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Zusammenfassung

Explosive Vulkanausbriiche werden durch dynamische Prozesse im Erdinneren
angetrieben. Magmen enthalten leichtfliichtige Komponenten, von denen H,O am
haufigsten vorkommt. Bei magmatischen Bedingungen konnen bis zu einige Gew% H,O in
Silikatschmelzen geldst sein. Die starke Druckabhéngigkeit der H,O-Loslichkeit bewirkt eine
Schmelzentgasung durch die Bildung und das Wachstum von Fluidblasen, wenn eine
Schmelze beispielsweise durch den Aufstieg in der Erdkruste dekomprimiert wird. Die
Blasenanzahl pro Schmelzvolumen und die Porositit einer Schmelze sind wichtige
Parameter, die groflen Einfluss auf die Dynamik vulkanischer Eruptionen haben. Die
Blasenbildung und das Blasenwachstum verringern die Gesamtdichte der Schmelze. Damit
wird der Magmenaufstieg durch zunehmenden Auftrieb beschleunigt, was letztendlich zu
explosivem Vulkanismus fithren kann.

Mithilfe von Dekompressionsexperimenten bei hohen Temperatur- und
Druckbedingungen kann der Magmenaufstieg im Labor simuliert werden. Dies ermdglicht
die Untersuchung von in der Natur nicht zugdnglichen Entgasungsprozessen. Im Rahmen
dieser Arbeit wurde anhand von Dekompressionsexperimenten die homogene
Blasenbildung in H,O-haltiger phonolitischer Silikatschmelze mit der Bims-
Zusammensetzung der AD79 Eruption des Vesuvs untersucht. Es wurde eine konstant hohe
Blasenanzahl pro Schmelzvolumen (~10° mm™) unabhdngig von der Dekompressionsrate
nachgewiesen (Studie 1). Dies ist nicht mit der Nukleationstheorie vereinbar, welche
tblicherweise zur Beschreibung der Blasenbildung in Silikatschmelzen angewendet wird.
Alternativ dazu wurde auf Grundlage dieser neuen experimentellen Daten die spinodale
Entmischung als Phasenseparationsmechanismus hydrierter phonolitischer Schmelze
vorgeschlagen. Diese spontane Phasenseparation fithrt zu einer plétzlichen Entgasung,
welche selbst bei niedrigen Dekompressionsraten zu explosiven Eruptionen fithren kann.

Wihrend die Dekompressionsrate keinen Einfluss auf die Anzahl an Blasen pro
Schmelzvolumen in phonolitischer Schmelze hat, konnte gezeigt werden, dass die Anzahl mit
der initial gelosten H,O-Konzentration (3.3-6.3 Gew%) um eine Groflenordnung variiert
(Studie II). Des Weiteren wurde eine Veranderung der Entgasungsentwicklung bei einer
initialen H,O-Konzentration von 5.6 Gew% nachgewiesen. Bei niedrigerer initialer H,O-
Konzentration konnen die in natiirlichen vulkanischen Produkten beobachteten Texturen
die initial gebildeten Blasen darstellen. Bei hoherer initialer H,O-Konzentration, oder im Fall
von heterogener Nukleation an Kristalloberflidchen, sind diese jedoch wahrscheinlich durch
Koaleszenz oder sekunddre Blasenbildung iiberpragt.

Neben der Untersuchung der Schmelzentgasung behandelt diese Arbeit das
experimentelle Problem des Blasenschrumpfens beim Abkiithlen (Studie III). Das
Blasenschrumpfen kann beim Abschrecken blasenhaltiger Silikatschmelze zu porésem Glas
auftreten. Dieser Abkiithlungsprozess ist jedoch notwendig um die Probenanalyse bei
Umgebungsbedingungen zu ermdglichen. Diese Studie zeigt, dass Blasen wéhrend des
Abkiihlens signifikant schrumpfen konnen, sodass die Glasporositat weniger als die Halfte
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der urspriinglichen Schmelzporositit betragen kann. Dies ist auf das sinkende Molvolumen
von H,O sowie auf die Resorption von H,O aus den Blasen zuriick in die Schmelze
zurilickzufithren. Folglich entsprechen die Glasporositit und die H,O-Konzentration im Glas
nicht notwendigerweise der Schmelzporositit und der H,O-Konzentration in der Schmelze
vor dem Abkiihlen. Dies stellt ein Problem fiir die Interpretation von Entgasungsvorgingen
dar, die aus Texturen und H,O-Konzentrationen abgekiihlten Proben abgeleitet wird.
Insbesondere der Vergleich experimenteller Proben mit natiirlichen vulkanischen Produkten
kann ohne Korrektur der Porositdt zu Fehlinterpretationen fithren. Daher wurden neue
Methoden zur Analyse und Interpretation des Blasenschrumpfens und der H,O-Resorption
entwickelt, welche fiir zukiinftigen Studien niitzlich sind um Ergebnisse von
Dekompressionsexperimenten korrekt auf natiirliche vulkanische Prozesse zu tibertragen.



Abstract

Explosive volcanic eruptions are driven by dynamic processes in the Earth’s interior.
Within volcanic systems, magmas contain volatiles of which H,O is the most abundant. At
magmatic pressures and temperatures, up to several wt% H,O can be dissolved in silicate
melt. The strong pressure dependence of H,O solubility causes melt degassing by formation
and growth of vesicles when a melt is decompressed by, for instance, magma ascent. The
vesicle number density and the porosity of a melt are important parameters that strongly
influence the dynamics of volcanic eruptions. Vesiculation decreases the melt density. This
accelerates magma ascent by increased buoyancy, eventually causing explosive volcanic
eruptions.

Decompression experiments at high temperature and pressure are used to simulate
magma ascent in the laboratory. This enables the investigation of melt degassing processes
that are not directly accessible for observation in nature. Within the frame of this work, the
homogeneous vesicle formation in hydrous phonolitic melt with white pumice composition
of the AD79 Vesuvius eruption was investigated by means of decompression experiments. A
constant high vesicle number density (~10° mm™) independent from decompression rate was
found (Study I). This contrasts nucleation theory that is commonly used to describe vesicle
formation in silicate melts. Based on these new experimental data, spinodal decomposition
was proposed as an alternative phase separation mechanism in phonolitic melts. This
spontaneous phase separation may cause sudden melt degassing, triggering explosive
eruptions, even at low decompression rates.

While the decompression rate does not influence the vesicle number density in
phonolitic melt, it was shown that the vesicle number density varies by one order of
magnitude with initially dissolved H,O concentration (3.3-6.3 wt%) (Study II). Furthermore,
a change in degassing evolution at 5.6 wt% initial H,O concentration was found. At lower
concentration, the textures observed in natural volcanic products can represent the initially
formed vesicles. At higher concentration or if heterogeneous nucleation on crystals is
involved, vesicle textures are likely obscured by coalescence or secondary vesicle formation.

Besides the investigation of melt degassing, this work focusses on the experimental
problem of vesicles shrinkage during cooling (Study III), which may occur when samples are
rapidly quenched to glass in order to facilitate analysis at ambient conditions. The study
shows that vesicles can significantly shrink during cooling, resulting in a glass porosity less
than half the melt porosity. Vesicle shrinkage is governed by the decrease in molar volume of
H,O and the resorption of H,O from fluid vesicles back into the melt during cooling.
Consequently, the glass porosity and H,O concentration in the glass do not necessarily
represent the melt porosity and the H,O concentration in the melt before cooling. This poses
a problem in the interpretation of degassing processes derived from quenched
decompression experiments. Especially the comparison of experimental samples with natural
volcanic products can lead to misinterpretations when melt porosity is directly derived from
glass porosity. Therefore, new methods for the analysis and interpretation of vesicle
shrinkage and H,O resorption are developed, which are useful for future studies to correctly
apply experimental results to natural volcanic processes.
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Outline

Volcanic eruptions are driven by the exsolution of volatiles that are initially dissolved
in magmas at high pressure (P) and temperature (7) in the Earth’s interior. Among other
volatiles like CO,, Cl or S-species, H,O is the most abundant volatile in magmatic volcanic
systems (e.g., De Vivo et al. 2005). The solubility of H,O in silicate melts of up to several wt%
strongly correlates with pressure and depends only to a minor extent on temperature and
melt composition (e.g., Holtz et al. 1995). Besides other mechanisms (Gonnermann and
Manga 2007), the ascent and the resulting decompression of a hydrous silicate melt induces
H,O supersaturation until an H,O fluid exsolves by vesicle formation. Once H,O vesicles
coexist with the silicate melt, H,O supersaturation can be further decreased by H,O diffusion
from the melt into fluid vesicles. The associated vesiculation decreases magma density
significantly and increases the buoyancy of the melt, leading to an acceleration of magma
ascent. The positive feedback between decompression-induced supersaturation, vesiculation
and magma ascent may then result in magma fragmentation and explosive volcanism (e.g.,
Alidibirov and Dingwell 1996; Kueppers et al. 2006; Genareau et al. 2012).

The initial process of vesicle formation, defining the onset of degassing, is a key
parameter to understand silicate melt degassing and the mechanisms just before and during
volcanic eruptions. The vesicle number density (VND) determines the degassing efficiency
and can, thus, be crucial for the style of a volcanic eruption. Nucleation theory is the generally
used mechanism to describe vesicle formation and to predict VNDs in silicate melts (e.g.,
Navon and Lyakhovsky 1998). Vesicles can nucleate heterogeneously on crystal surfaces or
homogeneously within a crystal-free melt volume. In either case, a supersaturation threshold
must be reached to overcome the energy barrier defined by the surface tension of the newly
formed surface. In case of heterogeneous vesicle formation on crystals, this energy barrier is
reduced due to the decreased required surface energy (e.g., Hurwitz and Navon, 1994). In
general, nucleation theory predicts a strong increase in the VND with increasing
decompression rate and decreasing surface tension (Navon and Lyakhovsky 1998). These
dependencies in turn provide tools to determine ascent or decompression rates of a melt
through the VND observed in natural volcanic ejecta (Toramaru 2006) or to determine
surface tension at experimentally controlled decompression rates (e.g., Shea et al. 2010a; Shea

2017).



Laboratory experiments are necessary to study magmatic conditions because the
dynamic degassing processes within a volcanic system are not accessible for direct
observation. Magma ascent is simulated with experiments at high P and T in order to
investigate decompression-induced melt degassing in millimeter-sized samples. Rapid
cooling (quenching) at any stage during a decompression experiment allows analysis at
ambient conditions of partially degassed glassy samples. However, such decompression
experiments are challenging because the experimental protocol can affect the experimental
results. For instance, pre-existing vesicles that are present due to the choice of starting
material, as well as ascending vesicles that nucleated at the experiment capsule, or the H,O
diffusion towards vesicles at the interface between capsule and melt can inhibit or alter the
homogeneous phase separation process that is to be investigated (Iacono-Marziano et al.
2007; Marxer et al. 2015; Preuss et al. 2016). A strict experimental protocol, which is provided
by Preuss et al. 2016, is necessary to account for these problems. The compliance with such a
protocol is, however, accompanied by a limitation of the experimentally accessible window
(e.g., concerning the choice of decompression rate or final pressure) in which homogeneous
vesicle formation can be studied.

This work consists of three studies based on superliquidus decompression experiments
using phonolitic melts with AD79 Vesuvius white pumice melt composition (VAD79).
Homogeneous vesicle formation and degassing during decompression of phonolitic melt
were studied, while accounting for the known experimental problems. Vesicle shrinkage
during cooling is another experimental problem (McIntosh et al. 2014; Marxer et al. 2015)
that is further explored. Therefore, besides the volcanological aspect, this work aims towards
a correct interpretation of experimental results of decompression experiments to improve
their application for the interpretation of natural vesiculated volcanic ejecta and their
degassing history.

Decompression experiments conducted with hydrous rhyolitic melts, that agree with
the experimental protocol of Preuss et al. (2016), have shown that decompression-induced,
homogeneous vesicle formation can be described by nucleation theory (Gardner et al. 1999;
Mourtada-Bonnefoi and Laporte 2004; Hamada et al. 2010) due to an exponential increase
in the VND with decompression rate. In contrast, similar experiments with superliquidus
phonolitic and trachytic melts (Iacono-Marziano et al. 2007; Marxer et al. 2015; Preuss et al.

2016) have not shown a clear dependence of VND on decompression rate. Study I of this
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work (Allabar and Nowak 2018) builds on this discrepancy in the dependence of VND on
decompression rate between rhyolitic and phonolitic melts. Further superliquidus
decompression experiments with phonolitic melt confirmed a high VND (~10° mm~)
independent from decompression rate, which is inconsistent with nucleation theory. This
independence may instead be explained by the theory of spinodal decomposition (Cahn
1965; Debenedetti 2000) which is, thus, suggested as an alternative phase separation
mechanism of hydrous phonolitic melt. The experimentally determined VND is in the same
order of magnitude as the VND in the natural white pumice (e.g., Gurioli et al. 2005). An
extremely high decompression rate of 18 MPa-s' would be necessary to explain this high
VND with nucleation theory. Alternatively, the high VND has been suggested to be formed
by heterogeneous nucleation on magnetite crystals, where decompression with only ~7
MPa-s" is necessary (Shea 2017). This study, however, revealed that the high VND can be
formed at superliquidus conditions independent from decompression rate down to 0.06
MPa-s™. The results of this study have important consequences for the interpretation of melt
degassing processes involving phonolitic melts. Even at low decompression rates, a high
number of vesicles can be formed that may trigger explosive volcanic eruptions.

While Study I focuses on decompression experiments with a constant initial H,O
concentration (cmoimi) of 5.3 wt%, the natural eruptive products of the different stages of the
AD79 Vesuvius eruption have been reported to originate from melts with cuom ranging
between 3.0 and 6.4 wt% (Cioni 2000). In order to investigate the influence of cmzomi on
homogeneous phase separation, further decompression experiments with phonolitic melt at
a constant decompression rate but varying cuomi of 3.3-6.3 wt% were performed within the
frame of Study II (Allabar et al. 2020a). A minimum VND of ~10° mm™ at ~5 wt% initial
H,O concentration with increasing values by one order of magnitude at both lower and
higher ciomi was found. Furthermore, the absence of Fe-oxide nanolites was confirmed by
Raman micro-spectroscopy. Nanolites are suggested to initiate heterogeneous nucleation (Di
Genova et al. 2017a; 2018; Shea 2017) but could potentially have been overlooked during the
analysis with other methods. Their absence supports that phase separation in the experiments
included in this study was homogeneous. Thus, the VND dependence on cuzoimi may also be
qualitatively explained by spinodal decomposition.

