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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 (H2O). Dissolved H2O 

significantly influences key physical and chemical properties of magmas, including 

viscosity, density, liquidus temperature, and phase equilibria. The solubility of H2O 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 H2O solubility and degassing in silicate melts.  

Study I and II 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 

H2O 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 II). This shift reflects the transition from high VND during initial 
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degassing to coalescence-driven processes, which can significantly alter eruption 

dynamics. 

Study III explores the H2O 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 Na2O were used. The H2O solubility was found to decrease with 

temperature and increase with pressure and peralkalinity. A linear relationship between 

Na2O excess and H2O solubility was established, enabling predictions of H2O solubility 

in peralkaline rhyolitic melts based on excess alkali content.  

Study IV 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 H2O solubility and enhancing H2O supersaturation. This process accelerates 

vesicle formation, buoyancy-driven magma ascent, and magma mingling, which can 

intensify degassing and potentially trigger explosive eruptions. 
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Zusammenfassung 

Vulkanische Eruptionen gehören zu den gefährlichsten Naturkatastrophen der Erde 

und haben tiefgreifende Auswirkungen auf menschliche Gesellschaften und 

Ökosysteme. Diese Eruptionen entstehen aus dynamischen Prozessen im Erdinneren, 

bei denen silikatische Schmelzen in magmatischen Systemen gelöste flüchtige 

Komponenten, vor allem Wasser (H2O), enthalten. Gelöstes H2O beeinflusst 

wesentlich die physikalischen und chemischen Eigenschaften von Magmen, darunter 

Viskosität, Dichte, Liquidustemperatur und Phasengleichgewicht. Die Löslichkeit von 

H2O in silikatischen Schmelzen hängt stark vom Druck und in geringerem Maße von 

der Temperatur und chemischen Zusammensetzung ab. Während des 

Magmaaufstiegs nimmt der Druck ab, was zu Entgasung und Vesikelbildung führt, die 

eine zentrale Rolle in der Dynamik von Eruptionen spielen. Schnelle Vesikelbildung 

verringert die Schmelzdichte, erhöht die Auftriebskraft, beschleunigt den 

Magmenaufstieg und kann explosive Eruptionen auslösen. Variationen in vulkanischen 

Umgebungen, Schmelzzusammensetzungen und Gehalten an flüchtigen 

Komponenten führen 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 H2O-Löslichkeit und 

Entgasung in silikatischen Schmelzen im Fokus steht. 

Die Studien I und II 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 während der Dekompression. Systematische Löslichkeits- und 

Dekompressionsexperimente mit wasserhaltiger Phonolith-Schmelze wurden bei 

Superliquidustemperaturen durchgeführt, um Entgasungsmechanismen im Detail zu 

analysieren. Bei ausreichendem Übersättigungsdruck zeigten alle Schmelzen 

homogene Vesikulation mit hohen Vesikelanzahl-Dichten (logVND) von 5.1–5.7, was 

durch weitere Entgasung eine nahezu gleichgewichtige Anpassung der H2O-

Konzentrationen ermöglichte. Die initiale, von der Dekompressionsrate unabhängige 

logVND scheint nicht mit der Nukleationstheorie übereinzustimmen, könnte jedoch mit 
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der Theorie der Spinodalen Entmischung in Einklang stehen, einem Phänomen, das 

insbesondere in alkalireichen Schmelzen beobachtet wird (Studie I). 

Während die initialen logVNDs bei unterschiedlichen Dekompressionsraten konstant 

blieben, zeigten die durch Koaleszenz gebildeten Vesikelvolumina während der 

weiteren Dekompression einen signifikanten Rückgang der logVNDs, der je nach 

Dekompressionsrate um 1.2 bis 4.1 Logeinheiten sank. Dieses Verhalten ähnelt einer 

dekompressionsratenabhängigen VND, wie sie von der Nukleationstheorie 

vorhergesagt wird (Studie II). Dieser Übergang von hoher VND während der initialen 

Entgasung zu koaleszenzgetriebenen Prozessen kann die Dynamik von Eruptionen 

erheblich verändern. 

