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Abstract

Volcanic eruptions are among the most hazardous natural catastrophes on Earth,
profoundly affecting human societies and ecosystems. These eruptions originate from
dynamic processes within the Earth’s interior, where silicate melts in magmatic
systems contain dissolved volatile components, primarily water (H20). Dissolved H20
significantly influences key physical and chemical properties of magmas, including
viscosity, density, liquidus temperature, and phase equilibria. The solubility of H20 in
silicate melts is strongly dependent on pressure and, to a lesser extent, on temperature
and chemical composition. During magma ascent, pressure decreases, leading to
degassing and vesicle formation, which play a critical role in eruption dynamics. Rapid
vesicle formation reduces magma density, increases buoyancy, accelerates magma
ascent, and can trigger explosive eruptions. However, variations in volcanic settings,

melt compositions, and volatile contents result in different eruption behaviors.

The studies presented here experimentally examine degassing behavior of magma in
two volcanic settings, focusing on the influence of pressure, temperature, and chemical

composition on H20 solubility and degassing in silicate melts.

Study | and Il examine the degassing behavior of the Lower Laacher See Phonolite
melt, with focus on the initial formation and growth of vesicles, as well as the onset and
progression of vesicle coalescence during decompression. Systematic solubility and
decompression experiments with hydrous phonolite melts were conducted at
superliquidus temperatures to analyze degassing mechanisms in detail. Upon reaching
sufficient supersaturation pressures, all melts exhibited homogeneous vesiculation
with high vesicle number densities (logVND) of 5.1-5.7, facilitating near-equilibrium
H20 concentration adjustments through further degassing. The decompression rate
independent initial VND appears inconsistent with nucleation theory but may align with
the theory of spinodal decomposition, a phenomenon notably observed in alkali-rich
melts (Study I).

While the initial logVNDs remained constant across different decompression rates, the
coalesced vesicle volumes formed during further decompression exhibited a significant
decrease in logVNDs, dropping by 1.2 to 4.1 log units depending on the decompression
rate. This behavior mimics a decompression rate dependent VND predicted by
nucleation theory (Study /). This shift reflects the transition from high VND during initial



degassing to coalescence-driven processes, which can significantly alter eruption

dynamics.

Study Il explores the H20 solubility in peralkaline haplogranitic melts as a function of
pressure and temperature. Melt compositions based on haplogranitic melts with 2, 4,
and 8 wt% excess Na20 were used. The H20 solubility was found to decrease with
temperature and increase with pressure and peralkalinity. A linear relationship between
Na20 excess and H20 solubility was established, enabling predictions of H20 solubility

in peralkaline rhyolitic melts based on excess alkali content.

Study 1V investigates the interaction of basaltic and mildly peralkaline hydrous rhyolitic
melts under decompression, simulating the injection of a mafic melt into a hydrous
felsic magma chamber. Bimodal decompression experiments using contacted pre-
hydrated rhyolite and basalt cylinders revealed an enhanced vesiculated zone in the
alkali-depleted rhyolitic part of the hybrid zone. This zone formed due to rapid
diffusional loss of alkalis from the rhyolitic melt into the basaltic melt, significantly
reducing H20 solubility and enhancing H20 supersaturation. This process accelerates
vesicle formation, buoyancy-driven magma ascent, and magma mingling, which can

intensify degassing and potentially trigger explosive eruptions.



Zusammenfassung

Vulkanische Eruptionen gehoéren zu den gefahrlichsten Naturkatastrophen der Erde
und haben tiefgreifende Auswirkungen auf menschliche Gesellschaften und
Okosysteme. Diese Eruptionen entstehen aus dynamischen Prozessen im Erdinneren,
bei denen silikatische Schmelzen in magmatischen Systemen geloste flichtige
Komponenten, vor allem Wasser (H20), enthalten. Gelostes H20 beeinflusst
wesentlich die physikalischen und chemischen Eigenschaften von Magmen, darunter
Viskositat, Dichte, Liquidustemperatur und Phasengleichgewicht. Die Loslichkeit von
H20 in silikatischen Schmelzen hangt stark vom Druck und in geringerem Male von
der Temperatur und chemischen Zusammensetzung ab. Wahrend des
Magmaaufstiegs nimmt der Druck ab, was zu Entgasung und Vesikelbildung fihrt, die
eine zentrale Rolle in der Dynamik von Eruptionen spielen. Schnelle Vesikelbildung
verringert die Schmelzdichte, erhoht die Auftriebskraft, beschleunigt den
Magmenaufstieg und kann explosive Eruptionen auslésen. Variationen in vulkanischen
Umgebungen, Schmelzzusammensetzungen und Gehalten an flichtigen

Komponenten fuhren jedoch zu unterschiedlichem Eruptionsverhalten.

Die hier vorgestellten Studien untersuchen experimentell das Entgasungsverhalten
von Magmen in zwei vulkanischen Systemen, wobei der Einfluss von Druck,
Temperatur und chemischer Zusammensetzung auf die H20-Ldslichkeit und

Entgasung in silikatischen Schmelzen im Fokus steht.

Die Studien | und Il untersuchen das Entgasungsverhalten der Phonolithschmelze der
Unteren Laacher See Zusammensetzung mit Schwerpunkt auf der initialen
Vesikelbildung, dem Wachstum sowie dem Beginn und Fortschreiten der
Vesikelkoaleszenz wahrend der Dekompression. Systematische Loéslichkeits- und
Dekompressionsexperimente mit wasserhaltiger Phonolith-Schmelze wurden bei
Superliquidustemperaturen durchgefuhrt, um Entgasungsmechanismen im Detail zu
analysieren. Bei ausreichendem Ubersattigungsdruck zeigten alle Schmelzen
homogene Vesikulation mit hohen Vesikelanzahl-Dichten (logVND) von 5.1-5.7, was
durch weitere Entgasung eine nahezu gleichgewichtige Anpassung der H20-
Konzentrationen ermdglichte. Die initiale, von der Dekompressionsrate unabhangige

logVND scheint nicht mit der Nukleationstheorie Ubereinzustimmen, kdnnte jedoch mit



der Theorie der Spinodalen Entmischung in Einklang stehen, einem Phanomen, das

insbesondere in alkalireichen Schmelzen beobachtet wird (Studie I).

Wahrend die initialen logVNDs bei unterschiedlichen Dekompressionsraten konstant
blieben, zeigten die durch Koaleszenz gebildeten Vesikelvolumina wahrend der
weiteren Dekompression einen signifikanten Rickgang der logVNDs, der je nach
Dekompressionsrate um 1.2 bis 4.1 Logeinheiten sank. Dieses Verhalten ahnelt einer
dekompressionsratenabhangigen VND, wie sie von der Nukleationstheorie
vorhergesagt wird (Studie Il). Dieser Ubergang von hoher VND wahrend der initialen
Entgasung zu koaleszenzgetriebenen Prozessen kann die Dynamik von Eruptionen

erheblich verandern.

Studie Il untersucht die H20O-Ldslichkeit in peralkalinen haplogranitischen Schmelzen
als Funktion von Druck und Temperatur. Schmelzzusammensetzungen basierend auf
haplogranitischen Schmelzen mit 2, 4 und 8 wt% Uberschissigem Na20 wurden
verwendet. Es wurde festgestellt, dass die H20-Loslichkeit mit der Temperatur
abnimmt, wahrend sie mit Druck und Peralkalinitat zunimmt. Eine lineare Beziehung
zwischen Na20-Uberschuss und H20-Léslichkeit wurde nachgewiesen, die
Vorhersagen der H20-L06slichkeit in peralkalischen rhyolithischen Schmelzen auf Basis

des Uberschusses an Alkalien ermdglicht.

Studie IV untersucht die Wechselwirkung von basaltischen und mild peralkalinen H20-
haltigen rhyolithischen Schmelzen unter Dekompression und simuliert die Injektion
einer mafischen Schmelze in eine wasserhaltige felsische Magmenkammer. Bimodale
Dekompressionsexperimente mit kontaktierten, vorhydrierten Rhyolith- und
Basaltzylindern zeigten eine verstarkte Vesikulationszone im alkaliverarmten
rhyolithischen Teil der Hybridzone. Diese Zone entstand durch den schnellen
diffusionsbedingten Verlust von Alkalien aus der rhyolithischen Schmelze in die
basaltische Schmelze, was die H20-Lo6slichkeit signifikant verringerte und die H20-
Ubersattigung verstarkte. Dieser Prozess beschleunigt die Vesikelbildung, den
auftriebsgetriebenen Magmenaufstieg und die Magmenvermischung, was die

Entgasung intensivieren und potenziell explosive Eruptionen auslésen kann.
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Introduction

Vesiculation mechanisms

Explosive volcanic eruptions are driven by the formation and growth of volatile vesicles
within hydrous silicic melts, primarily composed of H20 along with minor amounts of
COg, CI, F, and sulfur species (e.g., De Vivo et al., 2005). The solubility of H20 in silicate
melts is highly dependent on pressure (P) and, to a lesser extent, on temperature (T)
and melt composition (e.g., Holtz et al., 1995; Moore et al., 1998). As magma rises,
decompression causes a reduction in H20 solubility (e.g., lacono-Marziano et al.,
2007), leading to an increased H20 supersaturation within the melt. Upon reaching a
critical threshold, the melt degasses, releasing H20 through vesicle formation. With
further decompression, the concomitant H20 supersaturation can be reduced by H20
diffusion from the melt into the vesicles. This vesiculation process reduces magma
density, accelerates its ascent, and rapid expansion of vesicles can finally lead to
magma fragmentation and explosive volcanic eruptions (e.g., Kueppers et al., 2006;

Genareau et al., 2012).

The initial stage of vesicle formation, which marks the onset of degassing, is crucial for
understanding the degassing behavior in silicate melts and the mechanisms
influencing volcanic eruptions. The number of fluid vesicles per unit volume of silicate
melt (VND) is a key parameter for assessing the efficiency of fluid-melt separation and

the acceleration of magma ascent, both of which significantly influence eruption style.

In experimental studies evaluating degassing behavior in silicate melts, nucleation
theory is often used to explain vesicle formation and the observed VND (e.g., Navon
and Lyakhovsky, 1998). Vesicles can nucleate heterogeneously on crystal surfaces or
homogeneously within a crystal-free melt. In both cases, a threshold level of
supersaturation is needed to overcome the surface tension energy barrier and form
new H20 vesicle interfaces within the silicate melt. Critically sized H20 clusters (nuclei)
at the nanometer scale emerge within the metastable state of hydrous rhyolitic melt
(e.g., Hurwitz and Navon, 1994; Navon and Lyakhovsky, 1998). When H20 clusters
reach a critical radius, they either shrink or grow spontaneously due to diffusional loss
or addition of H20 molecules at the fluid-melt interface, respectively. With continued
decompression, existing vesicles expand by diffusional H20 uptake and by increasing



molar volume, while simultaneously new vesicles continue to nucleate. This process
persists until the number of vesicles in the melt volume is sufficient for H20
supersaturation to decrease solely through diffusion into existing vesicles. When
vesicles form on crystals, the required energy can be lower due to the reduced surface
area (e.g., Hurwitz and Navon 1994). Nucleation theory generally predicts that VND
rises significantly with increased decompression rates (dP/dt) and reduced surface
tension (Navon and Lyakhovsky, 1998). Building on this concept, Toramaru (2006)
developed a decompression rate meter (DRM), which calculates magma ascent
velocity based on the VND of volcanic ejecta (Eq. 1). These dependencies are crucial
for determining the decompression rates at which vesicles nucleate in natural volcanic

ejecta (e.g., Toramaru, 2006).

3

_ 16-7- g3 -2 Vm Psat) 4 Pszat'k'T'C'DHZO 2
VND = 34 - cyz0i (W) ( k-T ) ( 402 (aP/dt) ) ™M

Alternatively, a phase separation of hydrous melt into H20 fluid vesicles and less

hydrous melt may proceed through spinodal decomposition (Cahn, 1965), suggested
for alkali-rich hydrous melts (Allabar and Nowak, 2018; Gardner et al., 2023; Study /).
In this process, the initially formed VND remains unaffected by decompression rates
(Allabar and Nowak, 2018; Sahagian and Carley, 2020; Study ). As decompression
leads to sufficiently high H20 supersaturation, the melt may enter an instable state,
susceptible to compositional fluctuations with wavelengths exceeding a critical
threshold (Cahn, 1965). Initially, small fluctuations in composition within small volumes
lead to the formation of H20-enriched and H20-depleted melt regions through uphill
diffusion without sharply defined boundaries (Allabar and Nowak, 2018; Sahagian and
Carley, 2020). The progressive amplification of the concentration gradients leads to the

formation of vesicles throughout the melt during decompression.

Even though high melt porosities may form at ambient pressures, many volcanic
products exhibit lower porosities than anticipated based on their pre-eruptive volatile
content, suggesting extensive outgassing enabled by vesicle coalescence and
percolation (Jaupart and Allegre, 1991; Gardner et al., 1996; Giachetti et al., 2019;
Study II). Vesicle coalescence is key to the permeability of vesiculated melts and
influences eruption behavior. Retained volatiles can lead to explosive eruptions, while
volatile escape during magma ascent supports effusive activity (Eichelberger et al.,

1986; Jaupart, 1998). As an interconnected vesicle network expands, magma can

2



reach a percolation threshold that enables high permeability, allowing fluids to move
through the porous structure and escape from the magma (Klug and Cashman, 1996;
Sahimi, 1994; Saar and Manga, 1999). Understanding the relationship between
porosity and permeability, which is critical to magma degassing and eruption dynamics,
requires considering not only VND but also vesicle sizes, shapes, and connectivity
(Saar and Manga, 1999; Gardner et al., 2006).

Degassing of the Lower Laacher See Phonolite

The objectives of Studies | and Il were to explore the entire vesiculation process within
the phonolitic Lower Laacher See melt (LLST), focusing on initial H20 vesicle formation
and growth (Study ) and the onset and progression of vesicle coalescence (Study II)
under continuous decompression conditions. The LLST composition is particularly well
suited for investigating vesiculation dynamics, given its extensive prior examination
(Worner and Schmincke, 1984; Schmincke et al., 1999; Harms and Schmincke, 2000;
Larsen and Gardner, 2004; Schmidt and Behrens, 2008; Schmidt et al., 2013).

The Laacher See volcano, located in the East Eifel volcanic field in western Germany,
is one of Central Europe’s youngest volcanoes, with its most recent eruption occurring
~13,006 + 9 years BP (relative to AD 1950) (Reinig et al., 2021). This eruption, among
the largest in Europe during the late Pleistocene, had a volcanic explosivity index of 6,
comparable in magnitude to the 1991 eruption of Mount Pinatubo (Holasek et al.,
1996). In less than 10 days, the Laacher See volcano explosively released around
6.3 km? of phonolitic magma, or 20 km? of tephra in a series of phreatomagmatic and
Plinian eruptions (Worner and Schmincke, 1984; Schmincke et al., 1999; Harms and
Schmincke, 2000). This eruption injected at least 1.9 Tg of sulfur, 6.6 Tg of chlorine,
and 403 Tg of water vapor into the atmosphere, with a significant portion reaching the
stratosphere, likely impacting climate and environmental conditions (Harms and
Schmincke, 2000; Harms et al., 2004). For comparison, the 1991 Mount Pinatubo
eruption led to an estimated global temperature drop of 0.4 K during the following five
years (McCormick et al., 1995).

Within the Laacher See magma chamber, temperatures and pressures ranged from
1023 to 1033 K and 115 to 145 MPa at the chamber’s uppermost section, increasing

to 1113 to 1133 K and 200 MPa in the mafic, more crystalline magma at its base.

3



Volatile-saturation barometry places the upper boundary of the magma chamber at a
depth of 5-6 km. Based on the geometry of the volcanic depression and the erupted
volumes, the magma body’s overall height is estimated at 1-2 km (Fig. 1; Harms et al.,
2004).

Laacher See tephra layers, dispersed across central Europe, reveal a chemically and
mineralogically stratified magma chamber (Van den Bogaard and Schmincke, 1984,
1985; Worner and Schmincke, 1984). Initial Plinian eruptions produced the Lower
Laacher See Tephra (LLST), which consists of highly differentiated, water-saturated,
and extremely crystal-poor (<2 vol%) phonolites, originating from the chamber’s
uppermost region. Later Plinian eruptions released the Middle Laacher See Tephra
(MLST), comprising less differentiated phonolitic magma with slightly lower alkali
content and crystal contents up to 15 vol%. In the final eruption stages,
phreatomagmatic activity generated a crystal-rich mafic phonolite (ULST) with
phenocryst concentrations up to 55 vol%, attributed to occasional injections of hot
basanite melt and mixing with the resident melt at the chamber’s base (Tomlinson et
al., 2020).
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The influence of peralkalinity on H-O solubility and degassing in rhyolitic
melts

While Studies | and Il primarily investigate decompression-induced vesiculation within
a homogeneous melt, Studies Ill and IV focus on the influence of bulk composition of
rhyolitic melts on H20 solubility and on decompression-induced vesiculation within a

bimodal rhyolite-basalt melt system.

For haplogranite melts, a minimum in H20 solubility has been observed near
metaluminous compositions, where the molar ratio M20O/Al203 = 1, with M representing
Li, Na, K, Rb, Cs (Behrens, 1995; Dingwell et al., 1997). Behrens and Jantos (2001)
describe how H20 solubility increases toward both peraluminous (M20/Al203 < 1) and
peralkaline (M20/Al203> 1) melts, following a parabolic trend. However, Dingwell et al.
(1997) demonstrated a linear relationship between molar H20 solubility and excess
alkali (xex = the difference between the mole fraction of alkalis and that of Al) at 50 MPa,

with their data suggesting this relationship holds up to pressures of 500 MPa.

Building on this understanding, Study Il systematically examines H20 solubility in
peralkaline rhyolitic melts as a function of pressure, temperature, and peralkalinity.
From the newly obtained data, an empirical model was developed to predict H20

solubility in peralkaline rhyolitic melts based on their excess alkali content.

The injection of mafic magma into a hydrous felsic magma chamber can potentially
trigger bimodal explosive volcanism, involving both mechanical mingling and chemical
mixing processes (e.g., Miller and Wark, 2008; Perugini et al., 2012; Tomlinson et al.,
2020). Bimodal basaltic—rhyolitic volcanism in Iceland was first described by Bunsen
(1851). Partially crystallized mafic streaks, glass fragments, blebs, and enclaves (Fig.
2) are described as common features in products of explosive felsic volcanic eruptions
(e.g., Sparks et al., 1977; Miller and Wark, 2008; Paredes-Marino et al., 2017; Jarvis
et al., 2021). When hot basaltic magma intrudes a rhyolitic magma chamber, local
temperature differences of up to 500 K can occur, pushing the system out of equilibrium
(e.g., Sparks et al., 1977; Snyder, 2000; Miller and Wark, 2008). Mechanical mingling
increases the contact surface between the two melts (e.g., Perugini et al., 2012; Jarvis

et al., 2021), promoting heat transfer and enhancing chemical mixing via diffusion.



This heat transfer potentially initiates two major effects: (1) the volatile-bearing basaltic
magma cools, partially crystallizes and enriches the residual melt in volatiles, which
may exceed saturation and trigger vesicle formation and growth; and (2) the volatile-
rich silicic magma may become superheated, leading to vesicle formation as H20
solubility decreases with temperature at pressures below 300 MPa (Holtz et al., 1995).
In both cases, vesicle formation significantly decreases magma density, potentially
inducing buoyancy-driven convection and large-scale overturning of a stratified magma
chamber (e.g., Sparks et al., 1977). Continued vesicle formation and expansion

accelerate magma ascent, contributing to explosive volcanic eruptions.

Study IV focuses on H20 degassing by simulating the injection of volatile-bearing
basaltic melt into an H20-saturated, slightly peralkaline rhyolitic melt, with
compositions similar to the Askja volcanic complex (Sparks et al., 1977), using
decompression experiments. Specifically, it examines how interdiffusion between the
rhyolitic and basaltic melts influences H20 solubility in the resulting intermediate melt
composition, with focus on how these compositional changes—especially the depletion
of Na20 concentration in the rhyolitic melt—affect vesicle formation. The study also

assesses which regions of the bulk melts are affected by mixing and degassing

processes, considering variables such as time and decompression rate.

Fig. 2: Common features of bimodal explosive volcanic eruptions (Jarvis et al., 2021): (a) Large fine-
grained enclave within alkali feldspar granite from Blackenstone Quarry, Dartmoor, England. These
enclaves are typically finer grained than their host rock but contain occasional large crystals (circled in
red), which are xenocrysts mechanically transferred from the host. (b) Examples of mingling textures
between felsic and mafic magma (outlined in red) from the layered intrusions of the Northern Igneous
Complex, Guernsey.



H20 solubility, hydration, and decompression experiments

The initial steps of the experimental procedure are consistent across all studies, and
all specific research questions. To conduct decompression experiments as best as
possible, silicate glasses were synthesized by mixing, milling, and melting analytical-
grade oxide and carbonate powders, following the protocol of Marxer et al. (2015) with

improvements described by Allabar and Nowak (2018).

For Studies | and I, a homogeneous phonolitic LLST glass was synthesized, matching
the LLST G140 composition described by Harms et al. (2004). Study I/l required the
synthesis of peralkaline haplogranitic glasses based on the AOQ composition
(Ab3sOrs4Qzzs in wt%; Holtz et al., 1995; Nowak and Behrens, 1997). For this study,
glasses with 2, 4, and 8 wt% excess Na20 were prepared and are referred to as AOQ2,
AOQ4, and AOQS8, respectively (Table 2). The AOQ2 glass composition corresponds
to the rhyolitic component of the bimodal magma compositions based on the Askja
volcanic complex (Sparks et al., 1977), as utilized in Study IV. Additionally, the basaltic
composition was synthesized according to the composition given in Philpotts and Ague
(2009). The glass compositions from several syntheses were then verified using

electron probe microanalysis (EPMA) and are given as mean values in Table 2.

For the LLST, AOQ2, AOQ4, and AOQ8 glass compositions standard samples were
produced. Crushed glass pieces sieved to a particle size of <500 um were filled into
Au80Pd20 capsules and synthesized with varying amounts of dissolved H20 (0.5-7
wt%) to determine the near-infrared linear molar absorption coefficients for hydrous
species (molecular H20 (H20m) and hydroxyl (OH)), for subsequent H20 concentration
analyses by infrared spectroscopy. For the basaltic composition, no absorption
measurements were possible as the basaltic glass was opaque to near-infrared

radiation.

The hydration of the standard samples was conducted in pairs at ~1523 K within an
internally heated argon pressure vessel (IHPV), operating at an intrinsic oxygen
fugacity close to AlogQFM + 3.5 (Berndt et al., 2002). The same apparatus was used
for subsequent hydration and decompression experiments. Pressure conditions of
200-300 MPa were chosen to ensure H20-undersaturated conditions (Schmidt and
Behrens, 2008; Liu et al., 2005). After 24 h, the capsules were isobarically quenched
to glass at a rate of 16 K/s by switching off the furnace (Allabar et al., 2020a).



Glass densities of the hydrated standard samples were determined via the buoyancy
method using a Sartorius Archimedes precision balance. Total H20 concentrations in
the hydrous standard glasses were measured by Karl Fischer Titration (KFT) at the

Institute of Mineralogy, Leibniz University Hannover, Germany (Behrens et al., 1996).

For the H20-solubility, hydration, and decompression experiments, glass cylinders (3.6
or 5 mm in diameter) were drilled from homogeneous glass charges. The H20-solubility
and hydration experiments followed the same procedure across all studies to achieve
saturation conditions of the melts at specific pressures and temperatures. Excess
water was added with the cylinders to the capsules, which were then sealed. Capsule
integrity was tested by heating to 383 K and pressurizing to 200 MPa at ambient

temperature followed by re-weighing.

In the LLST solubility experiments (Study ), samples were hydrated under pressures
matching final pressures (Pr) of the subsequent decompression experiments (200—
30 MPa). All samples were hydrated in the IHPV at 1523 K for 96 h, then cooled to
1323 K at 10 K/min and held for an additional 30 min. One sample was also hydrated
at 200 MPa at 1523 K and quenched immediately. These durations ensured
homogeneous H20 distribution in the melt. Samples were rapidly quenched either at
~97 K/s or ~150 K/s by melting the suspension wire of the capsule, causing it to drop
into the cool section of the sample holder (Study I; Berndt et al., 2002). In three cases
where the suspension wire failed to melt, samples were quenched at ~16 K/s by turning
off the electric furnace (Allabar et al., 2020a). The quench rate prevented quench
crystal formation, as confirmed by optical microscopy and backscattered electron
imaging. All capsules of the solubility experiments were pierced before preparation,

with water escaping out of the hole, which confirmed H20 saturation during hydration.

For LLST decompression experiments (Studies | and Il), glass cylinders (~ 5—7 mm in
length and 5 mm in diameter) were placed in Au80Pd20 capsules. Two hydration
conditions were achieved by adding 5.7 or 5.0 wt% H20 to adjust H20-saturated or
slightly undersaturated conditions before decompression, respectively. Samples were
hydrated in the IHPV at 200 MPa and 1523 K for 96 h, then isobarically reduced at
10 K/min to 1323 K for 30 min of thermal equilibration. The hydrous melts were then
isothermally decompressed at 1.7, 0.17, or 0.064 MPa/s to P of 110, 90, 80, 70, 60,



50, 40, and 30 MPa. Upon reaching Pr, samples were quenched isobarically at

~150 K/s or ~97 K/s to room temperature.

In Study I, H20-solubility experiments were conducted in the IHPV at temperatures
above 1123 K. Experiments at ~1123 K were performed in a rapid-quench cold-seal
pressure vessel (CSPV) with H20 as the pressure medium. Solubility experiments
were conducted at pressures of 200, 150, 100, 50, and 27 MPa and at temperatures
of 1523, 1323, and 1123 K. Experiments above 1123 K were held for at least 72 h,
while those at 1123 K ran for at least 264 h to ensure homogeneous H20 dissolution
in the melt. In the IHPV, experiments were quenched isobarically at 16 K/s by switching
off the furnace. CSPV experiments were quenched by releasing the external magnet,
dropping the sample from the hot zone into the water-cooled section of the autoclave
within ~30 s. Water release upon piercing the samples post-experiment confirmed that
H20 was still present as a free fluid phase, essential for successful solubility

experiments.

In Study IV, preparatory hydration and bimodal magma decompression experiments,
as well as reference experiments, were performed in the IHPV. Excess water and either
rhyolite or basalt glass cylinders were sealed in capsules to maintain saturation
conditions at 200 MPa and 1523 K during the 96 h hydration process. After hydration,
the glass cylinders were removed from the capsules, halved, and one cylinder face of
each half was ground and polished to enable perfect contact of two cylinders in the

bimodal decompression experiments.

For each bimodal magma injection (M) experiment, a hydrated rhyolite cylinder and a
hydrated basalt cylinder were placed in a new Au80Pd20 capsule, with their polished
faces horizontally aligned (rhyolite atop basalt or vice versa) to prevent air entrapment,
which could otherwise form pre-existing vesicles and impact degassing behavior
(Wiesmaier et al., 2015). A reference sample was also prepared with two rhyolite
cylinders in contact within a capsule. The experiments were heated isobarically at
25 K/s to an initial pressure of 210 MPa, reaching the run temperature of either 1348 K
or 1403 K. These conditions maintained H20 undersaturation to prevent H20 loss
during the 10 min temperature equilibration. Except for the bimodal reference
experiment, all hydrous bimodal and rhyolite-rhyolite (Rt—Rt) assemblages were

isothermally decompressed at 0.17 or 1.7 MPa/s to Pr of 100 MPa. To minimize
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crystallization in the basaltic melt and to maintain the integrity of the quenched vitreous
samples, all Ml samples were quenched at a moderate rate of 44 K/s (Allabar et al.,
2020a). The Rt-Rt sample, less prone to quench-crystal formation, was quenched at
16 K/s by switching off the furnace. Each sample was checked for H20 loss due to

leakage.

For Fourier Transform Infrared (FTIR) spectroscopy, glass samples from Studies | and
Ill, as well as hydration samples from Study 1V, were sliced perpendicularly to the
cylinder axis and prepared as thin sections polished on both sides. Depending on the
total H20 concentration (cH20t), sample thickness ranged from 200 to 800 um. In the
solubility and decompression experiments (Studies I, Il, Ill, and 1V), samples were
halved along the cylinder axis, with one half prepared as a ~200 um thin section for
FTIR spectroscopy and transmitted light microscopy. Thin-section thickness was
measured using a Mitutoyo digital micrometer (£3 pm). The other half was embedded
in epoxy, polished, and double-sputtered with 5 nm carbon for EPMA and scanning

electron microscopy (SEM) imaging.

Table 2: Mean glass compositions of LLST (Studies I and II), AOQ, AOQ2, AOQ4, and AOQ8 (Study IlI),
as well as Rhyolite, Basalt, and the mean hybrid melt from samples MI_T_3, MI_7, and MI_6 (Study IV),
determined by EPMA. Total Fe concentrations are given as FeO. Totals are <100 wt% due to the H20
content in the hydrated hybrid glass. xex represents the difference between the mole fractions of alkalis
and alumina ((Naz0 + K20 — Al203) x 100) (Study Ill).

Composition/ | LLST AOQ AOQ2 AOQ4 AOQS8 Basalt Hybrid
Oxides [wt%)] [wt%] /Rhyolite | [wt%] [wt%] [wt%] Melt
[wt%] [wt%]
SiO2 59.61 76.14 75.16 74.16 70.66 54.75 71.43
TiO2 0.20 1.97 0.02
Al20s3 23.60 13.53 12.76 12.09 11.95 13.87 12.17
FeO 1.80 11.84 1.70
MnO 0.41 0.20 0.06
MgO 0.08 4.05 0.66
Ca0O 0.73 7.93 1.44
Naz0 9.60 4.65 6.54 8.37 12.18 3.16 4.60
K20 4.77 5.68 5.50 5.39 5.21 1.46 4.34
total 100.79 100.00 99.96 100.04 100.00 99.23 96.42
Xex 0.00 0.03 0.05 0.09 -0.04 0.001
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Aim of the Studies

Studies | and Il examine the H20 degassing behavior in synthetic hydrous Lower
Laacher See phonolite melt (LLST).

Study I investigates fundamental degassing mechanisms through systematic solubility
and decompression experiments at superliquidus temperatures, with varying H20
concentrations and decompression rates. The primary objective is to determine
whether H20 phase separation from the phonolitic melt occurs via vesicle nucleation
(Navon and Lyakhovsky, 1998) or spinodal decomposition (Cahn, 1965; Debenedetti,
2000). Vesicle nucleation is expected to produce decompression rate dependent VNDs
with a large vesicle size distribution (Toramaru, 2006), while spinodal decomposition
would result in decompression rate independent high VNDs and uniformly sized
vesicles, as observed in supersaturated phonolitic and phono-tephritic melts (Allabar
and Nowak, 2018; Gardner et al., 2023).

Study Il builds on the findings from Study /I, extending decompression experiments to
lower pressures to induce and analyze vesicle coalescence in LLST melt. This study
focuses on vesicle growth through diffusional H20 uptake, as well as the onset and
progression of vesicle coalescence during decompression. This process is expected
to result in a rapid transition from initially high VNDs to a coalescence stage,
characterized by significantly reduced VNDs. This shift has important implications for

understanding magma dynamics during ascent in volcanic conduits.

The solubility of H20 in haplogranitic melts increases with increasing pressure,
decreasing temperature, and increasing peralkalinity (Holtz et al., 1995; Dingwell et al.,
1997). Study Il investigates the relationship between Na2O excess (wt%) and H20
solubility (wt%) in peralkaline haplogranitic and rhyolitic melts as a function of pressure
and temperature. The objective is to predict the H20 solubility in peralkaline rhyolitic
melts based on excess alkali content.

In Study 1V, basaltic and mildly peralkaline rhyolitic melts are used for decompression
experiments to simulate the magma injection process of a basaltic melt into a hydrous
rhyolitic magma chamber. Alkali transfer at the interface from the mildly peralkaline

rhyolitic melt into the basaltic melt is hypothesized to trigger extensive degassing. The
11



reduced Naz20 concentration is suggested to significantly lower the H20 solubility in the
rhyolite, promoting H20 supersaturation in the alkali-depleted rhyolitic melt near the
contact zone during decompression. Such interactions can lead to substantial
degassing and vesicle nucleation at the interface between volatile-bearing mafic and
felsic melts, which can notably reduce the magma’s density, accelerate buoyancy-
driven magma ascent, and intensify magma mingling. This mingling enlarges the
contact zone and enhances chemical mixing processes (Wiesmaier et al., 2015;
Huppert et al., 1982). Therefore, the injection of a mafic melt into a felsic magma

chamber might be considered a potential trigger for explosive volcanic eruptions.
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Results and Discussion

Degassing of hydrous Lower Laacher See phonolite (Studies | and )

LLST density, molar absorption coefficients, and H2O solubility

EPMA measurements (Table 2) confirm the homogeneous glass composition of each
synthetic batch, closely matching the LLST composition G140 as reported by Harms
et al. (2004). The glass density of hydrous standard glasses decreases linearly with
increasing H20 content. A linear regression of the measured densities yields the

following density function for LLST [g/L] as a function of cxzot [Wt%]:
pLsT = (2485 + 11) - (21.9 £ 2.8) - aizot (2)

Linear molar absorption coefficients for LLST were determined from the H20m
(~5210 cm™") and OH (~4470 cm™) absorbances measured via FTIR spectroscopy.
After baseline correction, the near infrared (NIR) band intensities of OH and H20m were
obtained (Behrens et al., 1996). A weighted least-squares regression of normalized
absorbances yielded molar absorption coefficients of ev2om = 1.27 + 0.04 and €on =
1.15 £ 0.07 L-mol"-cm™.

FTIR spectroscopy results obtained from quenched samples that run at different
temperatures under 200 MPa indicate an increase in H20 solubility with decreasing
temperature, consistent with findings by Schmidt and Behrens (2008) for phonolitic
melts from the Laacher See volcano and Montana Blanca volcano, Tenerife, Spain.
From the solubility series at 1323 K, an empirical equation for pressure dependent H20

solubility (in wt%) was derived:
(120eq = 0.2403 - P05988 (3)

Applying the solubility equation, H20 saturation pressures (Psat) of 198 MPa for the
initial H20 concentration (cH20i) = 5.7 wt% and 156 MPa for cH2oi = 5.0 wt% were
determined for the decompression series. These values correspond to two distinct
starting conditions at the beginning of decompression at 1323 K: one at H20 saturation
with 5.7 wt%, and the other H20-undersaturated with 5.0 wt%. Consequently, while
melt supersaturation occurs immediately for the 5.7 wt% series upon the onset of
decompression, a pressure reduction of ~ 40 MPa is required to reach saturation at
156 MPa for the 5.0 wt% series.

13



Decompression experiments: vesiculation stages

Combined hydration and decompression experiments with the LLST melts were
conducted in the IHPV to investigate the effect of decompression rate on the vesicle
formation, the subsequent vesicle growth, and the onset of vesicle coalescence during
decompression. The melts were hydrated with 5.7 or 5.0 wt% H20 at 200 MPa and
1523 K for 96 h. Following hydration, the temperature was isobarically reduced at a
controlled rate of 10 K/min to 1323 K, and the melts were thermally equilibrated for
30 min. Subsequently, the hydrous melts underwent isothermal decompression at
rates of 1.7, 0.17, or 0.064 MPa/s to final pressures of 110, 90, 80, 70, 60, 50, 40, and
30 MPa. Upon reaching Pr, the samples were quenched isobarically to room
temperature at rates of 150 K/s (Berndt et al., 2002) or 97 K/s (Study I).

All decompressed samples were free of microlites. Notably, all samples exhibited fringe
zones characterized by the presence of large vesicles at the melt-capsule interface.
The size of these vesicles increased with decreasing decompression rates and lower
Px.

The quenched samples of decompression series generally undergo three stages as P

decreases:

- the first observable vesicle formation (Study /),
- complete vesiculation of the central sample volume accompanied by vesicle
growth (Studies I and Il),

- the onset and progression of vesicle coalescence (Study Il).

The pressure difference between Psat and the pressure at which vesicles first appear
in the glass defines the supersaturation pressure (Pss). Within the analyzed 10 MPa
intervals for the two cH2oi series, the initial Psat and Pss differences do not significantly
influence the onset of vesicle formation. At slower decompression rates (0.064 and
0.17 MPals), vesicles first appear in the glass at a Pr of 80 MPa (Fig. 3). At faster
decompression rates (1.7 MPa/s), lower Psvalues are required: 70 MPa for the 5.7 wt%
series and 60-50 MPa for the 5.0 wt% series. Consequently, the Pss increases with
decompression rate, from 120 MPa to 130 MPa for the 5.7 wt% series and from 80
MPa to 100-110 MPa for the 5.0 wt% series. This indicates that the initially saturated
melt requires a higher Pss (~40 MPa) than the initially slightly undersaturated melt at

slower decompression rates. However, faster decompression rates necessitate an

14



even higher Pss, corresponding to lower Pr values of 10 to 20 or 30 MPa, depending

on czoi (Fig. 3).

Vesicle formation is initially observed in localized regions of the quenched samples,
with high densities of small vesicles (2—4 um) in the upper, middle, or lower sample
areas. The stage of complete vesiculation and vesicle growth across the sample
volume follows, spanning a wide pressure range of 20-40 MPa at faster
decompression rates (0.17 and 1.7 MPa/s). At the slowest rate (0.064 MPa/s),
coalescence occurs after complete vesiculation, over a narrower pressure range of
~10 MPa. Comparing the pressure range of uniform vesicles, coalescence starts at
higher Ps for initially H20 saturated melts (~30 MPa) than for undersaturated melts,
correlating with Psat differences of 198 MPa and 156 MPa for the 5.7 wt% and 5.0 wt%

series, respectively.

The onset of vesicle coalescence is decompression rate dependent, occurring at
higher Pr with slower decompression. In the 5.7 wt% series, coalescence starts at a Ps
of 70 MPa at 0.064 MPa/s, and at 60 MPa for faster rates (0.17 and 1.7 MPa/s). In the
5.0 wt% series, coalescence starts at 40 MPa at 0.064 MPa/s and at 30 MPa for faster
rates. Samples quenched at the onset of coalescence exhibit pristine vesiculated
volumes alongside the first coalesced vesicles. Notably, the logVND of pristine vesicles
decreases at the onset of coalescence, particularly at slower decompression rates
(0.064 and 0.17 MPal/s).

Fig. 3: Vesicle occurrence in

200 £ X X X decompressed LLST samples:
180 + Open symbols indicate no
: vesicles after decompression
160 + and  quenching.  Dotted
140 + symbols show homogeneous
- vesicle formation at Pr, while
< 120 —— crossed filled symbols indicate
% 100 I (] both coalesced and pristine
= E vesiculated volumes. Filled
Q@ g0+ symbols denote only
: 2] | coalesced vesicles. Blue and
60 ¢ green symbols represent chzoi
40 £ of 57 wt% and 5.0 wt%,
F respectively. Psat refers to the
20 T saturation pressure of 5.7 wt%
0+ iy iy L and 5.0 wt% H20, and Pss is
0.01 0.1 1 10 the AP from. Psat to the
dP/dt [MPa/s] pressure of first observed

vesicles.
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Fig. 4: Decompression samples of LLST with initially 5.7 wt% dissolved H20. Hydrous melts were
decompressed from 200 MPa with 0.064, 0.17 or 1.7 MPals to Ps of 70, 60, 50, 40 and 30 MPa. Left
image of each sample shows the in epoxy embedded sample half, the right image shows the thin section
of ~200 um thickness. Each sample had an original diameter of 5 mm.
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Fig. 5: Decompressed LLST samples with initially 5.0 wt% dissolved H20. Decompressed from 200 MPa
with 1.7, 0.17 or 0.064 MPal/s to P of 80, 70, 50, 40 and 30 MPa. Left image of each sample shows the
in epoxy embedded sample half, the right image shows the thin section of ~200 ym thickness. Each
sample had an original capsule inner diameter of 5 mm.
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Vesicle number density

The VND was analyzed in volumes of the samples exhibiting a uniform vesicle
distribution and was determined to logVNDs of 4-5.7. The stage of maximum
vesiculation is characterized by high logVNDs of 5.1-5.7, visible as milky white opacity
in reflection mode under the optical microscope for embedded sample halves, and as
opaque dark areas in thin sections under transmission mode (Fig. 4, 5). As P
decreases, highly vesiculated volumes diminish, and vesicle coalescence becomes
evident. At slower decompression rates, large coalesced vesicles form within the
sample volume while small uniformly sized vesicles persist in the glass interstices. In
contrast, at the fast decompression rate, vesicle coalescence initiates from the outer

sample margins and progresses inward toward the sample center.

Within each sample, vesicles are uniformly sized, with diameters increasing from
~2 uymto ~15 ym as P decreases, consistent across the different decompression rates.
Notably, the VND is independent of cHzoi prior to decompression, as both H20 series
display the same range of logVND. However, VND does exhibit an apparent
dependence on the onset of observable vesicle formation. The Pr associated with the
highest logVNDs shifts towards lower pressures at faster decompression rates. For
example, at 5.0 wt% dissolved H20 and a decompression rate of 0.064 MPal/s, the
highest logVND is observed at a Pr of 50 MPa. In contrast, Pr decreases to 40 MPa at
0.17 MPa/s and further to 30 MPa at 1.7 MPa/s. However, the samples show uniformly
distributed vesicles, spanning from the initial vesicle formation stage to the maximum
vesiculation stage. The onset and progression of coalescence are characterized by
larger vesicles, ranging from ~37 ym to ~500 um, accompanied by significantly
reduced logVNDs between 3.7 and 0.5.

Resorption of H2O during quench

Slight variations in logVND of 4-5.7 are observed in quenched glasses showing initial
vesiculation. We expect that phase separation at higher P: and lower Pss may result in
H20 resorption during cooling, leading to the complete dissolution of earlier-formed
smallest vesicles. H20 resorption from vesicles back into the melt during quenching,
as described by Mclintosh et al. (2014) and Allabar et al. (2020a), is driven by the
increasing solubility of H20 in phonolitic melt as temperature decreases (Schmidt and

Behrens, 2008). This effect is more pronounced in the 5.7 wt% series due to higher
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H20 diffusivity and lower melt viscosity, which decreases with increasing residual ch2ot
(Giordano et al., 2008).

LogVND values of 4-5, determined in glass samples exhibiting uniform vesicle
distributions, reflect the early stages of vesiculation, particularly at high Pr (80—70 MPa)
(Fig. 6). In these samples, a small number of vesicles persist through quenching due
to slight size variations, while the majority of smaller vesicles dissolve during cooling
(stage 1). Vesicle sizes in these glasses range between 2 and 5 ym. Subsequently, the
increase in logVND to maximum values of 5.1-5.7 with decreasing Pr corresponds to
the true initial VND of formed vesicles, as a sufficiently large vesicle population
survives quenching (stage 2). The initial gradual decline in VND during progressive
decompression (stage 3) marks the onset of coalescence. This stage is characterized
by a coexistence of pristine vesicle populations with high VND and regions containing
larger, coalesced vesicles. This process continues until complete coalescence is
achieved (stage 4). During coalescence, logVND decreases sharply by 1.2—4.1 log

units, reaching low values of 3.7-0.5, depending on the decompression rate.

The data show clustering of logVND values (4.8-5.4) across all samples
decompressed at 1.7 MPa/s, while slower decompression rates (0.17-0.064 MPa/s)
result in a broader range (4.0-5.7). This trend may be influenced by decompression
time, which increases significantly with slower rates. For example, decompression from
200 to 70 MPa requires 1 min at 1.7 MPa/s, 13 min at 0.17 MPal/s, and 34 min at 0.064
MPa/s. Longer decompression times at slower rates facilitate vesicle growth. At the
fastest decompression rate, the onset of vesicle formation is not resolvable due to rapid
decompression within seconds, followed by resorption and shrinkage during

quenching, which may erase small vesicles formed during this process.
t [min]
12 13 14 15 16 17

Fig. 6: LogVND evolution vs. P and ¢ during
decompression for cHzoi 5.7 wt% at 0.17 MPa/s. Stages of
vesicle textures:

uniform VND

1. Initial vesicle formation, influenced by shrinkage and
resorption. 2. Vesiculated volumes with maximal logVND.
3. LogVND decreases with the onset of coalescence.
4. Complete coalescence, erasing pristine vesicle
volumes.

logVND [mm-]

(NES

coalesced VND
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(Dis)equilibrium degassing

High logVND values during the maximum vesicle stage (5.1-5.7) suggest near-
equilibrium melt degassing, driven by the rapid reduction of H20 supersaturation during
decompression. Using Hertz’'s equation (1908) for random vesicle distribution (x = 5/9
- VND~"3), the mean inter-vesicle distance (x) is calculated to be ~7—9 ym. This small
distance allows near-equilibrium cr20t and porosity to develop within seconds via H20
diffusion during decompression, as estimated from H20 diffusivity data (Schmidt et al.,
2013). Consequently, near-equilibrium degassing is inferred at high logVNDs of ~5.5,

with cH20eq achieved in the melt.

However, FTIR measurements of samples with reduced VNDs reveal residual glass
cHz2ot values exceeding cH2oeq by 1-2 wt%, indicating disequilibrium degassing at the
onset and during progression of coalescence. Disequilibrium is predicted when the
diffusion timescale (14iff) is significantly longer than the decompression timescale (1q),
i.e., TdaiifTa >> 1 (Hajimiaza et al., 2019). Under such conditions, H20 diffusion from the
melt into vesicles is too slow to maintain near equilibrium conditions throughout the

sample, leading to degassing controlled by diffusion rather than decompression rate.

In coalesced samples, high Tdif/Td ratios indicate disequilibrium degassing (Study II).
This corresponds to increasing inter vesicle distances due to an ongoing decrease in
logVND and cHzot, correlated with the H20 diffusion (Dr20) dependence on cHzot in the
melt (Schmidt et al., 2013). As coalescence progresses, supersaturation between
vesicles increases, potentially triggering secondary vesicle formation in the interstitial
melt (Allabar et al., 2020b). The H20 diffusion from the interstitial melt into the large
vesicles will not be fast enough to reduce the H20 supersaturation effectively that
builds up during further continuous decompression. This may result in a secondary
vesicle formation event at cH2ot < cH20i and lower Pr compared to the initial vesicle
population. However, no evidence of secondary vesicle formation was observed in this
study, indicating that the achieved Pr values were still too high for additional vesicle

formation.

Therefore, in addition to the resorption of H20 from fluid vesicles back into the melt
during quenching, the increasing inter-vesicle distance associated with progressing
coalescence and decreasing VND contributes to the elevated cH2ot values measured
in glasses between coalesced vesicles. This reflects the transition from equilibrium
degassing to disequilibrium degassing as coalescence advances.
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Initial vesicle formation with decompression rate independent VND: an
indicator for spinodal decomposition?

To determine the degassing mechanism of the LLST melt, VNDs were quantified in
vesiculated samples. This analysis distinguishes between decompression rate
dependent behavior, where VND increases with increasing decompression rate, and
decompression rate independent behavior, where VND remains constant across
varying decompression rates. The decompression rate dependent VND can be
explained by nucleation theory, which suggests that vesicles form only to the extent
required to reduce supersaturation. This results in a range of vesicle sizes within a
single sample as new vesicles nucleate when the existing ones are insufficient during

decompression (Navon and Lyakhovsky, 1998).

In contrast, the maximum logVND values of 5.1-5.7, associated with uniformly sized
vesicles with diameters increasing as Pr decreases for each decompression rate and
cH20i series, show decompression rate independent behavior for the LLST melt. This
behavior may be explained by the model of spinodal decomposition, where the H20
supersaturated melt becomes unstable to compositional fluctuations (Cahn, 1965).
Similar observations were found in supersaturated K-phonolitic melt from the Vesuvius
"white pumice" AD79 eruption (VAD79) (Allabar and Nowak, 2018; Allabar et al.,
2020a, b). They observed vesicle formation in the hydrous VAD79 composition with
cHzoi of 5.3 wt% H20 at Pr of < 100 MPa, showing homogeneously distributed vesicles
with logVNDs of 4.8-5.4, irrespective of decompression rates ranging from 0.024 to
1.7 MPal/s. Further decompression to 70 MPa did not change the VND but only led to

vesicle growth, mirroring the behavior observed in the LLST melt.

These results demonstrate that both Na2O-rich (LLST) and K20-rich (VAD79) phonolite
melts exhibit the same decompression rate independent vesicle formation process,
aligning with spinodal decomposition (Allabar and Nowak, 2018; Sahagian and Carley,
2020; Gardner et al., 2023). This suggests that other alkali-rich melt compositions may

also follow a similar degassing mechanism.
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VND adjusted by coalescence follows the DRM of Toramaru (2006)

The VND of the initially formed (logVND of 5.1-5.7) and partially extinct (logVND of
4.0-5.0) vesicles remains constant across all decompression rates, suggesting
spinodal decomposition as the degassing mechanism (Allabar and Nowak, 2018;
Allabar et al., 2020a, b; Sahagian and Carley, 2020; Gardner et al., 2023). Upon the
onset of coalescence, the VND decreases significantly by 1-2 log units below the
predicted VND using the DRM, (Fig. 7), calculated by Eq. 1 (Toramaru, 2006).

Assuming vesicle nucleation, the DRM estimates VND as a function of dP/df,
incorporating surface tension (o), H20 content, and diffusivity determined by H20
saturation pressure. Surface tension, calculated via Eq. 4, is 0.053 N/m (Shea, 2017).
Given reference parameters from Shea (2017) are oOref = 0.06 N/m, Tret = 900 °C, Pref
= 200 MPa, and SiO2ref = 66.5 Wt%. H20 diffusivity (logDH20 in m?/s) was calculated
using Eq. 5 (Schmidt et al., 2013) with cHz2ot in wt% and T in Kelvin.

G = Orer exp[(-2.2 - 102) - (SiOzref— Si02)] = 5+ 10-6 - (Tref = 7) + 2+ 10-5 - (Prer— Pear)

(4)
log D20 = (-6.001 - 0.277 - auzot) - (6281 - 565.6 - auzor)/ T (5)

While the maximum logVND of the homogeneous vesicles remains independent of
decompression rates, the logVND of coalesced samples follows the DRM trend,
ranging from 0.5-0.8 at the lowest decompression rate (0.064 MPa/s) to 3.1-3.7 at the
highest rate (1.7 MPa/s), with decreasing VND with P:. Nonetheless, experimental
design can mimic this dependency, as seen in prior decompression studies with
phonolitic and trachytic melts that show both rate independent and rate dependent
VND behavior (Fig. 7).