In addition, the experimental results of Study II revealed a change in degassing

behavior with cu0imi during continuous decompression, investigated by experiments that are
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decompressed to different final pressures. At cuomi < 5.6 wt%, the initially formed VND
remained stable down to low pressures. At such conditions, the initial VND is likely preserved
until the eruption of a magma to the Earth’s surface. This was confirmed by the accordance
of the experimental VNDs at low cuoimi with the natural VNDs observed in natural products
of the AD79 Vesuvius eruption (Cioni 2000, Shea et al. 2014). At cx2oimi > 5.6 wt% the initially
formed high VND of almost 10° mm™ was found to be erased within a short pressure interval
by massive coalescence during further decompression with a remaining VND up to four
orders of magnitude lower than the initial value. After coalescence, the large vesicle distances
may allow a secondary build-up of H,O supersaturation in the melt volume between vesicles
during ongoing decompression. This may enable a secondary vesicle formation at the
remaining lower H,O content in the interstitial melt, resulting in a bimodal size distribution
of vesicles in erupted products, also consistent with observations on natural samples (Gurioli
et al. 2005).

Study II concludes that the initial VND in phonolitic melts is possibly formed by
spinodal decomposition and depends on cmoimi. However, the VND finally observed in
volcanic products of melts with high cuoimi is likely to be influenced by early-formed vesicles
due to heterogeneous nucleation on crystal surfaces at magmatic sub-liquidus temperatures
and obscured by coarsening processes, as well as secondary vesicle formation. Besides ct20ini,
the resulting vesicle textures may depend on the available timescale, e.g., decompression rate
before eruption and cooling.

In addition to the VND as an important parameter for silicate melt degassing, the
porosity and concentrations of dissolved H,O are crucial measures to interpret the degassing
behavior. The glass porosity of decompressed samples that are quenched to glass for analysis,
has usually been assumed to represent the melt porosity just before quenching. The glass
porosity is compared to the expected equilibrium porosity in order to distinguish between
equilibrium and disequilibrium degassing. A large discrepancy between equilibrium porosity
and observed glass porosity is therefore often interpreted as disequilibrium degassing.
However, it has been shown that vesicles may shrink during isobaric cooling induced by two
processes. The molar volume of H,O within the vesicles decreases during cooling, dictated
by the equation of state of H,O (Marxer et al. 2015). Furthermore, the H,O solubility at
constant pressure increases with decreasing temperature (at P < 300 MPa; Holtz et al. 1995;

Schmidt and Behrens 2008) which can cause resorption of H,O from the fluid vesicles back
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into the melt (McIntosh et al. 2014; Ryan et al. 2015). These processes decrease porosity and
increase H,O concentration in the melt around vesicles during cooling until the melt is
quenched to glass. The resulting glass porosity and H,O concentration of the vitreous
samples may not necessarily represent the molten state of the samples before cooling. This
may lead to an underestimation of melt porosity and overestimation of the H,O
concentration dissolved in the melt when vesicle textures are examined in rapidly cooled
glassy samples.

Study III (Allabar et al. 2020b) of this work addresses this experimental problem and
shows, on the basis of the data from Study I and Study II, that vesicles significantly shrank
during cooling before samples were analyzed. Despite a large discrepancy between
equilibrium porosity and observed glass porosity, it was shown that the hydrous phonolitic
melts must have undergone near-equilibrium degassing during decompression after vesicle
formation and before cooling. Vesicle shrinkage was quantified and it was demonstrated that
the extent of vesicle shrinkage depends on the cooling rate. H,O resorption during cooling
was verified by quantitative Raman micro-spectroscopy mapping that shows increased H,O
concentrations in the glass around vesicles. This result was confirmed by H,O concentration
mapping with attenuated total reflection FTIR micro-spectroscopy coupled to a focal plane
array detector, the application of which is novel in this research area. Furthermore, new
methods were developed to enable determination of the temperature at which vesicle
shrinkage during cooling stops, helping to correct porosity data with respect to cooling
induced vesicle shrinkage in samples that are quenched for analysis.

The findings of study III were extended to literature data from previously published
decompression experiments with phonolitic melt for which vesicle shrinkage during cooling
has not been considered before. The possibility of vesicle shrinkage in these experiments
indicated that previous interpretations of decompression experiment data may need revision.
The study highlights the importance to account for possible vesicle shrinkage during cooling,
including the prospect to other melt compositions, in order to correctly interpret
experimental results and to handle their applicability to natural volcanic systems in a sound
manner.

In summary, this work is another step towards a better understanding of dynamic
volcanic processes that lead to explosive volcanic eruptions. The presented results are

indications for phase separation by spinodal decomposition in hydrous phonolitic melts.

8



Besides nucleation theory, spinodal decomposition may in general be considered as phase
separation mechanism in silicate melts (Sahagian and Carley 2020). However, a proof and
thermodynamic models are still lacking. Future studies may investigate the vesicle formation
mechanisms in melts with phonolitic and other melt compositions experimentally or on a
theoretical basis. Although very challenging, in-situ experiments at high pressure and
temperature may provide evidence for a certain phase separation mechanism.

Study III of this thesis contributes to the improvement of the experimental and
analytical procedure when quenched samples are used to study inaccessible high pressure
and high temperature volcanic processes. While the calculations presented are semi-
quantitative and apply to samples with a straightforward degassing and cooling path, natural
volcanic ejecta undergo more complex degassing and cooling histories. Thus, for the correct
interpretation of natural samples or samples from more complex experimental protocols, in-
situ experiments and numerical models (Llewellin et al. 2019) will enable the quantification

of vesicle shrinkage and H,O resorption.



. Message in a bottle: Spontaneous phase separation of hydrous
Vesuvius melt even at low decompression rates

A. Allabar and M. Nowak

Abstract

Violent explosive volcanic eruptions are destructive and threaten millions of people
and infrastructure. Ejected ash, pumice and gases are end-products of volcanic factories
sourced deep within magma chambers and conduits. The different production stages are not
directly observable. However, experimental simulation reveals different stages of dynamic
volcanic processes. The starting point of explosive volcanic eruptions is determined by the
phase separation of an H,O fluid from a supersaturated hydrous silicate melt. The number of
formed H,O fluid vesicles per unit volume of silicate melt (VND) is a basic property that
controls the efficiency of fluid-melt separation, ascent velocity and finally explosive
volcanism. We performed decompression experiments at superliquidus temperatures to
simulate phase separation of a single phase hydrous silicate melt during ascent with AD79
Vesuvius white pumice composition using decompression rates of 0.024-1.7 MPa-s'. The
white pumice buried Herculaneum and Pompeii and is representative of other catastrophic
phonolitic and trachytic explosive eruptions like the violent 39 ka Campi Flegrei and the 1815
AD Tambora eruption. Here we report a high logVND of 5.2 (in mm™) that is independent
from decompression rate within the investigated range. Even at a decompression rate of
0.024 MPa-s" the formation of a high VND inevitably causes rapid degassing due to short
H,O diftusion distances from the melt into fluid vesicles. A decompression rate meter based
on nucleation theory, which is commonly used to estimate magma ascent velocity during
volcanic eruptions using VND of volcanic ejecta, cannot be adapted to explain our
experimentally determined decompression rate independent VND. Alternatively,
decompression-induced H,O-silicate melt phase separation may be described by diffusion
controlled spinodal decomposition where maximum supersaturation is reached. This process
occurs spontaneously and free of activation energy if hydrous melt is driven into
thermodynamic instability where the second derivative of free energy of mixing to the H,O
content is <0. However, the decompression rate independent VND has profound
consequences for the dynamics of natural polyphase hydrous magma phase separation. Even
at low ascent rates spontaneous hydrous melt phase separation facilitates rapid density
decrease accompanied by sudden increase of magma buoyancy triggering explosive
eruptions.
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1.1 Introduction

1. Introduction

Violent explosive volcanic eruptions that ejected in the past up to thousand km’
magma, like Vesuvius (AD79; ~3 km? Cioni et al. 2008) Tambora (1815; 100 km*) and
Campi Flegrei (36 ka; 100-200 km?®) are extremely destructive (e.g., Miller and Wark 2008).
Actually, potentially explosive volcanic systems threaten millions of people and
infrastructure. The ejecta composed of ash, pumice and gases are end products of volcanic
systems rooted deep within magma chambers and conduits. The dynamic processes in the
Earth’s interior prior and during eruptions are not directly observable. However,
experimental simulation provides access to different stages of complex dynamic volcanic
processes. During magma ascent the solubility of H,O, the most important volatile
component dissolved in magma, decreases with decreasing pressure (P) (e.g., Iacono-
Marziano et al. 2007). Increasing supersaturation of hydrous silicate melt leads to phase
separation of an H,O fluid, an important prerequisite to initiate explosive volcanism (e.g.,
Gonnermann and Manga, 2007). The resulting vesicularity is described by the vesicle number
density (number of vesicles per unit volume of silicate melt, VND) and porosity @. Previous
experimental degassing studies of e.g., rhyolite (e.g., Hamada et al. 2010; Mourtada-Bonnefoi
and Laporte 2004; Gardner et al. 1999) report a strong increase of VND with decompression
rate (dP/dt). One order of magnitude increase in decompression rate causes an increase of
VND by 1.6 log units, such that the VND of natural volcanic ejecta is commonly used to
reconstruct the ascent velocity of a magma by using calculations based on nucleation theory
(e.g., Toramaru 2006).

First superliquidus decompression experiments with Vesuvius white pumice phonolite
(VAD79) that buried Herculaneum and Pompeii, representative of other catastrophic
phonolitic and trachytic explosive eruptions like the violent 39 ka Campi Flegrei (e.g.,
Mastrolorenzo et al. 2001) and the 1815 AD Tambora eruption (Foden 1986), have been
conducted by lacono-Marziano et al. (2007). They have shown that the experimental
investigation of hydrous melt phase separation at low decompression rates is limited by the
capsule size due to diffusional loss of H,O towards heterogeneously nucleated vesicles at the
capsule-melt interface (fringe vesicles) early formed at low supersaturation during
decompression. In the central part of the samples they observed a high logVND of ~5.8 (VND

in mm™) but no clear dependence of VND from decompression rate ranging from 1.7-
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4.6 MPa-s'. Marxer et al. (2015) found a similarly high logVND of 5.4 for VAD79 melt
towards higher decompression rates up to 10 MPa-s'. Even at low decompression rates down
to 0.17 and 0.024 MPa-s, Preuss et al. (2016) report a high logVND of ~5 for VAD79 and
Campanian Ignimbrite (Campi Flegrei) composition ensuring that supersaturation in the
central part of the melt filled capsule was not affected by diffusional H,O loss prior to vesicle
formation.

To verify the decompression rate independency of VND in crystal free hydrous
phonolitic melt which would be a new challenge for the interpretation of volcanic ejecta and
dynamics, we extend within the frame of this study the dataset for single phase hydrous
VAD79 melt with 5.3 wt% H,O at superliquidus temperatures of 1323-1373 K to simulate
phase separation during ascent using decompression rates of 0.024-1.7 MPa-s'. The
experimental results are essential to understand the initial step of phase separation generating
fluid vesicles within silicate melt that is followed by vesicle growth, Ostwald ripening,
coalescence, percolation and magma fragmentation. The VND controls the efficiency of
diffusion controlled degassing of hydrous silicate melt. This is the basic production stage of
the volcanic factory and a prerequisite to gain detailed insight into the degassing behavior of
natural magma that usually is composed of hydrous silicate melt, crystals and possibly pre-
existing fluid vesicles prior to ascent and explosive volcanic eruptions. The understanding of
homogeneous phase separation is one important part for computational modeling of

volcanic activity and finally for risk assessment of potentially explosive volcanic systems.

2. Methods

2.1 Starting material and capsule preparation

A crystal free VAD79 glass was synthesized following the protocol of Marxer et al.
(2015) with additional improvement of the final cooling step: The melt was air cooled from
1873 K to a temperature nearby the glass transition (7T;) within ~1min to inhibit
crystallization. Then the supercooled melt was transferred into a furnace preheated to 833 K,
whereupon the furnace was switched off to maintain a cooling rate of ~5 K-min™ to room
temperature, which successfully minimized tension-induced crack formation within the glass
batch.

Cylinders with 5 mm diameter were drilled out of the glass, cut to 6.5 mm length and

ground at the edges to prevent capsule damage during pressurization. One cylinder was
12
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embedded in epoxy resin and ground and polished for electron microprobe analysis (EMPA).
Successful homogenization of the anhydrous glass was confirmed by the EMPA using
measurement conditions as described in Preuss et al. (2016) (SiO.: 57.24%; TiO,: 0.29%;
ALOs: 21.08%; FeO: 2.71%; MnO: 0.15%; MgO: 0.39%; CaO: 3.19%; Na,O: 5.38%; K,O:
9.47%; P,0s: 0.1%). Porosity of the glass cylinders that is caused by some air vesicles enclosed
during synthesis was determined with a pycnometer to ensure values < 6% prior to hydration
(Preuss et al. 2016). Annealed Au80Pd20 capsules (13 mm initial tube length, OD: 5.4 mm,
ID: 5.0 mm) were closed with Au80Pd20 lids at the bottom. For slightly H,O undersaturated
conditions prior to decompression (Iacono-Marziano et al. 2007), the glass cylinders were
loaded together with 5.3 wt% H,O into the capsules which were then crimped to a three-sided
star at the top and welded shut. Possible leakage was checked by re-weighing of the bottle-
shaped capsules after heating to 383 K and again after a pressure test at 100 MPa water

pressure and room temperature.

