 (5) TLM 493 1-2
CD-P-32 VAD79 powder 96 100 0.024 473 (5) 4.60(8) TLM 156 1-2
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Table 3: Synopsis of the decompression experiments and the main results (continued from the

previous page).

2D 3D  equilibrium expected corrected N((t) Nyn) BJ comments
porosity porosity porosity porosity porosity (glass) (melt)
(glass) (glass) (melt) (melt) (melt) [mm-3p¢ [mm3"
ImageJ from BSE [vol%]® [vol%]® [vol%]f
[area%]° or TLM
[vol%)]
8.59 8.88 33.6 n.d. 226 5.68E+05 6.23E+05 3.00 area 1
10.36 10.5 33.6 n.d. 26.0 7.51E+05 8.39E+05 3.00 area 2
8.66 9.09 33.6 n.d. 23.1 7.06E+05 7.77E+05 3.00 area 3
10.9 10.9 33.6 n.d. 26.8 6.09E+05 6.84E+05 3.00 area 4
9.63 9.84 33.6 n.d. 247 6.59E+05 7.30E+05 3.00 average
4.8 5.4 26.5 3.8 15.2 1.87E+05 1.98E+05 3.15
1.61 26.5 3.8 4.9 553E+04 5.62E+04 3.15
3.3 3.6 (4) 26.2 0.0 10.5 6.12E+04 6.35E+04 3.15
0.27 26.2 0.0 0.9 8.11E+04 7.55E+04 3.15
0.54 14.0 0.0 1.6 1.52E+05 1.53E+05 2.98
4.8 4.9 14.5 8.0 13.3 204 215 2.98  area of big bubbles
29 14.5 1.8 8.2 258E+05 2.64E+05 2.98 area of small bubbles
0.26 14.6 1.4 0.8 4.68E+05 4.69E+05 2.98
5.6 5.4 (1.5) 15.4 11.9 14.5 73 87 2.98
0.1 14.2 0.0 0.3 2.73E+05 3.24E+05 2.98
45 6.1(1.2) 15.1 12.9 13.6 508 541 2.51
0.0 15.4 0.0 0.1 1.01E+05 1.01E+05 2.51
5.6 5.6 (8) 15.1 11.2 12.6 319 338 2.51
0.05 14.4 0.0 0.1 1.29E+05 1.30E+05 2.51
0.07 15.1 1.8 0.2 1.77E+05 1.77E+05 2.51
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Table 3: Notes.

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

% Weighed portions of H>O (weighing error in brackets).

b: Means of individual measurements in the center area of the sample (+1c in brackets).

¢. Porosity displayed as 2D phase proportion of bubbles determined from a representative
excerpt in the sample center acquired by BSE imaging.

d: Calculated from Eq. 5 in Gardner et al. (1999) using solubility data of Fanara et al. (in press)
and [acono-Marziano et al. (2007).

¢ Calculated from Eq. 5 in Gardner et al. (1999) using the residual H>O contents.

f: Calculated from Eq. 3 in Marxer et al. (2015) using the corresponding shrinkage factor B and
the 3D porosity.

£: Ni(t) is the number of bubbles per total unit volume (Vgiuss + Voubbies).

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

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

J: Numerous small objects in the measuring volume.
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Figure captions

Fig. 1: TLM and BSE images of two CI isobaric experiments starting from glass cylinders with
~4.7 wt% H:O, 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 presumable 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.

Fig. 2: Comparison of BSE images of selected samples decompressed to a Pinar of 100 MPa
(0.024 MPa-s') using massive glass cylinders and glass powder with the CI and VAD79
composition as starting material. Despite identical and homogeneous initial H>O content in the
melt prior to decompression, the glass powder samples that were equilibrated for a 7.q of 24 h
(central row) are clearly more degassed than the samples starting from massive glass cylinders
(top row) and glass powder with a 7.4 of 96 h (bottom row). The glass powder samples with a
teq of 24 h are characterized by bigger bubbles, higher porosities and lower bubble number
densities. The bubbles in the samples with a #,;, of 96 h are only few pm in diameter, more
numerous and homogeneously distributed in the glass. These small bubbles are not visible at

this magnification.

Fig. 3: Comparison of BSE images of selected samples decompressed to a Pfina of 100 MPa
(0.17 MPa-s!) using a massive CI glass cylinder (f.; = 96 h) and powder (., = 24 h) as starting
material. 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 micrometer scale that are not visible at this magnification. The glass powder
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sample also features a belt of small bubbles in the central part of the capsule (right image

excerpt).

Fig. 4: TLM images of CI (two left images) and VAD79 (two right images) samples
decompressed with 0.024 MPa-s™! to a P of 100 MPa. All images have the same scale. The
samples CD-C-2 (a) and CD-C-25 (¢) started from glass cylinders and samples CF-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 teg of 24 h, the degassing behavior of samples with a 7, 0f 96 h is identical to the glass cylinder

samples.

Fig. 5: TLM image of CD-C-1 decompressed to a Pjina of 100 MPa (0.17 MPa-s™!) using a
massive CI glass cylinder with different magnifications. The sample contains homogeneously
distributed bubbles with several um diameter. The image reveals that these bubbles are often in
close vicinity to a crystal 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.

Fig. 6: BSE images of CI glass cylinder samples (CD-C-3, CD-C-4) decompressed to a Pfina of
75 MPa with 0.024 MPa-s™! (top image) and 0.17 MPa-s! (bottom image). The area around each
of the big bubbles in sample CD-C-3 is free of the elsewhere homogeneously distributed small

bubbles with several um diameter (right image excerpt). For details see text.