For example, VAD79 experiments by lacono-Marziano et al. (2007) and Marxer et al.
(2015) revealed that small capsule diameters (2.4—2.5 mm) inhibited uniform vesicle
formation due to H20 diffusional loss towards fringe vesicles at the capsule walls,
compounded by coalescence at low Pr. Only the highest decompression rate of
1.7 MPa/s, presented in the study of Marxer et al. (2015), produced uniformly
distributed small vesicles (logVND ~4.3) due to shorter diffusion times. In contrast,
Preuss et al. (2016) used larger glass cylinders (5 mm) of Campi Flegrei trachytic and

VAD79 phonolitic melts, achieving high logVNDs of ~5.6 with decompression rate
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independent VNDs. However, using powdered starting material at the same
experimental conditions reduced VNDs significantly due to pre-existing H20-N2
vesicles and degassing by diffusive growth of these pre-existing vesicles. The samples
with powder used as starting material are therefore not included in Fig. 7. Allabar and
Nowak (2018) and Allabar et al. (2020a, b) also observed decompression rate
independent behavior in hydrous VAD79 melts, with high logVNDs (4.6—6.4) consistent
with spinodal decomposition and deviating from the DRM trend (Fig. 7). This
underscores that sample geometry, initial starting material and experimental conditions
can critically influence VNDs, specifically if the sample size is too small, powder is used
as the starting material, or the decompression rate is too slow, significantly lowering

VND by orders of magnitude.

Fitting the DRM to coalesced data (this Study Il and Marxer et al., 2015) yields surface
tension values of 0.09 N/m and 0.035 N/m, respectively. According to Eq. 1, the DRM
slope remains constant at 3/2, as dictated by the used simplified H20 diffusivity model
x? = 2-Dn2o-t (with x as diffusion distance), (Toramaru, 2006), allowing simplification of
Eq. 1to Eq. 6.

logVND = 3/2 - log(dP/dd) + b (6)

The y-axis intercept b of the DRM line (Fig. 7) depends on surface tension, which varies

with H20 content and melt composition, shifting the DRM line vertically.
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Fig. 7: VND vs. dP/dt plot with data for hydrous phonolitic and trachytic melts. To minimize overlap, data
from other studies are slightly shifted at 0.17 MPa/s and 1.7 MPa/s. The DRM line is calculated for LLST
composition (o = 0.053 N/m (Shea, 2017); Toramaru, 2006). Successful decompression experiments
are plotted in the uniform VND region, indicating degassing via spinodal decomposition. Data aligning
with the DRM line reflects the results of experiments affected by coalescence, pre-existing bubbles, or
unsuitable capsule design.

Vesicle coalescence generally proceeds through three primary stages: (1) the
approach of vesicles, driven by external and/or internal forces such as vesicle growth
(e.g., Maruishi and Toramaru, 2022); (2) the drainage of the melt film between vesicles
until it reaches a critical thickness and ruptures; and (3) the relaxation of the coalesced
vesicles to a spherical shape due to surface tension forces (e.g., Eri and Okumura,
2010). Various forces contribute to film drainage in magmas, including gravitational
forces (Proussevitch et al., 1993), capillary forces (Nguyen et al., 2013; Proussevitch
et al., 1993), vesicle growth (Castro et al., 2012), and shear deformation in conduit flow
(e.g., Caricchi et al., 2011).

In our samples, only the initial and final stages of vesicle coalescence were observed.
In uniformly vesiculated regions, vesicles appeared spherical and remained separated
(Maruishi and Toramaru, 2022), while coalesced vesicles displayed the final stage of

relaxation to spherical shapes (Eri and Okumura, 2010).
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The volatile content and bulk composition of magma significantly influence its bulk
density (e.g., Wilson et al., 1980) and viscosity (e.g., Mader et al., 2013). Consequently,
the magma composition and the timescales of H20 diffusion and viscous deformation
play critical roles in determining the effects of H20 diffusivity and melt viscosity on
vesicle growth and coalescence (Navon and Lyakhovsky, 1998). Depending on the
respective timescales, vesicle growth is governed by the diffusion of H20 molecules
from the bulk supersaturated melt to the vesicle-melt interface, or the expansion of
vesicles through viscous deformation of the surrounding melt (Navon and Lyakhovsky,
1998).

Additionally, the cH2ot strongly affects vesicle surface tension (Shea, 2017), a
parameter critical in determining the work required for the formation of critically sized
vesicles within the framework of the DRM model proposed by Toramaru (2006).
Notably, the DRM model assumes a single, constant value for surface tension to

predict VND across varying decompression rates.

To predict VND during decompression and its dependence on decompression rate, a
model incorporating dynamically evolving parameters such as H20 content, surface
tension, melt viscosity, vesicle size, and growth rates is essential. While several models
exist to simulate vesicle growth during decompression or equilibration at specific
pressures (e.g., Gardner, 2007; Castro et al., 2012; Huber et al., 2014; Mancini et al.,
2016; Giachetti et al., 2019; Coumans et al., 2020; Ohashi et al., 2022), no existing
equations or models can predict the specific VND at which vesicle coalescence begins

or determine the extent to which it will progress.

We propose that extensive experimental work, incorporating variable melt
compositions, decompression rates, and H20 contents, is necessary to develop a
comprehensive predictive model for vesicle coalescence during decompression. Such
efforts would clarify why coalescence appears to depend on decompression rate, while
the initial vesicle number density remains independent of this rate.
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Conclusion of LLST degassing

This study identifies a rapid transformation of the initial VND, characterized by high
logVND values and decompression rate independence, to the coalescence stage with
significantly lower VNDs as a function of decompression rate which is consistent with
the VND predictions of the DRM (Toramaru, 2006) related to vesicle nucleation. During
the initial vesiculation stage, high logVNDs ranging from 5.1 to 5.7 were observed.
These values are consistent with previously reported logVNDs of 4—6 in both
experimental and natural phonolitic and trachytic samples from Vesuvius and Campi
Flegrei (Marxer et al., 2015; Allabar et al., 2018; Gurioli et al., 2005; Mastrolorenzo et
al., 2001). At these high VND levels, near-equilibrium degassing from the melt into

nearby adjacent vesicles is expected during decompression.

Vesicle expansion during magma ascent is driven by ongoing H20 diffusion into
vesicles, promoted by reduced H20 solubility in the silicate melt and the increase of
the molar volume of the fluid phase. As vesiculation advances, decompression rates
may increase due to buoyancy forces acting on the magma and the reduction in
magma density as vesicles expand (e.g., Wilson et al., 1980). Additionally, vesicle rise
relative to the surrounding magma, influenced by vesicle size and melt viscosity,
promotes coalescence and further decompressive expansion (Proussevitch et al.,
1993).

At higher decompression rates, the time available for vesicle coalescence is reduced,
potentially preserving the initially high VND up to the surface. Consequently, VND
values in natural pumice may not directly correlate with decompression rates, as VND
can vary significantly throughout magma ascent. This highlights the substantial
influence of viscosity, controlled by the melt bulk composition, on the vesiculation
process during decompression and, in turn, on magma ascent dynamics within

volcanic conduits.
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An empirical H20 solubility model for peralkaline rhyolitic melts
(Study Il

Glass densities

In the H20 solubility experiments of the peralkaline rhyolitic melts, H20 was uniformly
dissolved within the corresponding quenched glasses. For all investigated glass
compositions (Table 2), the density exhibited a linear decrease with increasing H20
content. The linear correlations between density (in g/L) and cH2ot were fitted through
regression analysis for the hydrous glasses of each composition (Eqgs. 7-10), where
the AOQ density relationship (paoq) is from Nowak and Behrens (1997). The increase
in density with higher peralkalinity is attributed to enhanced depolymerization caused
by the incorporation of Naz20, which leads to a reduction in molar volume of the glass
(Bottinga and Richet, 1995).

paoq = (2362) —(14.5) - anzot (7)
paoQz =(2351 + 2)—(12.30 + 0.6) - aizot (8)
paoQs =(2362 + 4)—(9.90 + 1.2) - aizot (9)
paoQs =(2392 + 3)—(7.96 + 0.9) - aizot (10)

Linear molar absorption coefficients

Linear molar absorption coefficients of the NIR absorption bands related to OH at
~4470 cm™ and molecular H20 at ~5210 cm™' were determined by applying a linear
tangent baseline correction, consistent with the method described by Behrens et al.
(1996), to measure peak heights for the AOQ2, AOQ4, and AOQ8 compositions. This
baseline correction was chosen as it was also employed for AOQ compositions
(Behrens and Nowak, 2003), enabling direct comparison of the linear molar absorption
coefficients obtained in this study. The absorption coefficients for each glass
composition were determined using the NIR absorbances of hydrous glasses with
known total H20 concentrations from KFT analysis. According to Eq. 11 the normalized

absorbances (shown in parentheses) were calculated:

1802 - AH20 SHZO 1802 - AOH
o = €H,0 — — (11)
d-p CH,0; (KFT) gon \d - p CH,0(KFT)
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A straight line is obtained by plotting the normalized absorbances, where the
absorption coefficients of OH and H20m correspond to the intercepts with the x-axis
and y-axis, respectively. The absorption coefficients, determined using weighted linear

least-squares regression, are as follows:
AOQ2: gon =1.59 + 0.04 and exzom = 1.50 + 0.02 L-mol-"-cm""
AOQ4: goH =1.50 + 0.04 and er2om = 1.20 + 0.02 L-mol-'-cm™"
AOQ8: gon =1.03 + 0.05 and exzom = 0.96 + 0.02 L-mol!-cm-.

Compared to the AOQ absorption coefficients (eon: 1.56 + 0.021 L-mol-'-cm™! and
gHzom: 1.79 + 0.021 L-mol’-cm™; Behrens and Nowak, 2003), er2om decreases
significantly with increasing excess alkali content (xex= (Na20+K20-Al203)/100). While
€oH increases slightly from AOQ to AOQ2, it subsequently decreases at higher excess

alkali levels, following a parabolic trend as illustrated in Fig. 8.

2
— Eqp = -136.0579x + 5.3598x + 1.5461
' 1.8}
[&]
‘o 16}
]
&
:.L 1471
Q
S 127 Fig. 8: Dependence of linear molar absorption
s coefficients with excess alkali content. The lines
r 4} represent the fits to the data obtained in this study
L - 5 (circles), while the stars denote the absorption
B0 = 60:2302x7 + (-15.4085x) +1.8256 coefficients for a natural peralkaline rhyolite
0.8 composition (NSL) from Behrens et al., (2009).
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The observed decrease in absorption coefficients with increasing excess alkali and
peralkalinity is consistent with previous studies (Acocella et al., 1984; Behrens et al.,
1996). Behrens et al. (1996) attributed this effect to the strong hydrogen bonding of
H20 species to non-bridging oxygens, where only a portion of the water contributes to
the absorption bands. The slight increase in eon with moderate excess alkali additions
is not fully understood and lies beyond the scope of this study. However, the
dependence of absorption coefficients shown in Fig. 8 is supported by data from
Behrens et al. (2009), who determined absorption coefficients using the same baseline

procedure for a natural peralkaline rhyolite (NSL) glass from New Zealand. This glass
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exhibited a similar excess alkali content and an identical molar Na/(Na + K) ratio of
0.64 as AOQ2.

Behrens et al. (1996) also demonstrated that alkali substitution (e.g., Na, K, Li) affects
absorption coefficients in hydrous alkali feldspar glasses. It is possible that a similar
effect occurs in peralkaline rhyolitic glasses. Consequently, the trends observed in
Fig. 8 may also reflect changes in the Na/(Na + K) ratio, which increases from 0.55 in
AOQ to 0.78 in AOQ8.

H-0 solubility of AOQ4 and AOQ8

In accordance with the Lambert-Beer law, the NIR band intensities of OH and H20m
were used to calculate their respective concentrations in the glass samples. Similar to
other silicate melt compositions, the solubility of H20 in both AOQ4 and AOQ8 melts
increases with pressure at a constant temperature and decreases with temperature at
a constant pressure. The empirical solubility equation for rhyolitic melts proposed by
Liu et al. (2005) (Eq. 12) effectively describes H20 solubility as a function of pressure
and temperature for AOQ melts. Based on this, the functional form of the equation was
adapted to derive solubility equations for AOQ4 and AOQ8.

The resulting H20 solubility equations as a function of pressure and temperature are
presented in Egs. 13 and 14. These equations are valid within the specified pressure
and temperature ranges. Both fits yield an R? value of 0.99, with root-mean-square
errors of 0.07 wt% and 0.06 wt% for AOQ4 and AOQS8, respectively.

354.94P%5 + 9.623P — 1.5223P1% P
AOQ: cy,0,(Wt%) = - +0.001244P"

[0.1-500 MPa, 825-1423 K]  (12)

337.9P%° + 28.33P — 2.217P"° s
A0Q4: cy,o,(Wt%) = 7 +0.001271P"

[27-200 MPa, 1123-1523 K] (13)

536.4P%5 + 5.125P — 1.091P*5 s
A0QS8: cy,o,(Wt%) = - +0.001323P"

[50-200 MPa, 1123-1523 K] (14)
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Results derived from Egs. 12-14 show that H20 solubility increases linearly with
increasing Na20 excess, from AOQ to AOQ8, at constant pressure and temperature
(Fig. 9). Given this linear relationship, the solubility for any Na20 excess value can be
calculated via linear interpolation between the AOQ and AOQ8 compositions at a given

pressure and temperature.

This approach was validated through an additional solubility experiment conducted
with the AOQ2 melt composition (100 MPa and 1123 K) and data from Dingwell et al.
(1997) for haplogranitic melts (HPG8; compositionally similar to AOQ) containing
5 wt% Na20 excess (+5 Na) and 10 wt% Naz20 excess (+10 Na) at 50 MPa and 1273 K.
The interpolated and moderately extrapolated H20 solubility values (in the case of the
10 wt% Naz20 experiment) agree with the experimentally determined H20 solubilities,

with a relative deviation of no more than 6%.
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Fig. 9: (a) Linear relationship between H20 solubility (wt%) and increasing Na20 excess relative to the
AOQ composition. AOQ data are derived from Eq. 12, and the solid lines represent linear interpolations
between results from Eq. 14 (for AOQ8) and Eq. 12. (b) Linear relationship between H20 solubility
(mol%) and excess alkali (defined as the difference between alkali mole fractions and that of alumina)
under identical P and T conditions. H20 solubility for AOQ is calculated using Eq. 15, while the solid
lines correspond to calculations based on Eq. 18.
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A general H,O solubility model for peralkaline rhyolitic melts

Dingwell et al. (1997) demonstrated that, for peralkaline haplogranitic melts at 50 MPa
and 1273 K, the increase in H20 solubility with peralkalinity on a molar basis is identical
for Na20, K20, Rb20, and Cs20. They further suggested that this behavior is likely
consistent at pressures up to 500 MPa. However, the addition of Li2O had a
comparatively smaller effect on H20 solubility, which they attributed to Li2O's potential

inability to form non-bridging oxygens that could interact with hydrous species.

Based on these findings, it can be inferred that, on a molar basis, the dependence of
H20 solubility on peralkalinity observed between AOQ and AOQS8 as a function of
pressure and temperature may be extended to haplogranitic compositions with general
excess alkali, excluding lithium. Consequently, the H20 solubilities from AOQ
experiments (data from Holtz et al., 1995, and Liu et al., 2005), as well as AOQ4 and

AOQ8 experiments, were recalculated in mol%, and new fit parameters were obtained:

1440P%5 + 3.689P — 3.839P15 P
AOQ: cy,0,(Mol%) = - +0.003308P*

[0.1-500 MPa, 825-1423 K]  (15)

1249P%5 4+ 83.59P — 8.523P15 P
A0Q4: cy, 0, (mol%) = - + 0.004575P*

[27-200 MPa, 1123-1523 K]  (16)

1896P°5 + 9.01P — 5.518P*5 P
A0Q8: cy,o,(mol%) = - +0.004884P"

[50—200 MPa, 1123-1523] (17)

The equations are constrained to the pressure and temperature ranges specified in
brackets. These equations reproduce both the AOQ data and the results of this study.
Additionally, the linear dependence of H20 solubility on increasing excess alkali at
constant pressure and temperature is also observed on a molar basis. Interpolation
between AOQ and AOQS8 solubilities at given P and T enables the calculation of H20
solubility as a function of excess alkali, regardless of the specific alkali type, except in
the case of lithium.

Chzot (Mol%) = CaoQs — ((CAOQS - CAOQ)/0-0825) - (0.0842 — x¢x) (18)
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Where caoaq and caoas are the results of Egs. 15 and 17, respectively, under the desired

P and T conditions, while xex represents the excess alkali of the desired composition.

The solubility model was validated against several natural peralkaline rhyolitic melt
compositions (Scaillet and Macdonald, 2001, 2006; Moore et al., 1998; Behrens and
Jantos, 2001; Gaillard et al., 2001; Stabile et al., 2018), yielding very good agreement
with relative deviations of 5-10%. The consistency between observed and predicted
H20 solubility, based on a single chemical parameter (excess alkali), for both Fe-free
haplogranites and Fe-bearing peralkaline rhyolitic melts indicates that Fe does not
significantly influence H20 solubility in peralkaline melts. This conclusion is further
supported by Gaillard et al. (2001), who reported no measurable effect of the Fe2*/Fe3*
ratio on H20 solubility, as well as by the data of Scaillet and Macdonald (2001), where
similar H20 concentrations were observed under both reduced and oxidized conditions

in iron-bearing melts.

This study demonstrates that H20 solubility can be reliably calculated as a function of
excess alkali for melts containing any alkali element except lithium. The model is valid
within the experimental conditions of 27-500 MPa, 976-1523 K, and excess alkali
values up to 0.0825. Accurate prediction of H20 solubility in peralkaline melts
contributes to a better understanding of the largely unknown eruption styles of
peralkaline rhyolites (Clarke et al., 2019) and improves reconstructions of magmatic
and volcanic processes related to peralkaline melts, such as those in the East African
Rift, Kenyan Rift, Gran Canaria, Turkey, and Pantelleria (Lowenstern and Mahood,
1991; Neave et al., 2012; McDonald et al., 2015; Clarke et al., 2019).

Calculation scripts (MS Excel and Matlab (“SolModel_peralk_rhyolite”)) are provided
in the supplementary material at https://doi.org/10.1007/s00410-022-01915-8 for
calculating the excess alkali and H20 solubility (in mol% and wt%) based on input

values of P, T, and the anhydrous composition (in wt%).
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H2O degassing triggered by alkali depletion during bimodal magma
injection processes (Study IV)

Validation of experimental setup

The novel experimental procedure, involving the contact of two hydrous glass cylinders
without air entrapment, was validated using a reference decompression experiment
with two contacted hydrous rhyolitic glass cylinders. The results showed
homogeneously distributed vesicles throughout the sample's central volume. The
former interface between the two cylinders was no longer visible, and no enhanced
vesicle formation was observed at the former interface. These findings confirm the
suitability of the experimental setup for subsequent magma injection experiments with

different bulk compositions.

Vesiculation in bimodal magma injection experiments

The bimodal magma injection (MI) reference experiment established the initial melt
conditions after heating and thermal equilibration for 10 min at 1348 K and 210 MPa
prior to decompression to the final pressure of 100 MPa (MI_T_3, MI_7, MI_6). No
vesicles formed during the experiment in either the rhyolitic or basaltic sections of the
sample. The basalt exhibited partial crystallization, characterized by 1-3 pm sized

magnetite crystals as identified through EPMA analysis.

In decompressed MI samples, the rhyolitic glasses showed a homogeneously
vesiculated central volume (Fig. 10). All decompressed MI samples demonstrated an
increase in VND or larger vesicle sizes near the contact zone between the initial
rhyolitic and basaltic melts. This contact zone, marked by a color gradient transitioning
from colorless (rhyolitic) to brownish or black (basaltic), corresponds to the hybrid zone
formed by diffusion-controlled mixing during the experiment (Fig. 10d). The onset of
magnetite crystal occurrence correlates with the black coloration in the optical images.
Notably, the enhanced VND region consistently appeared within the rhyolite-dominated

part of the hybrid zone across all bimodal decompressed samples.
Textural analysis of the decompressed samples revealed four distinct zones:
1. Peripheral zone: Fringe vesicles at the capsule wall-melt interface (Navon

and Lyakhovsky, 1998; lacono-Marziano et al., 2007).
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2. Partially crystallized basaltic glass: Central volume containing vesicles.
3. Rhyolitic glass: Central volume with vesicles (Navon and Lyakhovsky, 1998).
4. Hybrid zone: Enhanced VND compared to the rhyolitic volume.

These zones likely result from different nucleation mechanisms. Fringe vesicles in
zones (1) and vesicles in (2) were attributed to heterogeneous nucleation at crystal-

melt interfaces.

In the peripheral rhyolitic melt, vesicles formed heterogeneously at the capsule melt
interface due to a low wettability of the capsule material with hydrous rhyolitic melt.
This reduced the required energy for vesicle formation under low supersaturation
during decompression (e.g., Mangan and Sisson, 2000; lacono-Marziano et al., 2007).
In the basaltic melt, magnetite crystals formed during hydration likely acted as
nucleation sites for H20 vesicles during reheating and decompression within the
stability field of magnetite (Hurwitz and Navon, 1994; Mangan and Sisson, 2000, 2005;
Gardner and Denis, 2004; Gardner, 2007; Edmonds et al., 2015).

In contrast, zone (3) exhibited homogeneous vesicle nucleation in rhyolitic melt, which
lacked pre-existing crystals. According to nucleation theory, VND increases with the
decompression rate (Toramaru, 2006). This is consistent with the VND data of the Ml
samples, where MI_6, decompressed at 1.7 MPa/s, showed the highest VND with
1.2:10% cm™3 compared to MI_T_3 and MI_7, decompressed at 0.17 MPa/s and VNDs
of 1.9-102 and 2.2-102 cm3, respectively.

The hybrid zone's vesicle textures and VNDs differed significantly from those of the
central rhyolitic melt. It was confirmed that vesicles nucleated heterogeneously at
magnetite crystals did not migrate from the basalt to the hybrid zone. This conclusion
was supported by MI_7, where the basalt overlays the rhyolite. Despite the basalt
sinking into the rhyolite due to density differences, the enhanced VND zone remained
confined to the lower rhyolite-dominated region of the hybrid zone, positioned beneath
the partially crystallized basalt (Fig. 10b, d).
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Fig. 10: (a) SEM image of
sample MI_T_3 (dP/dt = 0.17
MPa/s);

(b) Microscope image in
transmission mode of sample
MI_7 (dP/dt = 0.17 MPals);

(c) Microscope image of
sample MI_6 (dP/dt = 1.7
MPa/s);

(d) Microscope image of
sample MI_7, showing partially
crystallized basaltic glass with
magnetite (indicated by ar-
rows). The hybrid zone displays
a color gradient, transitioning
sErrIll from opaque black (basalt) to
semitransparent brownish and
finally to transparent colorless
(rhyolite).

a3

Z ‘ All samples are cut and
f - \ _ : _— polished along the cylinder axis,
SN, -9 % with image alignment matching
%‘ w  partially the capsule orientation during
. MyBSellividdl the experiment. Increased
vesicle formation is observed at

| vesiculated 100 um the former interface.

% glass volume

Magma mixing

The melt between rhyolite and basalt developed as intermediate composition through
multicomponent interdiffusion processes of ions, depending on their concentrations,
charges, specific diffusion coefficients, and the requirement to maintain charge
neutrality over the sample. The alkali ions Na and K diffuse several orders of magnitude
faster than other network-modifying cations, including Ca, Mg, Fe, and Ti, as well as
network-forming ions like Si and Al, which exhibit the lowest mobilities due to their
coupling with O-diffusion (e.g., Watson, 1982; Baker, 1992; Johnston and Wyllie, 1988;
Zhang et al., 2010).

Notably, Na and K exhibited significantly faster diffusion rates than Si toward the
basaltic region, leading to a pronounced depletion of measured Na20 and K20 in the
rhyolite-dominated hybrid zone. In contrast, cations such as Ca, Mg, Fe, Ti and Al
diffused toward the rhyolitic melt as a counter flux. The concentration profiles of oxide
components illustrate these interdiffusion processes (Fig. 11). Specifically, the
asymmetric profile of Na20, with a greater length extending into the rhyolitic side,
suggests varying diffusion coefficients of Na in basaltic versus rhyolitic melts, with Na

35



exhibiting higher diffusivity in the rhyolitic composition (Zhang et al., 2010). This effect
is further amplified by the increased H20 content in the rhyolite, as higher H20 content

increases ion mobility in the melt (Watson, 1982).

In contrast to the alkalis, other oxide components display symmetric concentration
profiles within the hybrid zone (Fig. 11). For further evaluation, SiO2 concentration

profiles were analyzed across all samples to determine the extent of the mixed hybrid

zone.
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Fig. 11: EPMA measured concentration-distance profiles of oxide components between initial rhyolitic
composition (left) and initial basaltic composition (right) of MI_T_3 and MI_7. The concentrations of the
individual oxides were normalized to a range from 0 to 1.

cH20t profiles along the hybrid zones

The csio2 concentration profiles align with the cr2ot profiles (Fig. 12), as the inflection
point of the csio2 profile corresponds to the first measurement within the color transition
from brownish to transparent glass (referred to the "midpoint"). To calculate the cH2ot
from FTIR-measured profiles across the hybrid zone, each measurement point was
assigned the corresponding SiO2 concentration obtained from EPMA measurements.

For the determination of the cH2ot concentration profile across the hybrid zone, FTIR
absorption spectra were baseline-corrected following the method of Ohlhorst et al.
(2001). Straight lines were fitted through the minima on both sides of the NIR
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combination bands corresponding to H20m and OH to measure peak heights. The
linear molar absorption coefficients (€) were calculated using the parabolic equation
from Ohlhorst et al. (2001), which predicts € as a function of the csio2 (Wt%) content of

the glass, applicable for compositions ranging from rhyolite to basalt:
e=a+ b- cio2? (19)

The baseline-dependent parameters a = —0.13 and b = 0.000257 were used, resulting
in absorption coefficients for rhyolite (en2om = 1.57 and gon = 1.32 L-mol"-cm™") and

basalt (eH2om = 0.76 and €on = 0.64 L-mol'-cm™).

Glass density [g/L], required for the calculation of ch2ot via the Lambert-Beer law, was
determined at each measurement point using equations from Allabar et al. (2022;
Study Ill; Eq. 8), Yamashita (1997, composition no. 43gm, Eq. 20), and Ohlhorst et al.,
(2001, Eq. 21) for rhyolite, dacite, and basalt, respectively. For the hybrid composition,
density values were interpolated iteratively between dacite density (at the midpoint)

and rhyolite or basalt densities.
pp = (2515 + 6) - (11.8 £ 2.0) - azot (20)
ps = (2819 + 13.5) - (20.8 + 6.6) - aiz0t (21)

Applying this procedure, cH2ot profiles across the hybrid zone reveal an increase in
H20 concentrations transitioning from rhyolitic to basaltic compositions (Fig. 12).
Within the high VND zones, cHzot was generally higher than cH2oeq predicted for Pr. This
discrepancy might be attributed to the increased solubility of H20O with decreasing
temperature at pressures below 300 MPa (Holtz et al., 1995), causing H20 diffusion
from vesicles back into the melt during quenching. This process led to vesicle
shrinkage and the formation of resorption halos, with elevated H20 concentrations
surrounding the vesicles (Mclintosh et al., 2014; Allabar et al., 2020a). Higher VNDs
accelerated H20 resorption due to the larger number of H20 fluid sources per unit melt

volume, particularly in the hybrid zones.

Based on EPMA data, the hybrid melt evolved to a dacitic composition, similar to Unzen
dacite (Chen et al., 1993). The elevated cH20t in dacitic hybrid zones may also result
from vesicle resorption. Assuming similar temperature dependence of H20 solubility in
dacite, vesicles nucleated in basaltic-dominated hybrid regions during decompression

could have dissolved during cooling, increasing cH2ot in the glass. Therefore, hybrid
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melt that resorbed H20 indicates a much higher cHzot in the glass than in the rhyolite-
dominated vesiculated hybrid regions (Fig. 12). Experimental results from Sato et al.
(1999) demonstrated that at 98 MPa and 1303 K, 5.7 wt% H20 is soluble, comparable
to the experimental final conditions here (100 MPa, 1348 K). Therefore, dacitic melts
show higher H20 solubility (5.7 wt%) than rhyolitic (3.8 wt%) or basaltic (3.3 wt%) melts
under similar conditions (Study IIl; Berndt et al., 2002). This solubility difference may

explain the ~1 wt% increase in cH20t across hybrid zones.

Despite possible uncertainties in absorption coefficients, baseline corrections, and the
influence of H20 resorption during quenching, the observed increase in cH2ot toward
the basaltic hybrid zone is plausible. However, the high cH2ot values (~6 wt%) in dacitic
hybrid regions warrant further investigation. Improving H20 quantification via NIR
spectroscopy could involve synthesizing hydrous glass standards with intermediate
compositions to match the hybrid zone's bulk composition through controlled mixing of

rhyolite and basalt.
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Fig. 12: A chzot-distance profile from rhyolite (violet) to basalt (blue) through the hybrid melt zone (red)
of bimodal sample MI_T_3. Open circles represent excluded NIR measurements. Shaded transmission
microscope image shows data points, with dashed lines marking crzoi in rhyolite and basalt. Grey solid
lines indicate the SiO2 concentration profile, and blue ellipsoids highlight the vesiculated rhyolite zone.

38



Alkali depletion responsible for enhanced vesicle formation in the hybrid
zone

Enhanced VND is consistently observed in the rhyolite-dominated regions of the hybrid
zones across all decompressed bimodal samples (Figs. 10, 12). As a novel approach
to understanding vesicle nucleation, this section discusses the role of alkali diffusion
and the resulting alkali depletion in the rhyolite-dominated region of the hybrid zone

formed between rhyolite and the injected basalt.

The enhanced vesiculated zone likely forms due to the rapid diffusive loss of alkalis
from the mildly peralkaline rhyolitic melt into the basaltic melt. The significant reduction
in Na20 concentration in the rhyolitic melt reduces its H20 solubility, promoting H20
supersaturation near the contact zone during decompression. Dingwell et al. (1997)
demonstrated that H20 solubility in silicate melts is influenced by alkali excess (Xex =
(Na20+K20-Al203)/100). This relationship was confirmed in Study Ill, where a linear
increase in H20 solubility with increasing Na20 excess, or alkali excess in general was

reported.

The initial xex in the mildly peralkaline rhyolite was 0.03. However, during the
decompression experiments, xex decreased by more than 90%, approaching the H20
solubility minimum at xex = 0. This reduction in alkali excess led to a decrease in H20
solubility by ~ 0.4 wt%, thereby lowering AP required to initiate vesicle formation in the
alkali-depleted rhyolitic melt near the contact zone. In contrast, vesicle nucleation and
growth in pristine rhyolitic melt occurred at higher AP values, resulting in VNDs
approximately half of those of the hybrid melt zones. These findings indicate that, in
addition to pressure and temperature, the alkali concentration is a critical parameter

influencing H20 solubility and, consequently, vesicle formation in rhyolitic silicate melts.
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Abstract. The Laacher See volcano is located in the East Eifel region of Germany, an area that remains vol-
canologically active, indicated by ongoing degassing and low-frequency seismic activities. Its last eruption,
~ 13000 years ago, was one of the most significant volcanic events in central Europe, characterized by ex-
plosive Plinian and phreatomagmatic eruptions with devastating environmental consequences. To contribute to
understanding the eruption behavior of the Laacher See volcano, this experimental study focuses on the degassing
behavior of the sodium-rich Lower Laacher See Tephra, part of the first highly differentiated melt ejected.

Systematic solubility and decompression experiments were conducted at superliquidus temperatures of 1323 K
and at starting pressures of 200 MPa in an internally heated pressure vessel. HoO concentrations of 5.7 wt % and
5.0wt % revealed saturation pressures of 198 and 156 MPa, respectively, resulting in saturation and slightly
undcersaturation conditions prior to decompression. The hydrated melts were then continuously decompressed at
rates ranging from 0.064-1.7 MPa s~ to final pressures between 110 and 30 MPa.

H>0 concentrations in the residual glasses were measured using FTIR spectroscopy, for which the absorption
coefficients for the synthesized glass composition were determined (ey,om = 1.272£0.04 and gy = 1.150.07),
as well as the H»O-dependent density equation g5t = (2485£11)—(21.942.8)- cy,0r. Upon reaching a suffi-
cient supersaturation pressure of 80-130 MPa, all samples exhibited homogeneously dispersed and micrometer-
sized vesicles in the sample volume, Each series showed maximal logVNDs (where YND is vesicle number
density) of 5.1-5.7, irrespective of decompression rate, which seems difficult to reconcile with nucleation the-
ory. The observed high VNDs are supposed Lo cause very last near-equilibrium adjustment ol H>O concentration
in the melt by degassing.

Under the investigated experimental conditions, the results align with recent studies indicating that the decom-
pression rate docs not significantly affect potassivm-rich phonolitic and phono-tephritic melts. These findings
suggest that off-critical spinodal decomposition might be responsible in the rapid phase separation of hydrous,
alkali-rich intermediate melts into H»O fluid and less hydrous melt, potentially enhancing the explosive eruption
behavior.

1 Introduction et al., 2021). This eruption ranks among the largest in Eu-
rope during the upper Pleistocene, with a volcanic explo-
sivity index (VEID) ol 6, comparable in magnitude (o the
1991 eruption of Mount Pinatubo (Holasek et al., 1996).
Over a span of fewer than 10d, approximately 6.3km> of
phonolitic magma, equivalent to 20km?® of tephra, was ex-
plosively ejected through phreatomagmatic and Plinian erup-

1.1 Laacher See setting
The Laacher Sec volcano, located 1n the East Eifel vol-
canic field in western Germany. stands as one of central Eu-

rope’s youngest volcanoes, with its most recent eruption oc- ” - ; .
curring ~ 13006 -+ 9 years BP (relative to 1950 CE) (Reinig tions (Worner and Schmincke, 1984a; Schmincke et al.,
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1999; Harms and Schmincke, 2000). This eruption unleashed
aminimum of around 1.9 Tg of sulfur, 6.6 Tg of chlorine, and
403 Tg of water vapor into the atmosphere, with a substan-
tial portion reaching the stratosphere, likely exerting a signif-
icant influence on climate and the environment (Harms and
Schmincke, 2000). For context, the mentioned 1991 eruption
of Mt. Pinatubo resulted in an estimated global lemperature
decrease ol 0.4 K (McCormick el al., 1995).

The temperatures and pressures within the Laacher See
magma chamber were estimated to range from 1023 to
1033 K (750 to 760°C) and 115 to 145MPa at the upper-
most section of the chamber, increasing to 1113 to 1133 K
(840 to 860 °C)y and 200 MPa at the mafic, more crystalline
magma at the chamber’s base. The upper boundary of the
magma chamber was positioned at a depth of 5-6 km. Con-
sidering the volcanic depression’s geometry and the volumes
of erupted material, the overall height of the magma body
was approximated 1o be 1-2km (W&rner and Schmincke,
1984b; Harms et al., 2004).

The Laacher See tephra layers were dispersed across
central Europe, embodying a chemically and mineralog-
ically stratified magma chamber (Van den Bogaard and
Schmincke, 1984, 1985; Worner and Schmincke, 1984a).
Initially, Plinian eruptions ejected the Lower Laacher See
Tephra (LLST), characterized by highly differentiated,
water-saturated, and exceptionally crystal-poor (< 2 vol %)
phonglites, representing the uppermost segment of the
magma chamber. Highly evolved LLST glass inclusions were
estimated to contain ~ 5.7 wt % HoO using secondary ion
mass spectrometry and the by-difference method, suggest-
ing that the LLST magma was near water saturation at depth
(Harms and Schmincke, 2000). Subsequent Plinian erup-
tions ejected less differentiated phonolitic magma, featur-
ing a slightly reduced alkali content and crystal contents
of up to 15vol %, leading to the deposition of the Mid-
dle Laacher See Tephra (MLST). In the later stages of the
eruption, phreatomagmatic activity produced a crystal-rich
mafic phonolite (ULST, Upper Laacher See Tephra) with
phenocryst concentrations of up 1o 55 vol %, attribuled Lo oc-
casional replenishment of hot basanite melt and mixing with
the resident melt at the base of the magma chamber (Tomlin-
son ct al., 2020).

Beyond analyzing natural volcanic products, experimen-
tal work is crucial for investigating and wunderstanding
the physicochemical processes within the magma chamber.
While the study of erupted products yields information about
the initial conditions of the magma chamber, it does not pro-
vide insights into the behavior of the magma during ascent,
Experimental simulations of ascending magma, undergoing
degassing and/or crystallization, offer valuable insights into
the dynamic magma behavior under various conditions. Nu-
mcrous studics about the Laacher Sec cruption at ~ 13 ka
have delved into pressure and temperature conditions, melt
composition, volatile content, phase relations, fluid inclu-
sion, crystal analysis, and other factors (e.g., Worner and
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Schmincke, 19844, b; Harms and Schmincke, 2000; Harms et
al., 2004; Schmidt and Behrens, 2008; Schmidt et al., 2013;
Tomlinson et al., 2020). However, the question of the ac-
tual phase separation behavior of the initial hydrous melt
into fluid and less hydrous melt (terminated as degassing
in this publication), which reveals the explosive potential
of the volcano, has remained unanswered. Therefore, this
study focuses on investigating the H»>O degassing behavior
of hydrous melt with LLST composition through systematic
decompression experiments conducted under superliquidus
conditions. Superliquidus conditions were chosen as it is cru-
cial to start with relatively simple conditions before progress-
ing to more complex systems. Accordingly, our initial focus
is on the phase separation of the pure melt (homogeneous
phase separation), prior to studying more complex systems,
such as melts containing crystals. We selected the Laacher
See composition as the melt composition as the Laacher See
volcano has a history ol explosive eruptions and conlinues (o
exhibit frequent seismic activity.

1.2 Cavitation: formation of gas vesicles in a liguid

The eruption dynamics of volcanic systems are dominated
by the phase separation mechanism of H>O fluid from a hy-
drous silicate melt, the primary volatile component dissolved
in magma. As magma ascends, the solubility of HyO de-
creases with decreasing pressure (e.g. lacono-Marziano et
al., 2007; Schmidt and Behrens, 2008), leading to progres-
sive H2O supersaturation within the melt. Upon reaching a
critical threshold, the melt degasses, forming HzO fluid vesi-
cles within it or, in other more general words, small vapor-
filled cavities form within the melt by exceeding its ten-
sile strength, resulting in the rupturing of the melt structure
(Brennen, 1995). This process of vesicle formation during
decompression at constant temperatures is known as cavita-
tion, which is widely used in other areas of natural science,
particularly in the physicochemical literature, and was ini-
tially described by Reynolds in 1873 and further specified by
Parsons in 1906, Cavitation invelves the [ormation, growth,
and collapse of vapor-filled cavities within a liquid.

The rupturing of the melt is strongly influenced by its ten-
sile strength, defined by the intermolecular forces that hold
the molecules together, preventing the formation of large
cavities. This tensile strength measures the extent of pulling
force the melt can withstand before breaking and is deter-
mined by the difference between the saturated vapor pres-
sure and the melt pressure. When the tensile strength is ex-
ceeded, the melt ruptures, forming cavities. [n the context of
cavilation, the tensile strength and elasticity of the melt set
the threshold for the pressure drop required (o initiate vesicle
formation. If the tensile stress surpasses the melt’s elasticity,
bonds break, forming cavitics where HoO molcecules asscm-
ble into vesicles. Consequently, tensile strength is a critical
factor in cavitation, significantly influencing the formation
and growth of vesicles and, subsequently, the melt’s integrity
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and behavier. High tensile strength implies that the melt can
withstand greater tension before failing, potentially delaying
the onset, growth, and coalescence of vesicles, which may
lead to abrupt and viclent eruptions, such as those for rhy-
olitic compositions, Conversely, in melts with lower tensile
strength, vesicles can grow and coalesce more readily, result-
ing in more conslant and less-explosive eruplions, as is often
observed lor basaltic compositions.

While cavitation describes the process of the vesicle for-
maticn during depressurization, the mechanisms of homo-
geneous vesicle formation can be described by nucleation
or spinodal decomposition. These two established homoge-
neous formation mechanisms will be briefly presented as an
overview. These mechanisms are of great interest, as the
number of fluid vesicles per unit volume of silicate melt
(VND, vesicle number density) serves as a key parameter
for quantitying the efficiency of fluid—melt separation and,
consequently, the acceleration of magma ascent.

1.2.1 Homogeneous vesicle nucleation

Phase separation in supersaturated hydrous silicate melt is
conventionally explained using nucleation theory (Navon
and Lyakhovsky, 1998}, where vesicles uniformly form
throughout the melt. Homogeneous nucleation theory pre-
dicts that the nucleation rate, defined as the number of vesi-
cles formed per unit volume per second, increases exponen-
tially with the degree of supersaturation. Exceeding the HoO
solubility limit of the homogeneous melt, which is charac-
terized by the binode, leads to supersaturation of the melt.
Further decompression into the metastable state leads to the
onset of vesicle nucleation (e.g. Sahagian and Carley, 2020).
According to the mechanical equilibrium approach of ho-
mogeneous nucleation, energy is required to create new in-
terfaces of H2O vesicles within the silicate melt. Critically
sized HoO clusters at the nanometer scale emerge within
the metastable state of the hydrous melt (e.g., Hurwitz and
Navon, 1994; Navon and Lyakhovsky, 1998). When H»O
clusters (or nuclei) reach a critical radius, they either shrink
or grow spontaneously due to diffusional loss or addition of
an H>O molecule at the fluid—melt interface, respectively.
Because clustering makes the formation of critical nuclei
a statistical process, the spatial positions of nuclei in the
melt also follow a statistical distribution, resulting in variable
inter-nuclei distances. The exponential increase of the nucle-
ation rate of surviving vesicles is influenced by factors such
as surface tension, viscosity, supersaturation pressure (dif-
ference between internal vesicle pressure and ambient melt
pressure), lemperature through kinetic energy of molecules,
H-0 dillusivity, and the rate of decompression (e.g., Tora-
maru, 2006). Upoen turther decompression, existing vesicles
cxpand by diffusional H>O uptake and decrecasing cxternal
pressure, while simultaneously nucleation continues by the
formation of new vesicles. This process persists until the
number of vesicles in the melt volume is sufficient for H,O
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supersaturation to decrease solely through diffusion into the
vesicles.

The nucleation theory suggests that VNDs should depend
on decompression rate, with faster decompressions result-
ing in greater supersaturation pressures by exceeding the
rate of volatile diffusion to newly formed vesicles (Hur-
wilz and Navon, 1994; Navon and Lyakhovsky, 1998; Gard-
ner el al., 2023). The necessary H,O supersaturation pres-
sure for homogeneous vesicle nucleation was experimen-
tally determined by several studies to exceed 60—-100 MPa
for a range of silicate melt compositions (e.g. Hurwitz and
Navon, 1994; Mourtada-Bonnefoi and Laporte, 1999, 2002;
Mangan and Sisson, 2000; Iacono-Marziano et al., 2007;
Hamada et al., 2010; Gardner and Ketcham, 2011; Gondé
et al., 2011; Gardner et al., 2013; Gonnermann and Gard-
ner, 2013; Fiege et al., 2014; Le Gall and Pichavant, 2016;
Preuss et al., 2016; Hajimirza et al., 2019, 2021). However,
nucleation theory lends Lo underestimate the vesicle nucle-
ation rate to achieve high VNDs of ~ 10° mm ™ observed in
samples of phonolitic and phono-tephritic melts at moderate
to low decompression rates (Allabar and Nowak, 2018; Al-
labar et al., 2020a, b; Gardner et al., 2023) and is not able to
explain decompression-rate-independent VNDs. Therefore,
off-critical spinodal decompositions has been proposed as an
explanation for the high and constant VNDs across several
orders of magnitude.

1.2.2 Spinodal decomposition

In contrast to nucleation, off-critical spinodal decomposition
is a spontancous phasc scparation process that occurs when a
homogeneous hydrous melt becomes thermodynamically un-
stable at the lower limit of metastability, known as the spin-
odal region (Cahn, 1965; Debenedetti, 2000). When a hy-
drous silicate melt is decompressed through the metastable
region, it may enter the off-critical spinodal region of the
phase diagram. During this decompression, the melt tra-
verses the metastable state, where supersaturation gradually
increases. However, upon crossing the spinodal boundary,
the melt reaches a state of extreme supersaturation, marking
the onset of spinodal decomposition. Below the spinode, the
H:O supersaturated melt becomes thermodynamically unsta-
ble to compositional fluctuations with wavelengths greater
than a critical wavelength (Cahn, 19635). In this regime, the
system no longer requires nucleation to phase separate; in-
stead, it undergoes spontaneous and rapid decomposition
driven by extreme supersaturation, leading to the growth
of compositional fluctuations without an energy barrier. As
phase separation is now characterized by the wavelength ol
these [luctuations, the concept of a critical nucleus radius, as
in homogeneous nucleation, becomes irrelevant. Following
the model of Cahin (1965), small compositional fluctuations
with significant concentration differences in small volumes
occur and amplify spontaneously, leading to the formation of
H;O-rich and H>O-poor regions by uphill diffusion (Allabar
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and Nowak, 2018; Sahagian and Carley, 2020). This process
creates a gradient in HyO concentration, transitioning from
H»0-rich melt to nearly H>O-free melt without a sharp initial
boundary. The critical wavelength of the H>O concentration
fluctuations, which increase through uphill diffusion, deter-
mines the number of vesicles formed uniformly and sponta-
neously throughout the mell during decompression. This pro-
cess results in a decompression-rale-independent high VND
and uniformly sized vesicles, as observed in supersaturated
phonolitic and phono-tephritic melts (Preuss et al., 2016; Al-
labar and Nowak, 2018; Allabar et al., 2020b; Sahagian and
Carley, 2020; Gardner et al., 2023).

To determine whether the degassing behavior of phono-
litic melt with LLST composition corresponds to homoge-
neous nucleation or off-critical spinodal decomposition, ex-
periments were conducted in an internally heated pressure
vessel (IHPV) at the University of Tiibingen. These exper-
iments included hydration and subsequent decompression,
under both HoQG-saturated and slightly H>O-undersaturated
starting conditions.

2 Experimental technigues

2.1 Glass synthesis

Phonolitic glasses were synthesized according to the LLST
G140 composition by Harms et al. (2004) (Table B1). To re-
ceive homogeneous starting glasses, the synthesis was con-
ducted by mixing, milling, and melting analytical-grade ox-
ide and carbonate powders following the experimental pro-
tocol of Marxer et al. (2015) and the improvement described
in Allabar and Nowak (2018). Powder batches of 25 g of the
LLST composition were loaded into PI20Rh10 crucibles and
heated at 1873 K lor 6h o decarbonize and melt the mix-
ture. The melt was then rapidly quenched in water to in-
ducc tension cracks and fracturing of the glass. The shat-
tered glass shards were then ground, mixed, and remelted at
1873 K for 1 h. The melt was air-cooled to the approximate
glass transition temperature of ~ 950K, calculated with the
maodel of Giordano et al. (2008), and transferred into a pre-
heated furnace at ~ 900 K. The furnace was then shut down
to provide a cooling rate of ~ 5 Kmin~! until room tem-
perature was reached. This procedure ensured crystal- and
tension-free homogeneous glasses that are nearly free of air
bubbles. Four syntheses with multiple batches (LLST_la/b,
LLST_2a/b/e, LLST_3a/b/c, and LLST_4a/b/c/d) were con-
ducted to receive enough sample material for all experiments.
The glass compositions were confirmed with electron probe
microanalysis (EPMA) (Table B1). Cylinders of 3.6 or 5 mm
in diameter were drilled from the homogeneous batches for
the H2O solubility and decompression experiments.
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2.2 Standard glass samples

Hydrated standard glass samples were prepared for the de-
termination of near-infrared (NIR) linear molar absorption
coefficients of dissolved hydrous species (molecular H20O
(H20m) and hydroxyl {OH)). The samples were synthesized
using glass chips of 250-500 um in diameter of LLST la.
The 20mm long cleaned and annealed Au80Pd20 tubes
(4.0mm o.d., 3.6mm i.d.) were crimped on one side and
welded shut. The tubes were then filled with glass chips and
densified with a steel piston. An Eppendorf micropipette was
used to insert water into the capsules. Seven samples were
prepared to obtain glasses with 0.5wt%, 1wt%, 2wt%,
324wt %, 4wt %, 5.5 wt%, and 7wt % dissolved H>O. To
control the amount of H>O added, the capsules were weighed
after each preparation step to determine gravimetrically the
H20 content (¢h,0g). After filling, the upper part of the cap-
sule was crimped shut and welded. The capsules were heated
in a compartment drier at 383 K for al least 1 h, then com-
pressed to 200 MPa at room temperature and reheated to
383K, and rcweighed after cach step to ensurc tightness.
Two samples each were hydrated together in the THPV at
1523 K and 300 or 200 MPa (Table S1) at an intrinsic oxy-
gen fugacity close to AlogQFM = +3.5 {Berndt et al., 2002).
Pressure conditions were chosen to ensure H»O undersat-
uration (Schmidt and Behrens, 2008) to dissolve the com-
plete amount of H»O in the melt and to avoid the forma-
tion of hydration bubbles that could affect the determina-
tion of HyO (cn,0r) dissolved in the quenched glasses with
Karl Fischer titration {KFT; Preuss et al., 2016; Allabar et al.,
2022). After 24 h, the capsules were quenched isobarically
with about 16 Ks~' by switching off the furnace (Allabar ct
al., 2020b).

2.3 H20 solubility experiments

For the HoO solubility experiments, glass chips of 250—
500 um grain size as well as solid glass cylinders of 3.6 mm
in diameter were used, To ensure H>O saturation of the mell,
excess water of 8 wi % to 4 wit % H20, dependent on the pres-
sure conditions, was welded together with the LLST glass
in 3.6 mm diamcter Au80Pd20 capsules (Table 1). The cap-
sule material was crimped and welded on both sides to seal
the samples. Possible leakage of the capsules was tested
by heating to 383 K and pressurizing to 200 MPa at ambi-
ent temperature as for the standard samples. The samples
were hydrated under the same final pressure conditions as
the subsequent decompression experiments (110-30 MPa).
All samples were hydrated in the [HPV at 1523 K, (hen low-
ered (0 1323 K with 10 Kmin~', and held there for a [urther
30 min. Additionally, one sample was hydrated at 200 MPa
and 1523 K and quenched immediately to validate the ini-
tial melt conditions at the hydration temperature. For the
200 MPa runs, the 110 MPa run, and the 30 MPa run, a sam-
ple with a glass cylinder and a sample with glass chips were
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both hydrated simultaneously in the IHPV for comparison.
Only glass chip samples were used for the solubility exper-
iments at 90, 80, 70, 50, and 40MPa. The combined glass
cylinder and glass chip samples were hydrated for 96 h, while
the other glass chip samples were hydrated for 24 h due o
the shorter diffusion distance of H» O initially distributed be-
tween the glass chips. These hydration times ensured homo-
geneous distribution and dissolution of H>O in the melt. One
additional cylinder sample was hydrated at 200 MPa for 96 h
at 1523 K, lowered with 10K s~ to 1123 K, and equilibrated
there for another 24 h before quenching, to investigate the
temperature-dependent solubility of H,O.