2.2 Decompression experiments

Combined hydration and decompression experiments were conducted in an internally
heated argon pressure vessel (IHPV) equipped with a rapid quench setup and a piezo-
actuator driven high-pressure valve that facilitates continuous decompression (Nowak et al.
2011). The samples were equilibrated at 200 MPa and 1523 K for 96 h at an intrinsic oxygen
fugacity close to AlogQFM = +3.5 (Berndt et al. 2002). After hydration the run temperatures
were reduced isobarically to 1373 and 1323 K, still above the liquidus and slightly H,O
undersaturated (Iacono-Marziano et al. 2007; Marxer et al. 2015), and held for 0.5h to
thermally equilibrate the samples before decompression. Then the hydrous melts were
decompressed isothermally at decompression rates of 0.024-1.7 MPa-s' to induce H,O
supersaturation that is required for homogeneous phase separation at a supersaturation
pressure APhom. At final pressures (Pauna) of 110-70 MPa the samples were quenched
isobarically with ~150 K-s' (Berndt et al. 2002) to room temperature, extracted from the
[HPV and re-weighed to test for possible leakage.

To ensure the absence of crystals after hydration prior to decompression, VAD79
samples from the study of Marxer et al. (2015) with 2.5 mm capsule diameter (Ref02-Ref08)
that were hydrated at 1323 K, 200-75 MPa and quenched without decompression were re-
examined with transmitted light microscopy (TLM, 1000x magnification). Compared to the

13



I.2 Methods

5 mm diameter samples from Preuss et al. (2016) that contain small objects of ~1 pm in the
glass, the 2.5 mm samples are free of objects down to the limit of optical resolution. This
supports the assumption that the small objects in 5 mm samples are quench-crystals that have
formed due to slightly slower cooling of larger samples and that the hydrous melt is crystal
free prior to decompression (Preuss et al. 2016).

The air vesicles enclosed during glass synthesis and the air enclosed in the free volume
of the capsules after preparation completely dissolves in the melt during hydration at slightly
H,O undersaturated conditions (for details see Preuss et al. 2016). Thus, the phase separation

of the hydrous melt starts from a single phase.

2.3 Sample preparation

The decompressed sample capsules were cut along the cylinder axis. One half was
prepared for SEM. The other half was prepared to a double-sided polished cantilever thin
section (100-250 um thickness) for FTIR spectroscopy and TLM analysis.

2.4 FTIR spectroscopy

Total H,O contents (ci0) of the decompressed samples were analyzed with a Bruker
Vertex v80 FTIR-spectrometer connected to a Hyperion 3000 IR-microscope in the near
infrared (NIR) using a CaF, beam splitter, a tungsten light source and an InSb single element
detector, a 15x Cassegrain objective and a knife-edge aperture which was set to 50x50 um.
The samples were analyzed in transmission mode with 50 scans, with a spectral resolution of
4 cm™ and air as reference. Total HO contents were determined from molecular H,O
absorbance at ~5210 cm™ and hydroxyl absorbance at ~4470cm™ following the method of
Behrens et al. (1996) using the linear molar extinction coefficients from Iacono-Marziano et
al. (2007) (emo = 1.18 and eon = 1.14 l-mol'-cm™). Concentration profiles were monitored
perpendicular and parallel to the sample cylinder axis. H,O filled vesicles were measured

together with hydrous glass in the vesicle-rich central part of the samples.

2.5 Quantitative determination of VND and porosity

2.5.1 Quantitative SEM image analysis

Samples with average vesicle diameters of > 5 um were analyzed with back scattered

electron (BSE) analysis. BSE images of a representative area of each sample were recorded
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with a LEO 1450 VP SEM or a Hitachi TM3030plus tabletop SEM. Magnifications were
adjusted individually to resolve the smallest detectable vesicle intersections. Quantitative
image analysis was performed with Image] and CSDCorrections (Higgins 2000) as described
in Marxer et al. (2015) and Preuss et al. (2016).

2.5.2 Transmitted light microscopy analysis

A Zeiss Axio Image M2M microscope was used to quantify VND in thin sections with
vesicles that are too small for BSE image analysis. The vesicles were marked and counted in
selected sample volumes (23100 um*x sample thickness (TableI.1) at 500x and
5655 um?® x sample thickness at 1000x magnification) with the Fission Track Studio software
“Trackworks”. The number of vesicles in the analyzed volumes were normalized to the
amount of vesicles per mm?® sample volume. Vesicle diameters were determined with the
software provided measurement tool and used to calculate porosities and the VND

normalized to vesicle free glass volume of the samples.

3. Results

In the fringe zones of all decompressed vitreous samples, large fringe vesicles are
observed at the capsule glass-interface. The sample decompressed to 110 MPa is free of
vesicles in the center of the sample. The samples decompressed to Psna of < 100 MPa show a
vesicle free zone (Fig. I.1) between the fringe vesicles and a highly vesiculated volume in the
central part of the capsule (Figs. .2 and 1.3).

The size of the central vesiculated volume of the sample cylinders decreases with
decreasing decompression rate (Fig. 1.2). Additional larger vesicles appear in the lower part
of the sample decompressed with 0.064 MPa-s' (CD92) and their number and extent increase
with lower decompression rate such that only a small volume in the central part of the
0.024 MPa-s! sample (CD77) is vesiculated. The widths of the vesicle free zones range from
~800 pm in CD92 (0.064 MPa-s!) and ~500 um in CD63 and CD39 (Fig. .3; 0.17 MPa-s™)
to ~150 um in CD78 (1.7 MPa-s™!).

After decompression to Pgna of <100 MPa the central parts of the samples show
homogeneously dispersed and nearly uniformly-sized vesicles (Fig. I.4) with similar logVNDs
of 5.2 £0.25, irrespective of the decompression rate (Table 1.1). These values are slightly

lower compared to the results of ITacono-Marziano et al. (2007) (5.8) and within error
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identical to data of Preuss et al. (2016) (5.1) and Marxer et al. (2015) (5.4) (Table 1.1). The
error + 0.25 in logVND of our experiments was estimated by multiple TLM analysis of CD40
and multiple BSE image analysis of sample CD50. Both samples decompressed at 1373K
reveal within error the same VND. The duplicated experiments (CD39 and CD63, Table 1.1)
confirm the experimental reproducibility. In the samples decompressed with 1.7-
0.064 MPa-s! the H,O contents in the central part of the vesiculated glass cylinders (H,O
dissolved in glass together with H,O in fluid vesicles) correspond within error (~=* 0.2 wt%)
to the initial cmo. The glass porosities at a Prna of 80MPa are similar between 3-7%,
irrespective of decompression rate. In sample CD77 decompressed with 0.024 MPa-s™, cio is

decreased in the central part to 4.7 wt% (Fig. 1.5, Table I.1) and the glass porosity is < 0.1%.

]
e A vesicle free,drainage zone”
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Fig. I.1 TLM image of CD39 (0.17 MPa-s", Pg.= 80 MPa) cantilever thin section sample edge
showing the transition from a vesiculated sample core formed by homogeneous phase separation (left
side) to a vesicle free drainage zone. At the sample edge fringe vesicles are hardly visible as they are
filled with embedding material of the cantilever thin section.
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CD77 CD92 CD63
0.024 MPa s 0.064 MPa s 0.17 MPa s

final

P =80MPa P,..= 80 MPa th/=80‘MPa

7
e =

7\ vesiculated glass

vesicle free
Jdrainage zone"

capsule material
with fringe vesicles

1 mm

Fig. I.2 Reflected light images of samples that were cut along the cylinder axis and polished and
prepared for SEM. Bright volumes in the capsule centers of CD92 and CD63 are vesiculated glasses
with a logVND of ~5.2 + 0.25. The gradients in brightness within the vesiculated central glasses are
mainly caused by the illumination of the samples. Porosity only slightly decreases towards the rim of
the vesiculated volume due to decreasing H,O content (Fig. 1.5). The vesiculated volumes are
surrounded by a vesicle free H,O depleted drainage zone and fringe vesicles are attached to the capsule
wall (for explanation see text). At 0.064 MPa-s™ vesicles ascended from the capsule bottom are present
in the lower half of the capsule. At 0.024 MPa-s" the decompression time was long and ascending
vesicles crossed the whole sample. Thus, only a small volume is observed, where homogeneous phase
separation occurred. Vesicles in this sample are not visible in the reflected light image. The indicated
small area in CD77 corresponds to the volume in the cantilever thin section where vesicles were
observed with TLM. The dashed rectangles in CD92 and CD63 denote the areas of the zoomed images
shown in Fig. L.3.

4. Discussion

The textural features of the decompressed phonolitic samples are snapshots taken at
Prina just prior to quench. The fringe vesicles attached to the capsule walls are interpreted as
heterogeneously nucleated at a low supersaturation pressure (APhe << APhom) due to reduced
surface energy at the capsule-melt interface (e.g., lacono-Marziano et al. 2007). The vesicle
free zone with depleted H,O content towards the capsule walls is formed due to diffusional
loss of H,O into the fringe vesicles during decompression before homogeneous phase
separation occurs in the central part of the capsule. Thus, the vesicle free zone is further
referred to as drainage zone (Preuss et al. 2016). The size of the vesiculated volume, which is

formed by homogeneous phase separation in the central part of the sample, decreases with
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1.4 Discussion

lower decompression rate due to the increasing time given for diffusional H,O loss from the
melt into fringe vesicles. We interpret the large vesicles in the lower part of the sample which
appear in experiments decompressed with rates <0.17 MPa-s' as fringe vesicles, that
detached from the capsule bottom by buoyancy driven ascent during further decompression.
Besides diffusional loss of H,O in the drainage zone, these ascending vesicles define an
additional limiting factor for experiments at low decompression rates because H,O diffuses
from the melt into such ascending vesicles. Thus, the H,O content in the central part of the
capsule is reduced faster than estimated solely via H,O diffusion towards the capsule-melt
interface into fringe vesicles prior to homogeneous phase separation. The decompression rate
of 0.024 MPa-s defines the experimental limit to study homogeneous phase separation at
our experimental conditions because cu:0 in the central part of the sample CD77 is already
decreased from initial 5.3 to ~4.7 wt%. Nevertheless, the H,O loss was low enough to ensure
homogeneous phase separation within a small sample volume (Fig. 1.2) presumably at

P <100 MPa.

final

0.064 MPa s 0.17 MPa s
CD92 P__=80MPa CD63 P,..= 80 MPa

Fig. 1.3 Microscope images of the central vesiculated volumes of the samples CD92 and CD63.
Positions within the samples are marked in the overview images (Fig. 1.2). The images and data
analysis show that porosities and VND of the vesiculated volumes are similar in samples decompressed
with different rates and identical Pgna (Table 1.1).
The absence of vesicles in the central part of the sample decompressed with
0.17 MPa-s" and quenched at 110 MPa (CD48) suggests that homogeneous phase separation

occurred within a small pressure interval between 110 and 100 MPa followed by vesicle

growth without any change in VND during further decompression to 70 MPa (Table I.1).
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VAD79 CD77 CD92 CD63 CD78
dry starting glass 0.024 MPa s™ 0.064 MPa s™ 0.17 MPa s™ 1.7 MPa s™
P...=80MPa P. =80 MPa P, =80MPa P,

final final

=82 MPa

final

final

Fig. I.4 Transmitted light microscopy images of dry VAD79 starting glass and hydrous Vesuvius melt
decompressed with four different decompression rates and quenched to glass at similar final
pressures. The starting glass is free of vesicles and crystals. In hydrated and subsequently
decompressed samples, vesicles are homogeneously dispersed and vesicle number densities are equal
within error in all four samples. Vesicles in samples decompressed with > 0.064 MPa-s are nearly
uniformly-sized and revealing similar porosities (Table I.1). The bright haloes visible around the
vesicles out of focus are an optical effect (Becke line). The sample decompressed with 0.024 MPa-s!
has a significantly lower porosity due to diffusional loss of H,O into fringe vesicles during long
decompression time before homogeneous phase separation occurred. The scale bar is valid for all
images.

For the mean logVND of 5.2, we calculated a mean-vesicle distance (x) of ~10 pm after Hertz
(1908) (x = 5/9-VND ') for random vesicle distribution. This inter-vesicle distance is small
enough to adjust near-equilibrium ciy0 and thus near-equilibrium porosity within seconds
by H,O diffusion during further decompression, estimated using the H,O diffusivity Do
given in Fanara et al. (2013). Thus, H,O super-saturation in the melt cannot evolve during
further decompression to form additional vesicles. Prior to quench, near-equilibrium
porosity was present in all samples in which homogeneous phase separation occurred. In this
case, the melts containing initially 5.3 wt% H,O in the central part of the samples that were
de-compressed with different rates had the same porosity of ~26% prior to isobaric quench
at 80 MPa (calculated after Gardner et al. 1999) (Table I.1). During quench the vesicles shrink
due to (1) the decrease of molar volume (V,,) of H,O (Marxer et al. 2015) and (2) H,O
resorption from fluid vesicles into the melt during cooling (McIntosh et al. 2014), driven by

increasing H,O solubility in phonolitic melt with decreasing temperature at P < 300 MPa

(Schmidt and Behrens 2008). Samples with identical melt porosity quenched at the same Prina
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with identical cooling path result in similar glass porosities of 3-7% as observed in our
80 MPa experiments (Fig. 1.4, Table I.1). Modeling of vesicle shrinkage during cooling is
complex because of decreasing H,O diffusivity and increasing melt viscosity. However, as
first approximation it can be assumed that vesicle shrinkage is facilitated down to T; as
suggested by Marxer et al. (2015). The porosity of the melts quenched at 80 MPa is decreased
from equilibrium porosity (~26%) to 10% by the decrease of Vi, of H,O. The remaining
difference to the observed glass porosities is attributed to resorption shrinkage. However, this
process does not affect the total H,O content of the central vesiculated parts of the samples
(the sum of H,O in vesicles and in hydrous glass). The low glass porosity of < 0.1% of the
sample decompressed with 0.024 MPa-s' to 80 MPa (CD77) is attributed to diffusional H,O
loss even in the central part of the melt towards the capsule melt interface into fringe vesicles

and ascending vesicles during decompression.
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Fig. 1.5 cio profiles measured with FTIR from left to right sample edge in three samples decompressed
with different decompression rates to a Prina of 80 MPa. Grey bars indicate initial H,O content and
equilibrium H>O content at P (80 MPa) according to solubility experiments considering analytical
error (Iacono-Marziano et al. 2007). The mean error of FTIR determined cu0 is defined by error in
sample thickness, density and peak height, assuming that extinction coefficients from Iacono-
Marziano et al. (2007) are free of error. Filled symbols represent measurements with vesicles in the
beam path, open symbols indicate measurements in the vesicle free drainage zone.
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4.1 Estimation of APhom

Vesicle shrinkage during isobaric sample quench may lead to complete dissolution or
shrinkage of vesicles below the TLM resolution limit. Thus, it is difficult to extract APpom that
is required for homogeneous phase separation. However, to estimate APhom, the width of the
drainage zones can be used to estimate the time that is necessary to create the H,O diffusion
profile length defined by the width of the drainage zone. Using Do (1.89-10"° m?*s™, for
5.3 wt% H,O and 1323 K) calculated after Fanara et al. (2013), we calculate the diffusion time
t = x*/2Dm0, where x is the drainage zone width. Via the decompression rate we calculated
the pressure at which phase separation occurred. This results in APhom’s of ~110, 115 and
100 MPa for 0.064, 0.17 and 1.7 MPa-s, respectively. Although this calculation is a rough
estimate it shows, that homogeneous phase separation occurred at a similar APpnom as derived

from the experimental dataset with a decompression rate of 0.17 MPa-s™.