Studie III untersucht die H2O-Löslichkeit in peralkalinen haplogranitischen Schmelzen 

als Funktion von Druck und Temperatur. Schmelzzusammensetzungen basierend auf 

haplogranitischen Schmelzen mit 2, 4 und 8 wt% überschüssigem Na2O wurden 

verwendet. Es wurde festgestellt, dass die H2O-Löslichkeit mit der Temperatur 

abnimmt, während sie mit Druck und Peralkalinität zunimmt. Eine lineare Beziehung 

zwischen Na2O-Überschuss und H2O-Löslichkeit wurde nachgewiesen, die 

Vorhersagen der H2O-Löslichkeit in peralkalischen rhyolithischen Schmelzen auf Basis 

des Überschusses an Alkalien ermöglicht.  

Studie IV untersucht die Wechselwirkung von basaltischen und mild peralkalinen H2O-

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 verstärkte 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 H2O-Löslichkeit signifikant verringerte und die H2O-

Übersättigung verstärkte. Dieser Prozess beschleunigt die Vesikelbildung, den 

auftriebsgetriebenen Magmenaufstieg und die Magmenvermischung, was die 

Entgasung intensivieren und potenziell explosive Eruptionen auslösen 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 H2O along with minor amounts of 

CO2, Cl, F, and sulfur species (e.g., De Vivo et al., 2005). The solubility of H2O 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 H2O solubility (e.g., Iacono-Marziano et al., 

2007), leading to an increased H2O supersaturation within the melt. Upon reaching a 

critical threshold, the melt degasses, releasing H2O through vesicle formation. With 

further decompression, the concomitant H2O supersaturation can be reduced by H2O 

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 H2O vesicle interfaces within the silicate melt. Critically sized H2O 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 H2O clusters  

reach a critical radius, they either shrink or grow spontaneously due to diffusional loss 

or addition of H2O molecules at the fluid-melt interface, respectively. With continued 

decompression, existing vesicles expand by diffusional H2O uptake and by increasing 
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molar volume, while simultaneously new vesicles continue to nucleate. This process 

persists until the number of vesicles in the melt volume is sufficient for H2O 

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).  

VND = 34 ∙ 𝑐H2Oi  ∙ (
16 ∙ 𝜋 ∙ 𝜎3

3 ∙ 𝑘 ∙ 𝑇 ∙ 𝑃sat
2 )

−2

∙ (
𝑉m ∙ 𝑃sat

𝑘 ∙ 𝑇
)

−
1

4
∙ (

𝑃sat 
2 ∙ 𝑘 ∙ 𝑇 ∙ 𝐶 ∙ 𝐷H2O

4 ∙ 𝜎2 ∙ (𝑑𝑃 𝑑𝑡⁄ )
)

−
3

2
    (1) 

Alternatively, a phase separation of hydrous melt into H2O 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 I). 

In this process, the initially formed VND remains unaffected by decompression rates 

(Allabar and Nowak, 2018; Sahagian and Carley, 2020; Study I). As decompression 

leads to sufficiently high H2O 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 H2O-enriched and H2O-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 Allègre, 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 
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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 I and II were to explore the entire vesiculation process within 

the phonolitic Lower Laacher See melt (LLST), focusing on initial H2O vesicle formation 

and growth (Study I) 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 

(Wörner 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 km3 of phonolitic magma, or 20 km3 of tephra in a series of phreatomagmatic and 

Plinian eruptions (Wörner 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. 
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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; Wörner 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).  