After hydration, the samples were isobarically and rapidly
quenched at ~97Ks~! (MQ, medium quenching) or ~
150K s~ (RQ, rapid quenching) by melting the suspen-
sion wire of the capsule, which caused the capsule to fall
into the cold part of the sample holder (Table 1; Berndt
et al., 2002). Three hydration experiments (LLST_11H/Hg,
LLST 12Hg, and LLST 13H/Hg) failed to melt the suspen-
sion wire, so they were quenched at ~ 16 K s~ (NQ, normal
quenching) by switching off the electric furnace. Neverthe-
less, the quenching rate was sufficient to prevent the forma-
tion of quenching crystals, confirmed by optical microscopy
and backscattered electron (BSE) imaging. All capsules of
the solubility experiments were pierced before preparation
with water bubbling out of the hele. This ensured that HO
still coexisted with the saturated melt during the hydration.
The pierced capsules were then stored in a drying cabinet for
1hat 383 K. This drying time was confirmed to be sufficient
based on previous experiments, which were weighed for 3h
cvery 30 min after picreing and placement in the drying cab-
inet. The weight loss was then used to gravimetrically calcu-
late the dissolved H2O content in the glass for each sample.

2.4 Decompression experiments

For the decompression experiments, glass cylinders of 5.3—
7.5mm in length and 5Smm in diameter were inserted into
Au80Pd20 capsules (outer diameter: 5.4 mm, inner diameier:
5.0mm). Two series of hydration melt conditions were per-
formed by adding 5.7 wt % or 5.0 wt % H>O to the capsule,
adjusting to H>O-saturated or slightly undersaturated condi-
tions prior to decompression, respectively. The bottom of the
capsules was closed with Au80Pd20 lids, and the upper cap-
sule side was pressed into a three-sided star and welded. The
tightness of the samples was tested by the same procedure as
for the hydration of the glass standards and the H2O solubil-
ity experiments.

The samples were hydrated in the IHPV at 200 MPa
and 1523 K for 96h. Alter hydration, the temperature was
isobarically reduced at 10 Kmin~! to 1323 K, where the
samples were thermally cquilibrated for 0.5 h. The hydrous
melts were then isothermally decompressed at 1.7, 0.17, and
0.064 MPas~' to final pressures (Pr) of 110, 90, 80, 70,
60, 50, 40, and 30 MPa. By reaching Ff, the samples were
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quenched isobarically with ~ 150K s~ (Berndt et al., 2002)
or 97K s~} to room temperature. During quenching, a fur-
ther pressure drop of a few MPa may occur due to the drop
of the sample into the cold zone of the sample holder. For
this reason, the minimum recorded pressure ( Pyig) is also
listed in addition to the desired Pr (Table 2). The capsules
were reweighed (o ensure tightness and then punctured to de-
lermine the degassed H,O content gravimetrically as a first
approximation.

2.5 Quantification of cooling rate

The rapid cooling from 1323 K to room temperature within
a few seconds, corresponding to an average cooling rate of
~ 150K s™1 (Berndt et al., 2002), induces tension stress in
the supercooled sample material. This often leads to ten-
sion cracks in the glass, which can cause further breakage
and shatlering during subsequent sample preparation. For
this reason, we achieved a medium-quenching (MQ) rate that
largely prevents stress-induced glass cracking but captures as
close as possible the melt state in the quenched glass. There-
fore, a 35 mm long brass cylinder was inserted at the bot-
tom of the sample holder to keep the sample slightly closer
to the hot zone of the furnace during cooling. This tech-
nique has already been described by Allabar et al. (2020a},
who, additionally, placed a | cm long piece of platinum be-
tween the brass cylinder and the capsule and determined a
quenching rate of 44+ 11 Ks~!. To quantily the quench-
ing rate of the actual setup, a glass cylinder with haplo-
granitic composition {AOQ = AbsgOr3;Qzag; Holtz et al.,
1995; Nowak and Behrens, 1997) was used as starting ma-
terial for a hydration reference experiment under the same
conditions as the LLST samples. Dependent on the H,O
solubility, the sample was hydrated with 5.3 wt% H;0O at
200MPa and 1523 K for 96 h. The sample was then isobar-
ically quenched by melting the suspension wire. To deter-
mine the quenching rate, the hydrous species geospeedome-
ter of Zhang et al. (2000) was used, which is based on
the homogeneous interconversion reaction between molec-
ular H>O species and OH species in haplogranitic glass.
For this purpose, a double-polished thin section of 200 pm
thickness was prepared from the hydrated glass sample. The
linear near-infrared absorption band intensities (Asazo and
Ausop) located at ~ 5230 and 4520 cm~! were determined by
Fourier transform infrared (FTIR) spectroscopy with a spec-
tral resolution of 4em™!, 32 scans per measurement cycle,
and the application of a linear baseline correction according
to Behrens et al. (1996). In total, 35 measurements across
the sample resulted in a mean Aszzg =0.155+£0.003 and
Azsop = 0.072 £0.002 cm ™! Normalization of A o 1 mm
sample thickness results in ALy, = 0.76 and A+, = 0.35,
giving a MQ cooling rate of 97 (—1/4+22)K s~ !,
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2.6 Sample preparation

For FTIR spectroscopy. a glass slice was cut perpendicular
to the cylinder axis from both ends of the glass standard
samples. Each slice was then prepared as a thin section and
polished on both sides. The residual sample material was
used for the glass density determination and absolute H,O
concentration measurements by KFT. For the H2O solubility
and decompression experiments, the samples were sectioned
through the middle of each sample parallel (o the cylinder
axis. One half of the sample was prepared as a thin section
(~ 200 pm) for FTIR spectroscopy and transmitted light mi-
croscopy. The thickness of each thin section was measured
with a Mitutoyo digital micrometer (£3 um). The other half
was embedded in epoxy with subsequent polishing and dou-
ble sputtering with 5nm carbon for EPMA and scanning
electron microscopy {(SEM) image analysis.

3 Analytical techniques

3.1 Electron microprobe analysis

The bulk compositions of the nominally dry starting glasses
were analyzed with a JEOL IXA 8230 electron micro-
probe. Wavelength-dispersive X-ray spectroscopy analyses
were conducted using an acceleration voltage of 15kV, a
beam current of 10nA, and a defocused beam with a diame-
ter of 10um on the sample surface Lo optimize [or Na anal-
ysis (e.g., Morgan and London, 2005; Stelling et al., 2008).
Beam counting times were sct to 10s (Na), 16 (K, Si, Ca,
Al, Mg, Fe), and 305 (Mn, Ti). Additional energy-dispersive
X-ray spectroscopy (EDX) analyses were conducted using
a focused beam with a diameter of 1 pm. Calibration stan-
dards were albite for Si, Al, and Na; strontium titanite for Ti;
hematite for Fe; bustamite for Mn; diopside for Mg and Ca;
and sanidine for K. To test the homogeneity of the glasses
and the agreement with the desired glass composition, 15
points were measured across an entire glass cylinder section
of each glass batch. A focused beam with a spot size of 1 um
was uscd to measurc the crystal composition of the partially
crystallized sample LLST _12Hg (Table B1).

3.2 Glass density determination

Glass densities of the hydrated standard glass samples
were determined by the buoyancy method using a Sartorius
Archimedes precision balance (£0.02 mg). For this purpose,
the glass pieces of 43-208 mg were weighed in air and in
waler. The glass densily was delermined by the buoyancy,
dependent on the weight difference.

3.3 Karl Fischer titration

Total H2O concentrations of the seven hydrous standard
glasses were measured by KFT at the Institote of Mineralogy
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of the Leibniz University Hannover, Germany. A detailed de-
scription of this method is given by Behrens et al. (1996).
Two to four KFT-derived H>O concentration results for the
standard samples are given in Table S1.

3.4 FTIR spectroscopy

All thin sections were analyzed in the near-inlrared range [or
the H>O concentrations with a Bruker Vertex 80v FTIR spec-
trometer, coupled with a Hyperion 3000 IR microscope. A
halogen light source, a CaF» beam splitter, a liquid-nitrogen-
cooled InSb single-element detector, and a 15x Cassegrain
objective were used for measurements, as well as the soft-
ware OPUS 7 for evaluation. Homogeneous glasses were
measured with the knife aperture set to 50 um x 50 um, while
for extremely vesiculated samples the measuring range was
set (0 25 um x 25 um to still be able to determine the H,O
contenl of the vesicle-free glass. Each measurement was
tested to ensure that it was free of fluid vesicles by focus-
ing through the thin section. Additionally, in highly vesicu-
lated samples, the volumes of glass containing vesicles were
measured with the knife aperture set to 50 um x 50 um. The
samples were measured in transmission mode with 32 scans
per spectrum at a spectral resolution of 4 cm™!. Air was mea-
sured as a reference for each new sample. Across each stan-
dard sample, 20 measurements were conducted to confirm
the homogeneous distribution of H>O in the glasses. For the
hydration samples, 15-24 measurements were taken along
the longitudinal and transverse cylinder axes for each sam-
ple to confirm a homogeneous HzO concentration distribu-
tion throughout the sample. Decompression samples were
also measured for their H>O content in horizontal and ver-
tical profiles to detect a possible H>O concentration gradi-
ent throughout the cylinder. H2Oy, (~ 52IOCm_') and OH
(~ 4470 cm~") absorbances were determined after applying
a linear tangential baseline correction according to Behrens
et al. (1996). Following the Lambert-Beer law, the concen-
trations of HyOw, (cn,0m) and OH (con) were calculated us-
ing the glass density, linear molar absorption coelficients,
and thickness of the samples. The sum of both HO species
gives the total dissolved H, O content (cp, o) in the glass (Ta-
bles 1, 2).

3.5 Raman spectroscopy

Raman micro-spectroscopy was used to identify possible
iron oxide nanolites, which range in size from less than 1 um
down to the nanometer scale and potentially influence vesic-
ulation during decompression, il present (Di Genova el al.,
2017a, b, 2018, 202(0; Dubosq et al., 2022). While optical
microscopy and SEM-BSE imaging can detect microlites
in quenched glasses (between 1 and 100 pm in size, as de-
fined by Murphy et al., 2000, and Mujin et al., 2017), they
are unable to detect nanolites. Therefore, several hydration
and decompressian experiments quenched at 1523 or 1323 K
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were examined for the presence of nanolites or quenching
phases. Raman scattering at 660—-690cm ' is indicative for
the most common nanclite phase of magnetite (Di Genova
et al., 2017b, 2020; Scarani et al., 2022). Additionally, the
microlites in sample LLST_12Hg, quenched at 1123 K, were
measured for identification.

A Renishaw inVia conlocal Raman micro-spectrometer
was equipped with a 532 nm laser and a Peltier-cooled CCD
detector. A 50% objective with a numerical aperture of 0.75
was used to collect spectra from 100-4500cm™' in a high
confocality setting with three accumulations and an acquisi-
tion time of 10s each. The laser was focused on the sample
surface, while the intensity was set to 10 % (corresponding
to ~ 2.5mW). The laser penetration depth in hydrous sili-
cate glass can be up to ~ 20 um (Allabar et al., 2020b).

3.6 Quantitative image analysis

Overview and detailed surface images ol the epoxy-
embedded samples were acquired as BSE images using a
Phenom XL microscope and a laser-scanning microscope for
quantitative image analysis and determination of the VND.
BSE images were acquired under vacuum conditions using
the Phenom XL microscope equipped with a CeBg source.
Imaging was performed at an acceleration voltage of 10kV
and magnifications of up to 500 to resolve the appearance
and size of vesicles. Images acquired with the VK-X120K
confocal laser scanning microscope were taken at 20x or
50% magnilication. Image stitching was performed with the
appropriate microscope software that allowed for detailed
overview images. The specific detailed image sections were
selected from central parts of the samples to be analyzed by
quantitative image analysis for the VND with Image] and
CSDcorrections (Higgins, 2000), as described in Marxer et
al. (2015) and Preuss et al. (2016).

3.7 Transmission light microscopy

Vesicles in each thin section were quantified using the
Zeiss Axio Image M2M microscope and the TrackWorks
software. Each measurement was performed by focusing
through the sample in a predefined arca, counting cach vesi-
cle, and measuring the vesicle diameter in this area, resulting
in an analyzed sample volume that was used to normalize the
number of vesicles to 1 mm? of vesicle-free glass. The errors
of the transmitted light microscopy (TLM} analyses are cal-
culated using error propagation, assuming errors of 5% for
vesicle size and vesicle number as well as £3 ym for sample
thickness.
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4 Results

4.1 LLST standard glasses

EPMA measurcments confirm the homogencous glass com-
position of each synthetic batch close to the Lower Laacher
See Tuff composition G140 reported in Harms et al. (2004)
(Table B1). The glasses are free of crystals, pre-existing bub-
bles, or cracks. The glass density of hydrous standard glasses
decreases linearly with increasing HzO content (Fig. la).
However, the density of the nominally dry glass (2442 £
59gL1 is slightly lower than the linear trend of the hy-
drous glasses predicts. This is attributed (o a pressure depen-
dence on density, as the dry glasses were synthesized at 1 bar
(Behrens et al., 1996; Balzer et al., 2020; Allabar et al., 2022)
and were therefore not included for the linear regression cal-
culation. Fitting a linear regression line through the measured
densities of hydrous glasses yields a linear density function
of LLST [g L1 as a function of o0t [Wt%]:

pLLsT = (2485 £ 11) — (21.9 £2.8) - ey,0,- (1

Linear molar absorption coefficients for LLST were cal-
culated from the H,O,, and OH absorbances, measured
by FTIR spectroscopy (Table S1). The spectra were base-
line corrected to determine the peak heights at ~ 5210 and
~ 4470 cm~'. Mean absorptions of these spectra show in-
creasing absorbances with increasing H>O content. With the
known cy,or from KFT analysis of each sample, the normal-
ized absorbances were obtained by rearranging the Lambert—
Beer law:

1802 - AH,0m

Ié = , 2
Haom d- £ EHyOm @
1802 - Agy
COH = W, 3
“ P EOH
( ISOQ-AHZO ) e £H,0 ( ISOZ-AOH ) (4)
——————— ) = &40 — — ).
d-p cH,04KET) - eon \d - P CH0(KFT)

The ¢x,om and con are the species concentrations of dis-
solved HoO in wi %, A is the height of the respective ab-
sorbance band, 4 is the sample thickness (in cm), p is the
density (in gL.™"), and & is the absorption coefficient (in
L (mol ecm)~"). Plotting the normalized absorbances against
euach other with the weighted least-square regression yields a
straight line whose intersections with the y and x axes obtain
the absorption coefficients of HoOy, and OH, respectively.
The molar absorption coefficients are ep,om = 1.27£0.04
and ggy = 1.15+£0.07 (Fig. 1b).

A comprehensive description and classilication ol the mo-
lar absorption coelficients, including comparisons with re-
lated studies (Carroll and Blank, 1997; Larsen and Gardner,
2004 Tacono-Marziano ct al., 2007, Schmidt and Bcehrens,
2008; Schmidt et al., 2013; Fanara et al., 2013; Table C1)
and determinations of the coefficients, have been provided in
Appendix C.
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Figure 1. (a) LLST glass density as a function of ey, (.., pLst = (2485 £11) —(21.9 £ 2.8) - e, ) determined from hydrous glasses
only. (b} Normalized absorbances of H2Op, and OH from NIR measurements of the hydrous standard glasses. The weighted least-squares
regression calculated from these data provides the molar absorption coctficients of HaOy in the y-axis intercept (en,0m = 1.27 £ (1.04) and

OH in the x-axis intercept (¢gy = 1.15+£0.07).

4.2 Quenched glasses

Examination of synthesized dry starting glasses using
EMPA, TLM, and Raman spectroscopy result in crystal and
vesicle-free glasses (Fig. 2a). The microscopic analyses with
a Zeiss Axio Image M2M microscope at 1000x magnifi-
cation of quenched hydrated glass samples with H,O con-
tents > 2 wt % show tiny light-diffraction rings, indicative of
objects with sizes of < 0.5um (Airy, 1834; Fig. 2b-f). No
differences in the size and object number density (OND, in
mm ) were found, regardless of the quenching rate, c,01
of 2.2 wt %-5.7wt%, dP /df, or Pr. The size of the objects
seems to remain constant at < (0.5 pm as well as the logOND,
ranging between 5.2 to 5.6. The appearance of the small ob-
jects observed in the quenched hydrous glasses is indepen-
dent of the experimental conditions and is not influenced
by the presence of H2O vesicles (Fig. 2¢). No direct con-
tact between objects and vesicles was detected. However, the
absence of the small objects in the boundary region ol the
glass to the capsule walls of the hydrated samples is strik-
ing (Fig. 2¢). The width of the object-free zones ranges from
~ 10 to ~ 100 um, depending on the respective position in
the sample. In all samples, the glass above the bottom of the
capsule has a particularly large object-free zone. The iden-
tification of the small objects with the SEM, up to 7700x
magnification, and the Raman micro-spectroscopy were not
successtul, which might be due to the small object size and
minimal intersection probability. Also, no Raman signal at
~ 660-690 cm™! indicative of iron oxides (Di Genova et al.,
2017b; Scarani et al., 2022) was detected. However, several
EDX measurements using the EPMA revealed that the ob-
jects arc AuPd particles. This is surprising, as the melting
point of Au80Pd20 is ~ 1603 K at ambient pressure, well
above the hydration and equilibration temperature. Similar
objects were also found in experimental products of other
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compositions, such as the 39 ka Campanian lgnimbrite (C1)
melt composition {Preuss et al., 2016). Quenched melt sam-
ples with platinum as capsule material exhibil the same be-
havior with the appearance ol small Pt particles. Such pre-
cious metal particles (Au, Pt, Pd, Re, Rh) have already been
observed in several studies, both in geological samples and
synthetic silicate glasses, and are described in the literature
as micronuggets (Ertel et al., 2001; Mallmann and O’ Neill,
2007, Lorand et al., 2010; Blaine et al., 2011; Bondar et al.,
2022). Although this phenomenon is well known, its origin
has not yet been clarified. [t could reflect redox reactions
oceurring during the experimental runs and may also be re-
sponsible for the diffusion of Fe from the silicate melt into
the metal capsules (Bondar et al., 2022). We assume that the
objects precipitated during the quenching of the melt, as no
objects are found in each sample in the outer area of the glass
volume with the fastest cooling rate. However, the investiga-
tion of their occurrence is beyond the scope of this study and
will not be examined further here.

4.3 H»>0 solubility

The H>O solubility {ep,0¢q} at various conditions, includ-
ing 1523K and 200 MPa; 1323 K at 200, 110, 90, 80, 70,
50, 40, and 30MPa; and 1123K at 200 MPa, was deter-
mined using FTIR micro-spectroscopy and is presented in
Fig. 3. The analysis of several different measuring posi-
tions through each glass sample revealed a homogeneous
distribution of HyO. Comparison of solubility data belween
samples with glass cylinders and glass shards used as start-
ing material showed agreement within analytical error, with
the glass shard samples consistently cxhibiting a slightly
higher H2O content of 1.2 9%-3.6 % relative. The H20 sol-
ubility equation (Eq. 5) was derived from a least-squares
regression of the obtained solubility data (Table 1). In the
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20 um

Figure 2. (a) Swarting glass of the glass synthesis baich LLST_4b, no discernible objects with optical microscopy, SEM, EPMA, and Raman
spectroscopy. (b) Solubility sample LLST 4Hg with marked objects < 0.5 um (c[1,0¢q = 3-88 £ 0.3 wt%. 1323 K, Peqg = 110 MPa, RQ).
(c) decompression sample LLST_7D with marked objects (cp,0i = 5.0 wl %, 1323 K. dP/dr =0.17MPa 571 Py = 50MPa, MQ). (d) BSE
image of LLST_4Hg; marked object was identified as a AuPd micronugget by EDX measurements using the EPMA. {e) LLST_32D: The
object-free zone from the capsule rim is marked by the arrow {(cy, i = 5.0wt %, 1323 K, dP/dr = 0.064 MPa s~!, Pr=110MPa, MQ).
(f) LLST_12Hg: The object-free zone from the capsule rim is marked by the arrow, while small arrows indicate objects in the glass partially
erystallized with hematite (cp,0cq = 0.16 £ 027wt %, 1123 K, Pr =200 MPa, NQ).

case of double determination of the H>O concentrations, the
values of the glass cylinder samples were used. Generally,
CH,(eq incTeases with pressure at constant temperature. Fur-
thermore, the results obtained at different temperatures at
200 MPa show an increase in HoO solubility with decreasing
temperature, The measured H>O concentration at 1523 K is
5.4540.26 wt %, at 1323 K is 5.83+£0.27 wi %, and at 1123 K
is 6.16 £ 0.27 wi % (Table 1). This observation aligns with
findings by Schmidt and Behrens (2008) regarding phonolitic
meclts of the Laacher See volcano and the Montajia Blanca
volcano from Tenerife, Spain (Fig. C1). From the solubility
series at 1323 K, a pressure-dependent {in MPa) H>O solu-
bility (in wt %) equation was derived:
CHy0eq = 0.2403 - PO, 5)
From this, an H>O saturation pressure ( Pyy) of 136 MPa for
cH,0i 0f 3.0 wt % and 198 MPa for ¢y, of 5.7 wt % was ob-
tained for the decompression series. This leads to two dis-
tinct starting conditions at the beginning of decompression
al 1323 K: one with H>O saturation at 5.7 wt % and the other
H»>0 undersaturated at 5.0 wi %.

In addition to the H,O concentration, homogeneously
dispersed crystals of 5-10um in size were mcasured in
LLST_12Hg (Fig. 2f). The crystallization is attributed to the
subliquidus conditions at 1123 K. Raman spectroscopy and
EPMA identified these crystals as magnetite, with an aver-

https://doi.org/10.5194/ejm-37-385-2025

60

7
6 & Illﬁ}i:
’_.n' 1523 K
g‘ 5
S _.iié
¥
T e
B L
0 50 100 150 200 250
Pry [MPa]

Figure 3. Measured ¢y, of LLST glass hydrated at 200, 110, 90,
80, 70, 50, 40, and 30MPa and al 1323 K (blue circles), 1523K
(open diamond). and 1123 K {open triangle). determined by FTIR
spectroscopic analysis. A pressure-dependent oy, (jeq equation was

derived from the data for 1323 K: ey, = 0.2403 - pO-5988

age composition ol 78.2 wi % FeO, 6.5 wt % MnO, 5.1 wl %
Al>03, 1.3 wt % TiO2, and 0.8 wt 9% MgO (Table B1).
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4.4 Decompression experiments

All decompression samples are free of microlites. Consis-
tently present across all samples are fringe zones. These
are represented by large fringe vesicles at the interface be-
tween the capsule and the melt (Fig. S1). The size of those
vesicles increases with decreasing decompression rate and
Pr. Next (o the [ringe vesicles is the [ringe zone, charac-
terized by a vesicle-[ree area due (o the depletion of HoO
from the melt into the fringe vesicles during decompression.
The sizc of the fringe zonc expands with decreasing decom-
pression rate, explaining the necessity of a large sample di-
ameter for slow decompression rates. In addition to exhibit-
ing fringe vesicles, decompression samples might also show
growth of pre-existing air bubbles originally present within
the glass (Fig. 81). These bubbles form HO-rich vesicles
during hydration prior to decompression and remain easily
distinguishable from the suwrrounding smaller and uniform
vesicles due to their significantly larger size afler decompres-
sion and quenching (50-100 times the size of the uniform
tiny vesicles; samples: 3D, 7D, 17D, 20D, 27D, 35D, 36D,
47D; TFig. 4). A comprehensive overview of all decompres-
sion samples 1s included in the Supplement (Figs. S2 and 83).

Generally, all decompression series undergo three stages
from the highest to the lowest Pr: (i) the first occurrence
of observable vesicle formation, (ii) complete vesiculation
of the entire central sample volume and vesicle growth,
and (iii) the onset of vesicle coalescence (companion paper
Part 2, Marks and Nowak, 2025). The required pressure in-
terval between Py, and the pressure at which the first vesi-
cles can be observed in glass is given by the supersatura-
tion pressure {Pss). Hydrous melts decompressed at a rate
of 0.064 MPas~' exhibit the first occurrence of homoge-
neously formed vesicles at a Py of 80 MPa, regardless of
an initial HoOQ concentration (cH,pi) of either 5.7 wt% or
5.0 wt % (Table 2). The same applies to melts decompressed
at a rate of 0.17 MPas™!. However, a significant difference
in Py is observed in melts decompressed at the fastest rate
of 1.7MPas~!. Here, the appearance ol the first vesicles
decreases to a Py of 70MPa [or a ¢m,0; of 5.7wl% and
further down to 50MPa for a cx,0i of 5.0wt% (Table 2,
Figs. 52, S3). A consistent obscrvation across all samples
is that the initial vesicle-containing regions at the highest Pr
are not vesiculated throughout the entire central sample vol-
ume. Instead, small localized areas, positioned variably in
the upper, middle, or lower regions, exhibit a high number
of tiny vesicles, measuring 2—4 pm. The following stage of
complete vesiculation and vesicle growth within the central
sample volume is observed across all decompression series.
Al [aster decompression rates of 0.17 and 1.7 MPas™!, (his
stage spans a broad pressure interval of 2040 MPa. In con-
trast, at the slowest decompression rate of 0.064 MPa g~ ! .
vesicle coalescence is observable after complete vesicula-
tion, corresponding to a pressure decrease of 10 MPa.
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4.41 Decompression rale

The importance of the influence of decompression rate on
vesicle formation is demonstrated by the comparison be-
tween samples LLST_34D and LLST_43D. Both samples
contained a cp,oi of Swt%, were hydrated under iden-
tical conditions, and decompressed to the same desired
Pr of 50MPa, whereby the recorded data of LLST 34D
showed a Ppgn of 5S0MPa and that of 43D showed a Puin
of 46 MPa. After decompression, both samples underwent
medium quenching with 97 Ks~!. The samples arc identi-
cal except for one key difference: sample LLST 43D was
continuously decompressed at a rate of 1.7 MPas™', whereas
sample LLST_34D experienced a reduction in decompres-
sion rate to ~ 0.9 MPas~L towards the end of decompres-
sion (Fig. D1). This resulted in an increased decompres-
sion time of 11 s for sample LLST_34D compared to sample
LLST_43D. This deceleration in decompression rate resulted
in complete vesiculation of the mell throughout the vol-
ume of the slightly slower decompressed sample LLST 34D
(Fig. D1), in contrast to sample LLST 43D, which, at the
higher and constant decompression rate, exhibited vesicula-
tion only in the central part of the melt volume.

Various parameters have been quantified in all samples,
including the VND, vesicle size, glass porosity, melt poros-
ity, and cq, o of the quenched glasses. All these parameters
depend on each other. At a first step, they are described inde-
pendently of each other for characterization purposes. Sam-
ple areas displaying incipient coalescence were intentionally
excluded from analysis, as these constitute the primary focus
within an extended dataset of the second companion paper
(Marks and Nowak, 2025).

4.4.2 Vesicle number density

The VND was determined by TLM in areas of the samples
exhibiting a homogeneous distribution of vesicles (Fig. S1).
The logVNDs range from 4.0 up to 5.7 across all ¢H,0
and decompression rates (Fig. 5). However, there is a
slight trend towards an increase in logVND with decreas-
ing Pr. The logVND increases on average by 1 log unit,
from 4.5 at P; of 80MPa to 5.5 at F; of 30MPa. Com-
parative analysis using TLM and surface imaging via the
laser-scanning microscope, combined with CSDcorrections
for sample LLST 17D, yielded consistent results (TLM:
logVND =5.68, CSD: logVND =5.59). Samples decom-
pressed with 1.7 MPas™! show logVND values clustering
between 4.8 and 5.4, while logVND of slower-decompressed
samples (0.17-0.064 MPa s range from 4.0 to 5.7. This
indicates thal a discernible dependence of VND on the de-
compression rate could not be verified.

4.4.3 Vesicle size

The vesicles in the quenched glasses are uniformly sized
within each sample, with diameters steadily increasing from
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~ 2 to ~ 14 um as Pr decreases for each decompression and
cy,0i series (Fig. 5). The optical transparency of the glasses
diminishes with increasing vesicle size and number, finally
becoming opaque, as observed in samples 20D, 17D, and
42D, In reflected light images, this opacity is seen as white,
milky glass, whereas in TLM images the highly vesiculated
sample areas appear black (see the Supplement).

4.4.4 Porosities

Glass porosities (®Py1ass) of vesiculated samples were calcu-
lated based on the number and sizes of vesicles per mm~—3 of
silicate glass (Table 2, Fig. 5). These porosities range from
0.1vol% to a maximum of 10vol %. Additional, equilib-
rium melt porosities (Peq) al Py were calculaled according
to Gardner et al. (1999), using the melt density pmey (Ochs
and Lange, 1999) and the molar volume of HzO fluid Viun,0
(Duan and Zhang, 2006; Tablc 2):

ﬁ“}%‘;'; Va0 * (CH0i — €0y00q)
q>uq = (6)
1+ (ﬂ'ﬂi‘(‘) - Vb0 - (eny0i — (—'Hg(_)eq))

Equilibrium porositics were added to the same diagram as
the glass porosities, with the ep,op serics of 5.0wt% and
5.7wt% indicated by yellow and red colors, respectively
(Fig. 5). The calculated ®., range from 18 vol % to 56 vol %
with decreasing Fs. High Pr values of 80 or 70 MPa corre-
spond to melt porosities of 18 vol 9%6-22 vol %, while lower
Pr values of 40 or 30MPa result in melt porosities of
42 vol %—56 vol %.

4.4.5 H>0 concentrations

H>0 concentrations of decompressed LLST samples are pre-
sented in Fig. 6. Additionally, cH,0i of 5.7 wt % and 5.0 wt %
were plotied, along with ¢p,0eq calculated from the solubil-
ity data (Eq. 5, Fig. 3). Samples that contained vesicles in the
beam path could not be evaluated, because they yielded unre-
alistically high virtual cg,0r values, reaching up to 10wt %.
This is particularly relevant for samples that reached the
stage of complete vesiculation. At this stage, the VND is so
high that the size of glass arcas is insufficient for the beam to
pass through without interference from the vesicles (Table 2).
Consequently, only cp,or values from samples where the IR
beam exclusively penetrated glass were included in the plot.
Figure 6 displays ¢u,or of samples from the 5.0 wt % series
data which are related to depleted glass regions around pre-
existing bubbles or fringe 7zones. Therefore, they do not rep-
resent the residual cg,or values of glass in vesiculated areas
and are marked as unfilled symbols.

In general, the cg,0 values of decompressed samples are
consistently far above the cxpected cquilibrium concentra-
tions at Pr (Fig. 6). Both 5.7 wt% and 5.0wt% ci,0i se-
ries share a common characteristic: the difference in cH,or
between the non-vesiculated samples and cy,0cq Tises from
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1 wt % at the highest Pr to 2wt % until vesicle formation
initiates. Subsequently, irrespective of the F, all analyzable
glass sample areas consistently exhibit a difference of ap-
proximately 2 wt %.

Despite the absence of observable vesicles in the glass
samples decompressed to Pr of 100 and 90 MPa, the mea-
sured ¢H,or 18 systematically 0.1 wt % to 0.2 wi % lower (han
the originally measured amount of H>O, related to super-
saturation and reduced pressure. This observed reduction
may be attributed to different structural states of the melts
before quenching. The molar absorption coefficients of the
H>0 and OH absorption bands were determined in glasses
quenched from H2O undersaturated melts, whereas the melts
decompressed to 110-90MPa were significantly supersatu-
rated with H20O. Consequently, a lower density compared to
the melts at higher pressure before quenching could be ex-
pected. However, adjusting the density to slightly lower val-
ues would yield a higher calculated H;O contenl. We suggest
that the apparent reduction in H>O contents in non-degassed
supersaturated samples is related to slightly ditferent melt
structures and HyO species concentrations before quench-
ing, causing minor changes in the absorption coefficients of
the glasses compared to the standard glasses quenched from
higher pressures. Therefore, it is likely that the actual cy,0
remains constant within the sample volume of decompressed
and non-degassed samples.

The decompression series with cp,0i of 3.7wt% and a
rate of 1.7MPas™' shows only a minor decrease in CH, Ot
from Pr of 110 to 80 MPa, where the first vesicles appear
in glass (5.52 wt % to 5.43 wt %, respectively). The decom-
pression scrics at the slower rate of 0.17 MPas™! cxhibits a
significantly faster drop in cp,o, trom 5.52 wt % at 110 MPa
to 4.99 wt % at 90 MPa. Due to the high number of vesicles,
undisturbed measurements were no longer possible below
80 MPa. The samples decompressed at the slowest rate of
0.064 MPas~! show an increased decling in cH,0r from 90
to 70 MPa, with ¢y, 0r measured around large pre-existing or
already coalesced vesicles. There is a strong reduction in the
residual HyO conlent of the glass, [rom 5.43 wi % al 90 MPa
to 4.86 wt % at 70 MPa.

It scems that samples of all decompression series at ey, o1
of 5.0wt% maintain a constant cg,o down to 70 MPa,
regardless of decompression rate. However, this observa-
tion holds true only for the highest decompression rate of
1.7MPas~'. Vesicle formation can be observed in samples
decompressed with 1.7 MPa s~ at a Pr of 50 MPa. Conse-
quently, all samples with a higher Pr remain vesicle-free and
are therefore suitable for FTIR measurements. The rapid de-
compression rate resulls in a very short decompression lime
(total ~ 1 min, ~ 35s [rom Pgy), insulficient for significant
diffusion of dissolved H»O into the fringe vesicles at the
capsule walls. A decreasc in oy, of 0.6 wt % 1s observed
at 50MPa, attributed to vesicle formation within the melt
volume. Glass volumes between vesicles of samples decom-
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pressed to 40 and 30 MPa could not be measured due to the
high VNDs.

In the samples of the experimental series at cny,0i of
5.0wt % with a decompression rate of (.17 MPa s, CH,0i
values were maintained down to a Py of 90 MPa, Vesicle for-
mation commenced at 80 MPa, but the number and size of
the vesicles at this pressure prevented the acquisition ol sul-
ficient glass volumes [or undisturbed measurements. Con-
sequently, there is a data gap for Pr values of 80, 70, and
50MPa. In the sumple decompressed to 40MPa, tiny pre-
existing air-bubbles were already present in the glass. Similar
to fringe vesicles, a fringe zone formed around these vesicles,
where H>0O was previously depleted during decompression.
Therefore, the cp, value related to a Py of 40 MPa does
not reflect the equilibrium H.O content in the melt but is
expected to be higher than the ¢h,¢; in the glass interstices
of the homogeneous vesicles volume. Due to early HoO de-
pletion in the fringe zone surrounding (he pre-existing vesi-
cles, the remaining HoO supersaturation was insufficient in
the fringe zone to enable further vesicle formation during de-
compression to Pr. Consequently, the actual cyy,o values in
the glass interstices of the uniform vesicle volumes are ex-
pected to be below the plotted concentration of 4.25 wt %.

The samples of the series with the slowest decompres-
sion rate of 0.064 MPas~! exhibit the same behavior as the
samples decompressed with 0.17 MPas™!. Down to a Py of
90 MPa, ch,o is close o ¢y, and remains nearly constant.
Due to the high VND, a data gap exists in the P range of
80 to 60MPa. H>O concentrations could only be measured
again at Pr starting from 50 MPa. In this case as well, cp,o,
was determined in H>O-depleted fringe zones around pre-
existing vesicles due to the lack of sufficiently large glass
areas in the uniformly vesiculated sample volume. Conse-
quently, at a Pr of 50 MPa the cy,ox of the interstitial glass
should be lower than 4.47 wt %.

5 Discussion

5.1 Decompression samples

5.1.1 Onset of vesicle formation, Psg determination,

and its problem

To investigate the homogeneous vesicle formation of the
LLST melt, decompression series with two different initial
H>O concentrations were conducted. Regarding the solubil-
ity experiments, H>O saturation prior to decompression was
nearly achieved for the 5.7 wt% series, as the determined
Py al 1323 K was 198 MPa, which closely malches the hy-
dration pressure of 200 MPa. For the series with a cp,0i of
5.0wt %, Py was calculated to be 156 MPa (Eq. 5). Con-
scquently, while supersaturation of the melt occurs immedi-
ately at 5.7 wt % after the start of decompression, a pressure
decrease of ~ 40 MPa must first be achieved before supersat-
uration begins at ~ 156 MPa for the 5.0 wt % series.
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This initial Py, difference and the associated Pgg, deter-
mined as the pressure difference between Pgy and the pres-
sure at which vesicles are first observed, do not influence the
observed onset of vesicle formation within the frame of the
analyzed 10 MPa intervals for the two cp,0i series. At slower
decompression rates (0.064 and 0.17 MPas™) and a Pr of
80 MPa, the first vesicles appear in the glass. However, al a
lasler decompression rate of 1.7 MPas !, lower Py values are
required: 70 MPa for the 5.7 wt % series and 60-50 MPa for
the 5.0 wt % series. Consequently, the Psg necessary for vesi-
cle formation in the 5.7 wt % series is 120 MPa at the slower
decompression rates, increasing to 130 MPa at 1.7 MPas ™.
In contrast, the Pgg for the 5.0 wt % series is 80 MPa at 0.004
and 0.17 MPas™L, rising to 100-110MPa at the fast decom-
pression rate. Therefore, the observable onset of vesicle for-
mation necessitates a higher Pgg of ~ 40 MPa for the ini-
tially saturated melt compared to the initially slightly under-
salurated mell at slower decompression rates. Nonetheless,
faster decompression rates demand an even higher Pss, cor-
responding to a lower Pr of 10 to 20-30 MPa, depending on
CILO;-

To date, we are unable to fully explain this behavior. How-
ever, we propose that phase separation may have occurred at
higher P and lower Pgs, but the H, O resorption process dur-
ing cooling might have resulted in the complete dissolution
of the already formed vesicles. Resorption of HoO from the
fluid vesicles into the melt during quenching (MclIntosh et al.,
2014; Allabar and Nowak, 2020) is driven by the increasing
solubility of H2O in phonolitic melt with decreasing temper-
ature at pressures < 300 MPa (Schmidt and Behrens, 2008).
This ctfeet is more pronounced for the 5.7 wt % scrics, duc
to the higher diffusivity with greater cy, o, as well as the low
melt viscosity, which decreases with higher residual cy,ot
(Giordano et al., 2008). The resorption of H»O from vesicles
back into the melt was demonstrated by Allabar and Nowak
(2020) for samples containing 4 wt %—3 wt % residual ¢, 0
in the glass. The effect was quantifiable due to the large vesi-
cle size of ~ 20um. Resorption halos of 3 and 10um were
detected around the vesicles, depending on the quenching
rate (> 100 and 44 K s~!, respectively). The high quenching
rate of > 100K s~ is comparable to the quenching rate de-
termined in these experiments, which was 97 Ks ™', although
slightly slower, thereby enhancing the effect of greater re-
sorption. Therefore, if we assume vesicles of ~ 1 um in di-
ameter at high Py of 90 or 110MPa, these vesicles would
have dissolved completely. The effect of resorption is partic-
ularly pronounced in the samples of the 5.7 wt % series, as
evidenced by a comparison of vesicle sizes. While the vesi-
cle diameters in the glasses ol the 5.0 wi % series are initially
very small, measuring 2.2, 3.0, and 5.0 pm lor decompres-
sion rates of 0.064, 0.17, and 1.7 MPas™!, respectively, the
first analyzable vesicle diamcters in the 5.7 wt % scrics arc
significantly larger at 4.3, 3.8, and 6.8 pm, which is roughly
double the size. However, the molar volume of H>O increases
sharply with decreasing pressure, causing expansion to have
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Figure 4. Decompression series illustrating vesicle formation during pressure decrease. Samples were initially hydrated with ~ 5.7 wt % or
5.0wt % H>O (corresponding to a and b) at 200 MPa, then decompressed to Py of 80-30 MPa. An overview of all series with decompression
rates of 1.7, 0.17, or 0.064 MPas— is provided in Figs. §2 and S3. All series follow the same progression: (1) No visible vesicle formation
due to insufficient Pgg; (2) vesicle formation observable, primarily in specific regions of the sample; and (3) vesicle formation throughout
the sample, reaching maximum VND. In both displayed samples, partial vesicle coalescence is observed in the intermediate regions between
the sample center and the capsule wall. Each sample originally had a capsule inner diameter ol 5 mm.

an increasingly significant role at lower pressures. This ef-
fect is more pronounced in the 3.0 wt % series, where vesicle
tformation occurs at lower Py, favoring the appearance of the
first analyzable vesicle sizes. Therelore, it is reasonable 1o in-
fer that smaller vesicles were initially present in the decom-
pressed melts of the 5.7 wt % series at higher £r. However,
these vesicles likely dissolved completely due to resorption
during the quenching process.
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5.1.2 Class vs. melt porosities

The vesicles in each individual sample are of uniform size
within the resolution range. Following the onset of vesicle
lormation, subsequent decompression led Lo vesicle growth
without significant change in VND (Fig. 5). For maxi-
mal logVNDs ranging trom 5.1 to 5.7, a mean-vesicle dis-
tance (x) of ~7 to 9um was calculated based on Hertz
(1908) (x =5/9- VND~"/* for a random vesicle distribu-
tion. This inter-vesicle distance is sufficiently small to enable
near-equilibrium ¢y, and near-equilibrium porosity to be
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Figure 5. The logVND data plots of decompressed LLST samples. In conjunction with the glass porosity plotted in standard colors, the
caleulated equilibrium melt porosity has been included in the logVND—porosity diagram. Red data points denote a cp, 05 of 5.7 wt %, while

yellow dala points represent a ey, 0 of 5.0 wi %,

achieved within seconds through H,QO diffusion during fur-
ther decompression, as can be estimated using the H2O dif-
fusivity reported by Schmidt et al. (2013). However, for all
samples, the glass porosities are with 0.01 %-10 % signili-
cantly lower than the calculated equilibrium porosities prior
to quenching, yielding values between 18 %—56 % (Table 2,
Fig. 5). These equilibrium porosities exceed the measured
glass porosities by a factor of 10 to 100. This discrepancy can
be attributed to vesicle shrinkage resulting from the reduction
in the molar volume of H>O (Marxer et al., 2015) and the re-
sorption of H2O from the fluid vesicles into the melt during
quenching (MclIntosh et al., 2014; Allabar et al., 2020a). Al-
labar et al. (2020b) determined a fictive temperature (7y) at
which vesicle shrinkage stops, up to 200K above the glass
transition temperature (7 ) for a cooling rate of 44 K s~! To
calculate Tt, T, was first calculated according to Giordano et
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al. (2008), which is dependent on ¢y, in the melt. Lower
¢H,0r increases Ty (Giordano et al., 2008), and the tem-
perature where vesicles are preserved in the glass is higher
al the same quenching rate. Based on the expecled near-
equilibrium degassing with near-equilibrium cp,0, we can
assume that cg,0eq Was reached in the melt at a high logVND
of ~ 5.5. The T;; was calculated for the determined Pr where
vesicles are preserved in the glass after quenching, ranging
from 745 to 787 K at the specific observable onset of vesi-
cle formation at the cooling rate of 97 Ks~'. Adding 200K
to reach T yields ~ 965 £ 20 K, covering all samples. This
results in temperature differences from the degassing tem-
perature (1323 K) of 350 K. Considering the more than dou-
ble the cooling rate (97 Ks! compared to 44 K s~ 1) reduces
the shrinkage and resorption time to 3-4s instead of ~ 95
as valid for Allabar et al. (2020b). Therefore, the resorption
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Figure 6. The residual ¢y, of the glasses is plotted against Py, of the decompressed samples. Only ¢y, of samples that were able to
be measured undisturbed by vesicles in the near-infrared beam path are shown. Blue symbols indicate samples with ¢y, o7 of 5.7 wt %, while
green symbols show samples with cg, 1 0f 5.0 wt %. The legend corresponding to the decompression rates is provided in the lower right
corner. The ¢, 0eq curve was calculated according to Eq. (5). Symbols without fill color represent ey, of vesicle-free and HyO-depleted
glass regions around pre-existing bubbles or fringe zones and do not represent residual cpg, o of vesiculated glass regions.

Table 1. Conditions and results of solubility experiments. In the solubility section, samples labeled with an “H” were produced using glass
pieces, whereas those labeled with “Hg™ were derived from an initial glass cylinder. Decompression experiments were hydrated at 200 MPa
for 96 h at 1523 K and thermally equilibrated for 0.5h at 1323 K prior to decompression. Quenching rates: RQ: ~ 150K s~! (Berndi et al.,

2002), MQ: ~ 97 Ks~!, NQ: ~ 16 Ks™! (Allabar et al., 2020b).

Sample T [K] Py Pnin  Quenching rate  cp,0f  CH>Qeq at CH,0 in glass Ty
quench  [MPa]  |MPa| IKf] | |wt%|  Prlwt%| without vesicles [wt %]  [K]|
H, O solubility experiments
10H 1523 200 200 MQ 8.13 - 5.524+0.20 652
10Hg 1523 200 200 MQ 7.99 - 545£0.26 655
11H 1323 200 200 NQ 7.89 5.74 5.924+0.27 608
11Hg 1323 200 200 NQ 8.13 5.74 5.83+£0.27 611
12Hg* 1123 200 200 NQ 9.02 - 6.16+£0.27 3596
4H 1323 110 110 RQ 6.05 4.01 4.04+0.32 719
4Hg 1323 110 110 RQ 5.93 4.01 3.884+0.30 726
5H 1323 90 90 RQ 6.04 3.56 3522026 743
8H 1323 80 80 RQ 5.98 331 334+£0.29 752
6H 1323 70 70 RQ 3.14 3.06 3.12+£0.26 763
7H 1323 50 50 RQ 4.98 2.50 246£025 799
9H 1323 40 40 RQ 5.06 2,19 223+0.28 813
13H 1323 30 30 NQ 3.94 1.84 1.87+0.21 792
13Hg 1323 30 30 NQ 3.95 1.84 1.83+£0.21 794

#24hat 1123 K

halos around the vesicles in our samples should be smaller
than the 3 to 10 um determined by the authors, yet the effect
remains observable in the measured ¢x,0r. However, we sug-
gest that during decompression near-equilibrium conditions
were established at the maximum logVNDs, where homoge-
neous vesicle formation occurred. A more detailed discus-
sion of porosity including an extended dataset is addressed
in the assoclated coalescence companion paper (Marks and
Nowak, 2025).
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5.1.3 Total H2O content

The high logVND of ~ 5.5 and inter-vesicle distances of
7-9 um should enable near equilibrium degassing. However,
the ¢p,or in the residual glass are 1 wi %—2 wl % higher than
CH,0eq al Pp. The cg,o0 values close 1o cm,op al higher Pr
correlate with the absence of vesicles or with the lowest
logVINDs of ~ 4, related to resorption.

The effect of resorption of H2O back into the melt during
quenching, has already mentioned in vesicle formation, as
well as in glass porosity, and plays also in analyzing cy,ot a
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Table 2. Decompression samples were hydrated at 200 MPa for 96 h at 1523 K and thermally equilibrated for 0.5 h at 1323 K prior to decompression. Quenching rates: RQ: ~ 150 Ks™

(Berndt et al., 2002); MQ: ~ 97Ks™'; NQ: ~ 16K g (Allabar ct al., 2020b).

Sample Pr Pmin Quenchingrale  cpof  Cy0eq 4L CHp0 1N glass 0 1 glasy Ty Number ol Vesicle size Volurme Plags Doqu  logVND
[MPa] [MPa] [K J\J [wt % Pp[wt]  without vesicles [wr %] through vesicles [wt %] [K]  analyzed vesicles [pm] —:.::,j [vol G [vol %] —:.._:\j

Drecompression experiments 1.7 MPas !

CHp0it 3.7 wl %

28D 110 95 MQ 572 368 5534030 652

24D 90 86 MQ 570 346 5484028 653

29D 8¢ 79 MQ 573 330 54340728 655

5D i 65 MQ 573 293 3.334+0.28 202 68 18x 1073 1.9 355 5.07

50D 6} 55 MQ 572 2.66 526026 191 74 13x 1077 32 38.0 19

g8t 50wl %

33D 110 108 MQ 5.00 3.96 4914026 675

15D 90 86 MQ 4.99 346 4.89+0.27 676

31D 90 87 MQ 5.00 348 4904+028 075

11D 80 77 RQ 5.02 323 4.87+0.33 684

10D H} 65 MQ 5.06 292 4891027 676

34D* S 50 MQ 501 251 4.30+025 4824026 699 168 112 3.0x 107} 4.1 36.6 477

43D 50 46 MQ 4.99 237 4.99+0.26 232 50 18x1073 0.8 34.7 312

1aD 40 38 MOQ 5.02 213 4.79+0.26 125 63 1ix10 1.1 46.3 4.89

42D 30 28 MQ 501 1.78 7984+033 78 83 37x1074 6.3 558 535

Decompression experiments 0.17 MPa 5!

CHR04 3. T Wl

14D 110 1o MQ 578 401 5324029 6352

2D 90 90 MQ 5.70 355 4.99+0.27 658 18 787 3.6%10 ! 1.3 237 1.70

21 80 80 MQ 571 33 537+033 144 38 10x1072 0.0 217 414

3D i 68 MQ 5.68 3.01 495+ 027 309 20 1.8x 1077 L1 335 5.24

49D (&) 60 MQ 573 279 5081026 356 74 331073 23 32.0 5.05

CHp0it 30wl %

30D 110 107 MQ 5.01 4934030 674

12D 90} 90 RQ 493 4864035 6Y2

23D 80 79 MQ 5.01 4.94+0.28 297 3 3s5x107? 0.1 19.8 4.93

35D 70 70 MQ 5.00 4761026 148 46 4.0% 1077 .2 204 4.56

n 50 50 MQ 499 5124027 81 70 17x10 3 a8 423 4.67

17D 40 40 MQ 5.03 4.254£0.26¢ 767034 T02 151 76 35x1074 9.9 419 5.68

17D 4} 40 MQ 503 4.2510.26¢ THTE034 F02 57 10.8 253 41.9 5.599

Txecompression experiments 0.064 MPas !