4.2 Phase separation mechanism

4.2.3 Homogeneous nucleation

To date, phase separation of supersaturated hydrous silicate melt is described by
nucleation theory (e.g., Navon and Lyakhovsky 1998), that is applicable for melts in the
metastable state below the binode. For a schematic illustration we calculated a simplified
isothermal binary phase diagram (silicate melt—-H,O) for a symmetric regular solution model
normalized to the critical pressure (Fig. 1.6). In the mechanical equilibrium approach of
homogeneous nucleation, activation energy is needed to create new interfaces of nucleated
H,O vesicles in silicate melt by compositional fluctuations with large concentration
differences in small volumes (Debenedetti 2000) (Fig. 1.7a). At a critical vesicle radius,
shrinkage or spontaneous growth occurs by condensation or vaporization of an H,O
molecule at the fluid-melt interface, respectively. The exponential increase of the nucleation
rate of surviving vesicles with supersaturation pressure (difference between internal vesicle
pressure and ambient melt pressure) is numerically calculated considering (1) cubed
macroscopic surface tension of 0.145 N-m™ for hydrous Vesuvius melt derived from
Bagdassarov et al. (2000), (2) a pre-term that is defined by H,O concentration (cx20) and H,O
diffusivity (Fanara et al. 2013) and (3) a correction factor to account for a steady state

nucleation process rather than equilibrium (Navon and Lyakhovsky 1998).
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Fig. 1.6 Schematic isothermal binary phase diagram calculated for a binary symmetric regular solution
(Schmalzried 1981). P is normalized to the critical pressure (P.) at critical composition (xm0 = 0.5).
The binode is defined by dAG/0x =0 and the spinode by 9°AG/0x*> = 0. The crosshatched fields
(adapted from Binder (1984)) schematically display the regimes of nucleation (2) and spinodal
decomposition (3). It has to be noted that an equation of state for the silicate melt-H,O system is more
complex but up to now not available. (1) Decompression at critical composition: At the critical point
initial phase separation leads to fractal ramified structures that transform to vesicles (Zhuang and
Kiran 1998); (2) off-critical composition at X0 = 0.1 (Xm0 normalized to 1 mole oxygen of anhydrous
melt) equivalent to 5.3 wt% H,O: the system is transferred into the metastable region where nucleation
governed phase separation leads to decompression rate dependent VNDs; (3) oft-critical composition:
the system is transferred trough the metastable region to the spinode that separates the metastable
from the unstable state. Off-critical spinodal decomposition leads to uniformly-sized vesicles with a
VND independent from decompression rate.
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Fig. 1.7 Concentration vs. distance for nucleation and growth compared to spinodal decomposition
at different time steps (f) simplified for one dimensional treatment for a binary system (after
Schmalzried, 1981, Fig. 7-13 therein). a) Nucleation and growth: activation energy is needed to create
new interfaces of nucleated H,O vesicles in silicate melt by compositional fluctuations with large
concentration differences in small volumes. b) Spinodal decomposition: small concentration
fluctuations lead to spontaneous uphill diffusion that lowers overall free energy. No additional energy
is required.
However, nucleation theory underestimates the vesicle nucleation rate required for our
experimentally observed VNDs by several orders of magnitude, which is a well-known
problem for homogeneous liquid-gas phase separation (e.g., Lubetkin 2003). Explanations
for this discrepancy likely stem from the interfacial energy of a critical sized (nm scale) vesicle
that might decrease significantly with supersaturation in the metastable state below the
binode (Fig. 1.6). This is suggested to be caused by either (1) a diffuse interface between
hydrous silicate melt and H,O clusters causing a decrease in surface tension with curvature
(decreasing radius) of the critical sized vesicle (e.g., Tolman 1949; Gonnermann and Gardner
2013) or (2) a gradual change in cluster composition within a host phase at the beginning of
phase separation that develops towards a second pure phase during growth (Schmelzer et al.
2004). However, an approximation to our observed VNDs is achieved by the application of
the nucleation theory based semi-empirical decompression rate meter (Toramaru 2006),

which is an established method to derive magma ascent velocity using VNDs of volcanic

ejecta. With the Toramaru (2006) decompression rate meter (DRM, Equation I.1), the VND
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as a function of decompression rate can be calculated, considering diffusivity, surface tension
and the H,O content via the saturation pressure. The model considers that every H,O
molecule represents a possible vesicle nucleation site and that during decompression the
nucleation stops at a VND where vesicle distances are sufficiently small for a diffusion

controlled decrease of H,O supersaturation (Toramaru 2006).

3
v g3 \ 2 P2 2. L.T.C- 2
VND = 34.C*<16 mo ) .(Vm PW) ' (PW keT-C DH20> 2 (L1)!

3-k-T-P2 4-62-(dP/db)

C: initial total H,O concentration (number of molecules per cubic meters [m™]);
o: surface tension of the vesicle- melt interface [N-m™]; T:temperature [K];
k: Boltzmann constant (1.38-10% [J-K']); Py: H,O saturation pressure [Pa]; Dio: H;O
diffusivity in the silicate melt [m*s™']; Vin: volume of an H,O molecule in the melt =
3-10% m’ (Burnham and Davis 1971); dP/dt: decompression rate [Pa-s™']

Commonly, the model is used to derive the microscopic surface tension of nm-sized critical
vesicles (which cannot be measured directly) using experimentally determined
supersaturation pressures or nucleation rates of decompressed hydrous melts by inverting
the nucleation theory (e.g., Cluzel et al. 2008; Gardner and Ketcham 2011; Shea 2017).
Compared to macroscopic surface tension, a significantly reduced surface tension of
0.047 N-m" was calculated for homogeneous vesicle nucleation (0hom) in Vesuvius melt using
Equation (13) given in Shea (2017). Using this value in the Toramaru (2006) model the trend
matches our VND data at a decompression rate of 18 MPa-s' (Fig. 1.8). However, the
decompression rate meter inherently defines an exponential increase of VND with
decompression rate (AlogVND/Alog(dP/dt) = 1.6). In case of homogeneous nucleation this
dependency should be resolved by decompression experiments that cover 0.024 to
10 MPa-s, thus 3 orders of magnitude and a logVND within the range of 5 that defines a

diffusion time scale to decrease H,O supersaturation within seconds.

! Correction to original publication: In the original publication the square of B2 in the third term is missing.
This typo does not influence the results. For all calculations the correct equation was used.
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Fig. 1.8 Vesicle number density vs. decompression rate. The grey line indicates the trend of data from
this study. Our results, extended by the VAD79 experimental data of Iacono-Marziano et al. (2007),
Marxer et al. (2015) and Preuss et al. (2016) that all fulfill the strict experimental protocol of Preuss et
al. (2016), reveal within error similar VNDs irrespective of decompression rate. The dashed line shows
the dependence of dP/dt on VND calculated with the decompression rate meter (DRM) (Toramaru
2006; Shea 2017). The solid line represents the limiting preexisting VND vs. dP/dt, calculated
numerically for a subliquidus magma temperature of 1223 K, an H,O supersaturation pressure of
95 MPa, which can in principle be achieved in the Vesuvius volcanic system (Shea 2017), and cubic
primitive arrangement of vesicles. Random distribution of vesicles decreases mean inter vesicle
distance by a factor of 5/9 (Hertz 1908). Due to random distribution, vesicle free volumina are
expected to exist that are much larger than in a cubic primitive arrangement. However, we suggest
that this has minor influence on our calculation but this needs further investigation. The pre-existing
VND, represented by the dotted line, has to be below the limiting pre-existing VND line to preserve
supersaturation required for homogeneous phase separation. This is the case for dP/dt > 0.06 MPa-s”,
defining the possible dP/dt range for the ascending AD79 Vesuvius magma causing the explosive
eruption.

4.2.4 Heterogeneous nucleation

Heterogeneous nucleation can be excluded as explanation for our observed
independency of VND from decompression rate because the experiments were carried out at
superliquidus conditions. If pre-existing oxide crystals would have been present prior to

26
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decompression, surface tension for vesicle nucleation is reduced (Hurwitz and Navon 1994)
as well as the concentration of possible nucleation sites that correspond to the two-
dimensional concentration of H,O molecules at the interface of crystal and melt. Vesicles
would nucleate at a low APy due to reduced surface energy. However, a dependency of dP/dt
on VND such as that predicted by nucleation theory is still expected (Equation I.1; Shea
2017).

The drainage zones in the experiments show that before homogeneous phase
separation occurred, H,O concentration of the melt towards the capsule melt interface was
depleted. When vesicles would have heterogeneously nucleated at a APy of ~5 MPa, as it can
be expected for the case of heterogeneous nucleation on e.g., magnetite crystals (Shea 2017),
the drainage zones would be significantly narrower than observed in our experiments. The
calculated drainage zone width in the case of heterogeneous nucleation would be ~100 pm
at 0.17 MPa-s"! or 150 pm at 0.064 MPa-s’', significantly lower than experimentally observed
(~500 pm and ~800 um, respectively). This is an additional evidence for homogeneous phase

separation in the central parts of the melts decompressed to Pgna of < 100 MPa.

4.2.5 Spinodal decomposition

The nucleation theory based DRM fails to explain the observed independency of
decompression rate on VND. An alternative homogeneous phase separation mechanism is
spinodal decomposition. This phase separation mechanism is a non-activated spontaneous
process at the thermodynamic limit of metastability (e.g., Debenedetti 2000; Cahn 1965;
Cahn and Hillard 1959) that is defined by the spinode (Fig. 1.6), where the second derivative
of the free energy of mixing AG (0°AG/dx*) = 0 at the inflection points of the free energy
curve. The theory of spinodal decomposition is used to describe lamellae formation of solid
solutions like alkali feldspar (e.g., Parsons and Brown 1991) or ternary feldspars
(Petrishcheva and Abart 2012) or the decomposition of super-cooled sodium silicate melt
(Cahn 1965) and organic polymer mixtures (e.g., Snyder and Meakin 1983). Spinodal
decomposition at critical composition, where the binode and spinode merge, produces fractal
ramified structures that are subsequently transformed into droplets to minimize the
interfacial energy (e.g., Zhuan and Kiran 1998). Furthermore, it has been suggested by Paillat
et al. (1992) and evidenced experimentally by Shen and Keppler (1997) and Bureau and
Keppler (1999) that silicate melt and H,O are completely miscible at high P and moderate T
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relevant for deep parts of subduction zones. During isochoric cooling the supercritical fluid
decomposes to hydrous silicate melt and silica-rich H,O fluid. The observed critical
opalescence is attributed to spinodal phase separation at the critical point at critical pressure,
temperature and composition (Cahn 1965) (Fig. 1.6). Even oft-critical spinodal
decomposition beyond the critical composition is observed in liquid organic polymer systems
(Tanaka et al. 1990). The prerequisite is quenching below the binode through the metastable
state to the spinode that separates the metastable from the unstable state, resulting directly in
a droplet-type morphology with homogeneously dispersed and quite uniformly-sized
vesicles in a matrix (Tanaka et al. 1990; Oh and Rey 2000) as observed in our experimental
products, irrespective of the decompression rate. This is also supported by computational
simulations of Cahn (1965) which show that interconnected structures form when the minor
phase exceeds 15 vol% and at volumes < 15% isolated structures are expected.

Similar to reaction-induced spinodal decomposition of polymer mixtures (Oh and Rey
2000; Lamorgese and Mauri 2016), phase separation of polymerized hydrous silicate melt is
a reactive process. Hydroxyl groups are the dominating species in silicate melts (Nowak and
Behrens 1995, 2001). A homogeneous polycondensation reaction 2T-OHme = HyOmele+ T-O-
T (T =Si*, AP* cations coordinated tetrahedrally by oxygen O) is required to generate
molecular H,O that separates with a small amount of silicate melt component into the fluid
phase (HOmet = H2Onuia). We suggest describing this as a decompression-induced
polycondensation phase separation, where both reactions run simultaneously. During off-
critical spinodal phase separation at the melt rich side of the system, a small but preferentially
growing amplitude of droplet like spatial concentration fluctuation with a decompression
rate independent wavelength varies continuously from the melt matrix into an H,O enriched
region over a large distance without a sharp phase boundary (Cahn 1965) (Fig. 1.7b). The
decomposition proceeds by reaction and uphill diffusion controlled amplification of
concentration gradients until a sharp phase boundary between the hydrous silicate melt and
the H,O-rich fluid phase evolves (Debenedetti 2000; Tanaka et al. 1990). After
decomposition, the system is moved away from the spinode towards the binode on both sides
of the phase diagram where an H,O-rich fluid coexists with a hydrous melt, in which
supersaturation caused by further decompression is then reduced by H,O diffusion into the

vesicles that were formed by spinodal decomposition.
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An equation of state and thus a predictive theory for phase separation of hydrous
silicate melt at large supersaturations nearing an unstable state is, up to now, not available
because of complex structural silicate melt properties that depend strongly on H,O content
(e.g., Mysen 2014). Thus, we have only a qualitative picture of spinodal decomposition of
hydrous silicate melt. Relaxation times at the onset of spinodal decomposition are estimated
to be in the range of picoseconds for liquid-gas (Debenedetti 2000), micro- to milliseconds
for liquid-liquid, and seconds to hours for solid-solid phase separation (Schmalzried 1981)
depending on the wavelength of compositional fluctuations. We suggest that, in the case of a
supersaturated silicate melt, the wavelength is linked to the diffusivity of H,O and the
viscoelastic properties of the melt controlled by the dynamics of T-O-T bond breaking
(Malfait and Halter 2008). The short time span of the initial off-critical spinodal
decomposition that defines the number density of H,O enriched regions that evolve to H,O-
rich fluid vesicles with sharp phase boundaries is the prerequisite for the observed
decompression rate independency of VND, and an important mechanism prior to explosive
eruptions.