 

 

Fig.1: Simplified model of the Laacher See magma reservoir, illustrating chemical and mineralogical 
zonation (Harms et al., 2004). Bubbles (vesicles) indicate the volatile-enriched, fluid-saturated, 
differentiated phonolitic melt. The magma chamber is estimated to have been stored at a depth of ~ 5–
8 km, under pressures of 115–200 MPa. Average concentrations of S, F, Cl, and H2O in glass inclusions, 
reported by Harms and Schmincke (2000), reveal pre-eruptive volatile gradients from the base to the 
top of the reservoir.  
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The influence of peralkalinity on H2O solubility and degassing in rhyolitic 
melts 
While Studies I and II primarily investigate decompression-induced vesiculation within 

a homogeneous melt, Studies III and IV focus on the influence of bulk composition of 

rhyolitic melts on H2O solubility and on decompression-induced vesiculation within a 

bimodal rhyolite-basalt melt system.  

For haplogranite melts, a minimum in H2O solubility has been observed near 

metaluminous compositions, where the molar ratio M2O/Al2O3 = 1, with M representing 

Li, Na, K, Rb, Cs (Behrens, 1995; Dingwell et al., 1997). Behrens and Jantos (2001) 

describe how H2O solubility increases toward both peraluminous (M2O/Al2O3 < 1) and 

peralkaline (M2O/Al2O3 > 1) melts, following a parabolic trend. However, Dingwell et al. 

(1997) demonstrated a linear relationship between molar H2O 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 III systematically examines H2O 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 H2O 

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. 
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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 H2O 

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 H2O degassing by simulating the injection of volatile-bearing 

basaltic melt into an H2O-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 H2O solubility in the resulting intermediate melt 

composition, with focus on how these compositional changes—especially the depletion 

of Na2O 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. 

 

(a) (b) 



 

7 
 

H2O 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 I and II, a homogeneous phonolitic LLST glass was synthesized, matching 

the LLST G140 composition described by Harms et al. (2004). Study III required the 

synthesis of peralkaline haplogranitic glasses based on the AOQ composition 

(Ab38Or34Qz28 in wt%; Holtz et al., 1995; Nowak and Behrens, 1997). For this study, 

glasses with 2, 4, and 8 wt% excess Na2O were prepared and are referred to as AOQ2, 

AOQ4, and AOQ8, 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 µm were filled into 

Au80Pd20 capsules and synthesized with varying amounts of dissolved H2O (0.5–7 

wt%) to determine the near-infrared linear molar absorption coefficients for hydrous 

species (molecular H2O (H2Om) and hydroxyl (OH)), for subsequent H2O 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 ΔlogQFM + 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 H2O-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).  
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Glass densities of the hydrated standard samples were determined via the buoyancy 

method using a Sartorius Archimedes precision balance. Total H2O 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 H2O-solubility, hydration, and decompression experiments, glass cylinders (3.6 

or 5 mm in diameter) were drilled from homogeneous glass charges. The H2O-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 I), samples were hydrated under pressures 

matching final pressures (Pf) 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 H2O 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 H2O saturation during hydration.  

For LLST decompression experiments (Studies I and II), 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% H2O to adjust H2O-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 Pf of 110, 90, 80, 70, 60, 
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50, 40, and 30 MPa. Upon reaching Pf, samples were quenched isobarically at 

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

 

In Study III, H2O-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 H2O 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 H2O 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 

H2O 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 (MI) 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 H2O undersaturation to prevent H2O 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 Pf 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 MI 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 H2O loss due to 

leakage. 

 

For Fourier Transform Infrared (FTIR) spectroscopy, glass samples from Studies I and 

III, as well as hydration samples from Study IV, were sliced perpendicularly to the 

cylinder axis and prepared as thin sections polished on both sides. Depending on the 

total H2O concentration (cH2Ot), sample thickness ranged from 200 to 800 µm. In the 

solubility and decompression experiments (Studies I, II, III, and IV), samples were 

halved along the cylinder axis, with one half prepared as a ~200 µm thin section for 

FTIR spectroscopy and transmitted light microscopy. Thin-section thickness was 

measured using a Mitutoyo digital micrometer (±3 μm). 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 III), 
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 H2O 
content in the hydrated hybrid glass. xex represents the difference between the mole fractions of alkalis 
and alumina ((Na2O + K2O – Al2O3) × 100) (Study III).  