CHp0i 3T W%

46D 90 90  MQ 571 3356 5341027 659

36D 80 80 MQ 57 331 5214026 664 18 43 78x 1073 a1 178 418

37D T 70 MQ 571 306 48641026 3.144+026 677 266 58 20x 1073 1.3 211 5.12

CHp0i: 30wl %

32D 110 110 MQ 5.00 401 4954028 673

19D 90} 90 MQ 497 356 4784029 1001

22D 80 80 MQ 5.00 331 4.93+0.28 124 25 38x 1077 0.03 18.0 4.51

47D 70 70 MQ 5.00 3.06 4.82+0.2¢ 39 22 42x 1077 0.01 209 396

20D 50 50 MQ 5.01 250 447 +027¢ 5344028 692 269 60 24%x107 43 19.0 5.60

3 4P ydr of 0.9 MPas™! in the end of decompression; see Fig. D1 © pre-existing bubbles; € e, o determined in depleted areas; 9 determined by CSDeorrections.
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crucial role. The ¢y, 0 of the glass between vesicles does not
represent cy,q dissolved in the melt at Pr prior to quench-
ing due to H»O resorption from the fluid phase back into the
melt (Mclntosh et al., 2014; Allabar et al., 2020b). During
all stages where vesicles were present, resorption took place
and increased the c¢p, g in the residual melt, and therefore in
the measured glass areas. A simplified calculation illustrates
the absorption ellect during quenching. During the assumed
cooling duration of 4s within the quenching process, HoO
diffusion distances were calculated according to the ditfu-
sion equation of Schmidt et al. (2013), assuming cy,oey Tor
1323 K as well as 77 of 965 K. Covering all samples at dif-
ferent Py and their corresponding cp,0cq. H20 diffusion dis-
tances of 22—19 pm for 1323 K and 5-3 pm for 965 K were
calculated. Therefore, even with the decreasing diffusion co-
efficient at decreasing temperature, at least a resorption dis-
tance of 3 um can be achieved, which is responsible for the
high ¢p,0; in the residual glasses. Importantly, the inlersti-
tial glass of the samples, where equilibrium degassing is ex-
pected due to the short inter-vesicle distance, was not mea-
surable due to the high VND, preventing FTIR measurements
of glags without vesicles in the measured volume. These
stages are marked in Fig. 6 by the gaps, according to each de-
compression series. The subsequent stages of beginning co-
alescence again allowed measurements in the residual glass,
although between large vesicles. Disequilibrium is expected
again in these cases, due to the increased vesicle distances,
explaining the high ci,0r. The HO content in the residual
glass is analyzed in detail in Marks and Nowak (2025), in-
corporating an extended dataset that examines the transition
of cp,01 during maximum VND to the onsct and progression
of coalescence.

These observations are similar to those of Allabar et
al. (2020b) on K-phonolite melt of the Vesuvius AD79 erup-
tion (VAD79). Their decompressed samples also exhibited
high residual ¢y, of about 2wt % above ¢p,0eq, despite
calculations indicating near-equilibrium conditions in all ex-
periments due to sufficiently high H,O diffusivity and small
inter-vesicle distances at a 10 um scale at high logVNDs of
4.6 10 6.3, which are quite similar to the VNDs of this study.

The parameters measured in the glass, such as ep,00 and
porosity, do not reflect the melt conditions during decom-
pression. Vesicles form at a sufficiently high Pgg, grow dur-
ing continuous decompression, and shrink during quenching
with simultaneous resorption of H>O from the fluid vesicles
back into the melt, potentially to the extent of complete dis-
solution. These factors are enhanced by depolymerized melt
structures due to the lower viscosity as well as increased dif-
[usivity resulting from high ¢, 0. To minimize these effects,
it is essential to quench the melt as quickly as possible when
analyzing and quantifying these parameters, while also con-
sidering the potential cost of sample breakage.

https://doi.org/10.5194/ejm-37-385-2025
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5.1.4 Decompression-rate-independent VND

To determine the degassing mechanism of the LLST melt,
VNDs were quantified in vesiculated samples. This allowed
us to distinguish between a decompression-rate-dependent
behavior (where VND increases with increasing decompres-
sion rate and thus a significant increase of VND with Pr) and
a decompression-rate-independent behavior (where VND re-
mains constant across dillerent decompression rates). The
decompression-rate-dependent VIND can be explained by nu-
clecation theory, where vesicles form only to the extent neces-
sary to reduce supersaturation, resulting in a range of vesicle
sizes within a single sample as new vesicles form when the
existing ones are insufficient (Navon and Lyakhovsky, 1998).
Based on this theory, Toramaru (2000} established a decom-
pression rate meter (DRM) that derives magma ascent ve-
locity using VNDs of volcanic ejecta. For comparison, the
DRM was applied to hydrous LLST melt used in our study
considering the physicochemical key parameters.

16-7 - o3 )_2
3-k-T- Py

2
Voo Par) P,it'kT'C'D)ii (7)
k-T 4'0'2-(dP/df)

VND=34-C-(

C: initial total H>O concentration (number of molecules
per cubic meters [m3)): o: surlace tension of the vesicle—
melt interface [N m™']; &: Boltzmann constant (1.38 x 10723
[TE': T: temperature [K]; Pgy: H20 saturation pressure
[Pa]; D: HzO diffusivity in the silicate melt [m2 s Ve
volume of an H>O molecule in the melt =3 x 107¥ m?
(Burnham and Davis, 1971); dP/dt: decompression rate
[Pas™!]

The model assumes that each H»O molecule is a poten-
tial vesicle nucleation site and that nucleation ceases during
decompression when the VND reaches a level where vesicle
distances are sufficiently small for a diffusion-controlled de-
crease in HoO concentration below a supersaturation thresh-
old needed for further vesicle nucleation (Toramaru, 2006).
Using the DRM, the logVND as a function of d P /ds can be
calculated by considering diffusivity, surface tension, and the
H:O content via the saturation pressure ( Pyy). The required
H-O diffusivity (logf») was calculated by Eq. (8), according
to Schmidt et al. (2013):

log D lm2 g~ | = (—6.001 —0.277 - cy,0n)
— (6281 — 565.6 - ch,00)/ T (8)

The surface tension was calculated according to Shea (2017)
and was predicted 1o be 0.1231Nm~’ lor 5.7 wi% H.O
and 0.1411Nm~' for 5.0 wt%. Applying these values in
the DRM., the lincar logVND trend with the fixed slope of
3/2 would match our experimentally determined maximum
logVND of 5.7 at an unrealistically high decompression rate
of ~ 30 MPas™'.
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In contrast to nucleation theory, the determined maxi-
mum logVNDs of 5.1-5.7 with uniformly sized vesicles
across all decompression rates indicate a decompression-
rate-independent behavior for the LLST melt. This behav-
ior might indicate an off-critical spinodal decomposition pro-
cess, which has been observed in supersaturated K-phonolitic
melts (Allabar and Nowak, 2018; Allabar et al., 2020b).

Slight variations in the logVND ol 4-5.7 determined in
quenched glasses are likely related to resorption processes.
Glass samples with logVNDs of 4-5 indicate the early stages
of degassing, primarily seen in samples with high Pr of
80 and 70 MPa. In these cases, a small number of vesicles
formed during decompression appear to have survived the
quenching, potentially due to slight differences in vesicle
size. It is also plausible that smaller vesicles with numerous
neighboring vesicles underwent resorption, thereby favoring
the growth of larger vesicles. The vesicles that underwent re-
sorption would have conlinued 1o grow il the melt had been
subjected to further decompression, as observed in samples
quenched at lower Pr, showing high logVNDs with 5.1-5.7.
However, such minor variations in vesicle size could not be
resolved within the scope of this study and with the analyti-
cal methods employed. Consequently, it is expected that the
majority of minimally smaller vesicles dissolved during the
quenching process. This is also reflected in the vesicle sizes
in the glass, generally ranging berween 2 and 5 um for sam-
ples with Py of 80 and 70 MPa. Increased vesicle sizes re-
lated to vesicle growth are observed for samples at lower Py,
which also correspond to the highest logVNDs, with values
of 5.1-5.7 representing the VND of the vesicle formation
process unaffected by extinetion related to resorption. The
VND keeps constant down to a Pr of 70-60 MPa for sam-
ples with cy,0i of 5.7 wt % and Py of 50-30 MPa for samples
with ci,01 of 5.0wt %, caused by the different A Pgg val-
ues. These samples also correspond to the highest porosities,
measured in glass with up to 10 vol %. However, in the series
with 0.17 and 0.064 MPas™!, a third stage of vesiculation
was observed. The VNDs of all series show a slight decrease
inlogVND by 0.1 10 0.2 al 0.17 MPas ! and even 0.5 10 0.8
at 0.064 MPas~!, which is correlated to the observed onset
of coalescence. A detailed analysis of the coalescence behav-
ior in the LLST melt, based on an extended dataset, is pre-
sented in the corresponding coalescence paper (Marks and
Nowak, 2025).

The data from Allabar and Nowak (2018) and Allabar et
al. (2020a, b) are particularly comparable to this study due to
a similar experimental design and bulk composition. Allabar
and Nowak (2018) observed vesicle formation in the hydrous
VADT9 composition with 5.3 wt % H2O at Py of < 100 MPa,
showing homogeneously distributed vesicles with logVNDs
of 4.8-5 4, irrespective of decompression rates ranging from
0.024 to 1.7 MPas~". Further decompression to 70 MPa did
not change VND but only led to vesicle growth, similar to
the behavior of LLST melt. Thus. the results of VAD79
and LLST show a decompression-rate-independent behavior.
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A decompression-rate-dependent behavior would follow the
DRM line, as calculated using the Toramaru (2006) model
(Fig. 5).

Despite the suggested independence of the initial VND on
the decompression rate, an apparent dependence of VND on
the onset of the observable vesicle formation was observed.
The Pr of the highest logVINDs shilted towards faster decom-
pression rates. While at 5.0 wt % H,O and 0.064 MPas™!
the highest logVND is measured at a Pp of 50 MPa, Pr de-
creased to 40 MPa at 0.17 MPas™' and cven to 30 MPa at
1.7MPas~" (Table 2). Partially, there is a correlation be-
tween the observable onset of vesicle formation in the glass
and the vesicle formation in the melt, which is evident when
comparing the respective Pgg values (see Sect. 5.1.1 “Onset
of vesicle formation™).

However, the data show an apparent clustering of
logVNDs between 4.8 and 5.4 covering all samples at
1.7MPas~!, while slower-decompressed samples at 0.17—
0.064 MPas~! range from logVNDs of 4.0 to 5.7. This might
be an artifact of the decompression time. With decreas-
ing decompression rate, the decompression time increases
significantly. For comparison, decompression trom 200 to
70 MParequires 76 s (1.2 min) at 1.7 MPa s, 7655 (13 min)
at (.17 MPas™', and 2031 s (34 min} at 0.064 MPas~'. This
longer decompression time at slower rates leads to increased
vesicle growth. Thus, the beginning of vesicle formation at
the fast decompression rate is not resolvable due to the rapid
decompression within a few seconds and subsequent resorp-
tion and shrinkage during quenching, as this process may ef-
fectively erase already formed vesicles if they are particularly
small.

Besides the decompression rate independence in VND,
we want to highlight the independence of VND on cy,o;
prior to decompression, as both H,O series cover the same
range of logVND (Fig. 5). This observation differs slightly
from the data of Allabar and Nowak (2018) and Allabar et
al. (2020a). They conducted a set of decompression experi-
ments at a constant temperature of 1323 K and a decompres-
sion rate of 0.17 MPas™!, while varying the initial HoO con-
tent. The experimental set from Allabar and Nowak (2018)
with a e, of 5.3 wt % H20 was cxtended to include ex-
periments with higher (~ 6.3 wt %) and lower cy,o; (~ 3.3
and ~ 4.3 wt %). While our data show a VND independent
of cu,oi. Allabar et al. (2020a) showed a cy,0i-dependent
(~ 33wt %—6.3wt%) logVND with minimum numbers of
formed vesicles around logVNDs of ~ 5 for cp,pi of S wit %.
They observed that logVND increases significantly towards
both lower and higher ¢y, i values by an order of magnitude.

However. there are some nolable [eatures in the datasel
[rom Allabar et al. (2020a). Although the influence of ci,0
on logVND is emphasized, some samples with almost iden-
tical initial conditions cxhibit different VNDs. For cxample,
sample CD83 has a logVND of 5.78, while sample CD42 has
a logVND of 4.98, a difference of (.8 log units. CD83 had a
cHy0i of 5.46wt % and was decompressed at (.17 MPa g7
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to Pr of 80MPa. CD42 had a cp,o0i of 520wt % and was
decompressed at the same rate to a £ of 90 MPa. Although
cH,0i remained almost the same, the sample with the lower
Pr (CD83) had a significantly higher VND. This observa-
tion aligns with our findings for the LLST samples. Further
samples from Allabar et al. (2020a) confirm this trend. Their
lowest logVND ol 4.60 corresponds (o the sample with the
highest Py ol 100 MPa. Although this Py is 20 MPa above the
pressure determined here for the onset of vesicle observation,
it supports the observation of partial extinction of the small-
est vesicles during quenching at early stages of degassing.

However, their observation that ¢y, determines the VND
of initial phase separation and the evolution of vesiculation
during decompression cannot be confirmed for the LLST
composition. Still, our observation of the increasing VND
towards lower Py is supported by their experiments with
VAD79, albeit not as clearly as with LLST. Nonetheless, an
elfect of ¢p,oi on the VND Jor LLST composition cannot be
entirely ruled out. Further decompression experiments with
significantly different cp,o; values would be necessary for
such an analysis.

We can state that both Na; O-rich and K;O-rich phonolitic
melt compositions result in the same decompression-rate-
independent vesicle formation process. There is evidence
that the enrichment of alkalis, especially in phonolites, al-
lows off-critical spincdal decomposition to occur at crustal
pressures (Allabar and Nowak, 2018), whereas spinodal de-
composition of critical compositions like hydrous rhyolites
would require high pressures of > 1 GPa (Bureau and Kep-
pler. 1999). During further decompression of the system, re-
curring supersaturation of the melt is prevented by downbhill
diffusion of H2O into existing vesicles, as demonstrated by
increasing vesicles sizes with decreasing Py (Fig. 5). This is
consistent with our observations of increasing vesicle size
with decreasing pressure while the VND remains constant.
Hence, off-critical spinodal decomposition could explain the
high VNDs in decompressed hydrous silicate melts by en-
abling the spontaneous phase separation of H2Q without re-
lying on the nucleation process.

6 Conclusion

The experimental results in this study offer critical param-
eters of the phonolite melt, such as equilibrium H20O sol-
ubility, APgg., VND, and melt porosity, that can improve
melt degassing simulations. Our findings show that high
VNDs are consistently observed under both H;O-saturated
and HpO-undersaturated conditions, independent of the de-
compression rate. During vesiculation, logVND values rang-
ing trom 5.1 to 5.7 were recorded, with uniform vesicle
sizes across samples, suggesting that degassing is potentially
driven by spinodal decomposition rather than by classical nu-
cleation theory. At these high VND levels, near-equilibrium
degassing from the melt into adjacent vesicles is expected
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during decompression. Further decompression experiments
at lower final pressures are presented in Marks and Nowak
(2025) to trace the subsequent degassing pathway potentially
triggering explosive eruptions through rapid vesicle expan-
sion and increased buoyancy or, alternatively, promote effu-
sive behavior through coalescence and the formation of per-
colation channels.

Appendix A: Experimental setting

In recent decades, optimal experimental conditions — from
starting material to sample preparation — have been devel-
oped to study H>O vesicle formation in hydrous silicate melt
during decompression. The following outlines the key com-
ponents of the successful experimental protocol.

Starting material. Previous research has utilized natural
porous volcanic rock or glass powders as the slarling material
for experiments. Adjusting conditions to create HO super-
saturation during the synthesis of hydrous melt (e.g., Larsen
and Gardner, 2004; Gardner and Denis, 2004; Gardner, 2007;
Larsen, 2008; Mongrain et al., 2008; Shea et al., 2010; Cichy
etal., 2011) can result in the formation of hydration vesicles
in the sample volume before decompression (e.g., Gardner et
al., 1999; Larsen and Gardner, 2004; lacono-Marziano et al.,
2007). Likewise, even under HoO-undersaturated conditions,
the synthesis process induces the formation of N>—H>O vesi-
cles due to entrapped air in the pores of the glass powder
used (Preuss et al., 2016), resulting from the very low solu-
bility of N> even at high pressures and temperatures (Kep-
pler et al., 2022). These pre-cxisting fluid vesicles within the
melt volume experience growth during subsequent decom-
pression, leading to a reduction in the H>O content of the
melt. Consequently, the supersaturation of the melt, neces-
sary for the formation of new vesicles, may be decreased
before extensive homogeneous vesicle formation can occur
(Preuss et al., 2016; Allabar and Nowak, 2018; Allabar et al.,
2020b). Therefore, for observing homogeneous vesicle for-
mation the initial glass porosily should be below a critical
value of ~ 6 vol % (Preuss et al., 2016).

Sample size and decompression time. A crucial factor in-
fluencing vesiculation is the decompression timescale, which
is determined by factors such as the initial pressure, satu-
ration pressure, decompression rate, and the final pressure
(e.g., Mangan and Sisson, 2000; Preuss et al., 2016). The
diffusion-controlled loss of volatiles into vesicles, which are
nucleated heterogeneously and early at the interface between
the capsule and melt, dictates the diameter of the sample nec-
essary (o maintain a sulliciently sized unallected melt vol-
ume at the cenler ol the sample (Fig. S1; Preuss et al., 2016;
Allabar and Nowak, 2018; Allabar et al., 2020a, b). Addi-
tionally, for low-viscosity hydrous melts, the ascent of vesi-
cles formed heterogenecusly at the bottom of the capsule into
the melt volume imposes a constraint on the available time
for decompression (Allabar and Nowak, 2018). These con-
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straints necessitate the use of the largest technically feasible
sample capsule diameter and length for investigating vesicle
formation.

Continitous decompression. In previous stundies, vesicle
formation has been observed to vary significantly depend-
ing on the decompression strategies employed (Nowak et al.,
2011; Marxer et al.,, 2015). Rapid decompression Lo a [i-
nal pressure lollowed by annealing [or a specified duration
(Larsen and Gardner, 2004; Gardner, 2012), as well as multi-
step decompression involving high rates of 2.5-10MPas™!
to the final pressure, followed by periods of isobaric anneal-
ing (Gardner et al., 1999; Larsen and Gardner. 2004). do not
constitute true continuous decompression of the melt, mak-
ing it challenging to determine vesicle formation. The as-
sumption of continuous decompression during the anneal-
ing period at the final pressure is erroneous. On the other
hand, this method can assess nucleation rates in hydrous
melts showing vesicle nucleation by rapid decompression
and annealing at different times at a constant reduced pres-
sure (Gardner, 2012; Hajimirza et al., 2019). It the phase sep-
aration mechanism 1s unknown, we suggest true continuous
decompression achievable through a fine-dosing decompres-
sion valve (Nowak et al., 2011; Marxer et al., 2015; Preuss et
al., 2016; Allabar and Nowak, 2018).

Quenching rate. To analyze the vesiculation process at dif-
ferent decompression rates and final pressures, the melts have
to be quenched to glass as fast as possible. During isobaric
cooling of the vesiculated melt, vesicle shrinkage occurs (Al-
labar et al., 2020a), especially in low-viscosity melts like
hydrous phonolitic compositions. This shrinkage is related
to the decrease in the molar volume of HaO (Marxcer ct al.,
2015) and H>O resorption from the vesicles back into the
melt, driven by the increased solubility of H>O with decreas-
ing temperature (Mclntosh et al., 2014). Therefore, to ac-
count for vesicle shrinkage and H2O resorption, the determi-
nation of porosities and residual H2O concentrations in melts
requires back-calculation based on the vesiculated glasses.
The cooling of decompressed vesiculated melts as rapidly as
possible minimizes vesicle shrinkage (Allabar et al., 2020Db).
However, it is important to note that rapidly quenched glass
samples contain tension cracks and theretfore tend to shatter
during sample preparation. In this study, it was determined
that cooling rates of up to ~ 100K s~ are sufficient to pre-
vent the sample from shattering.

Sample preparation. When preparing decompression sam-
ples for analysis, it is crucial to cut them parallel to the cylin-
der axis. This approach provides the most comprehensive
overview and ensures that all important areas of the sam-
ple are analyzed (Preuss et al., 2016). Perpendicular sections
at different heights may overlook critical regions, especially
the initial stages of vesicle formation, which are often visible
only in specific sample volumes (top or bottomy).
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Appendix B

Table B1. Mean value of microprobe analysis of LLST_la,b/2a,b,c/3a,b,c/4ab.c,de. LLST_G140 is from Harms et al. (2004). Mean crystal
composition of cight measurements in sample LLST_12Hg, equilibrated for 24 h at 1123 K. Note that NBO/T represents non-bridging oxygen
per tetrahedron.

LLST_ G140 | Mean LLST | LLST_12Hg ‘ LLST_12Hg cry
wt%  mol % | wt%  mol % | wt% mol% ‘ wt % mol %
Si09 58.41 66.89 59.61 67.16 37.51 68.57 0.15 0.20
TiO; 0.19 0.16 0.20 0.17 0.18 0.16 1.27 1.25
Al O3 23.09 15.58 23.60 15.67 22.33 15.70 5.12 3.95
FeO 1.66 1.59 1.80 1.69 1.03 1.03 | 7821 85.60
MnO 0.38 0.37 0.41 0.39 0.31 0.31 6.45 7.15
MgO 0.08 0.14 0.08 0.13 0.07 0.13 0.84 1.64
Ca0 0.7 0.86 0.73 0.88 0.70 0.89 0.03 0.04
NayO 9.84 10.92 9.60 10.49 B.44 9.76 0.07 0.07
K20 4.78 3.49 4.77 3.42 4.53 344 0.09 0.09
Total 99.13  100.00 | 100,79  100.00 95.11  100.00 | 92.25 100.00
(mol/100 g) 1.45 1.48 1.40 1.27
Nay O/K20 2.06 3.13 2.01 3.06 1.86 2.84
Al O3 /(Na> O 4+ K»0 + CaO} 1.51 1.02 1.56 1.06 1.63 1,11
(Nay O + K>0)/(Ca0 4+ MgO) 18.74 14.48 17.80 13.76 16.84 12.94
NBO 52415 39.495 —3.812
NBO/T 0.036 0.027 —0.003
NBO/T with 5 wt % HyO 0.442 0431 0.395
Carroll and  Schmidt et Larsen and Schmidt and  Tacono-Marziano et
Blank {1997) al. (2013)  Gardner (2004)  Behrens (2008) al. (2007)
Si0, 59.38 59.55 57.26 59.55 57.15
TiO» 0.66 0.19 0.24 Q.19 0.30
AlrO4 18.92 22.41 23.10 22.41 21.34
FeO 1.24 1.63 1.24 2.70
FeoOg 3.85 0.52 0.52
MnO 0.2 (.35 0.35 0.14
MgO 0.33 0.07 0.10 0.07 0.39
CaO 0.79 0.71 0.66 0.71 3.26
Na,O 10.07 9.36 11.21 9.36 5.16
K;0 5.55 4.75 5.72 4.75 9.46
P20s 0.09
Total 99.75 99.15 99.92 99.15 99.90
NanO/K20 2.76 2.99 2.98 2.99 0.83
Al O3/(Na2O + K20 + Ca0) 0.79 1.03 0.89 1.03 0.87
(Nas O + K-> 0)/(CaO + MgO) 9.94 13.99 16.95 13.99 2.71
NBO 73.8 30.2 104.0 30.2 164.8
NBO/T 0.052 0.021 0.074 0.021 0.12
https //doi.org/10.5194/ejm-37-385-2025 Eur. J. Mineral ., 37, 385—412, 2025
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Appendix C: Review of HoOn, and OH molar
absorption coefficients and H>O solubility

NIR absorption coefficients related to the absorption bands
at 5210 cm 1 (molecular H,0) and 4470 ¢cm 1 (OH groups)
and total H»O solubilities were determined for the synthe-
sized LLST composition in this study. Although NIR ab-
sorplion coellicients [or phonolite have been previously re-
ported in the literature (Carroll and Blank, 1997; Larsen and
Gardner, 2004; Tacono-Marziano et al., 2007; Schmidt and
Behrens, 2008; Schmidt et al., 2013; Fanara et al. (2013);
Table C1), certain inconsistencies exist that could lead to sig-
nificant errors in the evaluation of ey, The listed authors
are referred to in this section as C&B, L&G, IM et al., S&B,
S etal,, and F et al., respectively.

The initial differences are evident in the bulk glass com-
position. L&G, S&B and S et al., used glass compositions
based on (he analyses by Harms el al. (2004), relerred Lo as
G140. The compositions show good agreement to G140 (Ta-
ble B1). Specifically, the comparison of the alkali-alumina
ratios results in values of 1.02 for G140, 1.09 for S&B, 1.03
for S et al. and 1.06 for our composition. However, only S et
al. synthesized their composition using oxide and carbonate
powders, whereas L&G used natural starting material, which
contained several hundreds to thousands of ppm of chlorine,
fluorine and P205 (Harms and Schmincke, 2000), potentially
influencing HzO solubility (e.g. Holtz et al., 1993; Webster
et al., 1999). Similarly, C&B used natural starting materi-
als from the ITA subunit of the Montafia Blanca pumice de-
posit (MBP), Tenerife. In addition to minor deviations in the
major clement composition compared to G140, these sam-
ples also contain several hundreds to thousands of ppm of
chlorine, fluorine and P2Os (Ablay et al., 1995). F et al. also
synthesized their glass compaosition, which was based on the
composition of the ULST, corresponding to a potassium-rich
phonolite melt (Wdrner and Schmincke, 1984a).

In addition to the glass composition, the synthesis of the
hydrated samples might be an important factor. While C&B
and L&G conducted the hydration ol their samples in cold-
seal pressure vessel (CSPV), with the oxygen fugacity typi-
cally close to the nickel/ nickel oxide buffer (AlogNNO %1,
c.g. Matthews et al., 2003; Martel and Schmidt, 2003), the
synthesis of the hydrous glasses used for the determination
of &u,0om and gou is not documented by S et al. The au-
thors only state that the linear absorption coefficients of pre-
viously synthesized LSP-11 glasses with known H>O contents
were determined. However, based on the hydration of glass
cylinders for other experiments in their paper using the IHPV
(AlogQFM + 3.5), it is assumed that the mentioned samples
were also hydrated in the THPV. Only the samples [rom F
et al. were confirmed to have been synthesized in the IHPV
under oxidation conditions identical to thosc in this study.

Another discrepancy may be the baseline correction used
for the evaluation of the measured NIR absorption spec-
tra. The choice of baseline correction can significantly af-
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fect the relative H2O species concentrations (Behrens et al.,
1996; Ohlhorst et al., 2001). Various baseline corrections are
known, each with different advantages and disadvantages de-
pending on the bulk composition. Common baselines include
straight lines at the base of the ~ 5200 and ~ 4500¢m™!
bands (Withers and Behrens, 1999), two Gaussians fitted
(o (he iron-related band at ~ 5700 cm ™! and the molecular
H;O-relaled band al ~ 4000cm™" (Ohlhorst et al., 2001),
and (as in our determination) fitting a straight line through the
high- and low-frequency minima of the ~ 5200 cm™" peak
and extending it below the 4500 cm™' peak (Behrens et al.,
1996).

S et al. and F et al. applied two straight lines between
the high- and low-frequency minima of the ~ 5200 and
~4500cm 1 peaks. This implies that the absorption co-
efficients are not directly comparable due to the different
baseline corrections. Nevertheless, assuming hydration in the
[HPV, the coelficients could be applied (o our samples il the
baseline correction used in both studies were applied to our
samples.

In contrast, C&B also determined £11,0m and ggp1 by FTIR
spectroscopy but for the MBP composition. Unfortunately,
they did not explain how they performed the baseline correc-
tion. However, Fig. 1 in their paper shows an applied base-
line correction that resembles the baseline correction using
“flexicurves” (Schmidt et al., 1999). Both factors could ex-
plain why the values of y,0m and gy are inverted, with
1.10 and 1.25, respectively, compared to our coefficients of
1.27 and 1.15L mol~! cm. Despite these discrepancies, both
sets of absorption coefficients agree reasonably well, with
our sclf-determined cocftficients lying between the published
values of S&B and S et al.

Despite the determination of the linear absorbances of
the ~ 5200 and ~ 4500 cm™" peaks, cy,or can also be de-
termined in the mid-infrared region by measuring the ab-
sorption of the fundamental OH stretching vibration at ~
3600 em™! (e3g00), as applied by L&G and S&B. A signifi-
cant issue with using &3gq0, as noted by S&B, is that the fun-
damental OH strelching vibration has a very high absorption,
necessitating extremely thin samples. Consequently, their
sample thicknesses ranged from 9.5 to 36.5 um, which signif-
icantly increased the uncertainties. Furthermore, L&G only
mentioned in their paper that they did not calibrate their own
coefficient but used an 3600 value of 81 L mol™' cm for this
peak in the composition, given by a personal communica-
tion. Similarly, S&B used an 35y value of 67 Lmol~Lcm
from Stolper (1982), which is valid for their analyzed glass
compositions of albite, rhyolite, and basalt. Additionally, dif-
[erent baseline corrections were used in S&B and Stolper
(1982). Nevertheless, the slated cp,or in S&B should be
valid, as they were also determined using thermogravimetry.

Additionally,  density  mcasurcments  of  H;O-
undersaturated samples containing ~ 1-8 wt % HaO were
performed by S et al., and samples containing 0.5 wt %—
5.5wt% H>O by F et al. using the Archimedean principle.

https://doi.org/10.5194/ejm-37-385-2025
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Table C1. Absorption coefficients of H>O and OH combination bands and the fundamental OH stretch vibration, hydration conditions, and
starting material of LLST and phonolite samples. C&B refers to Carroll and Blank (1997), § ct al. to Schmidt ct al. (2013), L&G to Larsen
and Gardner (2004), S&B to Schmidt and Behrens (2008), and IM et al. to Iacono-Marziano et al. (2007). LLST and LSP-II refer to natural
G140 (Harms ct al., 2004). MBP stands for Montaiia Blanca pumice deposit, Tenerife. Albite (Al), rhyolite (Rt), and basalt (B) arc given in

Stolper (1982),
EH, Om(5210) E0HA500)  £3600 Pressure system Material
L mol ! cm| [Lmol*] cm| ILmol*] cm]
This study 1.27 £0.04 1.15£0.07 IHPY synthetic G140
C&B (1997) 1.104+0.12/10 1.254+0.33/22 CSPv natural MBP
Setal (2013) 1.322+0.0471  (0.9224+0.0931 unknown (THPV?)  synthetic G140
F et al. (2013) 1.18 £0.03 0.94£0.05 1HPV synthetic ULST
Stolper (1982) 67 unknown natural Al, Rt, B
L&G (2004) 81 CSPV nalural G140
S&B (2008) Stolper (1982) IHPV, CSPV synthetic G140
M et al. (2007) 118011 1.14£0.09 CSPV natural VAD79
Density equations were derived Tor the LSP-1I composition [ 4 s&B (2008)
with prspm = (2466.7 £8.9) — (18.6 £ 1.9) - epp0r and for 63 T o this study T
the ULST composition as pyrst =2512—11.4-cx,on. E @ IMetal. (2007) f e
No correction is required for the density equation and _ 55 1 .
should thercfore be very similar to our density cquation = ¢
pLLsT = (2485 11) — (21.9£2.8) -en,00 (Eq. 1), Test E 45 T o :
calculations using the equations of this study and of g e ".
S et al. for 1wt%—-6wt% H,0 show perfect agreement F 354 W
at higher concentrations (6 wt%: prist = 2354+ 6gL. 7", b . '._é_
OoLspn = 2355+ 3¢L7 D), while at lower H,O con- 25 I §
centrations, such as 1wt%, the density differs within i‘
the range of error (1wt%: prrsT=2463+8gL71, 15 F g , : :
pLsp-T = 2448 £ 7 gLfl)‘ These slight devialions may be 0 100 200 300
due to slight variations in the melt composition. However, Py, [MPa]

within the range of crror, both cquations are consistent.
Among the equations analyzed, only that proposced by F ct
al. exhibits a greater deviation, yielding values of 2443.6
and 2500.6 gL~ for 6wt % and 1wt %%, respectively. This
discrepancy likely correlates with stronger variations in bulk
composition.

The H>O solubility equation (Eq. 5) was derived from sol-
ubility experiments conducted at 1323 K using the synthetic
LLST glass, representing the equilibrium degassing path dur-
ing decompression. Comparable experimental data are avail-
able from S&B for the sume G140 composition (Harms et
al., 2004) and from IM ct al. using natural K-rich phono-
lite melt from the Vesuvius “white pumice” AD79 eruption
(VAD79) (Table B1). The data relevant to our experimental
conditions are presented in Fig. C1. From S&B, only three
data points are included, specifically those hydrated in the
IHPV at 1273 K between 201 and 50 MPa, (o enable a direct
H>0 solubility comparison at ~ 1300 K. In contrast, IM et al.
provided an extensive dataset of H2O solubility experiments
al 1323 K over a pressure range ol 250-30 MPa, with experi-
ments conducted in TZM (titanium—zirconium—molybdenum
alloy) CSPV. Notably, although not depicted in the diagram,
all datasets consistently indicate a negative temperature de-

https://doi.org/10.5194/ejm-37-385-2025

Figure C1. H,O solubilities corresponding to the G140 compo-
sition (Harms et al., 2004) in the ITHPV according to Schmidt
and Behrens (2008) at 1273 K, this study at 1323 K, and lacono-
Marziano ct al. (2007) at 1323 K for the VAD79 composition.

pendence of HyO solubility, meaning that lower terperatures
result in higher H20 solubilities (S&B; IM et al.).

The experiments by S&B utilized glass powder samples.
The H,O content of the glasses was determined by thermo-
gravimetry (TG) using a Setaram™ TGA 92. For samples
containing small hydration bubbles, the glass was ground to
a fine powder to crack the water-filled vesicles. TG mea-
surements for another MBP composition were verified with
KFT measurements, showing good agreement within the er-
ror range, expecling similar results with LSP-II. As shown
in Fig. Cl1, the data exhibit slightly increased H>O solubil-
ities compared to our data. The data differ by ~0.5wt%
at 200 MPa, with 6.24 wt % rcported by S&B and 5.7 wt %
in our dataset. However, this deviation decreases at lower
pressures, with a difference of about 0.3 wt% at 50 MPa,
where S&B recorded 2.8 wt % and LLST was measured to
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2.48 wt %. The slight deviation can be attributed to the small
temperature differences of 50K between S&B at 1273 and
1323 K in this study, as well as differences in absorption co-
efficients. However, within the scope of the error, the solubil-
ities are in agreement, The solubility equation resulting from
the data is given as ¢u,0sors&R) = 0.2931 - PO3T6 [wi o).

Similarly, IM et al. used glass powders and determined
the specilic absorption coelficients lor their mell composi-
tion (Tables B1, C1), although they did not detail the base-
line correction process. Nevertheless, the H2O solubility val-
ues are in close agreement with those obtained in this study.
The data exhibit systematically lower H>O solubilities, with
a slight increase in misfit at higher H>O solubilities and pres-
sures, reaching up to 0.3 wt% at 200 MPa (5.4 wt %) com-
pared to 5.7 wt % for our LLST composition, but nearly iden-
tical values for lower pressures as for 30 MPa with 1.7 wt %
at VAD79 compared to 1.8 wt% HpO for LLST. This dis-
crepancy is within the range ol error and could be attributed
to differences in starting materials, experimental methods,
and absorption coetficients. The solubility equation result-
ing from the data is given as cyp,o5010my = 0.2389 - pl-58sa
[wt %].

The well-examined effect of the alkali content and the
Na /K ratio may contribute to this discrepancy. The reversed
Na/K ratio in VAD79 compared to LLST, specifically the
increased K-content and decreased Na-content, led 1o a de-
crease in HoO solubility by approximately 6 % (Schmidt and
Behrens, 2008). An additional effect was shown by S&B,
where an increase in the (NaxO +K;0)/(CaO + MgO) ra-
tio resulted in a roughly 4 % increase in H2O solubility. A
similar effect of alkali content on H>O solubility was identi-
fied in trachytic (Di Matteo et al., 2004) and in rhyolitic melts
(Holtz et al., 1995; Allabar et al., 2022), although the effect
was more pronounced in those compositions. Therefore, both
the reversed Na/K ratio and the significantly higher concen-
trations of MgO and CaO in the VAD79 composition (Ta-
ble B1) can explain the slightly lower H»O solubility values.

Despite these findings, the H>O solubility curve for the
LLST composition in this study [alls between the previously
published solubility curves. Although there are slight dif-
ferences In composition, fg,, and analytical methods, the
solubilitics agree within an crror margin of approximately
0.5 wt %. Therefore, minor experimental deviations do not
significantly impact the evaluation of cy,0r, and Eq. (5) can
be applied in further studies with similar objectives.
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Appendix D

180
160 +
140 £
120 +
100 £
80 1
60 £
a0 £ 80
20 £

0 TR B T R A S S O
60 70 80 90
s]

LLST 34D

P [MPa]

0000006

100

110

Figure D1. Decompression paths originating from the saturation
pressure of ~ 156 MPa are depicted for samples LLST_34D (rep-
resented by orange and red diamonds) and LLST_43D (yellow tri-
angles). Additionally, an ideal decompression path of 1.7 MPa 51
is illustrated in gray for comparative analysis. Both samples sharc
similar experimental parameters: ep,oi of 5wt %, Py of 50MPa,
and quenching rate of 97K g1 However, sample 34D expericnced
a reduction in dP/dr to ~ 0.9 MPas~! towards the end of decom-
pression, while 43D maintained a constant dP/dr of 1.7 MPas™ !,
The variance in dP/df and the associated longer decompression
time caused the complete vesiculation of the sample volume in 34D,
while 43D shows the incipicnt stage of vesicle formation.
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Abstract. Supersaturation of H>O during magma ascent can drive efficient degassing through the formation of
fluid vesicles within phonolitic melt, with high vesicle number densities (VNDs) ranging from a logVND of 4 to
6 mm 3. Rapid vesicle formation and growth reduces magma density and may significantly influence eruption
style. However, the behavior of vesicle-bearing melt under continued decompression remains poorly understood.
This study aims to investigate vesicle growth as well as the onset and progression of vesicle coalescence during
decompression in the well-characterized phonolitic Lower Laacher See melt.

Synthetic phonolite melts were hydrated in an internally heated gas pressure vessel at 200 MPa with 5.7 wt %
or 5.0 wi % H>0, establishing conditions of saturation and slight undersaturation prior to decompression. The
hydrated melts were continuously decompressed at a superliquidus temperature of 1323 K with rates ranging
from 0.064 to 1.7 MPas™!, reaching final pressurcs between 70 and 30 MPa before being rapidly quenched to
vesiculated glass.

As expected, our results indicate that the pressure range for uniform vesicle formation differs between initially
H>O saturated and undersaturated melts, with coalescence starting at higher pressures in saturated melts. The
onset of coalescence is also influenced by the decompression rate, occurring at higher pressures with slower
decompression rates. The coalescence process transforms the quenched opaque samples with maximum VND,
characterized by nebula of small vesicles sized between 2 and 16 um into transparent samples with larger vesicles
ranging from 37 pm up to ~ 500 pm and VNDs reduced by orders of magnitude, depending on decompression
rale, final pressure, and initial H>O concentration. The sizes ol (hese coalesced vesicles are inversely related (o
the decompression rate, with larger vesicle sizes occurring al slower decompression rates.

While the maximum logVNDs of initially formed vesicle volumes remain constant across different decom-
pression rates, with high values of 5.1 to 5.7, compatible with the theory of spinodal decomposition, the logVNDs
of sample volumes with coalesced vesicles drop markedly by 1.2 to 4.1 log units. The lowest logVNDs, between
0.5 and 0.8, occur at the slowest decompression rate of 0.064 MPas~', while the highest logVNDs, between 3.1
and 3.7, are observed at the fastest decompression rate of 1.7 MPas™'. This coalescence driven pattern mimics
the expected decompression rate dependence of initial VND in cases of vesicle nucleation.

These experimental results suggest that significant vesicle coalescence can occur in phonolitic magmas even
at relatively fast ascent rates, influencing eruption dynamics. In the case of open-system outgassing, vesicle
coalescence creates channel structures with high permeability, allowing fluid to percolate and escape at the top
of the magma column. In contrast, in a closed system, vesicles can accumulate as foam with closed porosily
at the top of the magma chamber, forming large, gas-pressurized pockets. This buildup may lead to signiticant
disruptions and violent, explosive cruptions. During volcanic activity, transitions between these two systems may
oceur.

Published by Copernicus Publications on behalf of the European mineralogical societies DMG, SEM, SIMP & SFMC.
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1 Introduction

Explosive volcanic eruptions are mainly driven by the rapid
vesiculation of supersaturated hydrous melts, primarily re-
leasing H>O from the melt into fluid vesicles before and
during the magma fragmentation process (e.g., Gonnermann
and Manga, 2007). As magma ascends, the solubility of
volaliles, such as HO, decreases with the reduction in pres-
sure. The formation and growth of vesicles in the silicate
melt, caused by decompression-induced supersaturation, are
crucial for determining the eruption style (e.g., Sparks, 1978;
Hurwitz and Navon, 1994; Mourtada-Bonnefoi and Laporte,
2004; Tacono-Marziano et al., 2007; Hamada et al., 2010;
Gardner and Ketcham, 2011; Preuss et al., 2016; Shea,
2017; Hajimirza et al., 2019). The vesicle number density
(VND), which is the number of vesicles per unit volume
of vesicle free mell, determines the distance between vesi-
cles and affects the efficiency of melt degassing (e.g., Cash-
man and Mangan, 1994; Gardner et al., 1999; Toramaru,
2006; Gonnermann and Manga, 2007; lacono-Marziano et
al., 2007; Allabar and Nowak, 2018). As magma vesiculates
and ascends, its total density decreases rapidly, which fa-
cilitates sudden volatile expansion and fragmentation {e.g.,
Kueppers et al., 2006; Genareau et al., 2012).

Despite the potential for high melt porosity at ambient
pressure, several volcanic products exhibit lower porosities
than expected by the pre-eruptive volatile content, indicat-
ing that significant outgassing from the magma is facilitated
by vesicle coalescence and percolation (Jaupart and Allegre,
1991; Gardner et al., 1996; Giachetti et al., 2019). The coa-
lescence process is cssential for the development of the per-
meability of vesiculated melts and the dynamics of volcanic
eruptions. In a simplistic view, it determines whether erup-
tions are explosive, when volatiles are retained in the magma,
or effusive, when volatiles escape during ascent (Eichel-
berger et al., 1986; Jaupart, 1998). As vesiculation within the
magma continues to increase, the growing network of inter-
connected vesicles may reach a percolation threshold that en-
ables permeabilily, allowing (uid to low through the porous
structure (Klug and Cashman, 1996; Sahimi, 1994; Saar and
Manga, 1999). The relationship between porosity and per-
mcability, cssential for understanding magma degassing and
eruption dynamics, depends on the VND, as well as sizes,
shapes, and connectivity of vesicles (Saar and Manga, 1999;
Blower et al., 2001; Gardner et al., 2006; Gonnermann and
Manga, 2007)}.

Understanding how vesicle numbers and size distributions
evolve in silicate melts is of critical importance in under-
standing eruption behavior and in interpreting pumice and
lava textures (Mangan el al., 1993; Cashman el al., 1994;
Cashman and Mangan, 1994; Klug and Cashman, 1994,
1996). After vesicle formation and initial growth, Ostwald
ripening and vesicle coalescence become the key processes
that significantly influence vesicle size distributions in sili-
cate melts. Ostwald ripening involves the diffusive exchange
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of volatiles between vesicles of different sizes, driven by dif-
ferences in internal pressure (DeVries, 1958; Sahagian et
al., 1989; Proussevitch et al., 1993; Cashman and Mangan,
1994). Vesicle coalescence occurs when the melt film be-
tween two adjacent vesicles thins to a critical thickness, lead-
ing to rupture and relaxation (Cashman and Mangan, 1994;
Klug and Cashman, 1996; Navon and Lyakhovsky, 1998).
These processes have been estimaled and studied in vari-
ous melt compositions like basaltic, rhyolitic and phonolitic
melts (Sahagian et al., 1989; Proussevitch et al., 1993; Klug
and Cashman, 1996; Larsen et al., 2004). Vesicle coalescence
rates are influenced by factors such as the approach of neigh-
boring vesicles (Fortelny et al., 1999), the thinning of the
melt film to a critical thickness that separates vesicles, the
subsequent rupture of this film, and vesicle shape relaxation
processes (Cashman and Mangan, 1994; Klug and Cashman,
1996; Navon and Lyakhovsky, 1998). Previous studies have
investigated the determination of the critical film thickness
in various silicate melts (Proussevitch et al., 1993; Klug and
Cashman, 1996) and attempted to estimate the timescales
required for film rupture once this critical thickness is at-
tained (Toramaru, 1988; Sahagian et al., 1989; Proussevitch
et al., 1993; Klug and Cashman, 1996; Herd and Pinkerton,
1997; Navon and Lyakhovsky, 1998). These estimates typi-
cally range from 1 to 10*s, contingent upon factors such as
melt viscosity, vesicle dimensions, and the critical film thick-
ness (Klug and Cashman, 1996). Coalescence behavior dif-
fers depending on whether the vesicle emulsion or foam is
“static”, maintaining constant external pressure, or “expand-
ing”. where vesicles grow during decompression of the melt
(Candela, 1991; Navon and Lyakhovsky, 1998). Vesicle coa-
lescence rates can vary significantly between these two sce-
narios (Barclay et al., 1995; Navon and Lyakhovsky, 1998).

The purpose of this study is to investigate the vesicle co-
alescence behavior of a phonolite melt during continuous
decompression. The phonolite melt is representative of the
composition of the Lower Laacher See (Harms et al., 2004).
This study complements an existing dataset on vesicle for-
mation in the same phonolile composition under identical
decompression rates and experimental conditions (compan-
ion paper Part 1; Marks and Nowak, 2025). Therefore, both
papers arc closcly related and provide fundamental data on
vesicle formation processes and subsequent coalescence be-
havior.

2 Experimental and analytical techniques

2.1 Starting material

Synthesized Lower Laacher See Tephra (LLST) glasses were
used from a previous synthesis from the study of Marks and
Nowak (2025). For the decompression experiments, glass
cylinders of 5 mm in diameter and 5.8-7.4 mm in length were
placed into Au80Pd20 capsules, with an outer diameter of
54 mm and an inner diameter of 5.0mm. We ensured that
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the capsule volume was sufficiently large to accommodate
the melt with equilibrium porosity (®¢,) without rupturing
during decompression to low final pressures (Pr). To deter-
mine the expected @, at each Py, the porosity equation from
Gardner et al. (1999) was employed. Calculations considered
the glass cylinder lengths, H2O solubility from Marks and
Nowak (2025), the hydrous mell densitly calculations [rom
Ochs and Lange {1999), and the H» O equation of state (EOS)
from Duan and Zhang (2006). These calculations were then
used to determine the necessary capsule lengths, Two ex-
perimental series were performed, with initial conditions be-
ing either saturated or slightly undersaturated, achieved by
adding 5.7 wt % or 5.0wt % H>O (cp,0i) to the capsule, re-
spectively. The top of each capsule was crimped into a tri-
dent star and sealed by welding while being cooled with lig-
uid nitrogen to prevent H»O loss through vapoerization, To
check for leakage, the capsules were heated in a compart-
ment dryer at 383 K for at least 1h, pressurized to 200 MPa
at ambient temperature in a cold-seal pressure vessel, and re-
heated to 383 K, with weighing after each step to confirm
their integrity.

2.2 Decompression experiments

Combined hydration and decompression experiments were
performed using an internally heated argon pressure vessel
(IHPV) (Marks and Nowak, 2025). The melts were hydrated
at 200 MPa and 1523 K for 96h. Afler hydration, the tem-
perature was isobarically reduced al a rate of 10K min~! 1o
1323 K, where the samples were thermally equilibrated for
30min. The hydrous melts were then isothermally decom-
pressed at rates of 1.7, 0.17, and 0.064 MPa s o Pr values
of 70, 60, 50, 40, and 30 MPa. Upon reaching Fr, the sam-
ples were directly quenched isobarically at rates of 150 K s~
(Berndt et al., 2002) or 97 K s~ (Marks and Nowak, 2025) to
room temperature. The minimum recorded pressure ( Prin) is
also listed alongside the desired Py (Table 1). One additional
sample (LLST_41D) was isothermally held at Py for about
20s and was then quenched at 16 Ks™' by turning off the
Turnace (Allabar et al., 2020b).

The quenched capsules were reweighed to confirm they re-
mained scaled. For subscquent sample analysis, the capsules
were prepared as described in Marks and Nowak (2025).

2.3 Analytical methods

The samples were analyzed for residual HyO concentra-
tion in glass (cp,or) using Fourier transform infrared (FTIR)
spectroscopy, while vesicle parameters, including vesicle
number and size, were quantified through quantitative im-
age analysis (CSDcorrections) and transmission light mi-
croscopy (TLM). All measurements were conducted un-
der the same conditions as described in Marks and Nowak
(2025).
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Figure 1. Onset of uniform vesicle ohservation, partial coalescence,
and complete coalescence in decompression samples (data from
Marks and Nowak, 2025, arc included). Coalescence depends on
CH,0i» P, and on the decompression rate. Open symbols represent
samples where no vesicles formed during decompression. Dotted
symbols show samples with homogeneous vesicle formation at Py,
while filled square symbols represent samples with both coualesced
volumes and pristinc vesiculated volumes. Filled symbols indicate
samples containing only coalesced vesicles,

3 Results

3.1 Vesicle textures

This study examines the transition from initial vesicle for-
mation to subsequent vesicle growth and the onset of vesi-
cle coalescence during decompression. Textural features and
their corresponding conditions are presented in Figs. 1, 2, and
3, incorporating part of the data on initial vesicle formation
from Marks and Nowak (2025) to provide a comprehensive
overview of both studies. An all-encompassing set of sample
images is provided in the Supplement.