An explanation that spinodal decomposition might be facilitated in phonolitic melt but
not in rhyolitic systems, for which this independency has not been observed (e.g., Gardner et
al. 1999; Mourtada-Bonnefoi and Laporte 2004; Hamada et al. 2010), could be that the
location of the critical curve of silicate melt-H,O systems is shifted to significantly lower P
and T conditions with decreasing SiO, content (Bureau and Keppler 1999). Thus, the
experimentally studied metaluminous phonolitic system is expected to be closer to the critical
behavior than rhyolitic systems. Furthermore, asymmetric non-ideal mixing might be
considered and thus, the shape of binode and spinode differ from those shown in Fig. 1.6 for
a regular solution model. The metastable region might be narrower and it might be more
probable to transfer the system through the metastable region without homogeneous

nucleation of vesicles to occur.

4.3 Implications for nature

An independency of VND from decompression rate has important consequences for
the understanding of the phase separation mechanism and magma ascent dynamics prior to
volcanic eruptions. Our superliquidus experiments document that in a single-phase hydrous

phonolitic melt a decompression rate of 0.024 MPa-s™ is sufficient to form a high logVND of
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5.2 £+ 0.25. This is comparable with the logVND of natural phonolitic Vesuvius pumice in the
range of 5-6 (Gurioli et al. 2005), and 4-6 for trachytic Campi Flegrei ash grains and pumice
(Mastrolorenzo et al. 2001). From our knowledge, vesicularity data of thephriphonolitic
Tambora ash and pumice are not available. However, estimated pre-eruptive cuo is ~6 wt%
(Foden 1986) and despite the larger volcanic explosivity index, the 1815 explosive eruption
style is similar to the Vesuvius AD79 eruption. Thus, similar VNDs are expected. However,
textures of natural ejecta might be strongly influenced by (1) non continuous magma ascent
(e.g., Nowak et al. 2011) and (2) Ostwald ripening, coalescence, percolation and open system
degassing that might occur after phase separation during magma ascent and ejection (e.g.,
Navon and Lyakhovsky 1998).

Furthermore, a slowly ascending fluid saturated natural magma commonly contains
crystals and pre-existing heterogeneously nucleated fluid vesicles. Equilibrium H,O content
is adjusted by diffusion in melt shells (dehydration shells) around pre-existing vesicles. In
this case, homogeneous phase separation is exclusively facilitated in melt volumes in which
sufficient supersaturation is preserved (Fig. 1.9). The size of these volumes depends on an
inter-play between pre-existing vesicles, decompression rate, and H,O diffusivity. The
decompression rate defines the upper limit of pre-existing VND at which supersaturated melt
volumes are still preserved (Fig. 1.8). This is exemplarily calculated for Vesuvius melt with
(1) 5.3 wt% H,O, (2) a supersaturation pressure for homogeneous phase separation of
95 MPa, as derived from our experiments, and (3) for a temperature of 1223 K which is
reasonable for natural crystal bearing Vesuvius magma (Scaillet et al. 2008). In case of a
maximum possible VND between 0.1 and 0.3 mm™ of pre-existing um-sized vesicles at the
onset of decompression (corresponding to the crystal number density in natural Vesuvius
melt (Iacono-Marziano et al. 2007) acting as sites for heterogeneous vesicle nucleation), rates
> 0.06 MPa-s! are required to preserve initial H,O concentration of interstitial melt. The
decrease of inter-vesicle wall distance due to the growth of pre-existing vesicles can in first
approximation be neglected for this example.

In magmas ascending with the rates at which homogeneous phase separation is
possible, the independency of VND from decompression rate defines a phase separation
horizon. The depth of the horizon corresponds to the largest possible supersaturation during
decompression, leading within a very short time span to a high VND. Consequently, H,O

supersaturation is rapidly removed by the uptake of H,O into growing vesicles due to short
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diffusion distances. Further vesicle growth is caused by ongoing diffusion of H,O into vesicles
driven by decrease of H,O solubility in the silicate melt and by the expansion of the fluid
phase during further decompression. This results in a significant density decrease of magma
that initiates a significant acceleration of magma ascent, which may end up in explosive
volcanic eruptions. However, vesicle textures related to spinodal decomposition at the initial
stage of phase separation might be significantly obscured and a direct comparison of our

experimental textures and VNDs with natural samples is difficult, if not impossible.
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Fig. 1.9 Schematic illustration of pre-existing vesicles on each crystal in a fluid saturated ascending
subliquidus magma. During decompression, supersaturation is reduced by H,O diffusion towards
pre-existing vesicles, creating dehydration shells. Depending on decompression rate and the number
of pre-existing vesicles, volumes can remain in which initial H,O content is preserved and
supersaturation increases until homogeneous phase separation occurs.

5. Conclusion

The observation of a decompression rate independent VND contrasts with previous
experimental studies on other melt compositions (e.g., Hamada et al. 2010, Mourtada-

Bonnefoi and Laporte 2004; Gardner et al. 1999) and up to now it remains unclear, whether
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this independency is only valid for phonolitic melt. Therefore, there is a need to investigate a
possible independency of VND from decompression rate for a broader range of melt
compositions applying the strict experimental protocol of Preuss et al. (2016). Furthermore,
not only decompression but also heating and changes in bulk chemistry during magma
mingling and mixing can drive the hydrous silicate melt system into the metastable state
towards instability and are possible triggers for phase separation. However, our experimental
results are an indication but not a proof for spontaneous diffusion controlled spinodal
decom-position at the limit of thermodynamic stability, where maximum supersaturation is
reached and the second derivative of free energy of mixing to the H,O content is < 0. Quench
effects may erase H,O rich and H,O poor domains in the early stage of decomposition due to
an increase in H,O solubility with decreasing temperature. In order to have a chance to
distinguish between the different phase separation mechanisms, nucleation and spinodal
decomposition, phase separation of hydrous silicate melt needs to be examined in-situ at high
P and T by e.g., with laser or neutron scattering. Scattered light intensities reveal a distinct
scattering maximum that grows with time in the case of spinodal decomposition and during
nucleation and growth a scattering intensity that increases with time but shows a continuous
decrease with increasing scattering angle (e.g., Xiong and Kiran 1998; Pan et al. 2006).
Assuming homogeneous nucleation and curvature reduced surface tension
(Shea 2017), extremely high magma decompression rates of 18 MPa-s' are necessary to
model the observed logVNDs in our experiments and that of natural Vesuvius pumice in the
range of 5-6 (Gurioli et al. 2005) with the DRM. In the case of heterogeneous nucleation at
e.g., magnetite crystals where surface tension is significantly reduced (Shea 2017), still
decompression rates of 6.7 MPa-s™ are required to explain such high VNDs. In contrast, our
new finding is that such high VNDs can be generated by homogeneous phase separation
within melt regions between preexisting vesicles down to extremely low decompression rates
of 0.06 MPa-s'. This agrees with VND independent estimations of magma decompression
rate for VAD79 of 0.25 MPa-s, derived by Shea et al. (2010a) from a conduit model of Papale
and Dobran (1993). Our modeling, exemplarily for Vesuvius magma, suggests that for
volcanic ejecta the mismatch between observed VND and ascent rate determined by DRM
and independent methods de-pends on the number density of oxides (OND) that are effective
heterogeneous vesicle nucleation sites. This number is controlled by cuz0, T, P and oxygen
fugacity of magma between liquidus and solidus. A change of these parameters may increase
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or decrease OND and thus the number of heterogeneously formed vesicles. An increase of
OND should match the proposed VND model of Shea (2017) when heterogeneously formed
vesicles prevent the hydrous melt from supersaturation driven homogeneous phase
separation, thus controlling the magma ascent rate. In contrast, a decrease of OND facilitates
homogeneous phase separation of supersaturated melt with a dP/dt independent VND
resulting in an increasing mismatch between observed VND and DRM. Our experimental
findings represent a new challenge for the interpretation of volcanic dynamics and ejecta,
further developments of computational modeling of explosive volcanic processes and

improvement of risk assessment.

6. Supplement

Supplementary MS Excel file with detailed conditions and results of the isothermal
decompression experiments is available online (open access):

https://ars.els-cdn.com/content/image/1-s2.0-S0012821X18305132-mmc1.xlsx
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Il. The effect of initial H2O concentration on decompression-induced
phase separation and degassing of hydrous phonolitic melt

A. Allabar, E. Salis Gross, M. Nowak

Abstract

Supersaturation of H,O during magma ascent leads to degassing of melt by formation
and growth of vesicles that may power explosive volcanic eruptions. Here we present
experiments to study the effect of initially dissolved H,O concentration (cu0imi) on vesicle
formation, growth and coalescence in phonolitic melt. Vesuvius phonolitic melts with cu20ini
ranging between 3.3 and 6.3 wt% were decompressed at rates of 1.7 and 0.17 MPa-s"! and at
temperatures > 1323 K. Decompression started from 270 and 200 MPa to final pressures of
150-20 MPa, where samples were quenched isobarically. Optical microscopy and Raman
spectroscopic measurements confirm that the glasses obtained were free of microcrystal and
Fe-oxide nanolites, implying that the experiments were superliquidus and phase separation
of the hydrous melt was homogeneous. A minimum number of the initially formed vesicles,
defined by the number density normalized to vesicle free glass volume (VND), is observed at
~5 Wt% cr20imi With a logVND of ~5 (in mm™). The logVND increases strongly towards lower
and higher cuoimi by one order of magnitude. Furthermore, an important transition in
evolution of vesiculation occurs at ~5.6 Wt% cmoini . At lower cmoimi, the initial VND is
preserved during further decompression up to melt porosities of 30-50%. At higher cu20ini,
the initial vesicle population is erased at low melt porosities of 15-21% during further
decompression. This observation is attributed to vesicle coalescence favored by low melt
viscosity. In conclusion, cmom determines the VND of initial phase separation and the
evolution of vesiculation during decompression that controls the style of volcanic eruptions.

1. Introduction

Explosive volcanic activity is powered by rapid melt degassing of mainly H,O, prior to
and during fragmentation (e.g., Alidibirov and Dingwell 1996; Gonnermann and Manga
2007). Supersaturation of hydrous silicate melt induced e.g., by decompression drives vesicle
formation and growth (e.g., Sparks 1978; Hurwitz and Navon 1994; Mourtada-Bonnefoi and
Laporte 2004; Iacono-Marziano et al. 2007; Hamada et al. 2010; Gardner and Ketcham 2011;
Preuss et al. 2016; Shea 2017; Hajimirza et al. 2019). The number of vesicles per unit volume
of melt (VND), and thus the inter-vesicle distance, defines the degassing efficiency (e.g.,
Toramaru 2006; Allabar and Nowak 2018). The coupled magma density decrease amplifies
ascent, volatile expansion, and fragmentation, and powers explosive volcanic eruptions (e.g.,

Kueppers et al. 2006; Genareau et al. 2012).
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According to nucleation theory, which describes phase separation in the
thermodynamically metastable state, the VND increases strongly with the decompression
rate dP/dt (e.g., Hurwitz and Navon 1994; Toramaru 2006). In contrast to this dependence,
a decompression rate independent VND was reported by Allabar and Nowak (2018) for
hydrous phonolitic melt with white pumice composition of the Vesuvius 79AD eruption
(VAD79). This composition is representative for other natural phonolitic and trachytic
volcanic systems like the Campi Flegrei or Tambora that are known for violent explosive
eruptions (e.g., Mastrolorenzo et al. 2001; Foden1986). The observed independence of VND
on decompression rate in the investigated range of 0.024-10 MPa-s™' is inconsistent with the
theory of vesicle nucleation as phase separation mechanism. Alternatively, phase separation
may be described by the theory of spinodal decomposition in the thermodynamically
unstable state, for which the VND is expected to be independent from decompression rate
(Allabar and Nowak 2018). Their experimentally observed logVNDs (in mm™) of ~5.2 at
initial H,O concentration (ci0ini) of ~5.3 wt% match the lower end of the range of logVND
of 5.15-7.08 recorded in natural VAD79 pumice (Gurioli et al. 2005; Shea et al. 2010a).
However, natural eruptive products of the different stages of the AD79 Vesuvius eruption
have been reported to originate from melts with cmoim ranging between 3.0 and 6.4 wt%
(Cioni 2000). So far, degassing of superliquidus phonolitic melt by homogeneous phase
separation has been investigated as a function of decompression rate (Iacono-Marziano et al.
2007; Marxer et al. 2015; Preuss et al. 2016; Allabar and Nowak 2018) and slight variations in
decompression temperature (1323-1373 K; Allabar and Nowak 2018). A systematic
investigation of the effect of cmoimi on homogeneous phase separation of phonolitic melt
during decompression is lacking. Dissolved H,O significantly influences physicochemical
parameters of silicate melt such as viscosity (e.g., Giordano et al. 2008), H,O diffusivity (e.g.,
Nowak and Behrens 1997; Fanara et al. 2013), and surface tension (e.g., Bagdassarov et al.
2000). It is thus expected that crom of silicate melt controls homogeneous phase separation
by vesicle formation and the evolution of vesiculation during decompression. Therefore,
experimental data of decompressed hydrous phonolitic VAD79 melt are compiled that fulfill
the experimental protocol of Preuss et al. (2016) ensuring homogeneous phase separation
(Tacono-Marziano 2007; Marxer et al. 2015; Preuss et al. 2016; Allabar and Nowak 2018).

These data are extended by additional decompression experiments at temperatures (1)
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between 1323 and 1523 K using VAD79 melt with varying cmoimi ranging between 3.3 and
6.3 wt% and a dP/df of 0.17 MPa-s™.