Composition/ 

Oxides 

LLST  

[wt%] 

AOQ 

[wt%] 

AOQ2 

/Rhyolite 

[wt%] 

AOQ4 

[wt%] 

AOQ8 

[wt%] 

Basalt 

[wt%] 

Hybrid 

Melt 

[wt%] 

SiO2 59.61 76.14 75.16 74.16 70.66 54.75 71.43 

TiO2 0.20     1.97 0.02 

Al2O3 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 

CaO 0.73     7.93 1.44 

Na2O 9.60 4.65 6.54 8.37 12.18 3.16 4.60 

K2O 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 I and II examine the H2O 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 H2O 

concentrations and decompression rates. The primary objective is to determine 

whether H2O 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 II 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 H2O 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 H2O in haplogranitic melts increases with increasing pressure, 

decreasing temperature, and increasing peralkalinity (Holtz et al., 1995; Dingwell et al., 

1997). Study III investigates the relationship between Na2O excess (wt%) and H2O 

solubility (wt%) in peralkaline haplogranitic and rhyolitic melts as a function of pressure 

and temperature. The objective is to predict the H2O solubility in peralkaline rhyolitic 

melts based on excess alkali content.  

In Study IV, 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 
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reduced Na2O concentration is suggested to significantly lower the H2O solubility in the 

rhyolite, promoting H2O 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 I and II)  

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 H2O content. A linear regression of the measured densities yields the 

following density function for LLST [g/L] as a function of cH2Ot [wt%]:  

ρLLST = (2485 ± 11) – (21.9 ± 2.8) · cH2Ot       (2) 

Linear molar absorption coefficients for LLST were determined from the H2Om 

(~5210 cm-1) and OH (~4470 cm-1) absorbances measured via FTIR spectroscopy. 

After baseline correction, the near infrared (NIR) band intensities of OH and H2Om were 

obtained (Behrens et al., 1996). A weighted least-squares regression of normalized 

absorbances yielded molar absorption coefficients of εH2Om = 1.27 ± 0.04 and εOH = 

1.15 ± 0.07 L·mol-1∙cm-1.  

FTIR spectroscopy results obtained from quenched samples that run at different 

temperatures under 200 MPa indicate an increase in H2O 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 H2O 

solubility (in wt%) was derived:   

cH2Oeq = 0.2403 · P 0.5988         (3) 

Applying the solubility equation, H2O saturation pressures (Psat) of 198 MPa for the 

initial H2O concentration (cH2Oi) = 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 H2O saturation 

with 5.7 wt%, and the other H2O-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.  
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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% H2O 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 Pf, 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 

Pf. 

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

decreases: 

- the first observable vesicle formation (Study I),  

- complete vesiculation of the central sample volume accompanied by vesicle 

growth (Studies I and II),  

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

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 MPa/s), vesicles first appear in the glass at a Pf of 80 MPa (Fig. 3). At faster 

decompression rates (1.7 MPa/s), lower Pf values 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 
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even higher PSS, corresponding to lower Pf values of 10 to 20 or 30 MPa, depending 

on cH2Oi (Fig. 3).  

Vesicle formation is initially observed in localized regions of the quenched samples, 

with high densities of small vesicles (2–4 µm) 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 Pf for initially H2O 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 Pf with slower decompression. In the 5.7 wt% series, coalescence starts at a Pf 

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 MPa/s).  

Fig. 3: Vesicle occurrence in 

decompressed LLST samples: 

Open symbols indicate no 

vesicles after decompression 

and quenching. Dotted 

symbols show homogeneous 

vesicle formation at Pf, while 

crossed filled symbols indicate 

both coalesced and pristine 

vesiculated volumes. Filled 

symbols denote only 

coalesced vesicles. Blue and 

green symbols represent cH2Oi 

of 5.7 wt% and 5.0 wt%, 

respectively. Psat refers to the 

saturation pressure of 5.7 wt% 

and 5.0 wt% H2O, and PSS is 

the ΔP from Psat to the 

pressure of first observed 

vesicles.  