Fig. 7: BSE (a) and a mapped TLM image (b) of sample CD-C-5 decompressed to a Pfinai of
60 MPa with 0.17 MPa-s™.. The TLM image reveals extensive convection patterns within the
capsule. The bubbles in the BSE image were big enough to be analyzed with CSDCorrections.
(c) 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
diameter corresponds to the major axis of the bubble-ellipsoid. The BSD is characterized by a

narrow size range and a near-linear trend.
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Fig. 8: H2O-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 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. A significant amount of the N in the capsule of glass

powder samples remains in the H>O-dominated fluid phase.

Fig. 9: Ascent distance of bubbles as a function of bubble diameter for the equilibration and
decompression 7 (1300 and 1050 °C) and the two equilibration times (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 super-critical fluid (see text, Eq. 2).

Fig. 10: The TLM image of sample CD-C-4 decompressed to a Ppna 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.

Fig. 11: Logarithmic Ny(n)-values 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 for two different surface tensions (o). Filled symbols represent Ny(n) of samples from
experiments where most likely no bubble interaction occurred. Empty symbols represent Ny(n)
of samples from experiments that are suggested to be influenced by Ostwald ripening and/or
coalescence (indicated by arrows). Note: Mal5: CD experiments of Marxer et al. (2015) in 5
mm capsules; VAD79 composition at 1050 °C. Gol1l: TIHPV experiments of Gond¢ 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.
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Figures
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0.17 MPa-s"'

Fig. 4a-d
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Fig. 6
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eFigure captions

eFig. 1a: BSE image of the CI glass cylinder sample CD-C-5 decompressed to a Pjina 0of 60 MPa
with 0.17 MPa-s™!, £.,: 96 h. The 4 black frames mark the sample areas used for Image]J analysis.

eFig. 1b: Mapped TLM image of the CI glass cylinder sample CD-C-5 decompressed to a Pfinas
of 60 MPa with 0.17 MPa-s™!, t.,: 96 h. Dark spherical objects in the

eFig. 2a: BSE image of the CI glass cylinder sample CD-C-3 decompressed to a Pfina of 75 MPa
with 0.024 MPa-s™!, t.;: 96 h. The black frame marks the sample area used for ImageJ analysis.

eFig. 2b: Mapped TLM image of the CI glass cylinder sample CD-C-3 decompressed to a Prina
of 75 MPa with 0.024 MPa-s!, z.,: 96 h.

eFig. 3a: BSE image of the CI glass cylinder sample CD-C-4 decompressed to a Pjina 0of 75 MPa
with 0.17 MPa-s™!, t.;: 96 h. The black frame marks the sample area used for ImageJ analysis.

eFig. 3b: Mapped TLM image of the CI glass cylinder sample CD-C-4 decompressed to a Pfinas
of 75 MPa with 0.17 MPa-s™!, tq: 96 h.

eFig. 4: BSE image of the CI glass cylinder sample CD-C-1 decompressed to a Pfina 0f 100 MPa
with 0.17 MPa-s™, .;: 96 h.

eFig. 5a: BSE image of the CI glass powder sample CD-P-1 decompressed to a Pfinar of
100 MPa with 0.17 MPa-s™!, t.;: 24 h. The 2 black frames mark the sample areas used for ImagelJ

analysis.

eFig. Sb: Mapped TLM image of the CI glass powder sample CD-P-1 decompressed to a Pfinas
of 100 MPa with 0.17 MPa-s™!, #.,: 24 h.

eFig. 6: BSE image of the CI glass cylinder sample CD-C-2 decompressed to a Pfina 0of 100 MPa
with 0.024 MPa-s™, #.,: 96 h.
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eFig. 7a: BSE image of the CI glass powder sample CD-P-2a decompressed to a Pfia of
100 MPa with 0.024 MPa-s™!, £.,: 24 h. The black frame marks the sample area used for ImagelJ

analysis.

eFig. 7b: Mapped TLM image of the CI glass powder sample CD-P-2a decompressed to a Pfinas
of 100 MPa with 0.024 MPa-s™!, #.,: 24 h.

eFig. 8: BSE image of the CI glass powder sample CD-P-2b decompressed to a Pfina of
100 MPa with 0.024 MPa-s™!, t.,: 96 h.

eFig. 9a: BSE image of the VAD79 glass powder sample CD-P-22 decompressed to a Pfina of
100 MPa with 0.024 MPa-s™!, t.,: 24 h. The black frame marks the sample area used for Image]

analysis.

eFig. 9b: Mapped TLM image of the VAD79 glass powder sample CD-P-22 decompressed to
a Pjina of 100 MPa with 0.024 MPa-s™!, #.,: 24 h.

eFig. 10: BSE image of the VAD79 glass cylinder sample CD-C-23 decompressed to a Pina of
100 MPa with 0.17 MPa-s™, te;: 96 h.

eFig. 11a: BSE image of the VAD79 glass powder sample CD-P-24 decompressed to a Py of
100 MPa with 0.17 MPa-s™!, #.;: 24 h. The black frame marks the sample area used for ImagelJ

analysis.

eFig. 11b: Mapped TLM image of the VAD79 glass powder sample CD-P-24 decompressed
to a Pfinar of 100 MPa with 0.17 MPa-s™!, £.,: 24 h.

eFig. 12: BSE image of the VAD79 glass cylinder sample CD-C-25 decompressed to a Pfna of
100 MPa with 0.024 MPa-s™!, t.,: 96 h.

eFig. 13: BSE image of the VAD79 glass powder sample CD-P-32 decompressed to a Pfina of
75 MPa with 0.024 MPa-s™!, t.;: 96 h.
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