2. Experimental methods

2.1 Starting material

Crystal-free homogeneous starting glasses of the VAD79 white pumice composition
(Iacono-Marziano et al. 2007) were synthesized following the procedure of Marxer et al.
(2015) in combination with the cooling optimization described by Allabar and Nowak
(2018). Analyticalgrade oxide (SiO»-glass, TiO,, ALOs, FeO, MgO, MnO) and carbonate
(CaCO:s, Na,CO;3, K,COs) powders as well as (NH4),HPO, as phosphorous source were used
as raw materials for glass synthesis. To obtain accurate weight portions, the strongly
hygroscopic SiO;, ALOs, and MgO powders were dried at 1073 K for 18 h, and the carbonate
powders were dried at 383 K for 24 h and, subsequently, cooled and stored in a desiccator.
The dried powders were weighed to obtain 50 g of glass for each batch. The powders were
ground and mixed in a ZrO; ball mill for homogenization. One powder mixture used for the
glass batch (VAD79_12) was ground in a corundum ball mill to minimize possible ZrO,
contamination. Enrichment of ZrO, may lead to nanometer-sized Zr phases (Cormier et al.
2015; Dargaud et al. 2011) prior or during decompression of hydrous melt. Crystalline phases
even at a nanometer scale may initiate heterogeneous H,O vesicle nucleation (e.g., Shea 2017)
that has to be avoided to study homogeneous phase separation.

The powder mixtures were decarbonated and fused in a Pt9ORh10 crucible by heating
to 1873 K. After 6 h heating, the melts were rapidly quenched in deionized water. The cracked
glasses were crushed and ground in the respective ball mills and melted again for 1 h at
1873 K. To inhibit crystallization, the melts were then air-cooled within 1-2 min close to the
glass transition temperature (Ty) of 937 K, calculated after Giordano et al. (2008) assuming
an H,O content of 1000 ppm. Subsequently, the supercooled melts were transferred into a
furnace preheated to 833 K. The furnace was then switched off to maintain a cooling rate of
~5 K-min™. This cooling procedure was fast enough to inhibit partial crystallization, and
stress-induced cracking within the glass batches was minimized when cooling to room
temperature. The compositions of the VAD79 glasses measured prior to the decompression

experiments are given in Table II.1.
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Cylinders with a diameter of 5 mm were drilled from the glass batches and cut to
lengths of 5.3-6.7 mm. The sharp cylinder edges were rounded with abrasive paper to prevent
capsule damage during pressurization. The porosity of the glass cylinders, caused by some
air vesicles trapped during melt synthesis, was determined by pycnometry to confirm
porosities < 6% prior to the combined hydration and decompression experiments (Preuss et
al. 2016).

Table II.1 Bulk glass compositions (in wt%) of synthesized VAD79 glasses, used for decompression

experiments based on white pumice composition given in Iacono-Marziano (2007) (VAD79™”) and
measured by electron microprobe analysis after glass synthesis and normalized to 100%.

VAD79™M7  VAD79_03 VAD79_06 VAD79_ 07 VAD79_08 VAD79_10 VAD79_12*
Si0,  57.15(39) 57.66 (43)  56.97 (44) 57.19(56) 57.82(27)  57.4(39) 57.73 (34)
TiO,  0.30(05)  029(03)  030(02)  029(02)  028(02)  0.29(02) 0.28 (03)
ALO;  21.34(25) 2096 (31) 21.27(19) 21.15(19)  20.69 (23)  20.77 (24)  20.77 (34)

FeO 270(17)  270(18)  274(17)  2.72(21)  2.69(11)  2.72(05) 2.62 (11)
MnO  0.14(06)  0.14(03)  0.16(03)  0.15(04)  0.14(04)  0.14(02) 0.14 (03)
MgO  039(05)  039(03)  039(03)  036(04)  038(04)  0.37(04) 0.3 (02)

CaO 3.26 (12) 3.2(18) 3.27 (10) 3.15(10) 3.10 (09) 3.19 (08) 3.17 (10)
Na,O 5.16 (15) 5.38 (18) 5.31 (20) 5.37 (18) 5.37 (19) 5.40 (20) 5.32 (17)
K,O 9.46 (15) 9.17 (57) 9.52 (16) 9.41 (12) 9.39 (14) 9.62 (16) 9.49 (23)
P,0s 0.09 (04) 0.10 (03) 0.08 (03) 0.09 (03) 0.09 (03) 0.10 (07) 0.08 (03)
ZrQO, n.d. n.d. n.d. 0.12 (05) 0.10 (05) n.d. 0.06 (02)

ZrO; concentrations are mean of measured concentrations above detection limit of ~350 ppm.
n.d.: ZrO; was not analyzed in these glasses
numbers in brackets are 10 standard deviations

*: synthesized using a corundum ball mill; all other batched were synthesized using a ZrO, ball mill

2.2 Capsule preparation

A sufficiently large capsule volume has to be ensured, which is capable of containing
the melt with equilibrium porosity (@.q.) without bursting during decompression to the
relevant final pressure (Ppna). Therefore, the @ at each Puna was calculated using the
expected porosity Equation of Gardner (1999) (Equation 5 therein). The H,O solubility
dependence from solubility experiments of lacono-Marziano et al. (2007) and Marxer et al.
(2015), the equation of state (EOS) for H,O of Duan and Zhang (2006), and the melt density
calculation of Ochs and Lange (1999) were used for calculation. The resulting sample
volumes were considered for the relationship of capsule to glass cylinder length. Cleaned and
annealed Au80Pd20 tubes (13 mm length, 5 mm inner diameter) were closed with an electric

arc-welded lid at the bottom. Glass cylinders were inserted into the capsules together with
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the desired amount of water. The top of each capsule was crimped to a three-sided star and
welded shut while cooling with liquid nitrogen to prevent H,O loss by vaporization. A typical
weight loss by welding-induced capsule metal loss is ~0.3 mg for the used design. If the weight
loss of glass and water filled capsules m.1 was determined to be > 0.3 mg after welding, .-
0.3 mg was attributed to H,O loss as expressed in the negative errors given in Table II.2 for
the gravimetrically determined initial H,O concentration (cmogav). However, it may be
possible that more than 0.3 mg Au80Pd20 is lost instead of H,O during welding. This would
result in an overestimation of the negative error of ciogv. T0 check for possible leakage, the
capsules were stored in a compartment dryer at 383 K, pressurized to 100 MPa at ambient T
in a cold seal pressure vessel and again stored in a compartment dryer. After each step, the
weight of the capsule was checked to exclude leakage prior to the decompression

experiments.

3. Decompression experiments

3.1 Experimental technique

The combined hydration and decompression experiments were performed in an
internally heated argon pressure vessel (IHPV) equipped with a rapid quench setup and a
piezoactuator driven high-pressure valve for continuous decompression (Berndt et al. 2002;
Nowak et al. 2011). The intrinsic redox condition of the IHPV is 3.5 log units above the quartz
fayalite magnetite (QFM) buffer at H,O saturated run conditions (Berndt et al. 2002). All
samples were hydrated for at least 94 h at T ranging between 1500 and 1550 K at a starting
pressure (Pgar) of 200 MPa, except of CD83 and the samples with cioimi > 5.6 wt%, which
were hydrated at 198 and 270 MPa, respectively. After hydration, T was decreased to
superliquidus decompression temperatures (T4) ranging between 1323 and 1523 K
(Table II.2) and thermally equilibrated for at least 0.5 h before isothermal decompression was
initiated. Two control thermocouples recorded sample temperature gradients of < 20 K over
a distance of ~12 mm. Because the sample length is lower (< 6.7 mm) than the distance of the
two thermocouples, the T gradient within the samples is < 10 K.

For the decompression rates >0.17 MPa-s!, the micrometer screw of the
decompression valve was used to release pressure manually. During decompression, T
decreased by ~5-10 K due to adiabatic cooling that could not fully be compensated by the

digitally controlled furnace power. Only during decompression of sample CD95, which was
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decompressed to the lowest Pgina of 20 MPa, the maximum T drop was ~50 K at Ppinat. At Phnal,
the decompression valve was closed and the capsules were isobarically quenched using an
electrical power supply to melt the quench platinum wire, at which the capsules were
suspended in the sample holder. Successful capsule drop was confirmed by a monitored T
decrease ranging between 2 and 10 K in the hot zone of the furnace. The maximum achievable
cooling rate of the IHPV is about 150 K-s*' (Berndt et al. 2002). However, this cooling rate
induces stress-induced cracks within the quenched glass samples. This leads to disintegration
of the samples during further preparation. Therefore, a 35 mm brass cylinder was mounted
at the bottom of the sample holder to reduce the cooling rate and thus crack formation during
quench. The medium quench rate (MQ) of 44 + 11 K-s!' (Allabar et al. 2020b) inhibited

disintegration of the samples during preparation.

3.2 Experimental decompression condition

The data for published decompression experiments using VAD79 white pumice
composition (Iacono-Marziano et al. 2007; Marxer et al. 2015; Preuss et al. 2016; Allabar and
Nowak 2018) that fulfill the experimental protocol given in Preuss et al. (2016) are compiled
in Table II.2. The experimental protocol ensures homogeneous phase separation by vesicle
formation in the central part of the sample without effects of the experimental design or
capsule size. Therefore, only data of experiments using glass cylinders were considered to
exclude VND data influenced by pre-existing vesicles induced by the use of glass powder as
starting material (Preuss et al. 2016). Additionally, the limitation of decompression rate
defined by the sample diameter is considered, ensuring a central sample volume that is
unaffected by diffusional H,O loss into early-formed fringe vesicles at the capsule wall and
by vesicles ascending from the capsule bottom into the central melt volume (Iacono-
Marziano et al. 2007; Marxer et al. 2015; Preuss et al. 2016; Allabar and Nowak 2018). At a
decompression rate of 0.024 MPa-s!, homogeneous phase separation is facilitated only in a
small central melt volume that is already affected by diffusional H,O loss into fringe vesicles
using 5 mm diameter samples with 5.3 wt% ci20mi (Allabar and Nowak 2018). This defines
the decompression rate limit for capsules with 5mm diameter at the given H,O
concentration. With decreasing cmoimi, the H,O diffusivity and, consequently, the H,O-

depleted drainage zone width decrease. This expands the feasible decompression rate towards
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lower values, at which homogeneous phase separation can still be observed in the central
sample volume.

The compiled published VAD79 superliquidus decompression experiments were
extended during this study by additional experiments to obtain four experimental series and
an undecompressed reference sample (Table 11.2): (1) To investigate the influence of cr0ini
on the degassing behavior of phonolitic melt, the C-series was performed with fixed T of
1323 Kand a dP/dt of 0.17 MPa-s’, while the ci0imi was changed. Therefore, the experimental
set given in Allabar and Nowak (2018) with a cmom of 5.3 wt% H,O was extended by
experiments with higher (~6.3 wt%) and lower cm0ii (~3.3 and ~4.3 wt%; Table I1.2; Fig. I1.1).
These samples were decompressed to Ppna ranging between 20 and 150 MPa. The 5.3 wt%
cmzoimi data set of Allabar and Nowak (2018) at a dP/dt of 0.17 MPa-s"' was extended by an
experiment with a Psna of 60 MPa (CD73). The sample CD83 was hydrated with excess H,O
to prove that there is no difference in VND after decompression from H,O supersaturated
(CD73 of this study and experiments by lacono-Marziano et al. 2007 and Marxer et al. 2015)
and H,O undersaturated conditions (Preuss et al. 2016, Allabar and Nowak 2018, this study).
To obtain a similar cioii, CD83 was hydrated at 198 MPa, where H,O solubility is 5.34 wt%
(Iacono-Marziano et al. 2007; Marxer et al. 2015). In this case, the homogenization time after
T decrease from hydration T to T4 was 1.5 h to ensure re-equilibration and homogenization
of H,O concentration due to increasing solubility with decreasing T (Schmidt and Behrens
2008). The experiment CD-C-23 of Preuss et al. (2016) also fulfills the experimental
parameters of the C-series. (2) Experiments of the D-series were performed with a cuz0imi of
~5.3 wt%. This series is a compilation of experiments performed at 1323 K with variable
decompression rates. The experiments from Allabar and Nowak (2018), and experiments
listed therein, were extended by the experiment CD28 decompressed with 1.7 MPa-s. (3) To
ensure Tq being well above the liquidus, experiments at 1373 K were performed (Allabar and
Nowak 2018) at decompression rates of 1.7 MPa-s' (TD-series) and (4) 0.17 MPa-s* (T-
series). The experiment CD44 was decompressed at 1523 K with the latter rate.

The sample Ref A2 was hydrated with 5.3 wt% H,O at 1523 K and 200 MPa. The
sample was quenched with MQ without decompression after the T decrease to 1323 K and a
homogenization time of 0.5 h. Therefore, this sample represents the initial state of the

samples with cioimi of 5.3 wt% prior to decompression.
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Fig. I1.1 Experiments of the C-series plotted at final pressure (Pgga1) and initial H,O concentration
(Cr2omi) (Table I1.2). Symbol fillings indicate textural features of the samples. The samples were
decompressed with 0.17 MPa-s' at 1323 K and quenched with 44 K-s' (MQ). The H,O solubility
curve (solid line) is derived from solubility experiments of Iacono-Marziano et al. (2007) and
Marxer et al. (2015) (Cuo[wt%] = 0.2321-P[MPa]®****) and extrapolated towards high Cuo (dashed
end of line). The cross with the index “liquidus™“ marks the P with corresponding equilibrium Cio0
at which the liquidus was experimentally determined (lacono-Marziano et al. 2007; Marxer et al.
2015). Pervasive vesicle clouds within the central sample volumes are observed in all vesiculated
samples with Crom: < 5.6 wt%. These clouds are stable down to low Prna. At higher Coms, the initially
formed main vesicle population is erased at relatively high Prisa of 2 100 MPa.
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Table II.2 Experimental conditions and results. All samples were hydrated prior to decompression
for at least 94 h at 1500-1550 K at Pgar.