 

0

20

40

60

80

100

120

140

160

180

200

0.01 0.1 1 10

P
f
[M

P
a

]

dP/dt [MPa/s]

P
S

S
~

1
2
0
 M

P
a

P
S

S
~

8
0
 M

P
a

P
S

S
~

1
3
0
 M

P
a

P
S

S
~

1
0
0

–
1
1
0
 M

P
a

Psat = 198 MPa

Psat = 156 MPa



 

16 
 

Pf 
[MPa] 

0.064 MPa/s 0.17 MPa/s 1.7 MPa/s 

70 

   
 LLST_37D LLST_3D LLST_5D 

60 

   
 LLST_48D LLST_49D LLST_50D 

50 

   
 LLST_38D LLST_4D LLST_13D 

40 

  

 

 
 LLST_39D LLST_26D LLST_25D 

30   

 
   LLST_44D 

 

Fig. 4: Decompression samples of LLST with initially 5.7 wt% dissolved H2O. Hydrous melts were 
decompressed from 200 MPa with 0.064, 0.17 or 1.7 MPa/s to Pf 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 µm thickness. Each sample had an original diameter of 5 mm. 
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Pf 
[MPa] 

0.064 MPa/s 0.17 MPa/s 1.7 MPa/s 

80 

    
 LLST_22D LLST_23D LLST_11D 

70 

    
 LLST_47D LLST_35D LLST_10D 

50 

    

 LLST_20D LLST_7D LLST_43D 

40 

    

 LLST_21D LLST_17D LLST_16D 

30  

   
  LLST_45D LLST_42D 

 

Fig. 5: Decompressed LLST samples with initially 5.0 wt% dissolved H2O. Decompressed from 200 MPa 
with 1.7, 0.17 or 0.064 MPa/s to Pf 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 µm thickness. Each 
sample had an original capsule inner diameter of 5 mm. 



 

18 
 

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 Pf 

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 µm to ~15 µm as Pf decreases, consistent across the different decompression rates. 

Notably, the VND is independent of cH2Oi prior to decompression, as both H2O series 

display the same range of logVND. However, VND does exhibit an apparent 

dependence on the onset of observable vesicle formation. The Pf associated with the 

highest logVNDs shifts towards lower pressures at faster decompression rates. For 

example, at 5.0 wt% dissolved H2O and a decompression rate of 0.064 MPa/s, the 

highest logVND is observed at a Pf of 50 MPa. In contrast, Pf 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 µm to ~500 µm, 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 Pf and lower PSS may result in 

H2O resorption during cooling, leading to the complete dissolution of earlier-formed 

smallest vesicles. H2O resorption from vesicles back into the melt during quenching, 

as described by McIntosh et al. (2014) and Allabar et al. (2020a), is driven by the 

increasing solubility of H2O 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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H2O 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 Pf (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 µm. Subsequently, the 

increase in logVND to maximum values of 5.1–5.7 with decreasing Pf 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 MPa/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.  

  

 

Fig. 6: LogVND evolution vs. Pf and t during 

decompression for cH2Oi 5.7 wt% at 0.17 MPa/s. Stages of 

vesicle textures:  

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.  
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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 H2O supersaturation during 

decompression. Using Hertz’s equation (1908) for random vesicle distribution (x = 5/9 

· VND−1/3), the mean inter-vesicle distance (x) is calculated to be ~7–9 µm. This small 

distance allows near-equilibrium cH2Ot and porosity to develop within seconds via H2O 

diffusion during decompression, as estimated from H2O diffusivity data (Schmidt et al., 

2013). Consequently, near-equilibrium degassing is inferred at high logVNDs of ~5.5, 

with cH2Oeq achieved in the melt.  