The supersaturation pressure (Pss) required for the for-
mation of uniform vesicles depends on c¢p,o; and on the de-
compression rate (Fig. 1; Marks and Nowak, 2025). In the
decompression series (Fig. 2), vesicles are observed within
cach sample, with Pr ranging from 70 to 30 MPa. The stage
of maximal vesiculation in the samplces 1s characterized by a
high VND with uniform vesicles sizes, appearing as a milky
white opacity in reflection mode under the optical micro-
scope for the embedded sample halves, and as opaque dark
areas in thin sections imaged in transmission mode. Decom-
pression samples with Py lower than that of the maximum
vesiculation stage appear transparent with a brownish color
in optical microscope images and are characterized by a sig-
nificantly lower VND. The red colored vesicles in the thin
sections are large vesicles that were cut during the prepa-
ration process and subsequently filled with glue and cpoxy
resin (Fig. 2, e.g., 48D, 38D; Fig. S1). As Pr decreases, the
proportion of strongly vesiculated volumes declines, while
vesicle coalescence progresses. Coalesced vesicles are gen-
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Figure 2. Coalescence behavior of the phonolitic melt during de-
compression. Hydrous melts with initially ~ 5.7 wt % or 5.0 wt %
H,0O were decompressed [rom 200MPa with 0.064, 0.17, or
1.7MPas~! to Pr of 60, 50, 40, and 30 MPa. Left image of each
sample shows the in epoxy embedded sample half, and the right
image shows the thin section of ~ 200 pm thickness. Each sample
had an original diameter of 5 mm. Samples from Marks and Nowak
(2025) are marked with *.

crally characterized by an increased vesicle size and signifi-
cantly decreased logVNDs. A logVND range of 4 to 5.7 indi-
cates homogeneously distributed small vesicles formed dur-
ing the initial homogeneous vesicle formation process, while
at lower Py values logVNDs between 3.7 and (1.5 indicate co-
alesced vesicles (Fig. 3). The logVND values correlate with
measured vesicle sizes. High logVNDs correspond to small
vesicles sizes, ranging from 2 to 16 um, depending on the
decompression rate, Fr, and cy,0i. The onsel of coalescence
is indicated by increased vesicle sizes, starting at 37 pm and
increasing up to ~ 500 pm (Fig. 3, Table 1). The glass porosi-
ties correlate with the increasing logVND and vesicle sizes.
The glass porosities in Fig. 3 are plotted separately, present-
ing individual values for both initial uniform vesicles and co-
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alesced vesicles within the same sample. The glass porosity
increases with continuing coalescence and #;.

3.2 Decompression rates

To further analyze the coalescence behavior, the experimen-
tal results of the different decompression series are presented
individually. Coalescence behavior varies among the three
decompression rates, while showing similar behavior at ¢y, 0
of 57wt % and 5.0 wt%. A complete overview of all sam-
ples from the decompression series, including the samples
from Marks and Nowak (2025), is included in the Supple-
ment (Figs. 81 and S2).

3.21 dP/dt of 0.064 MPas™"

Samples decompressed at the slow rate of 0.064 MPas !
are characterized by the appearance of large vesicles within
the initially homogeneously vesiculated volumes during pro-
gressing decompression. In the series with 5.7 wt % cp,oi.
coulescence starts at a Pr of 70 MPa (Fig. 1). The capsule de-
formed during quenching. This deformation affected all coa-
lesced vesicles, rendering their sizes unanalyzable. However,
samples at lower Pr remained nearly undeformed, with vesi-
cle sizes of ~ 300um at a Py of 60 MPa and ~ 500um ata Pr
of 50 MPa, Despite the presence of large coalesced vesicles,
sample volumes with small homogeneous vesicles of 9 um in
diameter are still present in the glass interstices (Fig. 2a). At
the lowest Py of 40 MPa in this series (LLST_39D), homoge-
neously formed small vesicles are no longer observable, and
the vesicle size of the coalesced vesicles can no longer be
measured. Due to the large vesicle sizes and partial sample
damage during preparation, the sample volume can no longer
be evaluated, as the vesicles are no longer individually sepa-
rated.

In the decompression series with a cp,0i of S.0wt%
(Fig. §2), the sudden appearance of large vesicles also oc-
curs within initially homogeneously formed vesicle volumes.
However, in this lower H>O conceniration series, coales-
cence starts at a lower Pr of 40MPa. Volumes containing
homogeneously formed vesicles with diameters of 13 um
arc still present between the large coalesced vesicles, which
measure ~ 480 um. A consistent feature across all coalesced
samples is the VND, with low logVND values ranging from
0.83 and (.56 for the 5.7 wt % series at Pr of 30 and 40 MPa,
respectively, and a logVND of 0.53 at P; of 40 MPa in the
5.0wt % series.

322 dP/dtof 0.17MPas™!

A different vesicle coalescence behavior is observed in the
0.17MPas~! decompression serics. Across all coalesced
samples at this decompression rate, logVNDs ranging from
1.8 to 0.92 were determined. In the series with 5.7 wt %
cH,0i, coalescence starts at a Py between 70 and 60 MPa, with

https://doi.org/10.5194/ejm-37-413-2025



P. L. Marks and M. Nowak: Vesiculation dynamics — Part 2 417
6 6
o % o ¢ x
A 'y
5T A 5 & -
8 g R o " - b ¢
° P & a - .
T o4 g & - a1 " s
= N PR °
£ P
o 3t ot 3T
z 7
— : -‘.l : = }:
r “ & +
e ° ' - ¢
L . ¢ 0
0' PR Ly Ly i 0 T S S S S
0.01 0.1 1 10 100 80 60 40 20
dP/dr [MPa/s] P; [MPa]
6 6
0¥ x F o ¢ x
5 L A o A 5 L A - A -
g a 0= - T o - "®
T4 - T ‘
@ T a T
E ° [ °
o 3t 3t
Z [
e [
221 - 21 -
¥ r Xo
[ - It -
<* [ LY
0 ey ey PR (1] [ Ly Loy Ly - I
1 10 100 0.0 0.1 1.0 10.0 100.0
vesicle size [um] By, [VO1%]
Cinoi [W1%] 5.7 5.0
aridr vpass[0.064] 017 | 1.7 Jo.0sa]0.17] 17
Pof8OMPa | m  m o o
Prof TOMPa | A4 4 A A
Pof 60MPa | = =
Prof SOMPa | @ @ o
> of 40 MPa L ]
?rof 30 MPa X

Figure 3. Combined logVND data plots of decompressed and quenched samples (Marks and Nowak, 2025). Data points of the same label
correspond to both uniformly distributed vesicles and, if present, coalesced vesicles. The DRM corresponds to the calculated decompression

ratc meter of Toramaru (2006) {scc Scct. 4.4).

large vesicles measuring 140 pm in diameter and smaller ho-
mogeneous vesicles of 7um in diameter still preserved be-
tween the larger vesicles (Fig. 2a). Decompression to a lower
Pr of 50 MPa results in increased vesicle sizes of 422 um for
the coalesced vesicles and 10um for the preserved homo-
geneously formed small vesicles (LLST_4D). Upon further
decompression (o a Pr ol 40 MPa, initially homogeneously
formed vesicles are erased by coalescence (LLST_26D).
However, due to the large size of the coalesced vesicles and
their deformation during cooling, accurate diameter mea-
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surements could not be obtained. The vesicle size of 314 um
determined using CSDcorrections (Higgins, 2000) is likely
incorrect, as the vesicles appear significantly larger at a Pr
of 40 MPa compared to 50 MPa based on macroscopic ob-
servations. This discrepancy affects the VND, which should
not exceed the previous logVND of 0.92 at higher Pr. This
discrepancy might relate to the cut number ol 61 vesicles
in sample LLST 26D which is insufficient tor CSDcorrec-
tions to gencrate statistically significant values. Marxer ct
al. (2015) determined that a minimum of 200 cut vesicles
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is required in CSDcorrections analysis to achieve reliable re-
producibility. Consequently, the current CSDcorrections data
should be handled with caution and regarded only as a pre-
liminary approximation based on the actual vesicle number
and size.

In the decompression series with a ¢p,0i of 5.0wt%
(Fig. 2d), the exlending coalescence dependence cannot be
determined, as coalescence only occurs at the lowest Py of
30MPa (LLST_45D). However, an interesting teature of this
sample is the preservation of the initial homogencous vesi-
cle formation stage in the innermost sample center, with a
maximum logVND of 5.6, while the outer areas exhibit coa-
lesced vesicles with a logVND of 1.52 and large diameters of
~ 330 um. Additionally, volumes with small homogeneously
formed vesicles are still preserved between the large coa-
Tesced vesicles, not only in the innermost part.

3.2.3 dP/dfof 1.7MPas™'

The third series, with the fastest decompression rate of
1.7 MPas™! , reveals a different coalescence behavior. In the
5.7 wt % series, coalescence starts at a Pr of 60 MPa (Fig. 1).
In contrast to the other samples, vesicles start to coalesce
from the outer part of the sample towards the sample center.
The sample centers at Pt of 60, 50, and 40 MPa exhibit uni-
form and finely vesiculated volumes with consistently high
logVNDs of 5.2 to 5.4 and vesicle sizes ranging between 7
and 9 um in diameter, indicating the preservation of the initial
vesicle formation stage (Table 1, Fig. 2b). However, the coa-
lesced volumes expand inward towards the sample center as
P decreases. At Ppof 60 MPa (LLST_50D), coalesced vesi-
cles have a diameter of 37 pm and a logVND of 3.42. This
coalesced volume spans a horizontal width of ~ 600 um.
As Pr decreases, this width extends to an average of about
1000 um at Pr of 5S0MPa and ~ 1200 um at Pr of 40MPa
(LLST_13D and LLST_23D, respectively). Determining the
width at lower Pr is challenging due to slight sample inclina-
tion related to preparation, as seen in LLST_13D, and cap-
sule deformation during quenching, as seen in LLST_25D.
Nonetheless, an increase in coalescence width is observed
with decreasing Py, showing coalesced vesicle diameters of
53 to 66 um and logVNDs of 3.31 to 3.11. The final sample
in the 5.7 wt % cp,0; series exhibits coalescence of the com-
plete sample volume at a Pr of 30 MPa (LLST_44D, Fig. 2b).
Only vesicles with diameters of 120 um remain, but with a
relatively high TogVND of 3.68.

Similarly, in the 5.0wt% decompression series at
1.7MPas™!, coalescence starts from the outer shell at a Py
of 30 MPa (Fig. S2, LLST_42D). In this sample, the coales-
cence width extends to ~ 400 um towards the sample center,
with vesicle diameters of 44 pm and a logVND of 3.19, while
the inner part of the sample still shows a high logVND of
5.35 with initially homogencously formed vesicles measur-
ing 8 pm.
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3.3 Onset of coalescence

Comparing the vesicle lextures across the three series al
the onset or completion of coalescence reveals distinet dit-
ferences in coalescence behavior. In initially H; O saturated
melts, coalescence starts at a higher pressure than in under-
saturated melts (Fig. 1}. This pressure difference correlates
with the difference in HoO saturation pressures (P, from
Marks and Nowak, 2025) of 198 and 156 MPa for 5.7 wt %
and 5.0 wt %, respectively. Additionally, the onset of coales-
cence partially depends on the decompression rate, occurring
at higher Py with decreasing rates. The first coalesced vesi-
cles appear in the samples of the 5.7 wil % series al a Py ol
70 MPa at the slowest rate of 0.064 MPas™! and at a Pr of
60 MPa for the 0.17 and 1.7 MPas™' rates (Fig. 1). In con-
trast, coalescence in the samples of the 5.0 wt % series oc-
curs at a P of 40 MPa for the 0.064 MPas™' decompression
rate and at a Py of 30 MPa for the faster rates of (.17 and
1.7 MPas~!,

Samples quenched at the onset of coalescence exhibit both
pristine homogeneous vesiculated sample volumes and the
first coalesced vesicles, represented by two data points in
Fig. 3: one for the homogeneous vesiculated volumes with
maximum logVNDs of 5.1-5.7 and another for the volumes
with coalesced vesicles with significantly lower logVIND val-
ues between 3.7 and 0.5. It is important to note that the
logVND of the pristine homogenecusly formed vesicles de-
creases with the onset of coalescence at the slow decompres-
sion rates of 0.064 and 0.17 MPas .

3.4 Special case: equilibration at A

A special case regarding the coalescence behavior can be ob-
served when comparing sample LLST_42D and LLST_41D
(Fig. 4). Both samples had a ¢n,0; of 5.0 wt % and were de-
compressed at 1.7MPas~™! to Py of 30 MPa. Sample 42D
was quenched immediately upon reaching Py, whereas sam-
ple 41D was held al run temperature and Py for 20 s before
quenching. This resulted in different vesicle textures of the
two samples. The center of sample 42D is completely filled
with small, uniformly distributed vesicles, with sizes ~ 8 um
and a logVND of 5.35, formed during initial vesiculation
(Fig. 4). Coalescence is observed only in the intermediate
zone between capsule wall and sample center, where vesicle
diameters increase to 44 pm and the logVND decreases to
3.19. This represents the regular degassing behavior with the
beginning of coalescence during continuous decompression.
In contrast, sample 41D shows small, uniformly distributed
vesicles only in the innermost sample center, with a reduced
logVND of 4.77 and larger vesicle sizes of 16 pm. Between
these vesicles, as well as in the outer parts of the sample, co-
alesced vesicles with large diameters of ~ 100 pum and a low
logVND of 2.39 are present. Therefore, as expected, the 20's
equilibration time at Pr of sample LLST 41D led to an in-
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Figure 4. TLM images of samples LLST_42D and LLST_41D. Both samples were decompressed at 1.7 MPa s toa Pr of 30 MPa. Sample
421> was quenched immediately upon reaching Py and shows a homogeneous vesicle appearance throughout the glass (a—e). In contrast,
sample 41D was held at Pp for 20's prior to quenching, exhibiting coalescence structures throughout the sample velume with only a few fine
homogeneous vesicles remaining in the center (f=). The images were captured from the inner part of the samples, except for (¢2) and (h2),
which show the outer and coalesced areas. Scale bars are valid for vertically aligned images.

creased stage of vesicle coalescence and consequently to a
decrease in VND.

3.5 ch.ot

H>0 concentrations of decompressed samples are presented
in Fig. 5. Data of decompression series are plotted separately
based on cpp,01 of 5.7 wt % and 5.0 wt % and the respective
decompression rates of 0.064, 0.17, and 1.7 MPas™!. The
data span from the Prrelated to the first vesicle observation to
the lowest Fs in the series, capturing the onset and full extent
of coalescence during continuous decompression applied in
this study.

FTIR measurements conducted through pristine, initially
vesiculated sample volumes, encompassing both interstitial
glass and vesicles in the beam path, show cp,or close to
the initial H2O concentrations (Fig. 5a, b). In samples with
a cHyoi of 5. 7wt % and dP/dt of 0.064 and 0.17 MPa s,
the cp,0( values through vesiculated sample volumes remain
ncar 5.0 wt % at Pp of 70 and 60 MPa. In contrast, vesicle free
interstitial glass measured between coalesced vesicles at £r
of 70-60 MPa shows cy,0r reductions to 4.9—4.3 wt %, a de-
crease of 0.4-1wt% (Fig. 5a). At lower Pr of 5040 MPa,
cH,0r could only be analyzed between coalesced vesicles,
yielding values of 4.4 wt %—3.4 wt % as pristine vesiculation
was erased by coalescence. This indicates a continuous de-
crease in cy,op with lower Py and increased coalescence.

In samples with a ¢g,0i of 5.0wt % and decompression
rates of 0.064 and 0.17 MPas ™!, cH,o. measured through
pristine vesiculated sample volumes cxcceds ci1,04, whereas
o, o in interstitial glass between coalesced vesicles remains
below cy,0i. At Pr values of 50-40MPa, cy,o¢ through
glass with pristine vesicles ranges from 7.9 wt %—4.5 wt %,
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while glass between coalesced vesicles shows lower values
ol 4.2 wi %—2.7 wit % (Fig. 5d, e}. During continuous decom-
pression to Pp of 30 MPa, cy,0, measured through pristine
vesiculated sample volumes varies with maximum (€11,0max)
and minimum (¢, omin) H2O concentrations of 8.2 wt % and
5.2 wit %, respectively, while interstitial glass in zones of co-
alesced vesicles stabilize at 3.8 wt %.

Samples decompressed at 1.7 MPas~! exhibit distinet co-
alescence behavior, with coalescence starting at the outer re-
gions of the vesiculated melt. Cross-sectional concentration
profiles reveal significant H>O variations (Fig. 5S¢, f). In the
5.0wt % series (Fig. 5f), the main vesicle formation stage,
corresponding lo the highest VND, occurs at the lowest Py
of 30 MPa. Three horizontal cross-sections were measured,
showing cio of 4.1 wt %—4.9 wt % between coalesced vesi-
cles in the outer regions, with ¢pp,q, increasing to a maximum
of ~ 10wt % in pristine vesiculated volumes at the sample
center.

A similar cyy ¢y distribution is observed in samples with a
ciy0i of 3.7 wt % decompressed at 1.7 MPas™1. Partial coa-
lescence is observed at a Py of 60 MPa. It was not possible to
measure interstitial vesicle free glass volumes even in the re-
gions with coalesced vesicles. Here, ci,0r slightly increases
towards the sample center, reaching cy,o0i of 5.7 wt %, while
decreasing to 5.0 wt % in the outer regions (Fig. 5¢). At Pp
of 50 and 40 MPa, similar trends appear, with high cg,0 of
4.7 wt 9% in fringe zones near the capsule walls, followed by a
decrease to 3.7 wt %—4.3 wt % between coalesced vesicles in
outer sample regions. Measurements through glass with pris-
tine vesicles show a steady ch,or increase towards the sam-
ple center, reaching a maximum of 6.4 wt %—6.9 wt %. For
the sample at Py of 40 MPa, ¢y, rises more steeply towards
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Figure 5. cpp, o profiles of decompression samples, supplemented by data from Marks and Nowak (2025): {a) cig,0i of 5.7 wt % and
dP/dt of 0.064 MPas™1, (b) 5.7 wi % and 0.17 MPas™!, () 5.7 wt % and 1.7 MPas ™. (d) 5.0 wt % and 0.064 MPas ™!, (e) 5.0 wi% and
0.17MPas™", and (f) 5.0 wt % and 1.7 MPas~ . Solid colored symbols represent cp,o¢ through homogeneous vesicles, while pale-colored
symbols with black edges represent oy, oy in glass between already coalesced vesicles. The two-colored data points in (¢) and the data in
(f) correspond to horizontal measurements taken from the left capsule rim, passing through regions with partially coalesced vesicles, homo-
gencous vesicle arcas, and again through coalesced vesicle arcas near the right capsule rim. The image in (f) represents sample LLST_42D
from Fig, 4, with data points corresponding to the measurement points in the image. Error bars are provided for each datasel. ey, o represents

the initial H>O concentration of 5.7 wt % (a—¢) and 5.0 wt % {(d—f).

glass with pristine vesicle volumes, peaking at 6.4 wt% in
the profile. Additional measurements in vesiculated volumes
show maximum ¢y, or values of 7.5 wt % (Table 1). The sam-
ple decompressed to the lowest Py of 30 MPa exhibit only
coalesced vesicles, with an average cq,o0 of 3.5wt % in in-
terstitial glass.

Residual e, 1n interstitial glass of decompressed sam-
ples are presented in Fig. Al. Additionally, cy,0i of 5.7 wt %
and 5.0 wt % were plotted, along with the expected equilib-
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rium HzO concentration (c¢H,0eq), calculated based on sol-
ubility data (Marks and Nowak, 2025). Measurements of
samples containing vesicles within the beam path were ex-
cluded: only samples where the NIR beam exclusively passed
through interstitial glass were included in the plot. The newly
added data for coalesced volumes indicate that, cven at a
low Py ot 30 MPa, no sample achieved the cy,0¢, predicted
by the solubility measurements, irrespective of c¢y,pi. The
data consistently show cy,y values approximately 1.5 wt %—
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2wt % higher than the cy, . calculated using Eq. (5) therein
(Fig. Al).

4 Discussion

4.1 VND evolution

In all samples prior (o coalescence, a constant VND was
observed across various decorpression rates, with uniform
vesicle sizes within each sample. This feature is an indi-
cation of spinodal decomposition, where the critical wave-
length of H2O concentration fluctuations, enhanced by up-
hill diffusion, and determines the uniform and spontaneous
formation of vesicles throughout the melt during decom-
pression (Allabar and Nowak, 2018; Sahagian and Carley,
2020). As a result, spinodal decomposition produces a high,
decompression-rate-independent VND along with consis-
tently uniform vesicle sizes (Allabar and Nowak, 2018; Al-
labar et al., 2020b; Sahagian and Carley. 2020; Gardner et
al., 2023).

While the process appears consistent across all samples, a
deeper analysis has uncovered specific trends that are now
being examined in detail. The evolution of VND with £
for the decompressed and quenched samples demonstrates at
sufficient H»Q supersaturation an apparent initial increase in
logVND from ~ 4 o maximum values of 5.1 to 5.7 related
to homogeneous vesicle formation, followed by a rapid de-
crease by orders of magnitude related to progressing coales-
cence, irrespective of the decompression rate and H>O con-
tent (Fig. 6a, b). Notably, all series start with logVND values
of ~ 4 when the first pm-sized vesicles arc obscrvable in the
quenched glasses, primarily in samples with Pr values of 80
and 70 MPa. The reduced initial VND is suggested to be at-
tributed to quenching of the vesiculated melt, where not all
vesicles formed during decompression survived due to mini-
mal size variations (Marks and Nowak, 2025). Quenching of
the melt causes shrinkage of the vesicles, possibly to a scale
below the optical resolution or complete disappearance re-
lated (o the reduction in the molar volume of H,O (Marxer et
al., 2015) and the resorption of HzO from the fluid vesicles
into the melt (McIntosh et al., 2014; Allabar ct al., 20204),
driven by the increasing solubility of HoO in phonolite melt
with decreasing temperature (Schmidt and Behrens, 2008).
However, their presence cannot be entirely ruled out, as they
may persist beyond the limits of the applied imaging tech-
nique. This step is indicated by number 1 in Fig. 6.

The subsequent increase of logVNDs to maximum values
of 5.1-5.7 (Table 1) with decreasing P represents the true
initial VND of homogeneously formed vesicles due to a sul-
ficient size, allowing them (o persist despite the rapid cool-
ing process (number 2 in Fig. 6}. The propagating decrease
in VND with decompression (number 3 in Fig. 6) is related
to the onset and progression of coalescence, showing both
volumes of pristine, small and uniform vesicles with high
VND as well as volumes with larger coalesced vesicles un-
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til the stage of complete coalescence is reached (number 4
in Fig. 6). With the onset of coalescence, the logVND drops
drastically by 1.2-4.1 log units to low values depending on
the decompression rate (Table 1, Fig. 6).

We emphasize that, particularly in the 1.7 MPas™! series
(Fig. 6a), the transition from the initial appearance of ob-
servable vesicles in the glass (o the onsel of coalescence is
achieved within ~ 6 s in the 10 MPa Py interval. The bimodal
stage, characterized by persistent initial VND alongside pro-
gressive coalescence, spans a pressure interval of 30 MPa.
Complete coalescence is reached at a Pr of 30 MPa, with the
logVND decreasing to ~ 2. A more pronounced reduction
in logVND, coinciding with the onset of coalescence, is ob-
served in the samples of the 0.17 MPas~! series (Fig. 6b).
With the onset of coalescence, the logVND decreases from
5.1 o a value of 4.3, while the logVND of the coalesced vol-
umes ranges from ~ 1 to 2. The coalesced vesicle volumes
exhibit significantly lower logVND values than those ob-
served in the faster-decompressed samples, indicating a more
advanced stage of coalescence. At the slowest decompres-
sion rate of 0.064 MPas~!, this process is further intensified,
resulting in the lowest logVND values, as low as (.5. These
observations suggest that the logVND of coalesced vesicle
volumes is influenced by Pr and the rate and duration of de-
compression.

4.2 Onset of coalescence: melt porosity

As displayed in Fig. 1, the onset of coalescence is partially
dependent on the decompression rate. Within the 10MPa
pressure intervals, it starts at a pressure that is 10 MPa higher
at the slowest decompression rate compared to faster rates
in both cy,p; series. In the 5.7 wt % series, H>O supersatu-
ration starts almost immediately after decompression begins,
as the saturation pressure ( Py, = 198 MPa) is nearly identi-
cal to the starting pressure of 200 MPa. [n contrast, samples
of the 5.0 wt % series require a pressure drop of ~ 40 MPa
before supersaturation initiates ( Ps = 156 MPa, Marks and
Nowak, 2025). This accounts [or the observed 30 MPa delay
in the onset of coalescence in the 5.0 wl % series compared
to the 5.7 wt % series (Fig. 1). Due to the lower Py in the
5.0 wt % scrics, only partial coalescence is achicved at the
lowest Pr, whereas samples of the 5.7 wt % series undergo
full coalescence, reaching a constant VND without residual
pristine vesiculated volumes.

At the onset of coalescence, a mean vesicle diameter of
6.7+ 1 um and glass porosity (Pgjass) of 2.3+ 1 vol % for the
5.7 wt Y series were measured (Table 1). In contrast, samples
of the 5.0 wit % series show higher and more variable values,
with vesicle diameters ranging from 8.3-13.9 um and @ g1
of 6-35.6 vol %. It is important to note that @y, does not
represent melt porosity prior to quenching, as vesicle shrink-
age occurs during cooling related to the decreasing molar
volume of H;0, as well as due to H2O resorption {McIntosh
et al., 2014; Marxer et al., 2015; Allabar and Nowak, 2018;
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Table 1. Conditions and results of decompression experiments. Decompression experiments were hydrated at 200 MPa for 96 h at 1523 K and thermally equilibrated for 30 min at
1323 K prior to decompression.

LLST Py Poin - Quenchingrate o, 0eq at CHyOmax  CHsOr iN pure cHyo in glass  Vesicle size Vesicle size I rgigef T Doy Doy
[MPa]  [MPa] [Ks™1] Pr [wt%] [wt%]  glass [wt%]  through vesicles [wt%]  hom. [pm]  coal. [pm]  [um] hom. [vol %] coul. [vol %] [vol %] hom. [mm~3]

" By logVND logVND

[mm™=3]

apP/dr of 1.7 MPas™!
ey o 5.7 wi %

SOpA-b 60 55 MQ 2.06 5481027 5201020 74 36.5 78 .31 32 6.3 38.0 519 342
13DP 50 45 MQ 2.33 6.94 +£0.27 A4.70+0.27 500+ 027 7.7 635 9.6 037 2.3 16.0 43.5 4.99 3.11
13p° 50 45 MQ 233 6.94+027 4.70£0.27 5.00£0.27 74 65.5 9.6 .37 6.1 16.0 43.5 542 311
Es 50 46 RQ 2.47 4.434+£0.24 3.98+0.24 8.5 37.6 10.1 045 2.6 16.0 394 4.91 3.28
25pP 40 3y MQ 2,15 7.46+0.28 4.84+0.28 9.0 53.4 6.1 .14 7.1 13.6 47.7 5.30 3.31
4410 30 26 MQ 1.6 4534025 3.29+023 119.6 1e6  ne. 1.76 81.3 81.3 56.0 3.68
11,01 of 3.0wt %

4210 30 28 MO 1.78  10.02+0.38 7.98+0.33 83 44.0 6.0 011 6.3 6.5 532 5.35 319
41Db 30 28 NQ 1.7 591+£0.28 2.88+0.23 4.86+£0.26 15.8 102.9 8.0 [$ARY) 0.9 12.4 55.8 4.77 2.39
dPfdr of 0.17 MPas™!

eHy01 oL 5.7 wi %

3pY 70 68 MQ 3.0 513£027 4.95+0.27 2.0 10.1 (.98 0.1 335 5.24

491p-be 60 60 MQ 279 5254027 308£020 74 139.2 9.2 .51 23 83 319 5.08 1.80
4Dhe 50 50 RQ 2.49 5181027 4.3610.26 4951027 10.0 422.0 17.4 1.37 1.1 14.8 46.2 4.33 0.92
2619h-¢ 40 40 MQ 219 4.40+0.31 3.43£0.30 3140 ne. ne, 438 327 146
CH.01 0 3.0wi %

17 40 40 MQ 218 10.60+£0.33 4.25+0.26 T67+£054 7.6 4.1 0.06 41.9 5.68

17 40 40 MQ 218 10.60+0.33 4.25+0.26 T67+£0354 10.8 26 0.02 41.9 5.59

45pP-he 30 30 MQ 1.84 8.214+0.32 375+0.23 6.57+0.29 13.9 328 L5 0.01 378 45.8 3.60 1.52
dPfds of 0.064 MPas~!

ey0q of 3.7 wt Y

3T 70 70 MQ 3.06 526£027 4.86+0.26 514026 58 nc 92 1.3 211 512

4gpa-be 60 o) NQ 278 5.15+0.27 4.28£0.25 5022020 99 2955 124 2.0 23 9.9 271 4.02 .83
38D0¢ 50 50 MQ 250 4744025 4.20+£0.24 35 5020 329 7.3 0.1 16.4 28.7 3.67 0.36
39pP 40 3H MQ 215 434+024 3.94£0.24 ne. n.e 27.0

oH,0 Of 3.0wt %

7.87+028 4.47+0.27 534+0.28
471 L0.28 4.15 1L0.26 4491027

5.60
4.75 0.53

les: RQ =~ 150K 5 |
ibrium mell porosit

Lncluded are data from Marks and 3
MQ =0T K<™ RQ =~ 16K~
number densiry.

VND: vesicle
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Figure 6. The logVND evolution vs. Pr related to decompression time (7 in s). (a) Experimental series with 5.7 wt % cy,0; and a decom-

pression rate of 1.7 MPa s~L: (h) experimental series with ey, of 5.7 wi % decompressed with 0.17 MPa s~1. Numbers represent the stages
of vesicle textures: (1) first vesicle formation observed in quenched glasses influenced by vesicle shrinkage and resorption; (2) samples with
vesiculated volumes indicating the highest initial VINDs: (3) Decrease in VND due to the onset and progression of coalescence in sample
volumes with pristine vesicles and sample volumes with coalesced vesicles; and (4) complete coalescence stage where volumes with homeo-
pencously formed pristine vesicles are erased. The blue arrows indicate the cvolution of the initial VIND, whilc the red arrows highlight the
difference within a single sample between the VNDs in the homogeneous and coalesced VND fields.

Allabar et al., 2020b). Equilibrium melt porosities {(D.q) at
Py were calculated using Eq. (1) (Gardner et al., 1999), in-
corporating melt density (pmenr) from Ochs and Lange (1999)
and the molar velume of H;O fluid (Viyy,o) frem Duan and
Zhang (2006):

11’[/,7"111101:) + ViH20 - (('H—‘Oj - CHZOCQ)
o ; ()
eq =
L+ (e Vo - (emoi — o))

Significantly higher porosities were calculated, with a mean
®q of 30.3 vol % for the 5.7 wt % series and a mean ®¢y of
46.1 vol % for the 5.0 wt % series {Table 1). Only completely
coalesced samples of the 5.7 wt % series exhibit ®gpaes val-
ues exceeding the predicled ®eq. This suggests that in the fi-
nal coalesced stage at low P, the CSDcorrections-predicted
Dglass Will be close to @ey. as the influence of shrinkage duc
to back diftusion of H>O into the melt 18 less pronounced at
low VND due to increased vesicle distances.

Vesicle shrinkage can be calculated if the conditions prior
and during quenching are known. Resorption shrinkage re-
quires adjusting the H2Q concentration (ch,0eq) in the melt
prior to coeling (Ryan et al., 2015). Otherwise, if the cooling-
induced increase in HoO solubility does not exceed the level
of HaO supersaturation, no driving f[orce exists for HoO
resorption from the fluid phase back into the melt. As a
first approximation, for maximum logVNDs ranging from
5.1 to 5.7 (Table 1, Fig. 3), a mean center of vesicle dis-
tance (vg) of ~ 7 to 9 pm was calculated using Hertz (1908)
(vg=5/9 -VND~!/3) for a random vesicle distribution. This
inter-vesicle distance is sufficiently small to enable cH,0eq
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and @4 within seconds via Hy O diffusion from the meltinto
the vesicles during further decompression, as estimated us-
ing the H,Q diffusivity for phonolite melt (Schmidt et al.,
2013). To determine the contribution of each vesicle shrink-
age mechanism, we [irst caleulate the shrinkage solely due to
the Equation of State (EOS, Duan and Zhang, 2006) assum-
ing a constant number of H;O molecules in the vesicle.
Vesicle deformation is particularly evident in larger vesi-
cles, making the evalvation of coalesced vesicle sizes in
sample LLST 37D impossible (Fig. 2). Larger vesicles are
more influenced by deformation due to their greater diame-
ter, whereas smaller vesicles tend to maintain their spherical
shape during quenching (Fig. 2). The relaxation time for de-
formed vesicles to return to a spherical shape depends on the
vesicle radius (Toramaru, 1988), as well as the melt viscosily,
and surface tension. Allabar et al. (2020b) determined this
relaxation time to be more than 10 times longer for vesicles
with radii of several hundred micrometers compared to vesi-
cles with only a few micrometers in diameter. Assuming the
amount of exsolved H>O in the vesicle remains constant, the
decrease in Vi,0 tesults in a vesicle volume reduction by
a shrinkage factor (Bg), corresponding to the ratio of Viyp,0
before and after rapid quenching (Marxer et al., 2015):

VmHl()[Pmine ch]
VmHgOleiny T:rJ '
Toq represents the experimental temperature during decom-
pression. Based on calculations by Allabar et al. (2020b)

for Vesuvius AD 79 phonolite, the fictive temperature (%),
at which vesicle shrinkage ceases is up to 200K above the

Bg = 2
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glass transition temperature (7} at a cooling rate of 44 Ks™ L
Marks and Nowak (2025) applied these parameters to their
dataset, and determined a 7y of ~ 9635 £ 20K, covering all
samples.

The Vinn,or at Prin and Toq or Ty was calculated using the
EOS of H20 (Duan and Zhang, 2006). We calculated Bg
Tor samples with a cH,0i of 5.7 wi % to range [rom 2.26 to
1.73 and [or samples with a ¢p,0i 0 5.0 Wl % Lo range [rom
2.01 to 1.65. With decreasing Pr and residual cy,0., Bs de-
creases. This factor can be incorporated into Eq. (3) to cal-
culate melt porosity (Pgps) at 77 when shrinkage starts from
Dy (Marxer et al., 2013):

by

-100.
By — By (Beq — 100)

Ppos = 3)
The resulling ®gps values are between the measured ®gpass
and the calculated ®.q. The calculated ®gos ranges from
9vol % to 43 vol %, with increasing values as Pr decreases.
The Pgps remains consistently ~ 10vol %—15 vol % below
D but aligns closely (~ 5 vol %) with CSD-corrected ® )y
in strongly coalesced samples (Table 1).

Allabar et al. (2020b) combined shrinkage by EOS and
H»0O resorption, which resulted in a ~ 10vol % decrease in
Dros at a ey,oi of 3.3 wt % and a quenching rate of 44 K s71,
It was found that the value of the measured $ga5s is within
this determined range. Due to the similar composition and
similar cy,04. we assume that a range of ~ 10 vol % with the
maximum at ®gpg is also possible for the samples in this
study. The actual melt poresitics are therefore between the
measured Py and Prog. while the calculation of ® sig-
nificantly overestimates the porosities.

Returning to melt porosity at the onset of coalescence,
the required porosity decreases with decreasing decompres-
sion rate but increases with decreasing c¢y,0i. For a cn,0i
of 5.7wt%, the dgps values are 23vol% at a decom-
pression rate of 1.7 MPas™! and Py, of 55MPa, 17 vol %
al 0.17MPas™! and Py, of 60MPa, and 1lvol% at
0.064 MPas~! and Py, of 60 MPa. In the cHy0i of 5.0wt %
scrics, the porosity values increasc as Py decreases: $gos
values are 43 vol % at a decompression rate of 1.7 MPas™!
and Prin of 28 MPa, 34vol % at 0.17MPas~' and Puin of
30 MPa, and 25 vol % at 0.064 MPas™' and Pu;p of 40 MPa
(Table 2).

4.3 Onset of coalescence in the intermediate zone at
dP/dt of 1.7 MPas™!

The observed onset of coalescence in the intermediate zone
of the samples, close (o the capsule wall, in the 1.7 MPas™!
series might be related to slight ¢y,00 gradients (Fig. 2).
The H;O solubilities (cg,0eq} were calculated in Marks and
Nowak (2025). We experimentally determined H>O solubil-
ities and derived an empirical formula to predict cip,0¢q be-
tween pressures of 200 and 30 MPa at 1323 K. Additionally,
we determined ey, 0cq at the hydration temperature of 1523 K
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and 200 MPa, which was found to be 5.45+0.26 wt9%. At
1323 K, ep,0¢q increased by ~ 0.4 wt % to 5.83 £0.26 wt %.
This is consistent with the increased H,Q solubility at
lower temperatures observed in phonolite melts (Schmidt and
Behrens, 2008). The increase in cp,0eq With decreasing tem-
perature is relevant during the 30 min temperature equilibra-
tion time after hydration at 1523 K for 96 h. The outer melt
volumes are expected (o build up a slightly higher H-O con-
tent during the 30 min dwell time compared to the central
part of the melt prior to decompression. It is assumed that
the excess HyO of 0.25 wt% at cpp,0; of 5.7 wt% is evenly
distributed between the capsule wall and melt during the hy-
dration at 1523 K. The excess amount of H>O dissolves in the
outer melt volumes during the dwell time at 1323 K. An esti-
mation of Dy,q related to 5.45 wt % H>Q during the 30 min
at 1323 K and 200 MPa, without considering the initial onset
diffusion during the cooling phase from 1523 to 1323 K, re-
sulted in 651 pm diffusion length by applying the diffusion
equation provided by Schmidt et al. (2013). This distance
exceeds the width of the coalesced volume at Pr of 60 MPa,
which is ~ 600 um. Therefore, it cannot qualitatively account
for the coalescence observed beginning in the outer regions.

At a cy,0i of 5.0 wt%, the complete amount of H>O
is homogeneously disselved throughout the melt already at
1523 K. In this case, the enrichment of H20O in the outer melt
shell fails to explain the onset of coalescence at the sample
rim in sample LLST_42D at Py of 30 MPa. Therefore, we
cannot fully explain this unique vesicle coalescence behav-
ior, which warrants further investigation.

4.4 VND adjusted by coalescence follows the
decompression rate meter of Toramaru (2006)

The general trend of the VND development with decreas-
ing Pris consistent across all samples analyzed in this siudy
(Fig. 3). However, the VND of the initially formed (logVND
of 5.1-5.7) and partially extinct (logVND of 4.5-5.0) homo-
geneous vesicles remains constant across all decompression
rates, consistently exhibiting uniform vesicle sizes within
each sample, suggesting that their initial formation occurs
via spinodal decomposition (Allabar and Nowak, 2018; Al-
labar ct al., 2020a; Sahagian and Carley, 2020; Gardner ct
al., 2023; Marks and Nowak, 2025). This observation sup-
ports an alternative degassing mechanism to classical nucle-
ation theory, in which VND depends on the decompression
rate, and vesicle formation is limited to the extent necessary
to reduce supersaturation. As a result, a range of vesicle sizes
is present within a single sample, as new vesicles form only
when existing ones are insufficient (Navon and Lyakhovsky,
1998). Upon the onsel of coalescence, the VND decreases
significantly by several orders of magnitude, 1-2 log units
below the predicted VND using the DRM (decompression
rate meter) line (Figs. 3, 7), calculated by Eq. (4) accord-
ing to Toramaru (2006). The DRM is based on nucleation
theory, which predicts an increasing nucleation rate with an

https://doi.org/10.5194/ejm-37-413-2025



P. L. Marks and M. Nowak: Vesiculation dynamics — Part 2 425

Table 2. Samples with volumes showing maximum VND at the onset of coalescence. Data are given [or pristine homogeneously vesiculated
volumes.

LLST  emy0i dP/de Py Vesiclesize Vesiclesize  @gyg Deg DEag ! logVND
| wt %| [MPaf]I |MPa| Jum] lum]  [vol%| [vol%] |vol%]| [pm] [111n173|
q)ghlss PEos
50D 57 1.7 55 74 15.1 32 37.9 23.1 7.8 5.19
42D 5.0 1.7 28 8.3 13.7 6.3 55.8 43.3 6.0 5.35
49D 57 0.17 60 7.4 16.5 23 31.9 174 9.2 5.05
45D 5.0 0.17 30 13.9 23.1 35.6 45.8 337 1.5 5.60
37D 57 0.064 60 5.8 12.6 1.3 21.1 11 9.2 5.12
21D 5.0 0.064 40 12.9 225 6.0 36.6 24.9 9.7 4.75
7
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Figure 7. VND vs. decompression rate plot of decompressed samples using hydrous phonolitic or trachytic melt. The samples are presented
as follows: this study (including data from Marks and Nowak, 2025} is represented by blue triangles, Allabar and Nowak (2018) by red
circles, Allabar et al. (2020b) by orange circles, Preuss et al. (2016) by crossed green squares, Marxer et al. (2015) by yellow diamonds,
and lacono-Marziano et al. (2007) by open squares. For a better overview, data from other authors were slightly shifted in 4P /df by 0.03
at 0.17MPas—! and 0.3 at 1.7MPas~! to mitigatc overlapping. The DRM linc is calculated for the LLST composition using the surface
tension o =0.053 N'm~! calculated by Shea (2017) according 1o Toramaru (2006). Successlul decompression experiments are plotted in the
area of homogeneous VND, indicating degassing by spinodal decomposition. Data following the DRM line are influenced by coalescence,
due (o pre-existing bubbles, or due to an unsuitable capsule design.

increasing decompression rate leading to a decompression-
rate-dependent VND of homogeneously nucleated vesicles.

B

3,2 -
This method can be used to derive the magma ascent veloc-  yND =34.(C . ( 16:m-a ) . (V’“ ; P‘“‘“)
ity using VNDs of volcanic ejecta. 3-k-T-Pg k- T
_3
Pl kT -C-DY 2 @
4.62.(dP/dt)

C: initial total H>O concentration (number of molecules
per cubic meters [m*'}]); o: surface tension of the vesicle—
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melt interface [N m~']; k: Boltzmann constant (1.38 x 1073
[J K*']); T temperature [K]; Py H>O saturation pressure
[Pal; D: H>O diffusivity in the silicate melt [m?s=": Vin:
volume of an H,0O molecule in the melt (=3 x 1072 m%)
(Burnham and Davis, 1971); dP/d¢: decompression rate
[Pa S_IJ

The model assumes that each HoO molecule is a poten-
tial vesicle nucleation sile and that nucleation ceases during
decompression when the VIND reaches a level where vesicle
distances are sufficiently small for a diffusion-controlled de-
crease in H>O supersaturation below the threshold necessary
for further vesicle nucleation (Toramaru, 2006). Assuming
nucleation as the formation process of vesicles, the DRM can
be used to calculate the VND as a function of d P /d¢ by con-
sidering the surface tension (o), H2O content, and diffusivity
defined by the H>O saturation pressure (Marks and Nowak,
2025). The surface tension was calculated by Eq. (5) ac-
cording to Shea (2017) and was predicted to be 0.052 Nm™!
for 5.7 wt % HaO and 0.053Nm~! for 5.0 wt %. For the pa-
rameters Oper, Trefs Prer. and SiOape (surface tension, tem-
perature, pressure, and SiOg content), values of a reference
melt are chosen and taken to be owr = .06 Nm™', Fiop =
900°C, Ppr=200MPa, and Si0zps = 66.5 wt %. The re-
quired H;O diffusivity (logP) (in m*>s™!) was given in
Eq. (6) by Schmidt et al. (2013) with cp,0 (in wt%) and T
(in K).

o = orer-exp[ (=22 1072) - (5i03,, — 5102} |

—3X 107 (Tep = T)+ 2% 1077 - (Prer — Pogy), (5)
log D = (—6.001 —0.277 - ¢Hyon)
— (6281 — 565.6 - cy,00)/ T- (&)

While the maximum logVND of the homogeneous vesicle
volumes show independence from different decompression
rates with consistently high values of 5.1-5.7 (Table 1), the
logVNDs of coalesced sample volumes tend to follow the
DRM, with the lowest logVNDs of 0.5-0.8 at the lowest de-
compression rate of 0.064 MPas~! and the highest logVNDs
ol 3.1-3.7 at the highest decompression rate of 1.7 MPas™'.
In cach serics, the onset of coalescence was obscrved, but
complcte coalcscenee — defined in this study as the advanced
degassing stage where no pristine homogeneous vesicles re-
main — was only observed in the ¢p,0; series with 5.7 wt %
H;0. This occurred at a Pr of 40 MPa for rates of (0.064 and
0.17MPas~!andata P of 30 MPa for the 1.7 MPa 57! rate.

Therefore, coalescence is a progressive process that re-
sults in decreasing VND with Py Several decompres-
sion experiments with phonolitic and trachytic melts have
already been carried oul, which both confirm and par-
tially refute the behavior observed here by encompassing
both decompression-rate-independent and decompression-
rate-dependent VND. However, the decompression-rate-
dependent VNDs observed in melts with compositions iden-
tical to those exhibiting decompression-rate-independent be-
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havior were produced using an alternative experimental de-
sign (Allabar and Nowak, 2018; Allabar et al., 2020a; Preuss
et al., 2016; Marxer et al., 2015; Tacono-Marziano et al.,
2007).

For example, VAD79 experiments by lacono-Marziano et
al. (2007) and Marxer et al. (2015) revealed that small cap-
sule diameters {2.4-2.5mm) inhibited uniform vesicle for-
mation due to HpO dillusional loss towards [ringe vesicles
at the capsule walls, compounded by coalescence at low Pr.
Only the highest decompression rate of 1.7 MPas™', pre-
sented in the study of Marxer et al. (2015), produced uni-
formly distributed small vesicles (logVND of ~ 4.3} due to
shorter diffusion times. In contrast, Preuss et al. (2016) used
larger glass cylinders (5 mm) of Campi Flegrei trachytic and
VAD79 phonolitic melts, achieving high logVNDs of ~ 5.6
with decompression-rate-independent YNDs. However, us-
ing powdered starting material at the same experimental con-
ditions reduced VNDs signilicantly due to pre-existing HoO—
Ns vesicles and degassing by diffusive growth of these pre-
existing vesicles. The samples in which powder was used as
starting material are therefore not included in Fig. 7. Allabar
and Nowak (2018) and Allabar et al. (2020a, b) also ob-
served decompression-rate-independent behavior in hydrous
VAD79 melts, with high logVNDs (4.6-6.4) consistent with
spinodal decomposition and deviating from the DRM trend
(Fig. 7). This underscores that sample geomeltry, initial start-
ing material, and experimental conditions can critically in-
fluence VNDs. Specifically, VNDs can be lower by orders of
magnitude if the sample size is too small, if powder is used
as the starting material, or if the decompression rate is too
slow. A detailed description of the experiments referenced in
Fig. 7 is included in Appendix B.

Fitting the DRM to the VNDs related to coalesced samples
of this study and to samples of Marxer et al. (2015) result in
o values of 0.09 and 0.035Nm~!, respectively. According
to Eq. (4), the slope of the DRM remains constant at 3/2,
reflecting its dependency on the diffusion coefficient of H,O.
This relationship allows Eq. (4} to be simplified to Eq. (7):

logVND = 3,2 - log(d P /dr) + y. (7)

where v represents the intercept on the logVND y axis
(Fig. 7). This y-axis intcreept is influcneed by the surface
tension, which in turn depends on both the H>O concentra-
tion and the composition of the melt, leading to a vertical
shift of the DRM line.

The question remains why the vesicle coalescence behav-
ior adheres to the DRM line. Vesicle coalescence occurs
in three primary stages: (1) the approach of vesicles, fa-
cilitated by external and/or internal forces such as vesicle
growth (e.g., Maruishi and Toramaru, 2022); (2) the drainage
of the melt film between vesicles to a critical thickness un-
til it ruptures; and (3) the rclaxation to a spherical shape
driven by surface tension (e.g., Eri and Okumura, 2010). Var-
ious forces contribute to film drainage in magmas, includ-
ing gravitational forces (Proussevitch et al., 1993). capillary
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forces (Nguyen et al., 2013; Proussevitch et al., 1993), vesi-
cle growth (Castro et al., 2012), and shear deformation in
conduit flow (e.g., Caricchi et al., 2011).

In our samples, we observed only the initial and final
stages of vesicle coalescence. Only spherical and separated
vesicles are observed in the homogeneous vesiculated ar-
eas that grew during ongoing decompression (Maruishi and
Toramaru, 2022) as well as the final stage of the complele re-
laxation to spherical shapes in coalesced vesicles (Eri and
Okumura, 2010). While evaluating the vesicle shapes in
quenched glass, it is important to consider the effects of
shrinkage. Most large coalesced vesicles exhibit nearly per-
fect spherical shapes. Although the VND decreased during
coalescence, convergence of vesicles was not observed in the
quenched samples.

A recent study by Ohashi ef al. (2022) suggests that vari-
ations in VND during decompression can be explained by
the capillary number (Ca = nR /o), which depends on the
liquid viscosity (1), the vesicle growth rate (R), and the sur-
face tension (o). The capillary number represents the inter-
play between the viscous force arising from vesicle growth
and the capillary force. At Ca < 1. two adjacent vesicles re-
tain their spherical shapes until the film between them rup-
tures, a process governed by capillary forces. Conversely, at
Ca > 1, vesicles flatten with a constant film thickness, and
vesicle growth drives film drainage. This distinction catego-
rizes the coalescence process into capillary-dominated and
growth-dominated regimes. An increase in vesicle growth
rate and liquid viscosity prolongs the drainage timescale,
consequently affecting the percolation threshold, which is
defined as the porosity at which the vesiculated magma be-
comes permeable.

Ohashi et al. (2022) stated that Ca varies significantly with
the eruption style of volcanoes. As the viscosity of magma
increases due to the exsolution of dissolved H, O and as vesi-
cle growth accelerates towards the fragmentation depth, Ca
varies considerably, spanning multiple orders of magnitude.
In high-viscosity melts, a high Ca leads to the development
ol larger vesicles, which increases the resistance lo coales-
cence. This can elevate the percolation threshold and explain
why such magma erupts explosively without significant out-
gassing. According to Castro ct al. (2012), an increasc in the
ratio of vesicle size also increases the inter-vesicle pressure
gradient, resulting in the formation of a dimpled structure.
This distinctive geometry may be notable for Ca <« 1, where
the Laplace pressure determines the pressure within vesicles.

Ohashi et al. (2022) found a correlation between VND and
Ca at the final pressure, where Cu decreases with decreas-
ing VND. The range of Ca where VND changes drastically
(0.1 < Ca < 100) coincides with the range where the non-
dimensional drainage timescale varies steeply. However, they
were unable to apply the scaling of Ca to calculate the tem-
poral change of VND. They plan to address this calculation
in future studies. Furthermore, their concept does not pro-
vide a tool to explain our observed behavior of the VND ten-
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dency in the coalesced stage according to the DRM of Tora-
maru (2006). Based on their investigations, it is evident that
variations in viscosity and surface tension during the vesi-
cle growth significantly influence coalescence behavior in the
melt.

Numerous models exist to calculate or simulate vesicle
growth during decompression or equilibration at specific
pressures (e.g., Gardner, 2007; Castro el al., 2012; Huber
et al., 2014; Mancini et al., 2016; Giachetti et al., 2019;
Coumans ct al., 2020; Ohashi ¢t al., 2022). However, no cur-
rent equations or models can predict a specific VND at which
vesicle coalescence will commence. For instance, Mancini
et al. (2016) developed a growth-coalescence model based
on the coalescence model by Castro et al. {2012). This ki-
netic model statistically describes vesicle growth due to de-
compression, volatile exsolution, and coalescence of a poly-
disperse vesicle population. However, their model assumes
steady-state vesiculation processes and does not account for
changes in viscosity and H>O diffusivity during decompres-
sion and exsolution of H>O.