series  sample bg;:z; vesicle Pyart Paat Tq Phinal dp/dt tq
. q .
VAD79_ population [MPa] [MPa] [K] [MPa] [MPa-s'] [min]
no vesicles observed
RefA_2 10 - 200 192 1323 - -
C CD93 12 - 200 88 1323 60 0.17 2.7
C CD86 10 - 200 147 1323 80 0.17 6.5
C CD48 7 - 200 199 1323 110 0.17 8.7
vesiculated samples
C CD9%4 12 main 200 94 1323 40 0.17 53
C CD95 12 main 200 91 1323 20 0.17 7.0
C CD87 10 main 200 138 1323 60 0.17 7.7
2nd(cap)
C CD85 10 main 200 138 1323 40 0.17 9.6
2nd(cap)
2nd(ves)
C CD-C-23 3 main 200 167 1323 100 0.17 6.6
C CD40 8 main 200 187 1323 100 0.17 8.5
C CD42 8 main 200 189 1323 90 0.17 9.7
C CD63 7 main 200 195 1323 80 0.17 11.2
C CD39 8 main 200 175 1323 80 0.17 9.3
C CD91 12 main 200 197 1323 80 0.17 11.4
2nd(cap)
C CD83 12 main 198 198 1323 80 0.17 11.6
C CD50 7 main 200 195 1323 70 0.17 12.2
C CD73 10 main 200 200 1323 60 0.17 13.7
2nd (cap)
2nd (ves)
C CD102 12 main 270 255 1323 150 0.17 10.3
C CD101 12 main 270 258 1323 145 0.17 11.1
C CD97 12 coalesced 270 260 1323 120 0.17 13.7
C CD98 12 main 270 237 1323 140 0.17 9.5
C CD100 12 main(clouds) 270 224 1323 100 0.17 12.2
coalesced
D CD92 10 main 200 183 1323 80 0.064 26.7
D CD78 10 main 200 184 1323 82 1.7 1.0
D B74 - main 200 200 1323 70 1.69 1.3
D B72 - main 200 200 1323 75 4.63 0.4
D SSD06 2 main 200 200 1323 75 10 0.2
D CD28 3 main 200 194 1323 95 1.7 1.0
D CD-C-25 3 main 200 158 1323 100 0.024 40.5
D CD77 10 main 200 160 1323 80 0.024 55.6
TD CD59 6 main 200 189 1373 110 1.7 0.8
TD CD55 6 main 200 190 1373 100 1.7 0.9
TD CD57 6 main 200 196 1373 100 1.7 0.9
TD CD51 7 main 200 193 1373 75 1.7 1.2
T CD52 7 main 200 189 1373 90 0.17 9.7
T CD53 7 main 200 187 1373 80 0.17 10.5
T CD44 8 half capsule 200 174 1523 80 0.17 9.3

Pyar: hydration pressure and starting pressure of decompression; Ps.: saturation P calculated from dependency of H.O
solubility experiments by Iacono-Marziano et al. (2007) and Marxer et al. (2015), for supersaturated experiments Psun =
Pu; Ta decompression temperature; Prna: final pressure, at which samples were isobarically quenched; dP/dt:
decompression rate; ta: decompression time = (Psat-Prinat)/(dP/dF); c20grav: gravimetrically determined H.O concentration in
the capsule; cizom: total H2O concentration measured by FTIR with vesicles in beam; (ves) in the drainage zone of a large
vesicle; (cap) in drainage zone towards the capsule wall;
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(Table II.2 continued) The cmz0 printed in bold numbers are the caom: of the experiments.

CH20grav CH20IR q)glass VND lOgVND

(wt%] ; [wt%] [vol%] [mm] (mm?)  Ceferences
5.27 0.10 0.10 5.26+ 0.05 - - -
334 010 010 3.28+003 ; ] ]
4.35 0.11 0.23 4,47 +0.03 - - -
5.32 0.09 0.09 5.37 £ 0.06 - - - AN18
340 010 010 3434005  03+0.1  9.11E+05 5.96
3.36 0.12 0.12 - 154 +2.1 2.35E+06° 6.37
4.31 0.10 0.10 - 54+1.3 3.26E+05% 5.51
; 03+0.1  523E+05° 5.72
4,30 0.13 0.34 - 244 +2.72 2.83E+05° 5.45
427 +0.07 3.2+0.5 1.38E+06°¢ 6.14
427 +0.07 0.2 +0.1 4.61E+05* 5.66
4.76 0.10 0.10 4.83 + 0.06 <0.1 1.01E+05% 5.00 PR16
5.27 0.09 0.09 5.17 + 0.09 <0.1 1.40E+05% 5.15 AN18
5.31 0.09 0.09 5.20 + 0.09 1.1+0.1 9.59E+04° 498
5.30 0.10 0.10 - 7.0+0.7 1.74E+05° 5.24 AN18
5.34 0.09 0.09 497 +0.13 4.5+ 0.5 1.49E+05° 5.17 AN18
5.33 0.10 0.10 - 9.0+ 1.1 2.56E+05b¢ 5.41
5.20+£0.13 1.3+04 9.26E+05% 5.97
5.34* 0.17 0.17 5.46 + 0.07 32+1.0 6.08E+05% 5.78
5.30 0.09 0.09 - 13.1+14 6.70E+042 4.83 AN18
5.46* 0.17 0.17 - 185+2.2 3.03E+05% 5.41
499 +0.18 1.0+0.3 8.14E+05% 5.91
- 9.0+1.0 1.16E+06°¢ 6.07
6.30 0.10 0.41 6.24 + 0.03 0.2+0.1 4.99E+05* 5.70
6.30 0.11 0.29 6.28 £ 0.11 2.3+0.7 6.08E+05% 5.78
6.30 0.09 0.15 - 89+14 8.27E+01° 1.92
6.27 0.10 0.47 5.96 + 0.06 0.3+0.1 6.85E+05% 5.84
5.77 0.10 0.17 5.43 £ 0.07 0.2 +0.1 8.08E+05% 5.91
- 9.3+2.3 5.54E+01° 1.74
5.27 0.10 0.10 5.10 + 0.09 4.6 +0.6 2.25E+05° 5.35 AN18
5.30 0.11 0.11 5.12 + 0.05 3.3+0.6 2.11E+05%® 5.32 AN18
5.46* 0.16 0.16 5.09* £ 0.5 50+1.0 5.65E+05 5.75 IMO07
5.46* 0.16 0.16 5.22* +0.35 6.0+ 1.0 7.71E+05 5.89 IMO07
5.46* 0.16 0.16 - 15.0+ 1.5 2.57E+05° 5.41 MA15
5.34 0.10 0.10 5.29 + 0.06 0.5+0.1 1.12E+05% 5.05
4.66 0.10 0.10 4.68 + 0.05 <0.1 1.30E+05% 5.11 PR16
5.29 0.11 0.17 4,715+ 0.03 <0.1 2.45E+05* 5.39 AN18
5.44 0.10 0.10 5.21 £ 0.05 <0.1 3.02E+05% 5.48
5.29 0.10 0.10 5.22 + 0.05 0.5+0.1 3.96E+04% 4.60
5.32 0.10 0.10 5.32 +0.07 <0.1 6.02E+04* 4.78
533 009 017 5274011 42409  9.58E+04w 498 AN18
5.33 0.10 0.10 5.21 + 0.07 1.6 +04 9.18E+04% 496
5.28 0.10 0.10 5.17 £ 0.06 1.5+0.2 9.00E+04° 495 AN18
5.28 0.10 0.10 4,96% + 0.18 <0.1 7.37E+05% 5.87

Dyiass: glass porosity; VND: vesicle number density normalized to vesicle-free glass, analyzed with: transmitted light
microscopy, b SEM-BSE-imaging, ¢ laser scanning microscopy imaging; *supersaturated conditions, value corresponds to
solubility at hydration P and Tg; * diffusional H.O loss towards fringe vesicles prior to phase separation due to low
decompression rate (Allabar and Nowak 2018); * diffusional H>O loss prior to phase separation due to high diffusivity at
high Ta; # EMPA by-difference method between vesicles (Devine et al. 1995); References PR16: Preuss et al. (2016); AN18:
Allabar and Nowak (2018); IM07: Iacono-Marziano et al. (2007); MA15: Marxer et al. (2015).
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3.3 Sample preparation

Pieces from the starting glass batches were embedded in epoxy resin and ground and
polished for electron microprobe analysis (EMPA). The decompressed samples and the
hydrated sample REF_A2 were cut along the cylinder axis. One half was embedded in epoxy
resin and ground and polished for EMPA, scanning electron microscopy (SEM), laser
scanning microscopy (LSM), and Raman micro-spectroscopy (RMS). The other halves were
unwrapped from the capsule material, embedded with epoxy resin in glass-ceramic rings, and
ground to a thickness of 100-320 um. These samples were polished on both sides to obtain
thin sections for Fourier transform infrared micro-spectroscopy (FTIR) and transmitted light
microscopy analysis (TLM). Sample thickness was measured with a Mitutoyo digital

micrometer (+ 3 um).

4. Analytical methods

4.1 Electron microprobe analysis

After glass synthesis, pieces of each glass batch were analyzed with a JEOL JXA 8900 R
electron microprobe to confirm chemical composition and homogeneity (Table II.1). EMPA
WDS measurements were conducted with an acceleration voltage of 15 kV, 3 nA beam
current, and a defocused beam of 20 um to optimize for Na analysis (Devine et al. 1995). Peak
counting times were set to 10 s (Na), 16 s (Si, Al, Fe, Mg, Ca, K), and 30 s (Ti, Mn, P) according
to Preuss et al. (2016). Zr was additionally analyzed in glasses VAD79_07, 08, and 12 with a
peak counting time of 60 s. 15-20 randomly distributed points were measured for each glass.
The results (Table II.1) agree within error with the VAD79 white pumice composition given

in Tacono-Marziano et al. (2007).

4.2 Quantitative determination of VND and porosity

VND and glass porosity (Dgl.ss) were determined in the central part of the samples where
they are texturally homogeneous. Thus, convection-like patterns and eftfects of the capsule-
melt contact, such as heterogeneously formed fringe vesicles and H,O-depleted drainage
zones, were excluded from quantitative analysis (see results for further textural features).
Sample vesicle textures with average vesicle diameters of >5 pum were analyzed with

backscattered electron (BSE) or LSM images. VNDs of samples containing smaller vesicles
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were quantified in thin sections with transmitted light microscopy. In some samples, several
areas (BSE) and volumes (TLM) were analyzed (Table I1.2). Analysis of up to three areas
within one sample resulted within error (+ 0.13 log units, see description below) in similar

VND and Q@g.ss. Mean values are, therefore, given in Table I1.2.

4.2.1 Quantitative SEM and LSM image analysis

BSE images of the intersected samples were recorded with a LEO 1450 VP SEM or a
Hitachi TM2020plus tabletop SEM, using individual magnifications of 150-2000x to resolve
the smallest detectable vesicle intersections on a um scale. Several adjacent images were
recorded and stitched for analysis. Surfaces of the intersected samples were imaged with a
Keyence VK-X100 confocal laser scanning microscope. These images with contrast-rich
surface information were treated similarly as the BSE images for quantitative image analysis.
Both methods yielded similar VND within error, as tested with the sample CD73 for
reference. BSE or LSM images were quantitatively analyzed with Image] combined with a
stereological 2D to 3D transformation, using CSDCorrections (Higgins 2000) as described in
detail by Marxer et al. (2015) and Preuss et al. (2016). An analytical error in VND
determination of + 0.13 log units was estimated considering all steps that are prone to errors,
such as the choice of different analyzed areas within a sample, different operators for
counting vesicles, or filling of vesicle intersections by blackening, to obtain sufficient contrast
between glass and intersected vesicles for image analysis. Errors in porosity from image

analysis were provided by CSDCorrections.

4.2.2 Transmitted light microscopy

Vesicles were quantified in the thin sections by marking the vesicles, while focusing
through the samples with a Zeiss Axio Image M2M microscope, using the Fission Track
Studio software “Trackworks”. The sizes of the analyzed areas were chosen individually for
each measurement ranging between 2.3-10% and 8.5-10° mm® Together with the sample
thickness, this defines the size of the analyzed volume used to normalize the counted number
of vesicles to the number of vesicles per mm®. Mean vesicle diameters were determined with
the software-provided measurement tool to calculate @g. and VND. Furthermore,
inspection with TLM ensured microlite-free experimental samples. Errors from TLM

analysis were calculated with an error propagation calculation using the error in sample
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thickness of + 3 um and assuming an error of 10% for vesicle size measurement, and 5% for

the vesicle count.

4.3 Raman micro-spectroscopy

RMS was used to detect possible Fe-oxide nanolitization of the glasses, which is
suggested to significantly affect the degassing behavior of supersaturated hydrous melt (Di
Genova et al. 2017a, 2018; Shea 2017). The hydrated samples REF02 (Marxer et al. 2015),
Ref_A2 (this study), and the partly degassed samples CD73 and CD95 with VAD79
composition were measured for this purpose. For comparison, hydrated glasses (IB_C_1a,
IB_P2), a nominally dry glass (CI_glass), and a partly degassed sample (CD_C_5) from
Preuss et al. (2016) with trachytic Campanian Ignimbrite (CI) composition, which shows
similar degassing behavior to VAD79 melt (Preuss et al. 2016), were analyzed. Raman spectra
were collected using a Renishaw InVia confocal Raman micro-spectrometer equipped with a
532 nm laser, a 1800 grooves-mm' grating and an Peltier-cooled CCD detector. Laser power
was set to 10%, which corresponds to a laser power of ~2.5 mW on the sample. This energy
is sufficiently low to avoid oxidation (Di Genova et al. 2017a) and dehydration of the samples.
A 50x objective with a numerical aperture of 0.75 was used together with the standard
confocality setting. Focus depth was adjusted 6 pm below the sample surface to optimize the
signal intensity (Di Genova et al. 2017a). Spectra were collected ranging between 300 and

950 cm’, and acquisition times were 10 s for each of three accumulations.

4.4 FTIR micro-spectroscopy

Near-infrared (NIR) measurements were performed with a Hyperion 3000 IR
microscope connected to a Bruker Vertex v80 FTIR spectrometer to determine total H,O
contents (cmzor) of the decompressed samples. A tungsten light source, a CaF, beam splitter,
and an InSb single-element detector were used together with a 15x Cassegrain objective. For
each measurement, 50 scans in transmission mode were recorded with a spectral resolution
of 4 cm™ using air as reference. Following the method of Behrens et al. (1996), the total H,O
contents were determined from molecular H,O (~5210 cm™) and hydroxyl absorbance
(4470 cm™). To calculate total H,O contents, peak heights after linear background correction
were used together with the linear molar extinction coefficients emo=1.18 and

gon=1.141'mol*:cm™ and the glass density dependence on H,O concentration
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plg-cm?] = 2.47-0.013-ci0 [Wt%] (Iacono-Marziano et al. 2007). H,O concentration profiles
were measured perpendicular and parallel to the samples cylinder axis using a motorized
XYZ microscope stage and a knife-edge aperture that was set to a measurement window of
50 x 50 um. During profile measurements and due to small inter-vesicle distances on a 10 um
scale, the H,O-filled vesicles in samples with low @g.s < 5% were measured together with
H,O dissolved in the glass in the probed sample volumes. At higher glass porosities, these
measurements were not possible, because samples become increasingly opaque with respect

to NIR light.