However, FTIR measurements of samples with reduced VNDs reveal residual glass 

cH2Ot 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 (τdiff) is significantly longer than the decompression timescale (τd), 

i.e., τdiff/τd >> 1 (Hajimiaza et al., 2019). Under such conditions, H2O 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 τdiff/τd ratios indicate disequilibrium degassing (Study II). 

This corresponds to increasing inter vesicle distances due to an ongoing decrease in 

logVND and cH2Ot, correlated with the H2O diffusion (DH2O) dependence on cH2Ot 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 H2O diffusion from the interstitial melt into the large 

vesicles will not be fast enough to reduce the H2O supersaturation effectively that 

builds up during further continuous decompression. This may result in a secondary 

vesicle formation event at cH2Ot < cH2Oi and lower Pf compared to the initial vesicle 

population. However, no evidence of secondary vesicle formation was observed in this 

study, indicating that the achieved Pf values were still too high for additional vesicle 

formation. 

Therefore, in addition to the resorption of H2O 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 Pf decreases for each decompression rate and 

cH2Oi series, show decompression rate independent behavior for the LLST melt. This 

behavior may be explained by the model of spinodal decomposition, where the H2O 

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 

cH2Oi of 5.3 wt% H2O at Pf 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 MPa/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 K2O-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/dt, 

incorporating surface tension (σ), H2O content, and diffusivity determined by H2O 

saturation pressure. Surface tension, calculated via Eq. 4, is 0.053 N/m (Shea, 2017). 

Given reference parameters from Shea (2017) are σref = 0.06 N/m, Tref = 900 °C, Pref 

= 200 MPa, and SiO2ref = 66.5 wt%. H2O diffusivity (logDH2O in m2/s) was calculated 

using Eq. 5 (Schmidt et al., 2013) with cH2Ot in wt% and T in Kelvin.  

σ = σref ∙ exp[(-2.2 ∙ 10-2) ∙ (SiO2ref – SiO2)] – 5 ∙ 10-6 ∙ (Tref – T) + 2 ∙ 10-5 ∙ (Pref – Psat) 

           (4) 

logDH2O = (-6.001 - 0.277 ∙ cH2Ot) - (6281 - 565.6 ∙ cH2Ot)/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 Pf. 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 Iacono-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 H2O diffusional loss towards fringe vesicles at the capsule walls,  

compounded by coalescence at low Pf. 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 H2O-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 II 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 H2O diffusivity model 

x2 = 2∙DH2O∙t (with x as diffusion distance), (Toramaru, 2006), allowing simplification of 

Eq. 1 to Eq. 6.  

logVND = 3/2 ∙ log(dP/dt) + b      (6) 

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

with H2O 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 (σ = 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 H2O diffusion and viscous deformation 

play critical roles in determining the effects of H2O 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 H2O 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 H2O 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 H2O 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 H2O diffusion into 

vesicles, promoted by reduced H2O 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 H2O solubility model for peralkaline rhyolitic melts 
(Study III) 

Glass densities 
In the H2O solubility experiments of the peralkaline rhyolitic melts, H2O was uniformly 

dissolved within the corresponding quenched glasses. For all investigated glass 

compositions (Table 2), the density exhibited a linear decrease with increasing H2O 

content. The linear correlations between density (in g/L) and cH2Ot were fitted through 

regression analysis for the hydrous glasses of each composition (Eqs. 7–10), where 

the AOQ density relationship (ρAOQ) is from Nowak and Behrens (1997). The increase 

in density with higher peralkalinity is attributed to enhanced depolymerization caused 

by the incorporation of Na2O, which leads to a reduction in molar volume of the glass 

(Bottinga and Richet, 1995). 