The volatile content in magma significantly influences its
bulk density (e.g., Wilson et al., 1980) and bulk viscosity
(e.g., Mader et al., 2013). Additionally, H»O ditfusivity and
viscosity strongly affect vesicle formation, growth, and co-
alescence. H,O diffusivity controls the diffusive growth of
vesicles, while the expansion of vesicles due to pressure—
volume—temperature (PVT) changes is influenced by melt
viscosity (Sparks et al., 1994), which itself is affected by
the concentration of dissolved HoO (e.g., Giordano et al.,
2008). Furthermore, ep,0( significantly impacts the surface
tension of vesicles (Shea, 2017), a critical factor in determin-
ing the work required for critically sized vesicle formation
in the DRM model proposed by Toramaru (2006). However,
the DRM model utilizes only a single value for ¢ to predict
VND across various decompression rates.

To explain and predict the measured VND during ongoing
decompression and its dependency on decompression rate,
a model that accounts for dynamically evolving parameters
such as HoO content, surface tension, viscosily, vesicle size,
and growth rate is required. Specifically, understanding how
surface tension changes when vesicles begin to coalesce is
crucial. We asscrt that a substantial amount of cxperimental
work, involving varying melt compositions, decompression
rates, and H>O contents, is essential for developing a com-
prehensive prediction model for coalescence. This work can
contribute to understanding why coalescence is evidently de-
compression rate-dependent, while the initial number of vesi-
cles is decompression rate-independent.

4.5 The behavior of H2O during decompression
The evaluation of the absorption spectra of degassed samples
reveals further effects of resorption. The H,O concentrations

measured in the glass do not correspond to the cy,q; in the
melt state. Even if the actual ey, ot in the residual melt is un-
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known, according to Hajimirza et al. (2019} the relative im-
portance of H>O diffusion during decompression can be de-
termined by the ratio of the diffusion timescale (zgis) to the
timescale of decompression (tq). If the diffusion timescale
is shorter than the decompression timescale (Tqirr/ta < 1),
near-equilibrium degassing is facilitated, and degassing is
controlled by the decompression rate. For experiments where
Tgirt/ Tg 3> 1, HzO dillusion into vesicles will be 100 slow 1o
significantly affect saturation within the bulk of the sample.
The high logVNDs during the homogeneous vesicle stages
are expected to represent near-equilibrium melt degassing
due to the rapid reduction of HoO supersaturation during
further decompression from the melt into surrounding vesi-
cles (Marks and Nowak, 2025). In the decompression ex-
periments, vesicles are observed in the glass at Py ranging
from 80 to 50 MPa, depending on the decompression rate and
CH,0i» SO Tg <an be asserted to the time between the pressure
at which phase separation occurs and Py. The gy (Eqg. 8)
is dependent on the characteristic diffusion length / (in mm)
and the total HpO diffusivity (Dyg,0) in (mm? s~ 1) (Eq. 6).
calculated according to Schmidt et al. (2013) (in m> s*').
The { factor is defined by the inter-vesicle distance calculated
according to Eq. (9) (Hajimirza et al., 2019).

it = 1%/ Do, (8)
1
Prioe \ 3
(%) rax N\
= ——L(5VvND) . )
(I_CI’EOS)j -
100

For a consistent calculation, we use ®gos as porosity. A
conservative estimate of Dy,o, and thus of tgr. is real-
ized using cy,0cq at the Py of each experiment (Table 1),
resulting in the slowest possible H>O diffusivity. For the
onset of vesiculation, we used 80 MPa for both cp,0; at
rates of 1.7 and 0.17 MPas !, 70 MPa for cH,0i of 5.7 wt%
and 0.064 MPas™!, and 50 MPa for ¢H,0i of 5.0wt% and
0.064 MPas~!. These starting pressures provide a conserva-
tive estimale ol tgifr/ g, as it is likely that vesiculation started
earlier at higher P and vesicles were completely resorbed in
the high Pr experiments (Allabar et al., 2020b; Marks and
Nowak, 2025}. The calculated mcan 7 values of ~ 7.2 um in
Table 2 fit very well to the estimated inter-vesicle distances
vg of 7-9 um according to Hertz (1908). The obtained tgir/7a
values, with ratios of < 1, indicate equilibrium degassing
in the homogeneously vesiculated melt volumes with high
logVNDs = 4.7 and AP = 20 MPa for the 1.7 MPas™! de-
compression series. In contrast, an increased A P of 30 MPa
is necessary for the slower decompression rates.

Data from the coalesced volumes have tgir/7g ratios > 1
(Fig. 8, Table 1), falling within the field of disequilibrium
degassing. This is related to an increase in ! due to an ongo-
ing decrease in logVND and ¢y, 01, correlated with the Dy,o
dependence on cpy,¢; in the melt (Schmidt et al., 2013). As
coalescence continues, the supersaturation between the ex-
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isting vesicles increases, potentially leading to a second de-
gassing process in the residual melt {Allabar et al., 2020a).
The H»O diffusion from the interstitial melt into the large
vesicles will not be fast enough to effectively reduce the H,O
supersaturation that builds up during further continuous de-
compression. This may result in a secondary homogeneous
vesicle formation evenl al ¢H,or < ¢H,0i and lower Py com-
pared (o the initial vesicle population, resulling in lower ®eg,
and lower ®g,55. However, no evidence of a secondary vesi-
cle formation event was observed in the samples of this study.
Therefore, if we had decompressed these samples further to
lower P, a second vesicle formation event would be expected
between the large coalesced vesicles, as the diffusion of H>O
would no longer be fast enough in the HyO-depleted melt.
However, most of the capsules are already significantly ex-
panded, so further decompression lower than 30 MPa would
not have been feasible as the capsule would burst (Figs. S1
and 52).

In addition to the resorption of HpO from fluid vesicles
back into the melt during quenching, the increasing { with
progressing coalescence and decreasing VND contributes to
the high cy, o1 values measured in glasses between coalesced
vesicles (Fig. 5). The cy,or measurements in the residual
glass are substantially higher than cy,0eq. exceeding it by
1 wt %—2 wt %. Measurements through homogeneous vesic-
ulated areas with vesicles in the beam path yielded ¢y, o val-
ues as high as 10 wt % H-O, which surpass the solubility of
the LLST melt by more than 8 wt % (Fig. 5, Table 1). The
supercritical HoO fluid in the vesicles is quenched to waler
and gas phase at room temperature (Allabar et al., 2020b).
Therefore, absorption spectra collected through highly vesic-
ulated volumes should be evaluated using the appropriate ab-
sorption coefficients, glass density, and the presence of H>O-
filled vesicles. Absorption coefficients for liquid HoO are
in the range of 5 and 10Lmol~"ecm™ in the near-infrared
region (Bertie and Lan, 1990), whereas the molar absorp-
tion coefticients of LLST glass were determined to ey,om =
1.274+0.04 and g0 = 1.154£0.07 Lmol L em ! (Marks and
Nowak, 2025). Further adjustments o the evaluation ol the
NIR spectra would be necessary Lo eliminate the effect of lig-
uid H>0 in the vesicles. For this reason, only measureiments
in vesicle-free glass volumes should be evaluated.

The samples in Fig. 5 that show almost cp,0; were also
measured through H2O vesicles. However, due to the low
porosity and small vesicle size, the effect of liquid H>O cap-
tured in vesicles is negligible here. Samples of Fig. 3d, e, and
f demonstrate how strongly the measured HoO content of the
samples depends on VND, porosity, and vesicle size. As the
proportion of H20 vesicles in the beam path increases, the
measured H-O content also increases. This case illusirates
the importance of accurately analyzing the sample volume
to cnsurc pure glass conditions when assessing the residual
melt conditions.
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5 Implications for volcanic eruptions

The rapid transformation of initial VND from decompres-
sion rate independence with high logVNDs of ~ 5.5 towards
the stage of coalescence, with orders of magnitude lower
VNDs that became decompression rate dependent, aligns
with the VND prediction according to DRM (Toramaru,
2006). This shift has important implications for understand-
ing magma dynamics during ascent in volcanic conduits. In
general, when a homogeneous magma becomes supersatu-
rated in volatiles, vesicle formation oceurs through the rapid
exsolution of H>O. High VNDs result in a rapid reduction
of the H>O supersaturation, with vesicle growth proceeding
through diffusional H>O uptake during decompression.

In this study, in the first vesiculation stage high logVNDs
of 5.1-5.7 were observed, which align with previous findings
of log VNDs of 4-6 in both experimental and natural phono-
litic and trachytic samples from Vesuvius and Campi Flegrei
(Marxer el al., 2015; Allabar et al., 2018; Gurioli et al., 2005;
Mastrolorenzo et al., 2001). At these high VND levels, near-
cquilibrivm degassing from the melt into the vesicles is an-
ticipatcd. Further vesicle cxpansion during magma ascent 1s
driven by continued H>O diffusion into vesicles. facilitated
by the reduced solubility of H2O in the silicate melt and the
expansion of the fluid phase under decompression. As vesic-
ulation progresses, decompression rates may increase, driven
by buoyancy forces acting en the melt, and decreasing den-
sity as vesicles expand (e.g., Wilson et al., 1980). Addition-
ally, vesicles may rise relative to the magma, according 1o
their size and the magma’s viscositly, thereby undergoing co-
alescence and decompressive expansion (Proussevitch et al.,
1993).

In open systems, vesicle coalescence can result in high
permeability, allowing HyO to escape at the top of the
magma column. Recent experimental studies indicate that
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the presence of crystals, such as phenocrysts and microlites,
promotes vesicle coalescence and reduces the percolation
threshold (Céceres et al., 2022; DeGraffenried et al., 2019).
In contrast, in closed systems, vesicles may accumulate as
foam at the top of the magma chamber, forming large gas-
pressurized pockets that may lead to a final disruption and
eruption of the magma. Foams with higher melt viscosity
arc less likely to disrupt quickly, leading to less frequent but
more energetic eruptions compared to lower-viscosity foams,
as 1s typically observed (Proussevitch et al., 1993).

With increasing decompression rates, the time available
for vesicle coalescence is reduced, potentially allowing the
initially high VND to be preserved up to the surface. Fig-
ure 9 illustrates the increase in ¢q as final pressure de-
creases. The porosity values reflect the evolution of the as-
cending melt. During ascent, the melt becomes supersatu-
rated, without vesicle formation and no reduction in super-
saturation (Fig. 9d1). Upon reaching sutficiently low pres-
surcs nceessary tor vesicle formation, the porosity undergoes
a rapid increase due to the exsolution of HoO from the melt
over a very brief time interval. This interval decreases with
higher decompression rates (Fig. 9d2).

At the highest decompression rate of 1.7 MPas™! applied
in this study (Fig. 9c¢), porosity increases from 0vol % to
~ 35 vol % over a pressure decrease of 10-20 MPa (depend-
ing on c¢pp, i), Which corresponds to a time span of roughly
6 to 12 5. Although these values are derived [rom experimen-
tal conditions, it is expected that such an extreme increase
in porosity, along with the associated buoyant forces, would
limit the time available for coalescence and hinder the re-
duction of magma chamber overpressure. Despite this, if the
coalescence stage is reached, ¢be increases at a more gradual
rate (Fig. 9d3). However, the viscosity of silica-rich melts
increases by orders of magnitude as H;O exsolves (Prous-
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sevitch et al., 1993; Sparks, 1978}, reducing the ascent rate
of vesicles. This observation corresponds with findings by
Gardner (2007), where a VND dependence on melt viscos-
ity was noted: in high-viscosity melts, such as rhyolites, the
initial high VND tends o be preserved, whereas in lower-
viscosity melts like phonolite, coalescence significantly de-
creases the original VND by one to two orders of magnitude.

Our study supports this VND overprint in low-viscosity
phonolitic melt, as similar VND values were observed at var-
ious decompression rates during the initial phase of phase
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separation, followed by significant decrease at the onset of
coalescence. Consequently, VND values in natural pumice
may not directly correlate with decompression rates, given
that VND can vary substantially during magma ascent. Thus,
the bulk composition of the melt exerts a substantial influ-
ence on the vesiculation process under decompression, and
thereby, on ascent dynamics within volcanic conduits.
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Figure A1. Extended diagram of Marks and Nowak (2025). The residual ¢y, in the glass is plolted against the [inal pressure ( P¢) ol the
decompressed samples. Only samples that were able to be measured undisturbed by vesicles in the beam path are shown. The equilibrium
Hz0 content (¢y,0eq) curve was calculated according to Eq. (5) therein.

Appendix B: Description of the experiments in Fig. 7

The first superliquidus decompression experiments using
Vesuvius white pumice phonolite (VAD79) were conducted
by lacono-Marziano et al. (2007). Ulilizing a similar ex-
perimental setup, which employed vertically operating TZM
(titanium—zirconium-molybdenum alloy) cold-scal pressure
vessels, the initial glass cylinders were subjected to decom-
pression under superliquidus conditions at 1323 K within a
pressure range of 200-10MPa. Although four different de-
compression rates were tested, only the fastest two rates
of 0.17 and 4.8 MPas~1 were applied via continuous de-
compression and are thus represented in Fig. 7. Their study
demonstrated that the experimental investigation of hydrous
melt phase separation at low decompression rates (0.0028
and 0.024 MPas™") was limited by the capsule size. The
small capsule diameter of 2.4 mm inhibited the formation
of homogeneously formed vesicles in the sample center
due to the diffusional loss of H2O towards heterogeneously
nucleated fringe vesicles at the capsule wall, nucleated at
low supersaturation during decompression. However, in sam-
ples subjected to rapid decompression, a high logVND of
~5.8mm~> was observed at a AP of 125 to 130 MPa,
with no clear dependence of VND on decompression rates
ranging from 1.7 to 4.6 MPas~!. Experiments conducted to
lower Pp indicated that vesicles expanded rapidly at a AP
of about 150 MPa, reaching the process of coalescence at
AP > 180 MPa. This coalescence led to a significant reduc-
tion in VND, with values dependent on Py, resulting in very
low VNDs.
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‘While the data from Tacono-Marziano et al. (2007) exhibit
a variable VND distribution due to increasing coalescence,
the data from Marxer et al. (2015) show a trend similar to the
predicted DRM. This trend can be attributed to the capsule
design. Marxer et al. (2015) examined the same phonolitic
YADT9 composition at the same superliquidus temperature
of 1323 K in an IHPV. Capsules with diameters of 2.5mm
and 5.0 mm were used, which were filled with glass cylinders
and HO to achieve slightly supersaturated and slightly un-
dersaturated melt conditions, respectively. The hydrous melts
were decompressed from 200 to 75MPa at rates ranging
from 0.0028 to 1.7MPas~'. Only the continuous decom-
pression experiments were included in Fig. 7, as the single-
step and multi-step methods do not represent a true decom-
pression pathway (Marxer et al., 2015).

Analysis of the experimental results showed that the
2.5 mm capsules were too small in diameter. Early degassing
of the sample due to heterogeneous vesicle nucleation and
growth at the capsule-melt interface can prevent homoge-
neous [ormation in the sample center il the nominal decom-
pression rate is sufficiently low (Mangan and Sisson, 2000;
Tacono-Marziano ct al., 2007). H,O diffusion into heteroge-
neously nucleated vesicles leads to a depletion of HO in
the sample center, thereby preventing homogeneous vesicle
formation. The samples achieved homogeneous vesicle for-
mation in the central melt volume only at the fastest rate of
1.7 MPas~!, with logV¥NDs of ~ 4.3, due to the shorter dif-
fusion time. Therefore, it is essential to clearly distinguish
the VND between homogeneous vesicle formation observed
al a decompression rate of 1.7MPas™! and heterogeneous
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nucleation at the capsule melt interface observed at decom-
pression rates of 0.0028, 0.024, and (.17 MPa s~ !, which are
too slow for the used capsule diameter. In this case, the VNDs
follow the DRM.

Preuss et al. (2016) utilized slightly H>oO-undersaturated
trachytic Campi Flegrei and phonolitic VAD79 melts. De-
compression experiments in the IHPV with either glass cylin-
ders of 5mm in diameter or glass powder used as starting
material were decompressed at a superliquidus temperature
of 1323 K from 200 MPa to Pr of 100, 75, and 60 MPa using
continuous decompression rates of 0.024 and 0.17 MPas~ '
Decompression of all samples with glass cylinders as start-
ing material led to homogeneous vesicle formation with high
logVNDs of ~ 5.6. The supersaturation pressures for homo-
geneous vesicle formation were estimated to be < 76 MPa
for the trachytic and < 70 MPa for the phonolitic melt. The
decompressed samples with powder as starting material re-
sulted in reduced logVNDs by several orders of magnitude
due to initially entrapped air in the powder pore space. This
led to the formation of tiny H>O-N; vesicles throughout
the melts prior to decompression. Degassing of these sam-
ples was facilitated by diffusive growth of these pre-existing
vesicles. Thus, an H;O supersaturation of the melt was not
achieved. The samples with glass powder used as starting
material are therefore not included in Fig. 7. The YNDs ob-
served in samples with glass cylinders as the starting material
exhibit degassing behavior similar to the results of this study
that is independent of the decompression rate.

Similar observations were made by Allabar and Nowak
(2018) and Allabar et al. (2020a). They conducted de-
compression cxperiments with hydrous phonolitic melts
of VAD79 composition at undersaturated, saturated, and
slightly supersaturated H,O conditions at superliquidus tem-
peratures of 1323 and 1373 K. Samples with glass cylin-
ders with diameters of 5 mm used as starting material were
decompressed at rates ranging from 0.024 to 1.7MPas™ 1,
They reported high logVNDs, covering a range of 4.6 to
6.4mm 3, resulting in a mean logVND of ~ 5.3 across the
enlire datasel. Consequently, the data plotted consistently in
the field of homogeneous vesicle formation (Fig. 7) and ex-
hibited a decompression-rate-independent VND, consistent
with the concept of spinodal decomposition, deviating sig-
nificantly from the DRM trend.
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Abstract

The H,0 solubility in peralkaline haplogranitic melts has been experimentally determined as a function of pressure (27—
200 MPa) and temperature (1123-1523 K). The compositions were based on AbygOr,,Qz,4 (AOQ) with 4 and 8 wt% Na,O
in excess. H,O solubility experiments were performed in an internally heated pressure vessel and quenched to glasses for
analysis. For quantification of H,O contents in the glasses using FTIR analysis, the linear molar absorption coefficients as
a function of Na,O excess with respect to AOQ composition were determined, as well as the glass densilies as a function
of H,O concentration. The H,O solubility increases with increasing pressure, decreasing temperature, and with increasing
peralkalinity. A linear dependence between Na,O excess (wt%) and H,O solubility (wi%) was found. It has been previously
shown that on a molar basis the different alkalis contribute similarly to the H,O solubility increase so that H,O solubility
increases linearly with excess alkali (difference between mole fractions of alkalis and that of alumina}. Thus, the depend-
ence of H,O solubility on pressure, temperature and excess alkali obtained from the new data of this study allow a simple
prediction of H,O solubility for peralkaline rhyolitic melts based on the excess alkali content. This new empirical model was
tested with H,O solubility data from literature for peralkaline haplogranitic and natural peralkaline rhyolitic melt composi-
tions, yielding good agreement (< 10% deviation) between predicted and observed H,O solubility, which is an improvement
compared to previous models. The model can be applied to natural peralkaline rhyolitic melts that occur, e.g. on Pantelleria,
Gran Canaria, or the East African Rift.

Keywords H,O solubility - Peralkaline melt - Solubility model - Silicate melt

Introduction (depending on pressure) with increasing T, whereas the

ellect of mell composilion on H,O solubilily is more com-

Dissolved H,O influences the physical and chemical prop-
crtics of silicate melts and magmas, such as melt viscos-
ity, density, liquidus temperature or phase equilibria. H,O
solubility in silicate melts has been experimentally deter-
mined for nearly a century (e.g. Goranson 1931; Burnham
and Jahns 1962). Since then, numerous studies investigated
the H,O solubility in silicate melts as a function of pressure
(P), temperature (T) and melt composition, the variables
that influence H,O solubility. In general, H,O solubility
strongly increases with increasing P, decreases or increases
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plex. Several dependencies of H,O solubility on chemical
paramcters have been shown or proposced for silicate melts.

For example in haplogranite melts, a minimum in H,O solu-
bility was found near metaluminous compositions, where the
molar ratio of M,O/Al,O;=1 (M=Li, Na, K, Rb, Cs) (Beh-
rens 2005; Dingwell et al. 1997}. Behrens and Jantos (2001)
describe the increase in H,O solubility towards peraluminous
(M,0/Al,0; < 1) and peralkaline (M,0/Al,05 > 1) melts by a
parabolic function. However, Dingwell et al. (1997) showed
for the peralkaling side that the H,O solubility increases lin-
early with peralkalinity. On a weight percent basis, the H,O
solubility decreases with the weight of the added alkali oxide
at constant peralkalinity. On a molar basis, however, differ-
ent alkalis (with Li as an exception) have similar effect on
the H,0 solubility at constant peralkalinity (Dingwell et al.
1997). Conscquently, the different contribution of alkalis to
H,0 solubility on a weight percent basis is an effect of differ-
ent molar weights. Dingwell et al. (1997) showed the linear
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dependence of molar H,O solubility with excess alkali (differ-
cnee in mole fraction of alkalis and that of Al) for 50 MPa and
their data suggests that this dependence holds up to pressures
of 500 MPa. Since then, seven studies were identified that pro-
vide H,O solubility data in peralkaline rhyolitic melts (Linnen
et al. 1996; Moore et al. 1998; Gaillard et al. 2001; Behrens
and Jantos 2001; Scaillet and Macdonald 2001, 2006; Stabile
et al. 2018) but no attempt was made to further systematically
investigate H,O solubility in peralkaline rhyolitic melts as a
function of P, T, and composition. Some of the data were,
however, used for general solubility models. Over time, vari-
ous H,O solubility models have been developed and refined,
some for only rhyolitic melts (e.g. Yamashita 1999; Newman
and Lowenstern 2002) or mafic melts (Iacono-Marziano et al.
2012; Shishkina et al. 2014) and models accounting for vari-
ous melt compositions (c.g. Papale et al. 2016; Duan 2014,
Ghiorso and Gualda 2015). A probably most recent compila-
tion of existing H,0 solubility data including different melt
compositions (and additional CO, as volatile) can be found in
Ghiorso and Gualda (2015). All these models were recently
combined by Iacovino et al. (2021) into a single, easy-10-use
model engine.

The aim of this study is to systematically extend the H,O
solubility data for peralkaline rhyolitic melts as a function

of P, T and peralkalinity. With these data, existing H,O
models are tested for their accuracy related to peralkaline
melts. The new H,O solubility data are thought to, e.g.,
help to improve the investigation of peralkaline rhyolite
eruption styles that are up to now largely unknown (Clarke
et al. 2019) and improving the basis for H,O-degassing and
resorplion (bubble growth and bubble shrinkage) considera-
tions during magma ascent.

The density relationship, absorption coetficients and
two solubility experiments with AOQ4 composition have
been preliminary published in Allabar and Nowak (2020).
Detailed descriptions and discussions related to the results
are given in this work.

Experimental techniques
Glass synthesis

Peralkaline haplogranitic glasses based on the AOQ compo-
sition (Ab;,Or;,Qz,4 in wi%; Hollz et al. 1995; Nowak and
Behrens 1997) were synthesized for this study. With respect
to AOQ composition, glasses with 2, 4 and 8 wt% Na,O
excess (Table 1) were synthesized and are further referred to

Table 1 Theoretical chemical
compositiens of AOQQ and
peralkaline haplogranite glasses

Composition/
sample name

8i0, [wi%]

Excess alkali
{mole fraction)

ALO, [witf] Nu, O [Wt%] K,0 [wt%]

(hold) and respective results of AOQ 76.14

starting glasses and standard

sanples delermined with EMPA AQQ2 74.62
A0Q2 _01 75.18
AOQ4 73.09
AOQ4_1° F547
AOQ4 2 72.84
Std_4_0.5(2)° 73.71
Std_4_1° 7331
Std_4_4° 73.72
AOQS 70.05
AQQR _1* 71.03
AOQSE 4a 70.29
Std_8_0.5(2)" 70.78
Std_8_1" 70.65
Std_g_4" 70.87

13.53 4,65 5.68 0.0017
13.26 6.56 5.57 0.0227
12.76 6.56 5.50 0.0253
12.99 8.46 545 0.0435
11.32 797 5.23 0.0471
12.85 8.76 5.55 0.0482
12.41 8.39 549 0.0467
12,79 8.18 573 0.0438
12.55 8.30 543 0.0444
1245 12.28 5.23 0.0854
11.54 12.24 519 0.0901
12.36 12.12 5.23 0.0842
11.94 12.03 525 0.0859
12.00 11.99 5.36 0.0859
11.99 11.87 527 0.0841

All results are normalized to 100 wi% anhydrous glass composition

The excess alkali value is the difference between mole fractions of alkalis and that of alumina. Measure-
ment conditions are given in the Supplementary material “S1_Tables”

“Inhomogencous glass duc to a single synthesis step. The glasses were thercfore only used for powder
experiments, which were then again checked with EMPA to finally confirm chemical homogencity

bHyd]'()u.s glass composition normalized to anhydrous composition. Powder of the inhomogeneous glasses
AOQHB 1 and AOQ4_1 were used as starting materials for AOQ4 and AOQS standards, respectively. Due
to the mixing of the chemically inhomogencous powder the hydrated samples obtained good agreement
with the theoretical AOQS compositien despite the initial inhomogeneity
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as AOQ2, AOQ4 and AOQS, respectively. Analytical grade
oxide and carbonate powder Si0,, Al;O;, Na,CO; and K,CO;
were used for synthesis. To provide accurate weight portions,
the strongly hygroscopic Si0, and Al,O, powders were [ired
for 18 h at 1073 K and Na,CO; and K,CO; were dried for
24 h at 383 K. The powders were then weighed and mixed. To
obtain a chemically homogeneous powder, the mixtures were
blended in an overhicad shaker for 15 min. Then, cach mixture
was split up into 4 portions and each portion was milled in
a corundum ball mill for 15 min. After the first milling step,
each of the two portions were blended, mixed and again split
up and milled. This last step was then repeated.

For the first AOQ4 and ACQS glass batches (AOQ4_1
and AOQ8_1), 50 g powder was loaded in a PtOORh10 cru-
cible. To decarbonize the mixturcs, they were heated in a
bottom load furnace to 1273 K (1 K/min; 1 h dwell time),
subsequently to 1573 K (10 K/min; 3 h dwell time) and
finally to 1873 K (10 K/min). At 1873 K, AOQ4_1 was held
for 7 h and a dwell time of 3 h was used for the AOQS_1
batch to drive gas bubbles out of the melt. Subsequently,
the melts were air-cooled roughly below T, and the crucible
was then transterred into a furnace preheated to 630 K and
540 K, the calculated glass transition temperatures (7%,
where the viscosity 1= 10" Pa s) for nominally dry AOQ4
and AOQBS, respectively (Giordano et al. 2008). The lurnace
was immediately switched off to maintain a slow cooling
rate of ~5 K/min. By this method, glasses without tension-
induced cracks were obtained (Allabar and Nowak 2020).
Elcctron microprobe analysis (EMPA) of these glasses
revealed chemical inhomogeneity with increasing Al,O,
concentration towards the bottom of the glass (e.g. 9-14 wt%
Al,O5 from top to bottom in AOQS8_1). This effect is less
pronounced in the AOQ4 composition. It is assumed that
during the slow decarbonatization process and formation
of partial melt during heating, Al,O, gravitationally sinks
towards the bottom of the crucible before complete melting
and that the time for diffusional concentration equilibration
after complete melting is not sufficient to obtain a chemi-
cally homogeneous melt. The resulting inhomogeneous glass
was therefore crushed and sieved to < 300 um and only used
for hydration experiments with powder as starting material.
EMPA analyses of the standard samples after hydration and
cquilibration confirm the chemical homogeneity in agree-
ment with the target compositions (Table 1).

Further, AOQ4 and AQQS and the AOQ2 glasses were
synthesized with the decarbonatization protocol as described
above and a 3 h dwell at 1873 K. Then the melts were
quenched in water, whereupon the glasses were crushed,
milled and reheated to 1873 K. Again, to drive bubbles out
of the melts, AOQ4 was held for 10 h and AOQS for 7 h at
this temperature, which was followed by the same cooling
and tempering protocel as described above. AOQZ was held
at 1873 K for 6 h because the time for homogenization was

sufficient and the glass was crushed after synthesis. This
synthesis protocol yields chemically homogeneous glasses.
Furthermore, the synthesis method yields glasses with CO,
concentrations below the detection limit of < 10 ppm using
mid-infrared FTIR spectroscopy (Sierralta et al. 2002;
Spickenbom et al. 2010). This is important to note, since
small amounts of CQO, can significantly reduce the H,O
solubility. From the homogencous AOQ4 and AOQS glass
charges, cylinders of 3.6 mm diameter were drilled for the
H,O solubility experiments.

Hydration of standard glass samples

The glass samples serving for the determination of near-
infrarcd lincar molar absorption cocfficients of dissolved
hydrous species (molecular H,O (H,0,,) and hydroxyl
(OH)) are further referred to as “standard samples™ and
were produced for AOQ2, AOQ4 and AOQS compositions.
The standard samples are labeled “Std_X_Y", where the X
denotes Na,O excess in wit% and Y denotes the target H,O
concentration in wit% (Table 2),

20 mm long cleaned and anncaled Au80Pd20 tubes
(4.0 mm OD, 3.6 mm ID) were crimped to three-sided stars
on one side and welded. Glass powder sieved to < 500 um
particle size was [illed step-by-step into the capsules and
densified with a steel piston in between. To obtain glasses
with total amounts of dissolved H,O (H,0,, the sum of H,O
dissolved as H,O,, and OH) of 0.5, 1, 2, 4 and 7 wt %, water
was then added to the powder with a digitally controlled
Eppendorf micro-pipette. Weighing after each step yields
the gravimetrically determined H,O concentration that was
added into the capsule {¢}) o4y Table 2). The upper capsule
part was also crimped to a star and welded shut. For AOQ2
one additional sample was prepared with 1.66 wi% H,0. All
capsules were heated in a compartment drier at 383 K for
at least 1 h, then compressed to 100 MPa at ambient T and
again heated to 383 K with a re-weighing after each step to
check for possible leakage.

The samples were hydrated in pairs in an internally
heated argon pressure vessel (IHPV} at~ 1523 K. The pres-
sures (Table 2) were chosen to ensure H,O undersaturated
conditions, for which the H,QO solubility in AOQ melt (Lin
ctal. 2005) was uscd as a first proxy. After 24 h, the capsules
were quenched isobarically with 16 K/s by switching off the
furnace (Allabar et al. 2020).

The H,O undersaturated hydration of glass powder pre-
vents the formation of hydration vesicles (e.g. Preuss et al.
2016). Hydration vesicles can lead to an underestimation
in glass density and an overestimation in H,O concentra-
tion determined by Karl-Fischer-Titration (KFT) because
both are bulk sample measurements. Due to the use of pow-
der as starting material, however, part of the inter-particle
space is filled with air and part by liquid H,O, the ratio of
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Table 2 Hydration conditions and analytical results for standard samples

Sample # Thom (K) P (MPa) Glass den-  Emror ¢ grav' ¢y, KFT - Error A Ay Sample
sity (g/L) {Wt%) (wt¥%) thickness
[em]®

AOQ?2 glass - - 2317 20 - - - - -
Std_2.05 1516 200 2345 20 0.51 0.48 0.08 0.008 0.070 0.0803
Sid_2_1 1516 200 2340 20 101 .91 0.06 0.040 0.110 (L0808
Std_2_1.66 1520 300 2331 24 1.65 1.55 0.05 0.028 0.038 0.0204
Sid 2 2 1512 200 2326 22 2.01 1.94 0.06 0.035 0.039 0.0194
Std_2_4 1512 200 2308 33 4.00 3.98 0.07 2107 0.052 0.0206
Sid_2_7 1520 300 2264 20 7.02 6.86 0.09 (.201 0.049 0.0189
AOQ4 glass - - 2352 61 - - - - -
Sid_4_0.5(2) 1500 200 2354 19 0.47 0.44 0.03 (.007 0.062 0.0797
Std_4_1 1500 200 2355 20 1.01 0.92 0.06 0.034 0.099 0.0801
Sid_4_ 2 1516 200 2342 18 1.99 1.90 0.07 0.044 0.052 0.0289
Std_4_4 1511 300 2332 18 3.97 3.93 0.07 0.125 0.065 0.0291
Std_4_7 1511 300 2288 18 7.01 7.09 0.12 0.268 0.066 0.0293
AOQS glass - - 2391 61 - - - - -
Std_8_0.5(2) 1525 200 2385 25 0.50 0.48 0.03 0.003 0.05 0.0799
Std_8_1 1519 200 2388 23 0.97 0.92 0.06 0.018 0.081 0.0805
Std_8_2 1519 200 2373 21 205 211 0.06 0.032 0.047 0.0295
Std 8 4 1521 300 23606 19 4.03 4.05 0.06 0.096 0.059 0.0295
Std_8_7 1521 300 2333 20 6.94 7.07 1 0.207 0.058 0.0297

All standard samples were hydrated between 23 and 26 h

"The gravimetrical ¢y, is determined from the mass of water inserted into the capsule

"The crror in peak height is 0.002 absorption units

“The error in sample thickness is 0.0003 cm

which depends on the amount of water added into the cap-
sule. Assuming air is mostly represented by N, the volatile
phase in the experiments will deviate to different degrees
from pure water, which can decrease the H,O solubility
(Preuss et al. 2016). However, if at all, only very few vesi-
cles remained in the hydrated glasses {(e.g. 5-10 vesicles in
a thin section of 500 pm thickness, 3.6 mm diameter) with
sizes < 3 um. Furthermore, during the opening of the cap-
sules, no excess fluid phase was present in the headspace of
the capsule, confirming that the H,O completely dissolved
in the melts during synthesis.

H,0-solubility experiments

For H,O-solubility experiments, solid glass cylinders of
3.6 mm diameter were used to avoid hydration bubbles at
H,O-supcrsaturated conditions that would rcsult from the
use of powder as starting material and would complicate
H,0O concentration analysis. To ensure H,O saturation of
the melt, excess water of 6, 7, 8.5 and 10 wt% H,0 were
weighed into 3.6 mm inner diameter Au80Pd20 capsules
together with a glass cylinder for the 27, 50, 100, 150 and
200 MPa runs, respectively, The same leakage rests as

@ Springer

described for the standard samples were performed on these
capsules before the solubility experiments.

The solubility experiment samples are labeled “X_L_Z",
where the X denotes Na,O excess in wt% and Z denotes
the sample number (Table 3). All solubility experiments
al 7> 1123 K were perlormed in the IHPV. Experiments
at~1123 K were carried out in a rapid quench cold-seal
pressure vessel (CSPV) with H,O used as a pressure
medium. Solubility experiments were performed at 27, 50,
100, 150 and 200 MPa and temperatures of 1523, 1323 and
1123 K. The 7> 1123 K experiments were held for at least
72 h, while experiments at 1123 K were run at least for
264 h 10 ensure homogeneous dissolution of H,O in the mell.
Experiments in the ITHPV were isobarically quenched with
16 K/s by switching off the furnace. The CSPV experiments
were terminated by releasing the external magnet, which
holds the sample in the hot zone of the autoclave during
the experiment, into the water-cooled part of the autoclave
within a time interval of ~ 30 s. Both cooling rates were suf-
ficiently slow to obtain nearly crack-free glasses after sam-
ple preparation. At the same time, cooling was fast enough
to prevent partial crystallization of the supercooled melts
before reaching the glass transition temperature range, which
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was confirmed by inspection of the quenched glasses with a
microscope. Before sample preparation, the capsules from
solubility experiments were pierced. Some water sparkled
out of the capsules ensuring that H,O still coexisted with
the melt at the end of the hydration time, which is required
for a successful solubility experiment. Only one experiment
(8_L_21; Table 3) had an increased weight after the experi-
ment, possibly duc to HyO (the pressure medium) cntering
the capsule. Because no big hole was found in the capsule,
it can be assumed that no significant fluid exchange between
the pressure medium and the fluid in contact with the melt
occurred, which could change the melt composition by
leaching. Therefore, the experiment was considered success-
ful. The pierced capsules were then dried in a desiccator
for ~2 days and rc-weighed to determine the dissolved H,O
concentration gravimetrically.

Sample preparation

For FTIR spectroscopy glass standard samples, a slice per-
pendicular to the cylinder axis was cut from the middle of
cach sample and prepared as a thin section polished on both
sides. The thickness of each section (Table 2) was measured
with a Mitutoyo digital micrometer (+3 um). The residual
sample material of the standard samples was used lor glass
density determination and Karl-Fischer-Titration. The solu-
bility samples were sectioned through the middle of each
sample parallel to the cylinder axis and prepared as polished
thin scction tor FTIR spectroscopy.

Analytical techniques
Glass density determination

Glass densitics were determined with the buoyancy method
using a Sartorius Archimedes precision scale (+0.02 mg).
Therefore, the glass pieces were weighed in air and in water.
Care was taken that no air bubbles were attached to the sam-
ple basket and the sample in the water that could lead to a
density underestimation. Via the buoyancy given by the dil-
ferences of both weights, the glass densities were calculated
(Table 2).

Karl-Fischer-titration

The total water concentrations in the hydrous standard
glasses were measured by Karl-Fischer-Titration (KFT) at
the Institute of Mineralogy, Leibniz University Hannover. A
detailed description of this method is given by Behrens ct al.
(1996). The residual H,O contents in polymerized glasses
after H,O extraction by heating to 1573 K is 0.1+ 0.05 wt%
{Behrens et al. 1996). Because the samples decomposed to

@ Springer

small fragments and powder during the heating process dur-
ing KFT measurements, the residual H,O concentrations in
the glass after KFT could not be analyzed with FTIR spec-
troscopy. However, in depolymerized samples the residual
H,0 content is negligible (Ohlhorst et al. 2001). Therefore,
the KFT data were not corrected for residual H,O in the
glass. KFT results for the standard samples are given in
Tablc 2.

Near-infrared FTIR-spectroscopy

All doubly polished thin sections were analyzed in the near-
infrared (NIR) with a Bruker Vertex 80v FTIR spectrometer
coupled with a Hyperion 3000 IR microscope. A halogen
light sourcce and a CaF, bcam splitter, a liquid nitrogen
cooled InSb single element detector and a 15 X Casseg-
rain objective were used. Spectra were processed with the
OPUS 7 soltware. Measurement argas of 50X 50 um were
adjusted by a knife-edge aperture. 50 scans were collected
for each spectrum with a spectral resolution of 4 em™". Air
was measured as reference. Across each sample at least 10
points were measured to confirm the homogeneous distribu-
tion of H,0O in the glasses. Peak heights of absorption bands
related to molecular H,0 (H,0,,;~ 5210 em ™) and hydroxyl
(OH; ~4470 em™!) after linear tangential background cor-
rection were used to determine molar NIR absorption
coefficients.

The same measurement conditions were applied for the
H,O selubility samples. The measurcment points were
distributed along two profiles, one perpendicular and one
parallel to the cylinder axis to detect a possible H,O con-
centration gradient throughout the hydrated cylinder. H,O,,
and OH absorbances were determined after linear tangen-
tial background correction. Together with the glass density
relationship, linear molar absorption coefficients and sample
thickness, the concentration of molecular HyO (cgoq,) and
H,O dissolved as OH (c)) were calculated with the Lam-
bert-Beer-Law, the sum of which yields the total amount
of H,0 species expressed as dissolved H,O (¢ ). 1.e. the
H,0 solubility (Table 3). A detailed description is given in
the following sections.

Results and discussion
Glass densities

For all glass compositions, the density linearly decreases
with increasing H,O, content (Fig. 1). However, the density
of the nominally dry glasses is slightly lower than expected
by the y-intercept of the linear trend of the correspond-
ing hydrous glasses. The porosity of the anhydrous AOQ2
glasses is ~ 1.3%,~0.02% in the AOQ4 glass and AOQ8 is
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Fig. 1 Glass density as a function of cy o, for AOQ2, AOQ4 und
AOQS glasses. The density relation for the AOQ glass composition
of Nowak and Behrens (1997) {N&B97) is given for comparison. For
the data of this study, the regression lines are fitted to hydrous glasses
only (for details see text). Errors of the data result from error propa-
gation with weighing errors {(+0.2 mg) and the uncertainty in CH, o
from KFT meusurements (Table 2)

nearly bubble-free. Thus, the low density cannot be attrib-
uted to the porosity of the starting material. An explanation
for this might be that in contrast to the glasses hydrated at
high pressure, dry glasses were synthesized at 1 bar. Beh-
rens et al. (1996) suggest a synthesis pressure dependence
on density. Balzer ct al. (2020) showed the same eftect and
compacted anhydrous glasses at high pressure at tempera-
tures in the range of the glass transition which increased the
densily that is then consistent with the dependence ol the
high pressure synthesized hydrous glasses. For the data of
this study, this means that the air-melted anhydrous glasses
synthesized at ambient pressure cannot be directly compared
with the hydrous glasses. Therefore. the linear regression
lines were fitted to hydrous glasses only (Behrens et al.
1996). The linear relationships (Fig. 1) of density (in g .™")
as a [unction of ¢y ¢, (=¢p1,om+ Cons in Wi%) are

Prog = (2362) — (14.5) - cp,on (1)
Paogr = (2351 £2) — (1230 £ 0.0) - cp 0, 2)
Paoga = (2362 £4) - (9.90 £ 1.2) - ¢y 1y 3)
Paogs = (2392£3) = (7.96 £ 0.9) - ¢y 1 4)
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Fig.2 NIR raw absarption spectra of hydrous AOQ2, AOQ4, and
AOQR standard glasses normalized to a sample thickness of 500 pm.
Each set of 3 spectra is given for the Std_X_0.5, Std_X_1, Std_X_2,
Std_X_4 and Std_X_7 samples from bottom to top. The spectra
are the mean ol 10-13 measurements of each sample. Spectra are
shifted in y-direction lor illustration purposes. The absorption band
at~5210 em™ is associated with molecular water (H,O,,) and the
band at ~4500 cm™' with hydroxyl (OH)

where the AOQ density relationship is from Nowak and
Behrens (1997). The density increase with increasing per-
alkalinity is attributed to increasing depolymerization with
the addition of Na,O, which results in a volume decrease
(Botlinga and Richel 1995).

Linear molar absorption coefficients
for near-infrared FTIR

The raw mean spectra from 10 to 13 measurements across
each sample with cypq, between 0.5 and 7 wt% normalized
to 500 um sample thickness are shown in Fig. 2. A standard
deviation of < 0.002 absorbance units was determined from
single spectra on one and the same sample, demonstrating
the homogeneous distribution of H,O in the samples.
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A linear tangent baseline correction identical to the pro-
cedure of Behrens et al. (1996) was used to determine peak
heights. Therefore, the tangent was anchored at the high
wavenumber side of the~521¢ cm™ band and the mini-
mum between the 5210 and 4700 cm™' bands and was then
extrapolated towards lower wavenumbers. Consistent with
other spectra of peralkaline compositions (Behrens et al.
1996), the tail of the OH band is higher towards lower wave-
numbers with an increasing amount of Na,O excess. This
has to be considered for the separation of the combination
band from the background (Behrens et al. 1996). The fit of
a Gaussian to the 4000 em™' shoulder (Fig. 3) verifies that
the 4470 cm™ peak height is not influenced by the lower
frequency band. This justifies the use of the linear tangent
bascline correction cven for the strongly peralkaline AOQS
glass. This baseline correction is also preferable because it
was dlso used for AOQ (Behrens and Nowak 2003), allowing
a direct comparison of linear molar absorption coeflicients
with those obtained in this study.

The NIR band intensities of OH (~4470 ¢cm™') and H,0,,
{~5210 cm™) were used to calculate the respective concen-
trations with the Lambert-Beer—Law:

1802 - Ay
C = —_—
mo = 5, Emo (%)
1802 - Ay
Con = d-p- Eon ’ ©
0.4 . . .
—Std_8 7
********** gaussian

absorbance (-)

-0.1

5500 5000 4500 4000

wavenumber (cm'1)

Fig.3 Linear tangential background-corrected NIR spectrum of
Std_8_7. A Gaussian was fitted to the 4000 em™! shoulder to rule out
a possible mfluence on the peak height of the hydroxyl band
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where ¢y o and cqy are the species concentrations expressed
as wi% dissolved H,0, A is the height of the respective
absorbance band, d the sample thickness in cm, p the den-
sity in g L™! and & the absorption coeflicient in L mole™!
cm™'. The absorption coefficients were determined for each
glass composition using the NIR absorbances of the hydrous
glasses with known total ¢,y5¢, from KFT analysis. After the
rearrangement of Egs. 5 and 6, the normalized absorbances
(in parentheses) are obtained:
1802 - Ay, Em,0 1802 - Ay
d - p- ey, krT =m0 eog \d P cppg (KFT)
1 it §
N
A straight line is obtained by plotting the normalized

absorbances where the absorption coefficients of OH and
H,0,, correspond to the intercepts with the x- and y-axis,

1.6 ]
’“o._‘
IN
Q
. 1.2 -
(=N
)
e ]
S 038
<
™
o
2 04 :
0 1 1 1 L

0 0.4 0.8 1.2 1.6

(1802 A )N(d - p - cHZOt)

Fig.4 Normalized absorbances [or the hydroxyl and the molecular
H,O absorbance obtained from NIR measurements. The lines are
weighted least square regressions. Their x and y-intercepts define
the linear molar absorption coefficients for OH and molecular H.O,
respectively. Errors of the data points are derived from an error prop-
agation using errors in d: 0.0003 e¢m; density and ¢pg, see Table 2
and absorbance: 0.002. For comparison the blue line represents the
normalized absorbance dependence for AOQ) composilion determined
by Behrens and Nowak (2003) using the same background correction
as in this study
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respectively (Fig. 4). Absorption coefficients obtained from
weighted linear least-squares regression are:

AOQ2 : gpy =159 00 and ey o = 1.50£0.02L mole™ em™!
AOQ4 gy = 150 £0.04 and £, ¢, = 1.20 £ 0.02 L. mole™ cm™'

AOQ8 1 £or =1.03 £0.05 and £, =096 £ 0.02 L mole~lem™.

Compared with AOQ absorption coefficients of ¢qy:
1.56+0.021 and e, 1.794+0.021 I. mole™ em™' (Behrens
and Nowak 2003) the & , decreases strongly with increasing
excess alkali. The gqp increases slightly from AOQ to AOQ2
but then also decreases towards higher excess alkali, which can
be described by the parabolic dependencies given in Fig. 5.

The decrease in absorption coefficients with increasing
excess alkali and peralkalinity is consistent with the results of
previous studics (Acocella ot al. 1984; Behrens ct al. 1996).
Behrens et al. (1996) attribute this effect to a strong H bonding
of the H,O species to non-bridging oxygens and that only part
of the water contributes to the absorption bands. The causes
of the £qy increase for moderate excess alkali addition are
unknown, and beyond the scope of this study. However, the
dependence of absorption coefficients in Fig. 5 is confirmed
by data of Behrens et al. (2009) who determined absorption
coefficients using the same baseline procedure for a natural

2
. Eon = -136.0579x° + 5.3598x + 1.5461
IE 1.8 5
Q
‘TQ 167}
[o]
£
:.', 14F
8
wI 121
o
5 1 ,
@ €00 = 60.2302x" + (-15.4085x) + 1.8256
0.8 : : : :
0 0.02 0.04 0.06 0.08
excess alkali

Fig.5 Dependence of lincar molar absorption cocfficients with
excess alkali (difference between mole fractions of alkalis and that of
alumina) obtained from linear tangent baseline correction. The lines
are the fits to the data of this study (circles). Stars are absorption
coefficients of a natural peralkaline rhyolite composition (NSL) from
Behrens et al. (2009) obtained with the same baseline correction

peralkaline rhyolite (NSL) glass composition from New Zea-
land with similar excess alkali and identical molar Na/(Na+ K)
proportion of (.64 as AOQ?2. Behrens et al. (1996) showed that
the exchange of alkalis (Na, K, Li) changes the absorption coel-
ficients in hydrous alkali feldspar glass. Tt may be possible that
this is also the case for peralkaline rhyolitic glasses. Therefore,
the dependence in Fig. 5 may also be affected by the changing
Na/(Na+K) ratio increasing from 0.55 to 0.78 from AOQ to
AOQS. Further work is required to determine the influence of
different alkalis on the absorption coefficients in peralkaline
melts.

H,0 solubility
H,0 solubilities of haplogranitic melt with Na,0 excess

H,0 solubilities determined with FTIR-spectroscopy are in
good agreement with gravimetrically determined H,O solu-
hilities (Table 3). Similar to other melt compositions, the H,O
solubility in both AOQ4 and AOQS melts increases with pres-
sure at constant 7 and decreases with increasing temperature at
constant P (Fig. 6 a-d). Since the empirical solubility equation
(Eq. 8) for thyolitic melts defined by Liu et al. (2005) describes
the H,O solubility as function of P and T for AOQ very well
(Fig. 8, data from Holtz et al. (1995) and Liu et al. (2005)),
the functional form was adapted to derive solubility equations
for AOQ4 and AOQS. The resulting H,0 solubility (in wt%)
equations as a function of P (in MPa) and T (in K) are given by
Egs. 9 and 10. The cquations arc constrained for in the given
P and T ranges. The R? is 0.99 for both fits and the root-mean-
square error (RMSE) is 0.07 and 0.06 wt% for AOQ4 and
AOQS, respectively.