5. Results

5.1 ZrO; concentration of synthesized glasses

The two glasses VAD79_07 and 08 synthesized using a ZrO, ball mill reveal ZrO,
concentrations of 1200 and 1000 ppm, respectively (Table I.1). These values are higher than
for the glass that was synthesized using a corundum mill (VAD79_12) with a ZrO,
concentration of 600 ppm. Note that the given concentrations are mean values of those
measurements for which the ZrO, concentration was above the detection limit of 350 ppm.
For VAD79_07, this was the case in 19 out of 20 measurements, for VAD79_08 in 13 out of
15 analyses, and only 9 out of 20 measurements for VAD79_12. The results indicate that a
contamination by 400-600 ppm ZrO, by mechanical erosion during milling occurred in glass
batches using a ZrO, ball mill as compared to the glass using a corundum ball mill for

synthesis.

5.2 Fe-oxide nanolites

Following the method of Di Genova et al. (2017a, 2018), RMS measurements confirm
the absence of a distinct Raman scattering band at 670-690 cm™ (Fig. 11.2a), indicative of Fe-
oxide nanolites, for undecompressed and decompressed VAD79 samples (2.7 wt% FeOx,
1.37-5.26 wt% H,O). In contrast, experimental undegassed and partially degassed hydrous
CI samples (4.41 wt% FeOy, Preuss et al. 2016) with cx0 > 3 wt% show a distinct Raman
band at 680 cm. This is consistent with the nanolite occurrence field of hydrous Fe-bearing

silicate glasses (Fig. 11.2b) defined by Di Genova et al. (2017a).
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Fig. I1.2 a) Raman spectra of phonolitic VAD79 and trachytic (Campania Ignimbrite (CI) composition)
samples with 2.7 and 4.4 wt FeO respectively. Numbers at each spectrum are H,O concentrations (Crz0)
in the glasses. In undecompressed and vesicle-free samples (Ref_A2, REF02, IB_C_1la, IB_P2), Ciz0 was
measured with FTIR in transmission. Due to the high glass porosity in the decompressed samples, Cio
of CD73 was determined with Raman micro-spectroscopy (Allabar et al. 2020b) and H,O concentration
given for CD-C-5 is the calculated residual Cimo (Preuss et al. 2016). For CD95, the estimated possible
range of Cmo in the glass is given, which is between equilibrium Cuo at Prina and Tg and the Craoimi. At Cizo
of 4.87 and ~3.2 wt%, a Raman signal indicative of Fe-oxide nanolites is detected at ~680 cm™ (Di Genova
et al. 2017a) in samples of CI composition. Fe-oxide nanolites were not detected in the VAD79 samples
(black spectra) and the CI samples (blue spectra) with low H,O contents. References: MA15: Marxer et
al. 2015; PR16: Preuss et al. 2016. b) Fe-oxide nanolite occurrence field (yellow area) determined by Di
Genova et al. (2017a). The samples of CI composition in which nanolites were detected (filled, red circles)
fall into the area. All samples with Cro and FeOy: concentrations outside this area do not show Raman
bands indicative of Fe-oxide nanolites, consistent with the results of Di Genova et al. (2017a).

5.3 Vesicle textures

In all decompressed samples, at the capsule-glass interface, strongly deformed 50-
350 um sized fringe vesicles are present, which increase in size with decreasing Ppna (Fig. I1.3).
In the central sample volume, vesicles are not observed at 60, 80, and 110 MPa in experiments
with cmom of 3.28 (CD93), 4.47 (CD86), and 5.32 wt% (CD48), respectively. In all other
samples, the central volume is vesiculated and surrounded by a vesicle-free zone (drainage
zone) close to the capsule walls. In samples decompressed with 0.17 MPa-s!, the drainage
zone width increases with croini from ~250 um at 3.3 wt% to ~500 um at 4.3 and 5.3 wt% and
~650 um at 6.5 wt% (Fig. 11.3), due to increased H,O diffusivity. These values were
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determined for samples with low @, because the drainage zone thins out, as the porosity
in the vesiculated sample volume and the fringe vesicles increase the total sample volume.
Furthermore, the drainage zone becomes thinner in case of a second phase separation event,
located close to the main population (see description below). On the other hand, the drainage
zone width increases with decreasing decompression rate due to increased time for H,O

diffusion as shown in Allabar and Nowak (2018).
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Fig. I1.3 Details of reflected light images of the experimental samples of the C-series at constant
decompression rate of 0.17 MPa-s™, different Pgna and Cezoimi ranging between 3.3 and 6.3 wt%. Sample
images reflect the sample orientation during the experiments. For illustration purposes, not all
samples of the C-series are shown. VNDs of the samples are given in Table II.2. Full sample images are
provided in the supplement “Sample images”.

The central vesiculated volumes in samples with cioimi < 5.6 Wt% contain a high
number density of homogeneously dispersed small vesicles, which are similarly-sized within
each sample (further referred to as main vesicle population). In the experiments with the
lowest Pgna (CD85, CD95, CD73), some vesicles of the main population are observed to be
connected to each other. Additionally, in these samples, larger vesicles are observed within
the main vesicle population (Fig. I1.3). Some of the large vesicles are connected to vesicle-free
streaks underneath (e.g., CD73, Fig. II.3) and are surrounded completely by a vesicle-free
drainage zone ~50 pm in width.

In addition to the main vesicle population, which fills most of the central sample

volume, in CD87, CD85, CD91, and CD73, a population of smaller vesicles (second
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population) is observed. Vesicles of the second population are located between the central
vesiculated volume and the drainage zone of the capsule wall or in the drainage zone of large

vesicles in CD85 and CD73 (Fig. 11.4), but always close to the main vesicle population.

main vesicle
population

2nd vesicle population

~intersected
large
vesicle

Fig. I1.4 Transmitted light microscopy image of CD73 thin section in the central vesiculated sample
volume. Between the main vesicle population and the intersected large vesicle, a transition zone is
visible, which consists of the drainage zone of the large vesicle and a second vesicle population with a
lower @g.ss of 9% and higher logVND of 6.07 compared to the main population with logVND = 5.41
and Dy, of 18.5%. Black points at the edge of the large intersected vesicle are artifacts from
preparation on the sample surface.

At 6.3 Wt% crz0imi and a Pana of 150 MPa (CD102), vesicles are observable only in the
top half of the sample volume at the limit of optical resolution. During further
decompression, a pervasive vesiculation throughout the central capsule volume is observable
in sample CD101, which was decompressed to a P of 145 MPa (bright area in the center of
the sample in Fig. I1.3). Eventually, at 120 MPa, less but significantly larger vesicles remain

(CD97). The same pattern is observed in samples with slightly lower ciz0ini 0f 5.96-5.77 wt%,
with half of the sample vesiculated at a Psna of 140 MPa. At a Ppina of 100 MPa (CD100), only
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small vesicle clouds with finely dispersed vesicles are observed, while the remaining central
sample volume contains a low number of large vesicles. In CD44, decompressed at high T4 of
1523 K, half of the sample volume shows finely dispersed vesicles, while the other half

contains some large vesicles.

5.4 VND and glass porosity

A systematic dependence of VND with decompression rate is lacking for hydrous

VAD79 melt with cimoimi of ~5.3 wt%, as already shown by Allabar and Nowak et al. (2018)
for the dP/df range of 0.024-10 MPa-s™. The additional experiment CD28 of this study, with
a logVND of 5.05, matches with their range of logVND from 4.83-5.39, irrespective of
decompression rate. The logVNDs of the additional experiments performed at 1373 K
ranging between 4.60 and 4.98 are lower (TD and T-series; Fig. II.5) except for one
experiment with a logVND of 5.48 (CD59). At 1523 K (CD44), logVND increased to 5.87,
however at slightly lower cuoimi 0of 4.96 wt%. The standard deviation of logVND is 0.26, as
derived from data of the experiments performed at 1373 K and similar cuzoimi of ~5.3 wt%.
For experiments of the C-series with cuom ~5.3 wt% and different Ppna, the standard
deviation of logVND is 0.34. This defines an experimental error in logVND of ~0.3 log units
that is larger than the estimated analytical error of + 0.13 (error bars in Fig. IL.5).
Significant changes in VND result from experiments with varying cmoimi. The highest
logVNDs of 5.96 and 6.37 are observed in samples with cxomi of ~3.3 wt% (Fig. IL.5). The
logVND decreases to ~5 at crzoimi of 5 wt%. Towards craoimi of ~6.3 wt%, the logVND increases
again to ~5.8. In contrast, the VND keeps constant within error with decreasing Pgna for
experiments with constant cmom (see “Supplementary information”). Thus, the VND is
dependent only on cuomi and slightly on Ty. In the experimentally investigated Prna range,
Dy1ass of the main population increases with decreasing Prina from < 0.1 to a maximum of 15.4,
24.4, and 18.5% at ~3.3, ~4.4, and ~5.3 wt% cra0imi, respectively (Table I1.2).

The logVNDs of the second population of vesicles (Table I1.2) ranging between 5.66
and 6.14 are significantly higher than the logVND of the respective main populations of 5.41-
5.45. The @gss within the volume of the second vesicle population ranging between 0.2 and
9.0% are lower than the values of the respective main population ranging between 9.0 and

24.4%. In sample CD73, the second population shows a higher @y in the drainage zone of
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the large vesicle (9.0%, Fig. I1.4) compared to the second population located in the capsule

wall drainage zone (1.0%).
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Fig. I1.5 logVND (vesicle number density) of the main vesicle populations within the central sample
volume vs. initial H,O concentration (Cmomi). The VND shows a minimum at Cioim; of ~5 wt% and
increases towards lower and higher Cuzoim; up to 1.5 log units. Experiments with various decompression
rates (D-series) and similar Croimi ranging between 4.68 and 5.46 wt% reveal no systematic change of
VND similar to the T-series experiments with increased Td of 1373 K. A substantially higher T4 of
1523 K, however, results in a significantly higher logVND. The grey bars indicate the mean logVNDs
and the corresponding pre-eruptive H,O concentrations derived from melt inclusions (Cioni 2000)
of white (EU1 and EU2) and grey pumice (EU3 and EU4) of the AD79 Vesuvius eruption (Gurioli et
al. 2005; Shea et al. 2010a).

5.5 H>O concentrations

The H,O concentrations as measured by FTIR (cxa0r) of the central sample volumes
without observable vesicles resemble the initial ciogav. The same holds for the samples with
Dyiass < 5%, where the probed volume contained glass together with vesicles (e.g., CD-C-23,
CD40). In three experiments, considerable weight loss occurred during welding. For two of
these samples (CD102 and CD101), cizomr is similar to craogry, Whereas CD98 has a reduced
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crzomr Of 5.96 wt% as compared to the crzogay 0f 6.27 wt%. In CD44, the cizoir measured in the
central vesiculated sample volume is slightly decreased to 4.96 wt% with respect to the ciogray
of 5.28 wt%. For CD85, which also experienced weight loss during welding, the porosity was
too high for reliable cinor determination. The o measured in the volumes of the second
population of vesicles are within error similar to the ciog.y in CD87, CD85, and CD91, but

decreased considerably to 4.99 wt% in CD73 compared to the crzograv Of 5.46 Wt%.

6. Discussion

6.1 H,0 concentrations

In experiments starting from slightly undersaturated conditions, the cxom: is defined
by the gravimetrically determined cuogv. However, since, for samples with @g.s < 5%, the
czoir equals within error cmzogay (€.g., CD-C-23, CD40; Table 11.2), cior was used as the
dissolved H,O concentration in the melt prior to decompression (cxz0imi). This has the
advantage that uncertainties in ciogny, caused by weight loss during welding, are eliminated
(e.g., CD102, CD98). The cuor reveal that weight loss of CD102 and CD101 resulted from
Au80Pd20 loss during welding, whereas in case of CD98, some H,O was lost. Similar to CD77
(Allabar and Nowak 2018), the cm0 prior to phase separation in CD44 was already reduced
as compared to the cmoga. During decompression at a higher T4 of 1523 K, the H,O
diffusivity is higher and viscosity is lower than at a lower T4 of 1323 K. Thereby, diffusional
loss of H,O into fringe vesicles, that early nucleated heterogeneously at the capsule wall
during decompression, increases and ascent of fringe vesicles is facilitated. Both effects
reduce H,O supersaturation within the central sample volume, similar to CD77 with a low
decompression rate of 0.024 MPa-s™' (Allabar and Nowak 2018). However, in both samples,
a reduced but constant cizor Was measured in the central vesiculated sample volume, which
was therefore used as cr20ini.

For CD100, a mean cmom of 5.43 wt% was measured in various small vesicle clouds.
Because the vesicle clouds of the main vesicle population are only small (~0.1 mm?), it may
be possible that after phase separation of the main vesicle population, H,O was lost into large
vesicles which are located close to the small vesiculated melt volumes, driven by Ostwald
ripening. Because CD98 with a similar cioii shows that the melt was vesiculated by the main

population at higher Pgna, it is suggested that the high VND observed in the small vesicle
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clouds in CD100 represents the product of a phase separation at the initial cx20. Therefore,
cr20ini Of 5.77 wt% is assumed for CD100.

In decompression experiments that started from H,O supersaturated conditions after
hydration (e.g., CD83 and CD73), cmomi is defined by the H,O solubility at Py.« and Ta.
Solubility data for hydrous VAD79 melt at T4 and Py were derived from Iacono-Marziano
et al. (2007) and Marxer et al. (2015). The cmograv, 20, and H,O solubility data that were
used as cmomi are highlighted in bold numbers in Table II.2.

Results of cioi measurements in the glass between vesicles are presented in Allabar et
al. (2020b). These data are not used for further discussion here, because the cizomr of the glass
between vesicles does not represent cuzo0 dissolved in the melt at Pgna prior to quench due to
H,O resorption from the fluid phase back into the melt during quench (McIntosh et al. 2014;
Allabar et al. 2020b).

6.2 Phase separation

6.2.3 Verification of homogeneous phase separation

With the decompression experiments compiled and 