ρAOQ = (2362) −(14.5) ⋅ cH2Ot        (7) 

ρAOQ2 =(2351 ± 2)−(12.30 ± 0.6) ⋅ cH2Ot       (8) 

ρAOQ4 =(2362 ± 4)−(9.90 ± 1.2) ⋅ cH2Ot       (9) 

ρAOQ8 =(2392 ± 3)−(7.96 ± 0.9) ⋅ cH2Ot       (10) 

 

Linear molar absorption coefficients 
Linear molar absorption coefficients of the NIR absorption bands related to OH at 

~4470 cm-1 and molecular H2O at ~5210 cm-1 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 H2O concentrations from KFT analysis. According to Eq. 11 the normalized 

absorbances (shown in parentheses) were calculated:  

(
1802 ∙  𝐴H2O

𝑑 ∙  𝜌 ∙  𝑐H2Ot (KFT)
) = εH2O −

εH2O

εOH
 (

1802 ∙  𝐴OH

𝑑 ∙  ρ ∙  𝑐H2Ot(KFT)
) (11) 
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A straight line is obtained by plotting the normalized absorbances, where the 

absorption coefficients of OH and H2Om 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∶ εOH =1.59 ± 0.04 and εH2Om = 1.50 ± 0.02 L·mol-1∙cm-1 

  AOQ4∶ εOH =1.50 ± 0.04 and εH2Om = 1.20 ± 0.02 L·mol-1∙cm-1 

  AOQ8∶ εOH =1.03 ± 0.05 and εH2Om = 0.96 ± 0.02 L·mol-1∙cm-1. 

Compared to the AOQ absorption coefficients (εOH: 1.56 ± 0.021 L·mol-1∙cm-1 and 

εH2Om: 1.79 ± 0.021 L·mol-1∙cm-1; Behrens and Nowak, 2003), εH2Om decreases 

significantly with increasing excess alkali content (xex = (Na2O+K2O–Al2O3)/100). While 

εOH increases slightly from AOQ to AOQ2, it subsequently decreases at higher excess 

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

 

 

 

 

 

Fig. 8: Dependence of linear molar absorption 
coefficients with excess alkali content. The lines 
represent the fits to the data obtained in this study 
(circles), while the stars denote the absorption 
coefficients for a natural peralkaline rhyolite 
composition (NSL) from Behrens et al., (2009). 

 

 

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 

H2O species to non-bridging oxygens, where only a portion of the water contributes to 

the absorption bands. The slight increase in εOH 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.  

 

H2O solubility of AOQ4 and AOQ8 
In accordance with the Lambert-Beer law, the NIR band intensities of OH and H2Om 

were used to calculate their respective concentrations in the glass samples. Similar to 

other silicate melt compositions, the solubility of H2O 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 H2O 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 H2O solubility equations as a function of pressure and temperature are 

presented in Eqs. 13 and 14. These equations are valid within the specified pressure 

and temperature ranges. Both fits yield an R2 value of 0.99, with root-mean-square 

errors of 0.07 wt% and 0.06 wt% for AOQ4 and AOQ8, respectively. 

AOQ:  𝑐H2Ot
(wt%) =

354.94𝑃0.5 + 9.623𝑃 − 1.5223𝑃1.5

𝑇
+ 0.001244𝑃1.5 

 
[0.1–500 MPa, 825–1423 K]  (12) 

 

AOQ4:  𝑐H2Ot
(wt%) =

337.9𝑃0.5 + 28.33𝑃 − 2.217𝑃1.5

𝑇
+ 0.001271𝑃1.5 

[27–200 MPa, 1123–1523 K]  (13) 

 

AOQ8:  𝑐H2Ot
(wt%) =

536.4𝑃0.5 + 5.125𝑃 − 1.091𝑃1.5

𝑇
+ 0.001323𝑃1.5 

[50–200 MPa, 1123–1523 K]  (14) 
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Results derived from Eqs. 12–14 show that H2O solubility increases linearly with 

increasing Na2O excess, from AOQ to AOQ8, at constant pressure and temperature 

(Fig. 9). Given this linear relationship, the solubility for any Na2O 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% Na2O excess (+5 Na) and 10 wt% Na2O excess (+10 Na) at 50 MPa and 1273 K. 