354.94P%5 49,623 — 1.5223P15
T

AOQ ¢y o (W%) =

+ 0.001244P17
[0.1 — 500 MPa, 825 — 1423 K|, (8)

337.0P%3 4 28.33p — 2.217P!S
T
+0.001271PL5

[27 — 200 MPa, 1123 — 1523 K], (9)

AOQ4 = ¢y (wi%h) =

536.4P% +5.125P — 1.091P'>
T
+0.001323P1°

[50 — 200 MPa, 1123 — 1523 K].
(10)

AOQS & oy o (W1%) =

Results oblained [rom Eqs. 8-10 reveal that H,O solu-
bility increases linearly at constant P and T with increas-
ing Na,O excess from AOQ to AOQS (Fig. 7a). At 1323 K
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Fig.6 H,0 solubility in AOQ4 a) 9 by 9 T T
(@, €) and AOQR melts (b, Aoq4 ) F (MPa) AoQs8
d) as a [unctien ol pressure 8L P (MPa) 8 20
and temperature. 1n general, 200
the H,O solubility increascs 7 7 150
with increasing Na,O excess g 6l 150 9\_.? 6
(compare a and b), For a given S s
composition, the HyO solubility ~ . st ~ . 5
increuses with increasing P and gm 100 gw 100
decreasing T. The solubility as S o4t Gy
calculated by Eq. 9 (for AOQ4) 0
and Eq. 10 (for AOQS) based on 3 M 3
the functional form of Liu et al. 7
(2005) (Eq. 8) are illustrated by 2r 2
the black lines in the investi-
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and 50 MPa the H,O solubility increases by 0.12 wt% per
excess wt% Na,O and at a higher P of 200 MPa solubility
increases by 0.3 wt%. As a result of the lincar dependence,
the solubility of any Na,O excess value can be calculated by
linear interpolation between AOQ and AOQS composition
al given P and T. This was (esled by an additional solu-
bility experiment with AOQ2 melt composition (100 MPa
and 1123 K; Fig. 7; Table 3) and data from Dingwell et al.
(1997) for haplogranitic melt (HPGS; very similar to AOQ)
with 5 (+5Na) and 10 wt% Na,O (+ 10Na) (both 50 MPa
and 1273 K; Table S1 in the supplement “S1_Tables™). For
the experimental P and T conditions of these experiments,
the AOQ and AOQS solubilities were calculated. Then it was
linearly interpolated between ( and 8 wt% Na,O excess to
abtain the H,0O solubility at the respective Na,O excess of
the desired compositions. The results obtained from interpo-
lation and modcrate cxtrapolation out of the cxperimentally
validated range (in case of the 10 wt% Na,O excess experi-
ment) yield calculated H,O solubilities that agree with the
experimentally determined values within 6% relative devia-
tion (Fig. 8).

@ Springer

A general H,0 solubility model for peralkaline rhyolitic
melts

Dingwell et al. (1997) showed for peralkaline haplogranitic
melt at 50 MPa and 1273 K that on a molar basis the solu-
bility increase with peralkalinity 1s identical for Na,O, K,0,
Rb,0 and Cs,0. They also suggest that the same behavior
can be expected at P up to 500 MPa. Only the additicn of
Li, O aflected H,O solubilily 1o a lower extent compared 1o
the other alkalis, which they explain by a possibly lacking
ability of Li,O to form non-bridging oxygen that would then
be accessible for hydrous species. Based on their findings
it can be assumed, that on a molar basis, the H,O solubility
dependence between AOQ and AOQS as a function of P and
T can be applied to haplogranitic compositions with gen-
eral excess alkali (except lor Lithium). The H,O solubilities
of AOQ (data from Holtz et al. 1995 and Liu et al. 2005),
ACQ4 and AOQS8 experiments were therefore re-calculated
in mol% and new fit parameters were obtained:
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Fig.7 a Lincar dependence of HyO solubility in wt% with incrcas-
ing Na,O cxcess with respect to AOQ composition, cxemplarily illus-
trated for the data experimentally obtained at 200 and 100 MPa and
three different temperatures, respectively (Table 3)., The AOQ data
are caleulated from Eq. 8 and the solid lines are the linear interpola-
tions between the results of Eq. 10 (for AOQS) and Eq. 8. b Shows
the linear dependence ol H,O solubility in mol% with increasing
excess alkali (difference between mole fractions of alkalis and that of
alumina) values (derived from EMPA results of the starting glasscs,
Table 1) for the same P and 7' conditions. H,O solubility for AOQ
was calculated with Eq. 11 and the solid lines are calculated with
Eq. 14

12
A ACQ(Eqn.8)
"\3 2 AOQ4 (Eqn. 9) -
< 10+ AOQS (Eqn. 10) R Ll
E ¥ AOQ2 & e
- Y HPGE+5Na Sl
o} W  HPGB+10Na
- 8 o E
L K .
3 . .
3 k
8 6y -
e -
S 4 -
Q
@
O L |
‘~ 2

I

0

0 2 4 6 8 10 12
HZO solubility (wt%)

Fig.8 Comparison of experimentally determined H,O solubility
in AOQ and AOQ+Na,O excess wilh the calculaled H;0 solubili-
tics. Equations 8-10 accurately predict the H,O solubility for AOQ
0 ADQ8 melt compositions, respectively. Since H.O solubility lin-
early increases with the amount of Na,O excess at constant P and 7,
the solubilities for any haplogranitic melt with Na,O excess can be
calenlated by linear interpolation und extrapolation as evidenced
by the AOQ2 and HPG8+5Na and HPGS + 10Na datapoints. AOQ
data are from Hollz et al. (1993) and Liu el al. (2003), HPG8 + 5Na
and+ 10Na data arc from Dingwell ct al. (1997). The dashed lincs
indicate 10% relative deviation from the 1:1 line {solid ling)

1440P%5 + 3.689P — 3.839P13

AOQ : ¢ o (mol%) =

T
+ 0.003308P"°
[0.1 — 500 MPa. 825 — 1423 K],
(1
0.5 _ 1.5
AOQH : . (mol%) = 1249P05 4 83.;9P 8.523P
+0.004575P°
[27 — 200 MPa, 1123 — 1523 K],
(12)

1896P%5 + 9.01P — 5.518P"5
T
+0.004884p'7
[50 — 200 MPa, 1123 — 1523 K]
(13)

AOQS8 : (‘Hzol(mol%) =
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Fig.9 Results from H,0 solubility calculation compared to the
experimentally delermined H,0O selubility for synthelic peralkaline
haplogranites (a) and natural peralkaline rhyolite composition (b).
For the respective P and 7" conditions, H,O solubilitics were calcu-
lated with Egs. 11 and 13 for excess alkali values (difference between
mole fractions of alkalis and that of alumina) of 0.0017 and 0.0842,
respectively. Linear interpolation as a function of excess alkali yields
the caleulated H,O solubility (in mol%; Eq. 14) for the excess alkali
value of the desired composition. Solubilities were then re-calculaled

The equations are constrained for the P and T ranges
given in brackets. These equations again reproduce the
AOQ data and the data of this study very well (Fig. 9), and
the linear dependence of H,O solubility with increasing
cxeess allali at constant P and T is also given on a molar
basis (Fig. 7b). At 1323 K and 50 MPa the H,O solubility
increases by 0.33 mol% with an increase of 0.01 in excess
alkali and by 0.78 mol% at 200 MPa. Therelore, the inter-
polation between AQQ (excess alkali=0.0017) and AOQS
(excess alkali =0.0842; trom EMPA result of the starting
glass AOQSE_4a used for the solubility experiments; Table 1)
solubility for given P and T should allow H,O solubility
calculation as a function of excess alkali independent of the
type of alkali, with Li as an exception:

Cr,olMOl% ) = eagos—{ (Croos = Caog) /0.0825) x (0.0842 - x,, ),

(14)
where ¢,qqs and g are the results of Eqs. 11 and 13,
respectively for the desired P and T conditions and x,, is
excess alkali of the desired composition (difference between
mole fractions of alkalis and that of alumina). An MS Exccl
spreadsheet and Matlab script are provided in the supple-
mentary material (“SolModel_peralk rhyolite™) that calcu-
late the excess alkali and the H,O solubility in mol% and
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into wt% for comparubility with literature data. Datu of Stabile et al.
{2018) were plolted with white symbols as these dala may have 1o
be treated with caution (sce Discussion). The dashed lines indicate
a 10% deviation from the 1:1 line (solid line). References: DI97:
Dingwell et al. (1997); DI84: Dingwell et al. (1984); LI96: Linnen
et al. (1996); ST18: Stabile et al, 2018; SMQ1: Scaillet and Macdon-
ald (2001); SMO6: Scaillet and Macdonald (2006); BJ(1: Behrens
and Jantos (2001); MO98: Moore et al. (1998); GAO1: Gaillard et al.
{2001)

wi% from the input of P, T and the anhydrous composition
in wt%.

Literature data from H,O solubility experiments with per-
alkaline haplogranitic melts (Dingwell et al. 1997; Linnen
et al. 1996; Dingwell et al. 1997) were collected and the
experimentally obtained solubilities were compared with the
calculation based on the above-mentioned approach. H,O
solubilities calculated in mol% (Eq. 14) were converted (o
wt% to be comparable to the experimentally determined
solubilities (Fig. 9a). For the haplogranitic melts with dit-
ferent excess alkali values (0.0047-0.0325; alkalis: K and
Na) of Linnen et al. (1996), the calculated H,O solubili-
ties deviate less than 5% from the experimentally deter-
mined values. The data of Dingwell et al. (1997), which
are haplogranites with a large range ol peralkalinily (excess
alkali: 0.0074-0.091) with the added alkalis being Na, K,
Rb and Cs, can be reproduced with < 10% relative devia-
tion. Only the data of Dingwell et al. (1984) (excess alkali:
0.0009-0.0241; alkalis: Na, K) show a systcmatic offsct,
where the calculated H,O solubility is~1 wt% higher than
the experimentally obtained value. The haplogranite of
Dingwell et al. (1984) is chemically comparable to the other
haplogranites (see supplementary material “S2_data_collec-
tion”), so that this systematic deviation cannot be explained.
The offset is further discussed later in the text.
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Lithium seems to behave differently by affecting H,O sol-
ubility to a lower extent compared to the other alkalis (Ding-
well et al. 1997). However, we found that when accounting
only [or 0.4 times the mole [raction of Li,O lor the calcula-
tion of excess alkali, a good agreement for the calculated
solubility based on excess alkali with the observed H,O
solubility of Dingwell et al. (1997) is obtained. This could
imply that only 40% of the total Li content form non-bridg-
ing oxygens that are then accessible for bonding of hydrous
species. This factor was implemented into the solubility
model (Excel spreadsheet and Matlab script). However, the
use of this factor for Li-bearing melts in the solubility model
requires further validation as it is so far based on only four
data points from Dingwell et al. (1997). Note, that due to
this factor, the calculation of the excess alkal valuc tor Li-
bearing compositions with the spreadsheet does not give the
true but an effective excess alkali value for H,O solubility
calculation.

To further test the developed H,O solubility model, H,O
solubility data from natural peralkaline rhyolitic melt com-
positions were used (Scaillet and Macdonald 2001, 2006;
Moore et al. 1998; Behrens and Jantos 2001; Gaillard et al.
2001; Stabile et al. 2018). In contrast to the haplogranitic
melts, these natural peralkaline compositions contain addi-
tionally low amounts of TiQ), (0-0.36 wi%), MnO (0-0.17),
MgO (0-0.02 wt%) and CaO (0.17-0.41 wt%) and higher
concentrations of FeO (up to 5.3 wt%; supplementary mate-
rvial *S2_data_collection™). There is good agreement of the
modcled H,O solubilitics with the data of Behrens and Jan-
tos (2001), Moore et al. (1998) and Gaillard et al. (2001)
with deviations < 7% (Fig. 9b). The excess alkali for these
data ranges between 0.0072 and 0.0253. The data of Stabile
et al. (2018) (excess alkali: 0.011 = 0.0307) show significant
deviation with higher observed solubilities than calculated
with the model. However, the data of Stabile et al. (2018)
may be trcated with caution. This is the only study rcporting
considerable amounts (~30 vol%) of hydration bubbles in
the glasses after the solubility experiments due to the use
of glass powder as starting material for H,O supersaturated
experiments. The H,O concentrations have been analyzed
with KFT (bulk analysis) without prior crushing of the H,O
hubble-bearing glasses. Therefore, it cannot be excluded that
the H,0 solubilitics in this study may be overestimated by
analyzing the sum of H,O dissolved in the glass and addi-
tional water contained in the bubbles. The data from Scaillet
and Macdonald (2001, 2006) are from phase relation stud-
ies in peralkaline rhyolitic melts. Scaillet and Macdonald
(2006) provide two solubility values that they obtain from
H,0 saturated experiments. From Scaillet and Macdonald
(2001) we use the H,O values obtained from crystal-free
melt that coexisted with an H,O vapor phase after equili-
bration and quench. The data cover a range of excess alkali

between 0.0216 and 0.0501. Due to the analysis of H,O with

the by-difference method using the electron microprobe, the
errors in H,O solubility of these two studies are higher com-
pared to those of the other studies. The mean absolute devia-
tion between predicled and observed solubilities [or the test
data (all data presented in Fig. 9 excluding AOQS. which is
part of the training set of the model) is 8.1% (without Stabile
etal, 2018 data: 4.7%).

The good agreement of obscrved H,O solubility with the
predicted solubilities based only on a single chemical param-
eter for both Fe-free haplogranites and Fe-bearing natural
peralkaline rhyolitic melts suggests that the addition of Fe
does not influence the H,O solubility in peralkaline melts.
Gaillard et al. (2001) found that also the Fe®*/Fe’* ratio
has no measurable effect on H,O solubility in their peral-
kalinc melts which is confirmed by the data from Scaillet
and Mcdonald (2001) where experiments with iron-bearing
melts yield similar H,O concentrations under reduced and
oxidized conditicns.

We also tested the calculation of H,O solubility as a
function of the compositional parameter MCLNK-A1/O
from Behrens and Jantos (2001) instead of the excess alkali.
Behrens and Jantos (2001) developed the MCLNK-AL/O
parameter, defined as 100 X (2 Mg+ 2Ca+ Li+ Na+ K-Aly
total oxygen, to describe H,O solubility for peraluminous
to peralkaline melts. For peralkaline melts the parameter
corresponds to the ratio of mole percentage of non-bridging
and total oxygen. Thus, the parameter would extend the
dependence of our model by the contribution of Mg and Ca
on the H,O solubility. The synthetic haplogranites arc Mg-
and Ca-free, while the melts based on natural compositions
have low Mg and Ca concentrations. Therefore, using the
MCLNK-AL/O parameter in Eq. 14 instead of excess alkali
yields similar H,O solubilities for the haplogranites. For the
natural compositions, the calculated H,O solubilities using
the MCLNK-AI/O parameter are only slightly higher com-
parcd to those from cxcess alkali calculations (supplemen-
tary material “S2_data_collection™) but still within error.
This observation when accounting additionally tor Mg and
Ca indicates that Mg and Ca in the natural rhyolitic com-
positions do not influence the H,O solubility in peralkaline
rhyolitic melts to a significant amount.

Comparison with other solubility models

The H,O solubilities of peralkaline rhyolitic melts were
compared to the prediction of the most recent H,O solubil-
ity models—all of which are thermodynamic models—that
allow the calculation of solubilities as a function of P, T and
melt composition (Papale et al. 2016; Duan 2014; Ghiorso
and Gualda 2015). The data of Dingwell et al. (1997) con-
taining Rb and Cs as alkalis cannot be calculated using these
models because the models only consider Na and K, the
most abundant alkalis in natural melts.
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Fig. 10 Available experimentally determined H,O solubility data for
peralkaline rhyolitic melts compared to predicted values from exist-
ing HyO solubility models (a—¢) and the approach of this study (d).
The legend in a is valid for all four graphs. The data in (d) are the
summary ol Fig. 9a, b. The dashed lines indicate a 10% deviation
from the 1:1 line (solid line). All datasets together with their chemical
composition arc available in the supplementary material “S2_data_
collection™, Data of Stabile et al. (2018) were plotted with white sym-
bols as these data may have to be treated with caution (see discus-

It was found that the model of Papale et al. (2016) predicts
the H,O solubilities in the haplogranites within 10% devia-
tion at P <200 MPa. The mean absolute deviation of pre-
dicted values from observed solubility is 8.4% but the model
fails at higher H,O solubilities where it underestimates the
H,O solubilities significantly (Fig. 10a). The solubilities of

@ Springer

lp) Du.an 2(_}14

§ 12 )/,,
> 10 ‘{76, =
S 8 , °
o)
% %,
O 5 /' Y
™~ Mg
T L RS
T 4 5
: ey
= p
o 2
= F &
(@]

0 L L i A 1 L
0 2 4 6 8 10 12

HZO solubility (wt%)

d) This study
12
9

calculated H20 solubility (wt%)

0 2 4 6 8 10 12
H,O solubility (wt%)

sion). For the Dingwell et al. {1997) data, the melts with alkalis other
than Na and K could only be calculated with the model of this study
as the other models only account for Na and K. References: DI97:
Dingwell et al. (1997); DI84: Dingwell et al. (1984); LI%: Linnen
el al. (1996); ST18: Stabile et al. (2018); SMO1: Scaillet and Mac-
donald (2001); SM06: Scaillet and Macdonald (2006); BIGL: Behrens
and Jantos (2001); MO98: Moore et al. (1998); GAOL: Gaillard et al.
(2001)

Dingwell et al. (1984) are the only ones that are system-
atically overestimated by the model. For the natural melt
compositions also a higher deviation is found at higher H,0
solubilities where the data from Behrens and Jantos (2001)
are underestimated. One reason for the deviations can be
the sensitivity of the Papale et al. (2016) model to redox
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conditions (i.e. Fe™t/Fe™ ratio) as discussed by Wieser et al.
(2022). Another reason may be an increasing uncertainty of
the model at higher pressures. The Dingwell et al. (1997)
melts do not contain iron or other multivalent cations and
nevertheless the data show a large discrepancy (Fig. 10a), we
suggest that the pressure effect is not negligible.

The Duan (2014) model underestimates H,O solubili-
ties in peralkaline melts with a mean absolute deviation of
23.7% (Fig. 10b). There is a systematic increase in deviation
between modeled and observed solubilities with increasing
peralkalinity. At constant P and 7, the model predicts nearly
constant H,O solubilities for AOQ4 and AOQS, indicating
that the model does not account for the effect of excess alka-
lis on H,O solubility. Again, only the Dingwell et al. (1984)
datasct 1s overestimated.

The Ghiorso and Gualda (2015) model generally predicts
most of the data quite well up to high pressure with a mean
absolute deviation of 11.8% (Fig. 10c). The Dingwell et al.
(1984) data are overestimated and the data of Stabile et al.
(2018) are partly underestimated, which is comparable to
the model prediction of this study (Fig. 10d), However,
for five datapoints (three are out of range of the y-axis) the
model predicts unrealistically high solubilities. These are
datapoints calculated for compositions where all alkali is
present as K, O, which suggests that the model is not stable
towards Na,O free compositions.

It can be concluded that the new model of this study
reproduces the observed solubilities in peralkaline rhy-
olitic melts most accurately with only two outlier datascts.
The model can therefore be considered to be valid within
the P and T range of the summarized experiments that are
27-500 MPa and 9761523 K and excess alkali values up to
0.0825. Concerning the two outlier datasets, it is noteworthy
that the Dingwell et al. (1984) data are overestimated by
all model predictions. The observed H,O solubilities con-
trast cspecially the overall trend of the Duan (2014) modcl
tends to underestimate H,O solubility in peralkaline rhyolitic
melts. However, the anhydrous melt composition is within
the range of the other tested data. Reasons for such a system-
atic deviation, e.g. a systematic analytical underestimation
cannot be excluded but also not be further evaluated.

Conclusion

Existing H,O solubility models are restricted to Na and K as
alkalis present in silicate melts. The approach of this study—
calculating the H,O solubility as a function of excess alkali
as a single chemical parameter—allows the prediction of
H,O solubility for melts with all alkali clements except for
lithium. Interestingly, the empirical model performs slightly
better than the thermodynamic H,O solubility models. This

indicates that the thermodynamic understanding of H,O
solubility in peralkaline melts could be further improved.

The accurate prediction of HyO solubility in peralkaline
melts is a contribution towards better understanding per-
alkaline rhyolite eruption styles that are up to now largely
unknown {Clarke et al. 2019) and to improve the reconstruc-
tion of magmatic and volcanic processes related to peralka-
line melts that occur c.g. in the East African Rift, Kenyan
Rift, Gran Canaria, Turkey and Pantelleria (Lowenstern and
Mahood, 1991; Neave et al. 2012; McDonald et al. 2015;
Clarke et al. 2019). In the future, the investigation of the
effect of peralkalinity on the solubility of other volatiles like
CO, and mixed volatiles would be interesting.

Summary

e Linear molar absorption coeflicients for water species
quantification with near-infrared FTIR-spectroscopy
were determined for peralkaline melts with the compo-
sitions AbggOr;,Qz,5 (AOQ)+2,+4 and + 8 wt% Na,O
cxcess to allow the determination of the H,O species
concenfration,

e H,O solubilities at high pressures (27-200 MPa) and
temperatures (1123-1523 K) were determined flor peral-
kaline haplogranitic melts with 4 and 8 wt% Na,O excess
with respect to AOQ composition. Combined with H,O
solubilities in AOQ melt (Holtz et al. 1995; Liu et al.
2005}, a lincar dependence of H,O solubility (wi%) as a
function of Na,O excess (wt%) at constant P and T was
found.

e Dingwell et al. (1997) showed that the H,O solubility (in
mol%) can be calculated as a function of excess alkali
(difference between alkali and alumina mole fractions).
Based on that dependence, a model was developed that
describes HyO solubility (mol%) bascd on P, T and
excess alkali.

e Comparison of the model predictions with the observed
H, O solubilities in peralkaline haplogranitic and peralka-
line natural melts yields good agreement. This suggests
that H,O solubility in peralkaline rhyolitic melts, can —
besides P and T — be effectively described based on only
a single chemical parameter.

o (Calculation scripts (MS Excel and Matlab) are provided
in the supplementary material to calculate H,O solubil-
ity in peralkaline rhyolitic melts at 27-500 MPa, 980
1523 K and excess alkali up to 0.0825.

Supplementary Information The online version contains supplemen-
tary material available at hips:/doiorg/10.1007/500410-022-01915-8.
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Abstract, The injection of mafic magma into a hydrous felsic magma chamber is a potential trigger mech-
anism [or bimodal explosive volcanism. As HO is the most abundant volatile component in magmas, the
interaction and the degassing behavior ol mildly peralkaline hydrous rhyolitic melt in contact with hydrous
basaltic melt were investigated by decompression experiments. Preparatory hydration experiments and bimodal
magma decompression experiments, as well as reference experiments, were carried out in an internally heated
argon pressure vessel. Pre-hydrated rhyolite and basalt cylinders were perfectly contacted together in a precious-
metal capsule, heated to 1348 K at 210 MPa, and thermally equilibrated for 10 min. The initial sample properties
were determined by a bimodal reference experiment, quenched immediately after equilibration. To simulate the
magma ascent, three bimodal samples and a decompression experiment with two contacted rhyolite cylinders
for testing the experimental setup were decompressed with 0.17 or 1.7 MPas™! to the final pressure of 100 MPa
and then quenched.

All decompression experiments resulted in vesiculated samples. The HyO vesicles observed in the de-
compressed sample of the monomodal rhyolite-rhyolite reference experiment are homogeneously distributed
throughout the sample. The former interface between the contacted glass cylinders is invisible after decompres-
sion and quench. This reference experiment proves that the two-cylinder design does not influence the degassing
behavior of the hydrous melt, ¢.g., an increased formation of vesicles at possible nucleation sites at the contact
plane of the cylinders.

The undecompressed bimodal rhyolite—basalt sample shows crystal-free rhyolitic glass, whereas 3 um sized
idiomorphic magnetite crystals coexist with glass in the basaltic part of the sample. Within the 10 min ran time,
a ~ 300 um wide hybrid composition zone developed between the hydrous rhyolitic and basaltic endmembers,
caused by diffusion-induced mixing processes.

Decompression and quenching of the bimodal melts resulted in vesiculated glass samples. A ~ 100pm wide
zone ol alkali-depleted rhyolitic glass as part of the ~ 300-560 um wide hybrid zone is covered with an enhanced
number of H;O vesicles compared (o the pristine rhyolitic and basallic glass volumes. We suggest that this
enhanced vesiculated zone forms by a rapid ditfusional loss of alkalis from the mildly peralkaline rhyolitic melt
into the basaltic melt of the sample. The reduced alkali concentration significantly reduces the HoO solubility
of the rhyolitic melt. This process enhances the HoO supersaturation necessary for vesicle formation during
decompression.

In summary, the new findings imply that convective magma ascent driven by the injection of hot basaltic
magma into a hydrous peralkaline rhyolitic melt reservoir leads to enhanced HoO vesicle formation near the melt
interface and thus to efficient degassing. This in turn can accelerate buoyancy-driven magma ascent and mingling
and mixing processes that induce further degassing and potentially trigger explosive volcanic eruptions,
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1 Introduction

Explosive volcanic eruptions are driven by the formation
and growth of volatile vesicles, mainly H>0 and subordi-
nate CO-, in hydrous silicic melts. The formation of fluid
vesicles requires supersaturation of volatiles dissolved in the
silicate melt. Vesicles in hydrous rhyolitic melt form by nu-
cleation (e.g., Sparks, 1978; Navon and Lyakhovsky, 1998;
Gonmnermann and Manga, 2007; Hajimirza et al., 2019; Gard-
ner et al., 2022) or, as recently suggested for phonolitic Vesu-
vius melt composition, by spinodal decomposition (Allabar
and Nowak, 2018; Allabar et al., 2020; Sahagian and Car-
ley. 2020; Gardner et al., 2022). However, vesicle formation
and growth lead to an overpressure that might burst the ccil-
ing of a magma chamber (e.g., Sparks et al., 1977; Sigurds-
son and Sparks, 1981; Miller and Wark, 2008; Spera et al.,
2016). The resulting sudden pressure (P) drop enhances the
further formation and growth of vesicles, which significantly
reduces magma density. Accelerated magma ascent and rapid
expansion of vesicles lead finally to magma fragmentation.
These fundamental mechanisms hold to small explosive sili-
cic eruptions, such as the 1875 eruption ol Askja in Iceland,
which produced ~ 0.2km> of rhyolitic magma (Sigurdsson
and Sparks, 1981) with a voleanic cxplosive index (VEI)
of 4. They also apply for catastrophic explosions, e.g., the
74 ka supereruption of Toba on Sumatra with a VEI of 8,
which ejected ~ 2800 km? of rhyolitic magma, equivalent to
~ 8000 km® of volcanic ash (Rose and Chesner, 1987; Self
and Blake, 2008).

Under the pressure and temperature conditicns of subvol-
canic magma chambers, silicate melts can dissolve several
weight percent {(wl %) ol the main volatile H2O. Several pro-
cesses lo achieve volatile supersaturation and vesicle for-
maticn are discussed: (1) decompression by magma ascent
(c.g., Sparks et al., 1977), (2) sudden pressure drop by carth-
quakes rupturing hydrous magma chamber roof rocks, (3) en-
richment of volatiles that exceed the saturation limit of sili-
cate melt due to partial crystallization (e.g., Bachmann and
Bergantz, 2008; Scaillet and Pichavant, 2003), (4) thermal
vesiculation induced by the latent heat of partial crystalliza-
tion and frictional heating (Lavallee et al., 2015), and (5) the
injection of hot malic magma into ditferentiated volatile-
rich silicic magma accompanied by mechanical mingling and
chemical mixing processes (Miller and Wark, 2008; Spera et
al., 2016; Murphy et al., 1998; Leonard et al., 2002; Druitt et
al., 2012; Perugini et al., 2012; Laumonier et al., 2014; Picha-
vant et al., 2018), as well as (6) dispersion of partially crys-
tallized mafic fragments acting as heterogeneous vesicle nu-
cleation sites in hydrous silicic melts (Paredes-Marino et al.,
2017). While the first points have already been extensively
studied (e.g., Martel et al., 2017), experimental approaches
to the last points are rare. Therefore, this experimental work
focuses solely on the effects of magma degassing (riggered
by magma injection.

Eur. J. Mineral,, 35, 613-633, 2023

1.1 Geological background of explosive volcanic
eruptions triggered by magma injection

Bimodal basaltic—rhyolitic volcanism in Iccland was first de-
scribed by Bunsen (1851). In recent literature partially crys-
tallized mafic streaks, glass fragments, blebs, and enclaves
are described as common features in products of explosive
felsic volcanic eruptions (e.g., Sparks et al., 1977; Troll et
al., 2004; Miller and Wark, 2008; Arienzo et al., 2010; Druitt
et al., 2012; Paredes-Marino et al., 2017; Jarvis et al., 2021).

Injection of hot basaltic magma into a rhyolitic magma
chamber may induce local temperature dilferences of up to
500K that shifl the system out of equilibrium (e.g., Sparks
ct al., 1977; Snyder, 2000; Miller and Wark, 2008). Accom-
panicd mechanical magma mingling significantly increascs
the contact surface of the two melts (e.g., Perugini et al.,
2012; Jarvis et al., 2021). This enhances the transfer of heat
and mixing by chemical diffusion. Two important effects
are triggered by heat transfer at the interface: (1) volatile-
bearing hot basaltic magma cools down and may partially
crystallize. The possible exceedance of the volatile satara-
tion limit by sullicient enrichment in the residual mell can
lead (o vesicle formation and growth. (2) Volatile-rich sili-
cic magma can be superheated. This may lead to the forma-
tion and growth of fluid vesicles as HaO solubility decreases
with the temperature at pressures of < 300 MPa (Holtz et al.,
1995; Lavallee et al., 2015). In both scenarios, the vesicle for-
mation and growth significantly decrease the magma density,
which is controlled by the pressure—volume—temperature
(PVT) behavior of HaOpyig. The decrease in magma den-
sity may trigger buoyancy-driven convection and a large-
scale overturning of an initially stratified magma chamber
within timescales of days or weeks (Sparks et al., 1977; Sny-
der, 2000; Phillips and Woods, 2002). Further vesicle for-
mation and cxpansion accelerate magma ascent. The rapid
build-up of internal fluid pressure during the growth of bub-
bles and the increase in melt viscosity induced by H»O loss
may cause melt fragmentation, followed by explosive vol-
canic eruptions.

1.2 Experimental investigation of the interaction of
felsic and mafic magmas

Yoder (1973) investigated experimentally the physicochemi-
cal interaction of HyO-saturated basaltic and rhyolitic melts.
The fusion of mixed fine-grained rock powders and HoO at
100 MPa and 1473 K resulted in complete melt miscibility.
In contrast, melting of layered basaltic and rhyoelitic rock
powders resulted in separated glasses with a narrow dillusion
zone with an intermediate (hybrid) composition ol ~ 300 um
across the interface after 2h of fusion and quench. This in-
dicates that silicatc melts of different compositions can be
maintained in direct contact at least for a short time. John-
ston and Wyllie (1988) confirmed these results with coupled
hydrous basaltic and rhyolitic melt reaction experiments at

https://doi.org/10.5194/ejm-35-613-2023
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1 GPa and 1193 K. They demonstrated that alkali diffusion
is orders of magnitude faster than the diffusion of divalent
cations that is limited by the diffusion of the network form-
ers Si and Al (Watson, 1982).

Experimental mingling of basaltic and silicic melts was
successfully conducted by the mechanical torsion of two
contacted melt disks at 1483 K and ambient P (Kouchi and
Sunagawa, 1985). Laumonier el al. (2015) mingled hydrous
basaltic and tonalitic magmas by torsion in a Patterson ap-
paratus at 300MPa and < 1293 K. The experimental prod-
ucts show entrainment of mafic crystals into the felsic melt,
mafic—felsic banding, and enclave formation similar to the
textures observed in bimodal voleanic rocks. Perugini et
al. (2012) and Morgavi et al. (2013) used a rotating crucible
and a rotating inner cylinder based on the so-called journal
bearing system (JBS) to mingle granitic and basaltic melts
at 1623-1673 K. The observed chaotic mingling by stretch-
ing and folding induces a significant increase in the interface
of the silicate melts within hours and enhances diffusional
exchange between the two melts. Wiesmaier et al. (2015)
demonstrated magma mingling of nominally volatile-free
rhyolitic and basaltic melts at ambient P and 1723 K with-
out external forces. Air bubbles were intentionally entrapped
at the coarsely ground interface of the two glass cylinders
stacked on each other. During the experiment, the initial air
bubbles ascended from the melt interface into the overlying
rhyolitic melt. The bubbles dragged filament-like mafic melt
streaks into the rhyolitic melt. Furthermore, numerical sim-
ulations of Montagna et al. (2015) show that the mingling
of volatile-rich shoshonitic and partially degassed phonolitic
magma develops over a short timescale of hours.

Despite these numerous experimental studies on bimodal
melts, experiments to simulate degassing processes driven
by magma injection are still lacking. Therefore, this study
aims to find an experimental approach to investigate H>O
degassing processes by simulating the injection of volatile-
bearing basaltic melt into an HoO-saturated differentiated
felsic melt. The main questions that we (ry (o answer in
this study are as [ollows: how do interdilfusion processes
between the rhyolitic and basaltic melt influence the H,O
solubility in the developing intermediate melt composition?
‘Would this further affect the vesicle nucleation? Which zone
of bulk melts is influenced by the degassing and mixing pro-
cesses, dependent on time and decompression rate?

2 Experimental and analytical methods
2.1 Starting material

Rhyolitic and basaltic glasses similar to the bimodal magma
compositions of the Askja volcanic complex (Sparks ct al.,
1977) were synthesized. A modification was implemented on
the rhyolitic composition to obtain a simplified and slightly
peralkaline haplogranitic composition (AbigOr3sQzog, in
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wt9%; Holtz et al., 1992) with a Na,O excess of 2 wt%.
The modification was chosen to obtain a nearly bubble-
free glass and a distinct interface between the intense, dark
brown basaltic glass and the iron-free colorless and trans-
parent rhyolitic glass to best visualize the expected bubble
textures and possible mixing effects. The basaltic composi-
tion was synthesized according to the analyses of Philpotts
and Ague (2009) (Table 1). To receive homogeneous start-
ing glasses of rhyolitic and basaltic composition, the glass
syntheses were conducted following the experimental proto-
col of Marxer et al. (2015) and the improvement described in
Allabar and Nowak (2018). This procedure ensured crystal-
and tension-free homogeneous glasses that are nearly free of
air bubbles. Cylinders up to 13 mm in length and 5 mm in
diameter were drilled from the glasses. The sharp edges of
each glass cylinder were sanded and rounded to prevent cap-
sule damage during pressurization. The glass compositions
were confirmed with electron microprobe analysis (EMPA)
(Table 1).

2.2 Hydration experiments

Rhyolitic and basaltic glass cylinders were used as start-
ing material for preparatory hydration experiments. Previ-
ous studies indicated that hydration experiments at high P
and T (temperature)} using glass powder induced the for-
mation of numerous small vesicles in the sample volume
due to excess HrO fluid in the case of saturated conditions
(e.g., Gardner et al., 1999; Iacono-Marziano et al., 2007) or
due to H;O-N7 vesicles in the case of HyO-undersaturated
conditions (c.g., Preuss et al., 2016). Anncaled and clcaned
AuB0Pd20 tubes (outer diameter: 5.4 mm; inner diameter:
5.0 mm), with lengths depending on the specific glass cylin-
der lengths, were closed at the bottom with AuS80Pd20 lids
while the other side was crimped to a star shape, to stabilize
the shape of the capsules at high P and T (Marxer et al.,
2015).

To ensure H>O saturation of the melt during the hydration
experiments, 6wl % (o 7wl % waler was welded logether
with the rhyolite or basalt glass cylinders into the capsules
(Fig. 1). Under hydration conditions of 200 MPa and 1523 K,
calculated HaO solubilitics arc 5.7 wt % HyO in the mildly
peralkaline rhyolitic melt (Allabar et al., 2022) and 4.8 wt %
H>O in the basaltic melt (Berndt et al., 2002). Consequently,
the excess water added to the capsules ensured complete H,O
saturation for both melt compositions. To check for possible
leakage, the sample capsules were reweighed after heating
to 383 K and after pressurization in a cold seal pressure ves-
sel to 100 MPa al room lemperature and again aller sloring
al 393 K at ambient pressure. In the case of constant weight,
the capsules were used for hydration experiments.

The hydration experiments were performed in an inter-
nally heated argon pressure vessel (IHPV) at 1523 K and
200MPa for 96h at an intrinsic oxygen fugacity close to
AlogQFM = +4-3.5 (Berndt et al., 2002). After hydration, the

Eur. J. Mineral,, 35, 613-633, 2023



616

melts were quenched isobarically with a moderate quench
rate of ~ 16 Ks~! (NQ; Allabar et al., 2020) to room tem-
perature by switching off the THPV furnace. This ensured
the production of crack-free glass cylinders that were used
for the magma injection experiments. The capsules were then
punctured and heated at 383 K for at least 24 h to gravimetri-
cally determine the amount of released free water to calculate
the H2O content ol the glass (Table 2).

2.3 Preparation of hydrated samples

The hydrated glass cylinders were prepared for further de-
compression experiments and analysis. The cylinders were
unwrapped from the capsule material. The 500 um slices
were cul from the middle of the samples perpendicular 1o
the eylinder axis for the preparation of double-sided polished
thin sections to be used for sample characterization. The re-
maining samplc halves were ground and polished cach on
one cylinder face. This procedure enabled an ideal contact
surface of two glass eylinders required for the bimodal de-
compression experiments.

2.4 Bimodal decompression experiments

For cach bimedal magma injection (MI) experiment, a hy-
drated rhyolite cylinder and a hydrated basalt cylinder were
inserted into a new AuB0Pd20 capsule, oriented as rhyolite
on top of basalt or basalt on top of rhyolite (Table 2). The pol-
ished faces of both glass cylinders were horizontally aligned
to prevent air entrapment between the cylinder Taces. Air en-
trapment could cause the formation of pre-existing vesicles
between the two cylinders during the melting process {e.g.,
‘Wiesmaier et al., 2015), which may allect the degassing pro-
cess during subsequent decompression as an experimental ar-
tifact. To test this experimental design, a reference sample
was preparcd where two rhyolite cylinders of one hydrated
sample were contacted in a capsule (Fig. 1).

The bimodal experiments were conducted in the THPV
equipped with a rapid quench device (Berndt et al., 2002).
Five experiments were performed:

— one decompression reference experiment (rhyolite—
rhyolitc Rt-Rt: MI_Rt_1) to validatc the ncw cxperi-
mental procedure

— one bimodal reference experiment (thyolite—basalt Ri—
B: ML_5) to determine the initial melt conditions after
thermal equilibration and before decompression

— three bimodal decompression experiments (Rt-B:
MI_T_3, MI_6 and MI_7) to study H2O degassing in
a bimoedal magma system.

All samples were heated 1sobarically at the initial pres-

sure (P;) of 210 MPa at 25K s~ from room temperature to

the run temperature (7;) of 1348 K or 1403 K (Table 2). The
P and T conditions ensured HoO undersaturation to prevent
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H:O loss during the temperature equilibration of 10 min. Ex-
cept for experiment MI_5, the hydrous bimodal melt assem-
blages and the Rt-Rt melt assemblage were decompressed
isothermally, using a high-pressure valve optimized for con-
tinuous decompression (e.g., Nowak et al., 2011; Allabar and
Nowak, 2018). Decompression rates of 0.17 or 1.7 MPa 571
were applied unlil the final pressure (Fy} of 100 MPa was
reached. To minimize partial crystallization ol the basallic
melt, all MI samples were quenched at a medium quench rate
(MQ) of ~44 K 51 (Allabar et al., 2020). Because rhyolitic
melt is not as prone to the quench-crystal formation, the Rt—
Rt sample was quenched more slowly at ~ 16 K5~ to room
temperature by switching off the furnace. After re-weighing
the capsules to determine possible H-O loss due to leakage,
the decompressed samples were cut parallel to their cylinder
axes. Omne-half of each sample was embedded in epoxy resin,
ground, polished, and sputtered twice with a 5nm carbon
coating for EMPA and scanning electron microscopy (SEM)
analysis, while the other half was used for the preparation
ot double-sided polished thin sections of ~ 200 um thickness
(d; measured with a Mitutoyo digital micrometer (+ 3 um):
Table 2) for Fourier transform infrared (FTIR) spectroscopy
and optical microscopy.

2.5 Analytical methods
2.5.1 Electron microprobe analysis

The bulk compositions of the nominally dry starting glasses
were analyzed with a JEOL JXA 8900 R electron microprobe
(EMP). Wavelength-dispersive X-ray spectroscopy analyses
were conducted by using an acceleration voltage of 15kV, a
beam current of 3 nA, and a detfocused beam with a diame-
ter of 20 um to optimize for Na analysis (e.g., Morgan and
London, 2005; Stelling et al., 2008). Beam counting times
were 105 (Na), 16 (K, Si, Ca, Al, Mg, Fe), and 305 (Mn,
Ti). To test the homogeneity of the glasses and the agreement
with the desired glass composition, 15 points were measured
across an entire glass cylinder section of each composition.
[n sample MI_T_3, one concentration profile was measured
across the hybrid zone [rom the lower basall (o the overly-
ing rhyolite. The samples MI_5, MI_6, and MI_7 were an-
alyzed using a JEOL JXA 8230 electron microprobe under
the same conditions but with a beam current of 10nA. Con-
centration profiles were measured across the samples, from
the initial basaltic composition to the initial rhyolitic compo-
sition. EMPA data are given in Table S1 in the Supplement.

2.5.2 Scanning electron microscopy

The experimental samples were examined with a Hitachi
TM3030plus Tablctop SEM, an clectron becam current of
50 nA, and an acceleration voltage of 15kV. Backscattered
electron (BSE) images of the samples were acquired at up to
5000x magnification (Fig. S1). The overview images of the
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Table 1. Glass composition of rhyolite and basalt, measured by EMP, similar to the compositions of the 1875 Askja bimodal eruption
(Sparks ct al., 1977). Avcraged magnctitc composition of cight crystals measurcd in the basalt of MI_T_3. Intermediatc melt composition of
MI_T_3, MI_7, and MI_6 in the region of enhanced vesicle formation in the hybrid zone. The data ol all EMP measurements are given in

weight percent (wt %).

Oxides Rhyolite Basalt Magnetite MI_T_3Hybd MI_7 Hyb! MI_6 Hyb!
MIT 3B
Si0, 7516 5475 0.75 71.87 71.06 71.35
TiOq 1.97 3.64 0.02 0.03 0.01
Al 1276 13.87 2.02 12.24 11.99 12.29
FeO? 11.84 80.13 1.53 2.01 1.56
MnO 0.20 0.52 0.11 0.04 0.04
MgO 4.05 5.83 0.58 0.74 (.66
Ca0 7.93 0.30 1.48 1.54 1.31
NayO 6.54 316 0.08 4.70 4.65 4.44
K0 55 146 0.07 456 418 428
Total 9996  99.23 94.25¢ 97.09° 96.24° 95 548
xb 0,03 —0.04 0.003 0.001 ~0.002

& Tolal He concentration is given as Fe(). P x4y is the difference between mole Lractions of alkalis and those of alumina
((Na2 O+ KaO-Al03) / 100) (Allabar et al. 2022). ¢ Te( converted to FeO and Fea 0 (Carmichacl, 1967) gives a
total of 100.3 wt% and 100.1 w1 % without considering alkali oxides, respectively. ¢ Zone where enhanced vesicle
formation is observed. © Total < 100wt % due to the Hz(Q content of the hydrated glass,

rhyalite glass basalt glass Aug{Pd20 capsules

e
&l'ill-“

hydrated glass cylinders
cut & polished I to cylinder axis

reference experiment:
contacting two
rhyolite cylinders

Ml experiment:
contacting rhyolite
and basalt
Figure 1. (a) Glass cylinders of rhyolite (Rt_5_h} and basalt
(B_4_h), cach rounded at the cdges, are welded separately into an
Au80Pd20 tube (outer and inner diameter; 5.4 and 5.0mm) with
Twt% or 6wt% HyO. respectively. Hydration experiments were
conducted in the IHPV at 200 MPa and 1523 K and equilibrated for
96-168 h. (b) The quenched glass cylinders were unwrapped, cut
perpendicular to the eylinder axis, and ground and polished at onc
side of each cylinder lace. Contact ol a pair of hydraled rhyolite
cylinders or a hydrated rhyolite and a hydrated basalt glass cylinder
in a new Au80Pd20 tube. Decompression experiments were con-
ducted in the IHPV at 1348 and 1403 K with decompression from
210 to 100 MPa and with rates of 0.17 or 1.7 MPas~!.
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entire samples were generated by adjusting the grey values
of individual images and stitching (Fig. 2). BSE images were
used to estimate vesicles in the central volume with a num-
ber density (VND) using Image) and CSD corrections (Hig-
gins, 2000) as described in Marxer et al. (2015) and Preuss
el al. (2016).

2,53 FTIR spectroscopy

The total H>O concentrations (cy,0,) of the hydrated and de-
compressed rhyolite glasses were determined by FTIR spec-
troscopy. The samples were analyzed in the near-infrared
range (4000-6000cm™1) with the Bruker Vertex v80 FTIR
spectrometer coupled with the HYPERION 3000 IR micro-
scope by using a tungsten halogen light source, a CaF; beam
splitter, a liquid-N2-cooled InSb single-clement detector, a
15x Cassegrain objective, and the OPUS 7 software pack-
age. Overview images of the thin scctions were recorded,
and the positions of the measuring points were programmed
and subsequently automatically measured. With a knife-edge
aperture set to 50 x 30 um, the samples were measured with
50} scans per spectrum in transmission mode at a spectral res-
olution of 4em™!. Air was measured as a reference. Each
measurement location was tested to be free of fluid vesicles
in the analyzed glass volume by [ocusing through the thin
section. To delermine spatial variations in the HoO concen-
trations throughout the sample, profiles were measured along
the longitudinal and transverse cylinder axes. The infrared
data are given in Table S| in the Supplement.

The ch,0, of the hydrated rhyolite samples was de-
termined by measuring the peak heights of the ab-

Eur. J. Mineral,, 35, 613-633, 2023
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sorbances (A) of the combination modes of molecular
H>0 (H>0y,) at ~5210cm~" and hydroxyl groups (OH)
at ~4470em™' A linear-tangential baseline correction
(Behrens et al., 1996) was applied by setting points at
~ 5400 and ~ 4700 cmL, ensuring that the straight line is
tangential to the spectrum between the absorption bands
at 5210 and 4470 cm~!. For evaluation, the linear molar
absorption coefficients (e,0,, = 1.50Lmol~'em™!, sop =
1.59L mol~'em™!) and the density correlation (paoq2
[¢L~'1=2351£2) - (12.3£0.6) - c11,0,) from Allabar ct
al. (2022} were used. Because near-infrared measurements
in transmission mode were impossible for basaltic glasses,
the total H>O concentration was determined gravimetrically
((‘Hz()g) (Table 2)

2.54 X-ray diffraction

For the 1dentification of crystals of the partially crystallized
basaltic hydration and MI samples, a Bruker D& Discover
p#-XRD (X-ray diffraction) with a VANTEC 500 2D detec-
tor was used together with a cobalt radiation source (A =
1.79 A), a HOPG primary monochromator, and a 300 um
monocapillary optic. All basaltic samples were measured for
180 s with an acceleration voltage of 30kV and an electric
current intensity of 30 mA. The angle of incidence of the X-
ray beam was set (o 10° and the detector to 25°. The dillrac-
tion patterns of the crystalline phases were evaluated using
the Bruker software DIFFRAC.EVA.

2.5.5 Transmitted light microscopy

Vesicles in transparent sample thin sections were quantified
using the Zeiss Axio Imager M2M microscope and the soll-
ware “Trackworks”. Each measurement was performed by
focusing through the sample in a predefined area, resulting
in an analyzed sample volume that was used to normalize the
number of vesicles to 1 mm? of vesicle-free glass. The errors
in the transmitted light microscopy (TLM) analyses were cal-
culated using error propagation, assuming errors of 5% for
vesicle size and vesicle number, as well as + 3 ym for sample
thickness.

3 Results
3.1 Hydration samples

All quenched capsules were punctured after 96-168 h of hy-
dration. Since all samples showed a weight loss after 24 h in
the compartment dricr (383 K), watcr in the punctured cap-
sules evaporated, showing that a free H>O-fluid phase during
the entire experiment duration was ensured. The mass of the
evaporated excess water was used to calculate by difference
the dissolved HoO concentration in the melt under the given
experimental conditions (Table 2).
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However, during the welding of precious-metal capsules, it
may happen that tiny droplets of molten metal form and stick
as metal beads to the outside of the welded capsule. At some
point, these beads may fall off and cause a weight loss of sev-
eral milligrams. The associated precious-metal loss cannot
be distinguished from any possible water loss during weld-
ing. This affects the gravimetric determination of the H,O
content dissolved in the melt. To account [or this uncertainty,
a4 maximum (cHzog-max) and minimum (cHzog-min) H-O
concentration in the melt was calculated under the respec-
tive assumption that the weight loss measured atter welding
13 related to total capsule material or total water, respectively.

The lowest cH,0, was calculated for the sample Rt_4_h
(max: 5.14wt %; min: 3.92wt %). FTIR spectroscopic mea-
surements provide a cp,o, of 435+0.16 wt% H->O. FTIR
measurements of samples Ri_1_h, Ri_3_h, and R{_5_h re-
sult in ey, of 5.67L0.54wi%, 5.38L£0.19wt%, and
5.11 £0.18wt % H0, respectively. The calculated H-O
solubility of 5.7wt% under hydration conditions was not
reached in samples Rt_3_h, Rt 4_h, and Rt_5_h. This could
be related to the longer hydration time of more than 96 h re-
quired for the sample cylinder length of 11 mm compared to
6.5 mm (Preuss et al., 2016; Allabar and Nowak, 2018). Nev-
ertheless, FTIR spectroscopic measurements confirmed that
a homogeneous H>O distribution was ensured in the rhyolite
glass cylinders (Rt_1/3/4/5_h).

FTIR spectroscopic measurements of basaltic samples
were not possible because of the partially crystallized
glasses. The samples are opaque to the near-infrared ra-
diation. Even reducing the section thickness of B_3 h to
~50um docs not allow the infrared radiation to penctrate
the sample. However, the CH,0, calculations of B_2_h with
4.88wt% (max) and 4.85wt% (min), as well as sample
B_3 hwith 5.41 wt % (max) and 4.66 wt % (min), agree suf-
ficiently well with the expected solubility of 4.8 wt % (Berndt
et al., 2002). After hydration of sample B_4_h, the capsule
had a noticeable weight loss of 9.06 mg, which is attributed
o Hz0O leaking out during the hydration process. Neverthe-
less, still some H>O escaped alter puncturing the capsule and
during drying in the compartment drier. A caleulated eqp,0,
(max—min) of 4.00 wt %—3.65 wt % resulted for this sample.
Howcver, the reduccd H2O concentration in the undcrsat-
urated basalt samples does not significantly affect the de-
gassing mechanism of the bimodal experiments, as explained
in the following discussion.

The investigation of the hydrated samples with XRD
showed that all rhyolitic samples were crystal-free, while
the basaltic samples contain magnetite and pyroxenes. This
crystal analysis was conlirmed by investigaling the basaltic
samples with the SEM. The BSE images also confirm that a
significant volume of the basalt samples is partially crystal-
lized. Idiomorphic magnetite crystals up to 2 pm in size arc
surrounded by dendritic pyroxene quench crystals (Fig. S1).

Optical inspection and SEM analysis confirmed that all hy-
drated samples were vesicle free. Furthermore, all hydrated
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rhyolitic and basaltic samples had a cylindrical shape and
were therefore ideally suited for the subsequent bimodal de-
compression experiments.

3.2 Reference experiments
3.2.1 Decompression reference experiment

The reference decompression experiment MI_Rt_1 was in-
tended (o validate the new experimental procedure of con-
tacting two hydrous glass cylinders without air entrapment
in between. Images of the embedded sample halves and the
thin section show heterogeneously nucleated fringe vesicles
attached to the capsule wall with a vesicle-free drainage
zone (Navon and Lyakhovsky, 1998; Tacono-Marziano et al.,
2007). Homogeneously distributed vesicles formed in the en-
tire center sample volume (Fig, 2a)., The former interface
(indicated by a small kink at the capsule wall) between the
two hydrous rhyolite cylinders is no longer visible and en-
hanced vesicle formation at the former interface is not ob-
served. Therelore, the developed experimental design can be
used for further magma injection experiments. The sample
contains a VND of 1.8 x 10 mm—? with a mcan diameter of
~ 75 um, determined by TLM. The cy,0, was measured as a
vertical profile from the sample top to the sample bottom and
results in 4.22 4+ 0.14 wt %.

3.2.2 Bimodal reference experiment

The bimodal reference experiment MI_5 shows the initial
melt conditions after heating and thermal equilibration for
10 min at 1348 K and 210 MPa before decompression. Due
to the fast quench rate of 44 K s ', glass tensions in the sam-
ple induced cracking and only a small piece of initially con-
tacted bimodal composition volume was preserved (Fig. 2a).
No vesicles formed during the experiment, neither in the thy-
olitic nor in the basaltic part of the sample. The basalt is
partially crystallized with 1-3 pm sized magnetites. Quench
crystals attached to the magneliles as [ound in hydration sam-
ples quenched at 16 Ks~! (Fig. S1) are not observed. FTIR
measurcments of the upper rhyolitic glass result in a mean
cHp0, of 525+ 0.18 wt % and arc thercfore slightly lower
than the initial cp,0, of Rt_1_h with 5.67 = 0.54 wt %.

The zone between the rhyolitic and basaltic glass that de-
veloped during the experiment can be optically character-
ized by its color transition towards the endmember compo-
sitions. While the rhyolitic glass is colorless and transparent,
the contact zone s transparent brownish (o nearly black
and opaque (owards the basaltic part (Figs. 2a, 5). The onset
ol crystal occurrence corresponds to the black coloration in
the optical image. EMP analysis across the sample, parallel
to the cylinder axis, shows the development of an intermedi-
ate melt composition at the former contact zone of rhyolitic
and basaltic melt. The diffusing species are charged ions
and complicated multicomponent interdiffusion processes of
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oxygen and cations with different charges, as well as differ-
ent concentrations, and mobilities are expected to maintain
charge neutrality (e.g., Watson, 1982; Baker, 1992; John-
ston and Wyllie, 1988; Zhang et al., 2010). For a simpli-
fied illustration of the interdiffusion processes, we refer o
the concentration profiles of oxide components. Figure 3
shows concentrations of oxide components normalized (o a
range between O (lowest concentration) (o 1 (highest con-
centration). This highlights the similarities and ditferences
in the concentration—distance profiles tor all measured ox-
ides. Nax O, K» O, and 810 concentrations decrease from the
rhyolitic glass in the direction to the basaltic glass. Al2Oa,
TiO2, FeO, MgO, and CaO concentrations decrease from the
basaltic glass in the direction to the rhyolitic glass. Na2O and
K>0 show asymmetric concentration profiles and a signifi-
cantly greater length compared to SiO3, TiOs, FeQ, MgQ,
and CaO. The normalized Al>O5 concentration is character-
ized by a strong variation over the enltire profile, caused by
the small difference in the initial concentration of the start-
ing compositions of 1.11 wt% (Table 1). MnO concentra-
tions are close to the detection limit and are not shown in
Fig. 3. For a subsequent assessment of all samples, the SiO2
concentration profiles of all samples were evaluated to define
the length of the mixed hybrid zone. For the reference sample
MI_35, the SiO; concentration profile extends over 0.3 mm
(Table 3, Fig. 3).

To examine a cy,0, concentration profile across the hybrid
zone, the FTIR spectra were baseline-corrected according
to Ohlhorst et al. (2001). Straight lines were fitted through
the minima on both sides of the NIR combination bands re-
lated to H2Op, and OH to cvaluate the peak heights. As this
baseline correction systematically underestimates the OH ab-
sorption {Ohlhorst et al., 2001), standard samples of rhy-
olitic composition (AOQ2, from Allabar et al., 2022) were
baseline-corrected according to Behrens et al. (1996) and
Ohlhorst et al. (2001) for comparison, The differences in
CH, 0, Calculated with the en,0,, and egn of both corrections,
are within the error in the cy,0, of each sample, except for
sample Std_2_7 with the highest H>O content of 6.9 wl %
(Table S1).

Ohlhorst et al. (2001} developed a parabolic equation
(Eq. 1) to predict the lincar molar absorption coctficicnts (&)
as a function of the Si0» content of the glass, valid for com-
positions from rhyolite to basalt:

e=a+hxcsio” (1

¢ values are given in liters per mole per centimeter
(Lmol~tem™1), ¢ = —0.13, = 0.000257 (given param-
eters [or the baseline correction used), and csjg, is in
weight percent (wi %), resulting in rhyolite absorption coel-
ficients of ep,0,, = 1.57 and gop = 1.32Lmol ' em ™', For
the initial basaltic composition, 11,0, = 0.76 and eqir =
0.64Lmol~" em~! were calculated. The ¢s;0, concentration
profile of MI_5 matches with the cy,p, profile, since the in-
flection point of the cs;q, profile coincides with the first mea-
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surement in the color transition from brownish to transparent
glass (hereafter referred to as the “midpoint™). To calculate
the cn,0, of the FTIR-measured profiles across the hybrid
zone, each measurement point was assigned the correspond-
ing Si0» concentration from the EMP measured profile. For
the presented profile of MI_S (Fig. 4), this corresponds to
73.0w1 % SiO2 for the first measurement in the rhyolitic
part to 60.8 wi % SiO; for the midpeint and 55.8 wi % Si0;
for the last measurermnent in the basaltic part of the pro-
file (Table S1). Using these concentrations, respectively, ab-
sorption coefficients of eg,o,, = 1.47/0.97/0.80 and sog =
1.24/0.82/0.67L mol~" ecm™' were calculated with Eq. (1)
The same procedure was used for all other measurement
points.

The glass density, necessary for the calculation of ¢,0,
with the Beer-Lambert law, at the corresponding measure-
ment point was calculated according to the equations of Al-
labar et al. (2022, Eq. 2), Yamashita (1997, composition
no. 43gm, Eq. 3), and Ohlhorst et al. (2001, Eq. 4) for rhy-
olite, dacite, and basalt, respectively. The equation for the
density of dacite was chosen because the hybrid composition
at the midpoint is quite similar to the dacite of the Unzen
volcano given in Chen et al. (1993):

pRri = (2351 +£2) — (123 £0.6) - ci,0,. 2)
pp=(2515+6) — (11.8+2.0) - cp10,, (3)
pg = (2819+13.5) — (208 +6.6) - cp,0,, ()

where p is in grams per liter (L") and CH,0, 18 In weight
percent (wt %). The dependence of the glass density on the
H;O content in the glass required an iterative calculation. As
the composition changes over the total profile, Eqs. (2)—(4)
were only applied for three data points. Equation (3) was ap-
plied to the midpoint. Depending on the length of the hybrid
zone determined by EMPA, the measurement points in the
hybrid composition were iteratively calculated by interpolat-
ing the density between the dacite density of the midpoint
and the rhyolite density or the basalt density. This whole pro-
cedure was also applied to the other MI samples Lo be able to
determine the H>O concentrations across the hybrid zone of
the samples.

FTIR mcasurcments with absorbance valucs greater than 1
were excluded from evaluation because less than 10 % of the
light penetrates the samples in these measurements, which
may result in a nonlinear behavior where the Beer—Lambert
law is no longer valid (Mayerhdfer and Popp, 2019). This
is especially relevant in the zone with increasing basaltic in-
fluence. Such measurements are still displayed in the cp,0,
prolile but marked as open circles (Fig. 4). FTIR measure-
ment points to which no cy,0, data peint was assigned, as in
MI 7 and ML _6, did not yield analyzable NIR spectra due to
crystals in the basalt glass.

The cmr,0, profile in Fig. 4 across the hybrid zone of the
undecompressed sample MI_5 shows an increase towards the
basaltic composition. The profile starts with a mean cy,q, of
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5.36 £0.20wt % in the rhyolitic part, followed by a slight
decrease in cy,q, towards the transition to the hybrid zone
down to 5.08 £0.21 wt% in the middle of the hybrid data
points at 0.38 mm. Further on, cy,0, significantly increases
up to 6.15+0.30wt %. With this data point, an H.O con-
centration is reached that exceeds the initial HoO content
(¢H,0,) of the rhyolite melt by 0.5 wi %. L[ the last data points
wilh excessive absorbance (> 1) were included, c¢p,0, up
to 6.71 £0.37 wt % would be reached, exceeding the initial
concentration by 1 wt %. Besides the oy, 0, profile, the hybrid
zone is also characterized by the S10; concentration profile,
marked in grey, scaled on the right y axis. The hybrid zone
extends over a length of 0.3 mm.

3.3 Bimodal decompression experiments

In samples MI_T_3 and MI_6, a slight indentation of the
basalt into the overlying rhyolite can be seen in the central
sample area. A gravitationally induced convective movement
of the melts is preserved in sample MI_7. The basalt over-
lying the rhyolite sank into the rhyolite melt, squeezing the
rhyolitic melt into the upper part of the capsule. This effect is
visually enhanced by cutting the thin section slightly inclined
from the cylinder axis (Fig. 2).

The decompressed MI samples (Fig. 2b, ¢, d) contain in
the rhyolitic part heterogeneously nucleated fringe vesicles
attached to the capsule walls with a vesicle-free drainage
zone (Navon and Lyakhovsky, 1998; lacono-Marziano et al.,
2007) and a homogeneously vesiculated center volume. Vesi-
cles close to the drainage zone are mostly deformed or ellipti-
cally shaped, whercas vesicles in the rhyolitic sample center
are spheres. The basaltic parts of the samples MI_7 and ML_6
are not vesiculated. The sample MI_T 3 (Fig. 2b} contains
vesicles distributed over the whole basaltic part. The vesi-
cles near the capsule wall have small diameters of ~ 25 um
and increase in size towards the center of the sample up to
~ 250 um, whereas the number of vesicles decreases towards
the center. Opposite to the rhyolitic glass part, no vesicles
nucleated heterogeneously at the capsule wall in the basallic
part of the sample.

The VND and the mean vesicle diameter of the sectioned
vesicles in MI_T_3 were determined using the BSE image as
described by Marxer et al. (2015) and Preuss et al. (2016). As
the thin section was polished down to 53 pm thickness, each
vesicle in the sample was cut and therefore not measurable
under uncut conditions with TLM. The VND results in 1.9 x
10> mm~? and ~ 74um diameter in the rhyolitic glass and
1.1x 10> mm—= and ~ 98 um in the basaltic glass, VNDs and
vesicle diameters of MI 7 and ML 6 were delermined with
TLM. The VND in the rhyolitic part of the samples MI_7
and MI_6 are 2.2 x 107 and 1.2 x 10> mm™>, respectively.
The mean diameter of uncut vesicles in MI_7 is ~ 69 pm and
in MI 6 ~41 pm (Table 3).

FTIR spectroscopic analysis of the central rhyolitic
parts results in cp,g, of 4.07+0.18wt% for MI_T_3,
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453+0.17wt% for MI_7, and 4.65+0.2wt% for MI_6
(Tables 2 and S1). Measurements in the basaltic sample parts
were not successful.

Minerals detected by X-ray diffraction in the partially
crystallized basaltic glasses are magnetites, supported by
EMPA. The crystals have sizes of 1-5um. Small dendritic
quench crystals have grown around the magnelite crystals
during quench (Fig. 6). EMP measurements ol eight idiomor-
phic magnetite crystals in MI_T 3 (Table 1) result in a mean
concentration of 80.13wt% FeO* (*total Fe), 5.83wt%
MgO, 3.64 wt9% TiO2, 2.92wt% AlOs, 0.75wt% SiOa,
and 0.52wt% MnO. Very low concentrations of 0.3 wt%
CaQ, (.08 wt % Na>O, and 0.07 wt % K>0O were measured.
The total sum of oxides is 94.25 wt %. Calculation of FeO
and Fe)Q3 from FeQ* according to Carmichael (1967) re-
sults in an oxide sum of 100.3 wt % or 100.1 wi % without
the alkali oxides. Based on the main oxide components of
the composition, the crystals can be assigned to spinel and
are hereatter referred to as magnetite. The quench crystals at-
tached to the magnetite crystals are probably pyroxenes due
to the dendritic texture and the depletion of SiO3 in the resid-
val glass composition. These quench crystals could not be
measured with the EMP as they are too small for analysis
due to the fast cooling rate of 44K s~ and are present in
concentrations that are too low for XRD analysis.

Hybrid zone

A compositional hybrid zone developed during the experi-
ments between the rhyolitic and basaltic melts (Figs. 2, 3).
All decompressed MI samples show an increasc in VND
or vesicle size near the contact zone of the two compo-
sitions. In the upper rhyolitic part of the contact zone of
MI_T_3, the still transparent glass is indicated by a series
of large vesicles with a mean diameter of ~99pm and a
VND of4.1 x 102 mm—3, elongated along the contact bound-
ary (Fig. 6). The situation is different for samples MI_7 and
MI_6, where a ~ 0.2 mm wide vesicle-free zone is observed
in MI_7 and a ~0.3mm wide vesicle-[ree zone is visible
in MI_6 at the former contact zone (Fig. 7). In MI_7 and
MI_6 the mean vesicle diameter near the contact zone de-
creases down to ~ 61 and ~ 16 um, respectively. The VND
in MI_7 increases from 2.2 x 102 mm— in the rhyolite vol-
ume to 4.3 x 10> mm~? in the hybrid zone. The VND in
MI_6 increases from 1.2 x 10* mm™ in the rhyolite volume
to 7.0 x 10° mm ™3 in the hybrid zone (Table 3). Strikingly,
the zone with the enhanced VND occurs in all bimodal de-
compressed samples in the rhyolite-dominated region of the
hybrid zone (Fig. 4).

A color change [rom nearly opaquely black Lo semitrans-
parent brownish to transparent colorless shows the develop-
ment of intermediate melt compositions at the former contact
zone of rhyolite and basalt, exemplarily shown for sample
MI_7 in Fig. 5. The width of the hybrid zone related to csio,
from the initial rhyolitic to the initial basaltic composition is
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Table 3. The cy,0, measured by FTIR spectroscopy from rthyolite to hybrid zone to basaltic composition. The cy,0, values based on
mcasurcd absorptions (A) > 1 arc listed in a scparatc column. Hyb. significs hybrid.

Sample Mean ¢y, 0, + Max ey, 0, + Max ey, 0, + Max cpp,0, +
RU[wi%]  [wi%] | hybrid [wi%] [wl%] hyb. incl.  [wit%)] basaltinel.  [wi %]
A=1[wt%] A>1[wt%]

MI_Rt_1 422 0.14 - - - - - -
ML 5 5.36 0.20 6.15 030 6.71 0.37 - -
MI_T_3 4.02 0.20 5.00 0.30 7.7 0.39 8.48 0.43
ML_7 424 0.19 4,93 027 5.54 0.31 - -
ML 6 4.80 0.23 5.55 0.31 6.19 0.35 - -

Sample Width of VND Rt VND hyb. VNDB | Vesicle Vesicle Vesicle

hyb. zone [mm_3] [mm_3] [mm_S} 2Rt @ hybrid & basalt

[mm] [um| [um] [um]

ML Ri_1 - | 18x10? - - 75 - -

MI_S 0.30 - - - - - -

MIL T 3 039 | 19x 102 41x102 11x10% 74 99 98

MIL_7 031 | 22x 102 43 x 107 - 69 61 -

MIL_6 056 | 12%10°  7.0x%10° - 41 16 -

0.39mm for MI_T 3, 0.31 mm lor MI_7, and 0.56 mm [or
MI_6 (Fig. 3, Table 3).

The cy1,0, profiles over the hybrid zone of MI_T_3, MI_7,
and MI_6 show an increase in cy,0, In the transition from
the rhyolitic- to the basaltic-dominated composition. Sample
MI_T_3 has a mean cy,q, 0f 4.02 =0.20 wt % in the rhyolitic
part. The cy,q, in the hybrid zone starts at 3.89 4+ 0.21 wt %
and increases up to 5.00 £0.30 wt %. The last NIR measure-
ments in the direction of the basaltic composition result in
absorptions > 1. An evaluation of the data points with ab-
sorbances > 1 provides ¢j,0, up to 7.70£0.39 wi % in the
hybrid zone and even a cy,o, of 8.48+£043wL% in the
basaltic-related composition (Table 3). Therctfore, the last
five measurements arc not reliable and were discarded from
further discussion. The appearance of the enhanced VND
starts at the ~0.37 mm position in the profile, which cor-
responds to the onset of the decrease in Si0» concentration
(Fig. 4).

In sample MI_7, the data points in the rhyolitic composi-
tion yield an average c¢r,g, of 4.24 £0.19wt %, while the
concentration decreases lowards the hybrid zone (Fig. 4).
The minimum cy,0, of the hybrid zone is 4.03 £ 0.18 wi %
and increases up to 4.93 £0.27 wt % towards the basaltic
part. One data point representing 5.54 £0.31 wt % was dis-
carded from further discussion due to an absorption > 1. Two
further spectra, one in the hybrid and one in the basaltic com-
position, were not evaluable because of the magnetite content
in the glass. The enhanced vesiculated zone in the sample
starts at the 0.64 mm position of the profile, which corre-
sponds to the first third of the Si02 concentration profile.

The cn,0, profile of sample MI1_6 starts with a mean ¢y, 0,
ol 4.80 & 0.23 wit % in the rhyolitic part and decreases at the
beginning of the hybrid zone to 4.63£0.22wt%. An in-
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crease of up 1o 5.55+£0.31 wi % is observed over the hybrid
zone towards the basaltic composition. The last measurement
(6.19 4+ 0.35 wt %) in the hybrid zone was excluded because
of the NIR absorption measurements > 1. The zone with the
enhanced VND in MI_6 starts at the 0.64mm position in
the profile, which corresponds to the onset of the decrease
in €80y (F‘ig. 4)

4 Discussion

4,1 TInitial sample material

The pre-hydrated sample material was examined to evalu-
ate the starting conditions just before decompression. For
the evaluation of decompression experiments, the homo-
geneily and (he initial glass porosily are imporiantl proper-
ties for the degassing and nucleation processes. as shown in
Preuss et al. (2016). Using glass cylinders with porositics be-
low the critical valuc of 6% (Prcuss ct al., 2016) cxcludes
the effect of growing pre-existing hydration bubbles by the
uptake of H2O during decompression (lacono-Marziano et
al., 2007). Macroscopic and microscopic examinations of
thin sections of hydrated rhyolitic and basaltic glasses yield
vesicle-free glasses. This ensures melts without pre-existing
vesicles prior to decompression.

While the rhyolitic glasses are crystal [ree, and the hy-
drated basaltic glasses quenched al 16 Ks™! contain mag-
netite and pyroxene crystals, the basaltic MI samples show
only magnetite crystals after quenching at 44 Ks~!'. A com-
parison of the crystal phases in the hydration samples and
the MI experiments provides a dissolution of pyroxene dur-
ing the reheating and the 10 min thermal equilibration of the
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1000 pm

Figure 2. Microscope, BSE, and reflected light images of MT samples, cut and polished along the cylinder axis. BSE and reflected light
images were captured from the embedded sample halves, while the microscope images show the IR slides in transmission or reflection mode.
All basaltic glasses contain magnetite crystals. The hybrid melt zone ot the MI experiments developed between the rhyolitic melt and the
basaltic melt. (a) The reference experiment MI_Rt_1 with two hydrated rhyolitic glass cylinders was thermally equilibrated at 210 MPa and
1348 K for 10t min and then decompressed with 0.17 MPa s~ to 100 MPa. Vesicles arc homogencously distributed with mean diameters of
~75um. No enhanced vesicle lormaltion accurred at the previous contact plane. The undecompressed reference sample MI_5 was thermally
equilibrated at 210t MPa and 1348 K for 10 min and subsequently quenched to room temperature. A narrow hybrid melt zone formed between
the endmember compositions (Table 3). (b) The sample MI_T_3 was thermally equilibrated at 210 MPa and 1348 K for 10 min, followed by
decompression at 0.17 MPa s~ ! to 100 MPa. The upper rhyolitic glass is homogeneously vesiculated {mean vesicle diameter of ~ 74 um).
The basaltic glass volumc contains vesicles with different sizes ranging from 56 to 224 um, with an average of 98 um. The hybrid zonc is
decorated by a series of ~99 pum sized vesicles, elongated along the contact boundary. (¢) The sample MI_7 with basalt on top of rhyolite
was thermally equilibrated at 210 MPa and 1348 K for 10 min and then decompressed with (.17 MPa s~ to 100 MPa. The basalt is necarly
vesicle [ree, while the rhyolite is highly vesiculated (mean vesicle diamelter of ~ 69 um). Towards the conlact zone ol rhyolite and basall, the
VND increases, while the vesicle diameter decreases to ~ 61 wn. (d) The sample MI_6 was thermally equilibrated at 210 MPa and 1403 K
for 10min and then decompressed with 1.7 MPas™! to 102 MPa, The rhyolite glass is homogeneously vesiculated with vesicle diameters of
~ 4| pm. The basalt is nearly vesicle free. The images show an increased VND in the hybrid zone, while the vesicle diameter decreases to
~ 16 um.

melt. This suggests that pyroxene crystallized during quench ware “Basymelts v.1.2.0”. The phase relations of basalt at
at the normal quenching rate of ~ 16 Ks~! and was there- 210 and 100MPa, 1550-1050K, and total H,O content in
fore not present in the melt before and during decompres- the system (H2Oyy) from O wt % to 6 wt % are presented in
sion. This observation is confirmed by calculations of the Fig. 8. Calculated but not shown is the phase diagram of
phase relations under experimental conditions using the soft- basalt at 200 MPa, relevant for the preparatory hydration ex-
https://doi.org/10.5194/ejm-35-613-2023 Eur. J, Mineral,, 35, 613-633, 2023
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Figure 3. EMPA-measured concentration—distance profiles of oxide
components between inital rhyolitic composition (left) and initial
basaltic composition (right) of ML_5, MI_T_3, Ml_7, and MI_6.
The concentrations of the individual oxides were normalized to a
range [rom O to 1.

periments, since the equilibrium curves of the crystal phases
overlap except for a few Kelvin. Under hydration condi-
tions of 200 MPa and 1523 K, spincl (spl) is the only crystal
phase that coexists with melt, corresponding to the idiomor-
phic magnetites observed in all hydrated basaltic samples
(Fig. S1). At H,0 concentrations > 5.4 wt %, H>O would be
present in the system as a fluid phase, along with hydrous
melt and spinel. This calculated value is above the HyO sol-
ubility of 4.8 wt % given by Berndt et al. (2002), which can
be explained by a slightly different melt composition. Thus,
it can be concluded that the dendritic pyroxenes in the hy-
dration samples crystallized during the cooling process. This
is unavoidable due to the melt composition and the cooling
ratc of 16 Ks™' since an intact sample eylinder is cssential
for the subsequent contact with a rhyolitic glass cylinder for
the MI experiments.

From the phase diagram in Fig. 8, H2Oyy, can be con-
fined under decompression starting conditions of 1348 K and
210 MPa to a range of 2.65 wt %—5.2 wt %, since neither py-
roxene nor H2O fluid coexisted with hydrous basaltic melt
and spinel. This accounts [or the relerence sample MI_S5.
For sample MI_T_3 it can be inferred from Fig. 8 that at
least 3.2 wt % H20 was dissolved in the basaltic melt sys-
tem (B_3 h), sincc a significant number of H2O vesicles
formed during decompression to 100MPa. This is consis-
tent with the equilibrium degassing of basaltic melt exper-
imentally demonstrated by Le Gall and Pichavant (2016).
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Figure 4. Cy,,—distance profile from rhyolile to basalt through
the hybrid melt zone of bimodal samples MI_5 (undecompressed),
MI_T_3, MI_7, and MI_6. The c,q, m thyolite is colored m vi-
olet, measurements in the hybrid melt zone are in red, and CH, 0,
in basalt is shown in blue. Open circles illustrate ¢y, based on
NIR measurements with absorbances > 1 that were excluded from
cvaluation. Data points of the concentration—distance profile arc vi-
sualived in the shaded transmission microscope images of the sam-
ples at the bottom of each plot. The initial H2O concentrations of
the hydrated rhyolite (cp,0,: determined by NIR) and the hydrated
basalt (CH>0,} determined gravimetrically) are displayed by the
dashed lincs (sce Table 2). The hybrid zonc is also characterized by
the Si02 concentration profile (cgio, ), marked by grey solid lines.
scaled on the right v axis. Tllustrated by blue cllipsoids is the be-
ginning of the enhanced vesiculated zone of the rhyolite-dominated
part of the sample.

As in sample MI_7, only a few vesicles formed near the
drainage zone, and in MI_6 only one vesicle is present in
the decompressed glass, so the range of possible H.O con-
tent in the basalt cylinder (B_4_h) can be assigned less
clearly. At least 2.25 wt % H>O was dissolved in the melts,
as neither pyroxene nor feldspar crystallized. Possibly the
H>0,y, was at a maximum of 3.2 wt% so that a free fluid
phase could not develop, as the equilibrium H>O content of

https://doi.org/10.5194/ejm-35-613-2023

134



P. L. Marks et al.: H>O degassing triggered by alkali depletion

Basalt

(&
% glass volume

Figure 5. Microscope image of sample MT_7. Alignment of the im-
age is identical to the capsule during the experiment. The basaltic
glass is partially crystallized by magnetite (arrows). The hybrid
zone is characterized by a color transition from opaquely black
(basalt) to semitransparent brownish to transparent colorless (rhy-
olite).

Figure 6. (a) Hybrid zone of MI_T_3 with a sharp boundary of the
magnetite crystals (Mag) in the basaltic-dominated volume towards
the rhyolitic-dominated glass. (k) BSE image of dendritic growth of
quench crystals on idiomorphic magnetite (Mag).

3.3 wt % at 100 MPa final pressure, corresponding to Berndt
et al. (2002), is higher than the actual dissolved H>O content
of the basaltic melt. Hence, the basaltic melts of MI_0 and
MI_7 were not supersaturated with H>O during decompres-
sion. and thus no vesicles [ormed in the basaltic mell volume.

4.2 MI decompression experiments
4.2.1 Vesicle formation

The images of the decompressed samples (Fig. 2) show sim-
ilar textures of the vesicles. The sample volumes can be di-
vided into four different zones: (1) the peripheral zone con-
taining vesicles at the contact of the capsule wall with rhy-
olite, referred to as fringe vesicles (Navon and Lyakhovsky,
1998; lacono-Marziano et al., 2007); (2) partially crystallized
basaltic glass with vesicles in the central volume; (3) rhy-
olite glass with vesicles in the central volume (Navon and
Lyakhovsky, 1998); and (4) the hybrid zone with an in-
creased VND compared (o the rhyolite volume (Table 3),
with a smaller or larger vesicle diameter, depending on the
c o of the pre-hydrated rhyolitic and basaltic glasscs (Ta-
ble 2).

Based on classical nucleation theory (e.g.. Navon et al.,
1998), vesicles nucleate from HzO-supersaturated melt by
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100 pm Rhyuolite
Figure 7. BSE images of the hybrid zones of MI_7 (a) and
MI_6 (b). A ~200pm wide vesicle-free zone developed in MI_7
and a ~300pum wide vesicle-free zone developed in M1_6 as part
of the hybrid zone (marked by the dotted line). In the rhyolitic-
dominated part, vesicles of ~61um in MI 7 and vesicles of
~ 16 pm in MI_6 formed.
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Figure 8. Phase relations of basalt at 210 and 100 MPa as a func-
on of T and H-z();y\, calculated using the software Easymelts
v.1.2.0. spl+. cpx+. fsp+, and H,O—+ are the spinel, clinopyrox-
ene, feldspar, and H,O in curves. The oxygen fugacity was set to
log fo, =QFM + 3, corresponding to the intrinsic conditions in
the THPV (Berndt et al., 2002). Further phases occurring at lower
temperatures were excluded.

exceeding the critical size of molecular clusters and grow
into vesicles., Diffusion of additional H>O molecules into the
cxisting vesicles reduces the cnergy of the entire system,
which further drives the diffusion process during decom-
pression (Hurwitz and Navon, 1994). Diffusion-driven H,O
transfer from the H; O-supersaturated melt volumes through
the depleted melt—vesicle interface into the vesicles leads to
an increase in vesicle size. The four vesiculated zones may
have been the result of different nucleation mechanisms.
Numerous [ringe vesicles in the thyolitic melt form hetero-
geneously at the interface between the capsule and the melt
due to a low wettability of hydrous rhyolitic melt. This re-
duces the required cnergy to form vesicles at a low degree
of supersaturation during decompression (e.g., Mangan and
Sisson, 2000; Iacono-Marziano et al., 2007). Due to the dif-
fusion of H>O from the melt into the fringe vesicles, homo-
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geneously nucleated vesicles can no longer form in the H;O-
depleted melt zone, which is referred to as the drainage zone
(Mangan and Sisson, 2000). The observation that only a few
vesicles nucleated at the capsule wall in the basaltic part of
sample MI_T_3 may be due to good wettability of Au80Pd20
capsule material with hydrous basaltic melt. In this case, en-
ergy required to nucleate vesicles is not reduced (e.g., Gualda
and Ghiorso, 2007; Edmonds et al., 2015).

Images of sample MI_T_3 show magnetite crystals in di-
rect contact with vesicles in the basaltic part of the sam-
ple (Fig. 6). During hydration, magnetite crystals formed in
the basaltic melt. This suggests that, during reheating fol-
lowed by decompression within the stability field of mag-
netite, these crystals served as nucleation sites for the forma-
tion of the H»Q vesicles in the melt. The reduction in energy
required for heteregeneous vesicle nucleation on magnetites
was observed in hydrous rhyolitic melt (Hurwitz and Navon,
1994, Mangan and Sisson, 2000, 2005; Gardner and Denis,
2004; Gardner, 2007; Gardner and Ketcham, 2011), as well
as in andesitic and basaltic melts (Edmonds et al., 2015).

Vesicle nucleation in the basaltic part was not observed
in the samples MI_7 and MI_6 due to the initially H>O-
undersaturated basaltic melts (Table 2). Despite the mag-
netite nucleation seeds, the supersaturation pressure was not
yet reached for the lower HoO contents during the decom-
pression to final pressure of 100 MPa.

As the rhyolite melts in the experiments of this study
were free of pre-existing crystals or inhomogeneities, ho-
mogeneous vesicle nucleation has occurred in the central
volume of the rhyolitic melts. According to nucleation the-
ory, the VND incrcascs strongly with the decompression
rate dP /dt (Toramaru, 2006). This is confirmed by the
MI samples where the rhyolitic part of MI_6 at the fastest
decompression rate of 1.7MPas™' has the highest VND
of 1.2x 103 cm™3 compared to MI_T_3 and MI_7 decom-
pressed with 0.17MPas~! and having similar VNDs of
1.9 % 102 and 2.2 % 102 cm™, respectively (Table 3).

All decompressed MI samples differ in their vesicle tex-
tures and VNDs in the hybrid zone [rom the initial rhyolitic
central melt volume. It can be excluded that vesicles, nucle-
ated heterogencously at magnetite crystals, have ascended
from the basalt into the hybrid zonc. This is proven by cx-
periment MI_7, where the basalt was placed on top of the
rhyolite. Due to the difference in density, the basalt has sunk
into the thyolite, but the zone with the enhanced VND is
clearly contained in the lower rhyolite-dominated region of
the hybrid zone and is therefore positioned below the par-
tially crystallized basalt.

The position and the size of vesicles in the hybrid zone
may depend on the initial ¢H,0; conditions. In the hybrid
zone of MI_T 3, the vesicles of ~99um are bigger than
in the rhyolitic melt center (Table 3) but positioned in the
vicinity of the previous contact plane of the two cylinders.
This can be attributed to H>O-saturated rhyolitic and basaltic
melt conditions before decompression. This was different for
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MI_6 and MI_7. Since the basalt of both samples was HzO-
undersaturated, H»O diffused from the rhyolitic melt via the
developing hybrid melt into the basaltic region of the sample.
This H2O depletion resulted in an extended vesicle-free zone
in the hybrid region of samples MI_6 and MI_7, as shown
in Fig. 7. Compared to MI_T_3, however, a higher AP (re-
duced pressure during decompression} was required (o form
vesicles, related (o the lower ¢, 0, in the melt. This resulted
in a smaller vesicle size observed in the hybrid zone com-
parcd to the rhyolitic melt volumes. The later onset of the
vesicle nucleation process during decompression did not al-
low the vesicles to grow as much as in ML_T_3, which ex-
plains the reduced vesicle size in MI_7 of ~ 61 pm. The vesi-
cle size of MI_6 with a decompression rate of 1.7 MPas™!
may not be directly comparable to that of MI_T_3 and M1_7
with decompression rates of 0.17 MPas~! due o the higher
VND related to the faster decompression rate in the case of
nucleation (Toramaru, 2006).

42,2 Concentration profiles of melt components

The melt between rhyolite and basalt developed as an in-
termediate composition through multicomponent interdiffu-
sion processes of ions, depending on their concentrations,
charges, specific diffusion coefficients, and the requirement
to maintain charge neutrality over the sample. The alkalis
Nat and K+ diffuse orders of magnitudes faster than other
network-medifying cations like Ca®t, Mg?t, Fe?T, Fe't,
and Ti*" and network formers with the lowest mobility like
Si*+ and A1’ coupled to 02~ ditfusion (e.g., Watson, 1982;
Baker, 1992; Johnston and Wyllic, 1988; Zhang ct al., 2010},
In particular, the cations Nat and KT diffused much faster
than Si** in the direction of the basalt, resulting in a signifi-
cant depletion of NazO and K>O components in the rhyolite-
dominated hybrid area. Counter flux Ca?t, Mg?t, Ti*t,
Fe’™, Fe’+, and A1** diffused towards the rhyolitic compo-
sition. The asymmetric concentration profile of Na>O with
a greater length on the rhyolitic profile side is suggested to
be caused by different NaT diffusion coelficients in basalt
and rhyolite melt, as Na™ has a higher diffusivity in rhyolitic
composition (Zhang et al., 2010). This etfect is enhanced by
the higher HoO content in the rhyolite, since the mobility
increases with increasing H2O content in the melt (Watson,
1981). Except for the alkalis, the other oxide components
show concentration profiles with a symmetric pattern in the
hybrid zone (Fig. 3).

The SiOz concentration profiles were evaluated for their
length to compare the hybrid zones of the different sam-
ples. The dillerences in the length of the hybrid zones
are striking when comparing samples MI_T_3 and MI_7
with sample MI 6. The higher temperature of ~50K
during thermal cquilibration and decompression of MI_6
caused an increase in diffusivities of components (Zhang
et al., 2010). Based on experiments on the self-diffusion
of Si**t in dry dacitic melts, Tinker and Lesher (2001)
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show that the diffusion coefficient of Si doubles at 1 GPa
between 1628 and 1683K, from 1.45x 1074045 to
3.75 £ 1.13 % 10~ m? s~'. This corresponds to the T dif-
ference of 50 K between MI_T_3 and MI_7 and that of M1_6.
The linear trend of InD with the reciprocal of T provides
a first estimate of the differences in the St* diffusion co-
efficients for the experiments shown here, via extrapolation
ol the data ol Tinker and Lesher (2001) with the equation
of Zhang et al. (2010, Eq. 37 therein). Despite the longer
diffusion time of MI_T_3 and ML 7 (1247 5) compared to
MI_6 (665 s) related to the slower decompression rate, the
higher 7" of MI_6 of 1403 K results in a slightly higher diffu-
sion coefficient of 2.5(+0.9/—0.6) x 1077 m? s~' compared
10 5.5(+1.9/—1.4) x 107 in MI_T_3 and MI_7 at 1348 K.
These calculations demonstrate that the 50K temperature
difference did indeed result in a longer diffusion distance.
However, this corresponds only to the assumption of dry
melts. Due to the influence of HoO on the Si*t diffusion co-
efficient (up to a tfactor of 10; Baker and Bossanyi, 1994)
and the multidimensional behavior of the interacting melt
components, further decomposition of the temperature de-
pendence of the diffusion of Si** cannot be presented within
the scope of this project.

4.2.3 The cn,0, profiles

The H20O concentrations measured between the vesicles of
the zone with high VNDs are generally slightly higher than
the calculated equilibrium solubility at final pressure. Due to
increasing H> O solubility with decreasing T at P <300 MPa
(Holtz ct al., 1995}, part of the H>O fluid diffused from vesi-
cles back into the melt during quench, causing vesicle shrink-
age (McIntosh et al., 2014; Allabar et al., 2020). As a result,
resorption halos formed with increased H»O concentrations
in the melt surrounding the vesicles, recorded in the glasses
(McIntosh et al., 2014; Allabar et al., 2020). Vesicle shrink-
age is reinforced by the decrease in the molar volume of
H>0O fluid during the isobaric quench (Marxer et al., 2015;
Allabar el al., 2020). The size ol the halos around the vesi-
cles depends on the cooling rate and is therefore comparable
in all bimodal decompression samples. A high VND favors
fast H2O resorption during cooling duc to the high number
of H20 fluid sources per melt volume. Due to an increased
VND in the hybrid melt zone within a decompressed sample,
it can be assumed that H,O resorption was most efficient in
the hybrid melt zones.

Resorption of H2O from vesicles back to the melt might
also be an explanation for the high ¢n,0, in the hybrid area
with dacitic composition. It could be possible that vesicles
also nucleated in the basaltic-dominated hybrid zone during
decompression. Assuming similar temperature dependence
of H20 solubility in dacite, alrcady formed vesicles in the
basaltic-dominated hybrid region might have dissolved again
during cooling due to resorption of H>O from vesicles into
the melt. Therefore, hybrid melt that resorbed H2O indi-
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cates a much higher ¢y, in the glass than in the rhyolite-
dominated vesiculated hybrid regions (Fig. 4). Based on the
EMPA data, the hybrid melt evolved to a dacitic composition,
comparable to that of the Unzen dacite (Chen et al., 1993).
Sato et al. {1999) showed experimentally that 5.7 wt % H,O
is soluble at 98 MPa and 1303 K, which is quite similar to our
final experimental conditions of 100 MPa and 1348 K. There-
[ore, at Pr the solubility of HzO in dacitic melt is much higher
than in rhyolitic or basaltic melt, with 3.8 wt % and 3.3 wt %,
respectively (Allabar et al., 2022; Berndt et al., 2002). This
may explain the increase of ~1wt% H;O in each hybrid
cn,0, profile.

However, the evaluation of ¢y, 0, is prone to errors. A cru-
cial point is the vse of Eq. (1) of Ohlhorst et al. (2001) for
the determination of the absorption coefficients. The com-
position and the structure of the glasses are decisive factors
for the application of the calibration. Liu et al. (2004} found
that Eq. (1) given by Ohlhorst et al. (2001) is only applicable
to the rhyolitic, dacitic, andesitic, and basaltic compositions
that were also used for calibration due to the Fe?t / Fet
ratio on the calibration. In our case, the bulk compositions
of the individual measurement points differ from those used
by Ohlhorst et al. (2001). The bimodal compositions are in
the compositional range between the rhyolite and dacite of
Ohlhorst et al. (2001). Nevertheless, due to the continuous
change in composition, the methed of Ohlhorst (2001) is ap-
propriate for calculating approximations of the actual H,O
content. Gaussian background correction was also tested to
evaluate the spectra, as described in Ohlhorst et al. (2001},
Yamashita et al. (1997), and in Liu et al. (2004). However,
the required punctual overlap of the spectrum with the Gaus-
sian curve between ~ 4500 and ~5200cm™! is not possi-
ble for all NIR spectra collected along the hybrid zone. Due
to the changing bulk composition, the slope of the spectra
changes (Supplement Fig. 82). For the thyolitic composi-
tion, it is not possible to tangent the minimum between 4500
and 5200em~L. Similarly, in the dacite zone, the minimum
between 4500 and 5200c¢m ™! cannot be reached. Only for
spectra with significant basaltic inlluence is it possible to tan-
gent to the minimum and thus o perform the Gaussian back-
ground correction as proposced by Ohlhorst et al. (2001) and
Yamashita ct al. (1997). Since the samc background corree-
tion must be applied for the use of absorption coefficients
like for the determination of absorption coefficients, they
cannot be used if the Gaussian correction cannot be applied
on the spectra. Thus, the background correction according to
Ohlhorst et al. (2001) with the straight lines under the bands
of 4500 and 5200 cm ! is useful to determine the absorp-
tions of OH and H; Oy, even if the Fe2T / Fe?T ratio of the
bimodal decompressed samples does not exactly maich the
calibration.

Another problem is that the crror in the absorption coctti-
cients calculated according to Ohlhorst et al. (2001) increases
with cy,0, (Table S1). The slight decrease in cy,0, between
the rhyolite and the hybrid region is probably caused by the
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density interpolation between the two compositions, as the
density changes more than the SiO:-dependent absorption
coefficients along the rhyolite-dominated region. However,
since there is no ¢g;0, -dependent density formula for hydrous
rhyolitic to basaltic glasses, the interpolation of density be-
tween two known compositions is the simplest way to evalu-
ate ¢H,o, trends.

For a [irst check of the validity of the ¢, o, profiles cal-
culated by the NIR absorption spectra, an uncalibrated “by-
difference” method was performed on the EMPA bulk con-
centration profiles (Devine et al., 1995). The difference in the
sum of the oxides to 100wt % was considered H»>O content.
Although this is a semiquantitative method for determining
the H>O content in the glasses, the data show a systematic
increase in cp,o, in the hybrid zone towards the basaltic
compositions (Table $1}. Data of the mean, minimum, and
maximum ¢H,0, of each sample in rhyolite, hybrid composi-
tion, and basall data correlate remarkably well with the HoO
contents determined trom the absorption spectra. The maxi-
mum ¢y,o, in dacitic composition, measured by FTIR spec-
troscopy and EMPA, differs by 3 % (MI_5), 34 % (ML T _3),
and 6 % each for MI_7 and MI_6.

Despite the errors in determining HoO contents with both
methods, the increase in the H>O contents across the hybrid
zone towards basalt may be possible. However, H2O contents
up to ~ 6wt % in the zone with dacitic composition are sur-
prising and need further investigation. An improvement for
the determination of HoO contents with NIR spectroscopy
would be the synthesis of hydrous glass standards with inter-
mediate compositions in several mixing steps between rhy-
olitc and basalt that match bulk compositions of the hybrid
zone. However, this procedure is very time-consuming and
considerably beyond the scope of this paper. The H,O con-
tents in the hybrid range shown here can therefore be re-
garded as a first approximation of the actual values.

4.2.4 Alkali depletion as the crucial factor for
enhanced vesicle nucleation in the hybrid zone

The enhanced VND occurs in all decompressed bimodal
samples in the rhyolite-dominated region of the hybrid zones,
as presented in Figs. 2 and 4. As a4 new approach to vesi-
cle nucleation investigated for the first time, alkali diffu-
sion and the accompanying alkali depletion in the rhyolite-
dominated region of the evolving hybrid zone between rhy-
olite and injected basalt are now discussed. We suggest that
the enhanced vesiculated zone forms due to rapid diffusive
loss of alkalis, from the mildly peralkaline rhyolitic part
into the basallic part of the sample (Fig. 3). The decreased
Na»O concentration significantly reduces the HoO solubil-
ity of the rhyolite and promotes H>O supersaturation in the
alkali-depleted rhyolitic melt near the contact zonc during
decompression. Dingwell et al. (1997) showed that H,O
solubility depends on alkali excess (xex =(NaxO 4+ KO-
Al,O3) / 100), which is the difference between mole frac-
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tions of alkalis and those of alumina. The effect of the peral-
kalinity on the HO solubility in silicate melts was recently
confirmed and refined by Allabar et al. (2022). They found
a linear increase in the H>O solubility with increasing NaoO
excess or, in general, for alkali excess. Based on the provided
calculation tool by Allabar et al. (2022), the alkali excess was
calculated for the melt composition of the hybrid zone in the
bimodal samples with enhanced VND. The glass composi-
tion of each sample in the region of enhanced vesicle for-
mation is presented in Table 1. While the initial xe, content
in mildly peralkaline rhyolite was (.03, x . decreased dur-
ing the decompression experiments by more than 90 % close
to the H>0 solubility minimum at x.x = (). This reduced the
H->O solubility of the melt by ~ 0.4 wt % so that a lower AP
was required to induce vesicle formation in the contact region
of the developing hybrid melt compared to the pristine thy-
olite. Further decompression allowed these vesicles to grow,
whereas in the pristine rhyolitic melt the vesicles formed and
grew at a higher AP (Fig. 9), resulting in VNDs about half
the size of those in the hybrid melt zenes (Table 3). From
this, it can be concluded that besides P and T, also the alkali
concentration is a decisive factor for the HO solubility and
thus for the vesicle nucleation in silicate melts.

5 Implications and examples for natural bimodal
volcanism

The injection of a mafic melt into a hydrous rhyolitic magma
chamber cannot be directly observed in nature at the time of
its occurrence. However, experiments can give insight into
such processes. This experimental study is based on the basic
melt compositions of the Askja volcano in Iceland (Sparks et
al., 1977), considering the composition of basalt enclaves and
a slightly simplified rhyolite composition. To relate these re-
sults to other natural alkaline volcanic systems, further natu-
ral bimodal compositions were analyzed for their alkali con-
tent using the method of Allabar et al. (2022) to calculate xex,
as well as the classical molar alkali oxides (Na>O + K»0) to
alumina oxide (Al»O3) ratio. Nine further natural bimodal
systems of rhyolitic and basaltic to andesitic compositions
were analyzed — De Rosa ct al. (2002) (Salina Island: rhy-
olite and andesite); Smithies et al. (2015} (Mount Palgrave:
rhyolite (187077, 195670} and basalt (194662, 195 640));
Sparks et al. (1977) (Askja: rhyolite and basalt); Saito et
al. (2002) (Satsuma-Iwojima: rthyolite (S-1-S-4) and basalt
to basalt—andesite (SM-1h, SM-2, SM-3)); Leat et al. (1980)
(Parys Mountain: rhyolite (P5) and basalt (P2)); Lacasse et
al. (2007) (Katla Caldera: rhyolite (KAT02-18) and basalt
(KAT02-17)); Pritchard et al. (2013) (Yellowstone: rhyolite
(GR-1-R) and basalt (GR-1-B)); Jahn et al. (2009) (eastern
Central Asian Orogenic Belt: basalt and rhyolite); and Ngou-
nouno et al. (2000) (Kapski plateau: rhyolite and basalt) (Ta-
ble ST) — all resulting in higher x.x and alkali / alumina ra-
tios of the rhyolitic composition compared to the more mafic
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Figure 9. Schemalic illustration of the development at the contact surface of the melts during magma injection. (a) (rp}: intrusion ol a
partially crystallized basaltic melt into 4 peralkaline rhyolitic magma chamber. The rhyolitic melt is saturated in H>O. (b} (#1): interdiffusion
processes start. A hybrid melt forms at the contact area. The thyolitic melt becomes rapidly depleted in alkalis (Na™ and K diffuse into
basalt), while cations such as Mg2T, Ca2t, Fe?t, Fe3 T, and Ti** diffuse slowly from the basalt into the rhyolite melt, leading (o an incipient
dissolution of magnctitc crystals (Mag) in the basalt. H,O solubility decrcascs in the alkali-depleted zone. (¢) (#): during magma-ascent-
induced decompression vesicles form in the rhyolite-dominated region of the hybrid mell because the solubility of HoO is signilicantly
reduced due to alkali depletion. The dissolution of magnetite in the basaltic-dominated melt is progressing. (d) (r3): vesicles in the hybrid
zone grow and accelerate buoyancy-driven magma ascent and mingling and mixing processes that induce further vesicle nucleation.

compositions (x. ratio Rt/ B: 0-0.8; alkali / alumina ratio
Rt/ B:1.3-3.6). Although, according to the model of Allabar
et al. (2022}, the peralkalinity of the melts is not ensured, as
xex <0, we suspect from the distinct ratio of alkalis in rhyolite
and basalt in each natural example that, in the case of injec-
tion of malic mell, alkalis will dilfuse from the [elsic loward
the mafic melt. It has been shown that the depletion of alkalis
in the thyolitic region of the contact zone reduces the solubil-
ity of H>0. Moereover, this concept is not limited to peralka-
line rhyolitic compositions only. Other bimodal volcanic sys-
tems with compositions of rhyodacite, dacite, and andesite —
e.g., Gertisser et al. (2009) (Santorini: rhyodacite and basalt);
Di Muro et al. (2008) (Mount Pinatubo; dacite and andesite);
and Sigmundsson et al. (2010) (Eyjafjallajékull; trachyan-
desite and basalt) (Table S1) — show a ratio of xe, as well as
the alkali to alumina ratio, on the felsic magma composition
side (xex ratio Rt/ B: 0.4-0.8; alkali / alumina ratio Rt/ B:
1.3—1.7). It can therefore be assumed that in these cases, the
alkalis also diffuse from the felsic melt into the mafic melt
and thus lead to rapid depletion in the felsic part of the con-
tact zone. The depleted melts become supersaturated in H,O
because the H2O solubility decreases strongly with the de-
creasing alkali concentration of the melt (Dingwell et al.,
1997; Allabar et al., 2022). Vesicles form in the hybrid zone
at an early stage during the injection of mafic melt, leading
to an increased contrast in density and viscosity compared
to the pristine rhyolitic magma. The density contrast and the
viscosity contrast between rhyolitic and basaltic melt are cru-
cial for magma mingling and therefore enlarge the contact
zone and thus the chemical magma mixing processes (Hup-
pert et al., 1982). The resulting vesicle formation in the con-
tact zone can accelerate buoyancy-driven magma ascent and
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mingling as shown by Wiesmaier et al. (2015). Extensive
magma mingling could increase the possibility of mafic crys-
tals being entrained into the felsic melt (e.g., Laumonier et
al., 2015; Paredes-Marino et al., 2017), which would then act
as nucleation sites and trigger further heterogeneous vesicle
nucleation processes. Therelore, il can be generally consid-
ered thal injection of a mafic melt into a [elsic magma cham-
ber can trigger explosive volcanic eruptions. The experimen-
tal results presented here and their compatibility with natu-
ral bimodal volcanic systems demonstrate the importance of
alkali diffusion for H>O solubility and the resulting H2 O su-
persaturation of melts in the contact region. Consideration of
this aspect could open new perspectives on degassing behav-
ior in such complicated volcanic systems.
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