The interpolated and moderately extrapolated H2O solubility values (in the case of the 

10 wt% Na2O experiment) agree with the experimentally determined H2O solubilities, 

with a relative deviation of no more than 6%. 

 

       

Fig. 9: (a) Linear relationship between H2O solubility (wt%) and increasing Na2O 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 H2O solubility 
(mol%) and excess alkali (defined as the difference between alkali mole fractions and that of alumina) 
under identical P and T conditions. H2O 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 H2O 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 H2O solubility with peralkalinity on a molar basis is identical 

for Na2O, K2O, Rb2O, and Cs2O. 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 H2O 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 

H2O solubility on peralkalinity observed between AOQ and AOQ8 as a function of 

pressure and temperature may be extended to haplogranitic compositions with general 

excess alkali, excluding lithium. Consequently, the H2O 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:  

AOQ:  𝑐H2Ot
(𝑚𝑜𝑙%) =

1440𝑃0.5 + 3.689𝑃 − 3.839𝑃1.5

𝑇
+ 0.003308𝑃1.5 

[0.1–500 MPa, 825–1423 K]  (15) 

 

AOQ4:  𝑐H2Ot
(𝑚𝑜𝑙%) =

1249𝑃0.5 + 83.59𝑃 − 8.523𝑃1.5

𝑇
+ 0.004575𝑃1.5 

[27–200 MPa, 1123–1523 K]  (16) 

 

AOQ8:  𝑐H2Ot
(𝑚𝑜𝑙%) =

1896𝑃0.5 + 9.01𝑃 − 5.518𝑃1.5

𝑇
+ 0.004884𝑃1.5 

[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 H2O solubility on increasing excess alkali at 

constant pressure and temperature is also observed on a molar basis. Interpolation 

between AOQ and AOQ8 solubilities at given P and T enables the calculation of H2O 

solubility as a function of excess alkali, regardless of the specific alkali type, except in 

the case of lithium.  

𝑐H2Ot (mol%)  =  𝑐AOQ8  −  ((𝑐AOQ8 − 𝑐AOQ)/0.0825) ∙ (0.0842 − 𝑥ex) (18) 
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Where cAOQ and cAOQ8 are the results of Eqs. 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 

H2O 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 H2O 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 H2O solubility, as well as by the data of Scaillet and Macdonald (2001), where 

similar H2O concentrations were observed under both reduced and oxidized conditions 

in iron-bearing melts.   

This study demonstrates that H2O 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 H2O 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 H2O 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 µm 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; Iacono-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; Iacono-Marziano et al., 2007). 

In the basaltic melt, magnetite crystals formed during hydration likely acted as 

nucleation sites for H2O 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 MI 

samples, where MI_6, decompressed at 1.7 MPa/s, showed the highest VND with 

1.2·103 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 cm-3, 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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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 Na2O and K2O 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 Na2O, with a greater length extending into the rhyolitic side, 

suggests varying diffusion coefficients of Na in basaltic versus rhyolitic melts, with Na 

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 MPa/s);      
(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 
from opaque black (basalt) to 
semitransparent brownish and 
finally to transparent colorless 
(rhyolite). 

All samples are cut and 
polished along the cylinder axis, 
with image alignment matching 
the capsule orientation during 
the experiment. Increased 
vesicle formation is observed at 
the former interface. 

 

(a) (b) (c) 

(d) 
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exhibiting higher diffusivity in the rhyolitic composition (Zhang et al., 2010). This effect 

is further amplified by the increased H2O content in the rhyolite, as higher H2O 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.  

 

 

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.  

 

cH2Ot profiles along the hybrid zones 

The cSiO2 concentration profiles align with the cH2Ot 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 H2Om and OH to measure peak heights. The 

linear molar absorption coefficients (ε) were calculated using the parabolic equation 

from Ohlhorst et al. (2001), which predicts ε as a function of the cSiO2 (wt%) content of 

the glass, applicable for compositions ranging from rhyolite to basalt:  

ε = a + b · cSiO22          (19) 

The baseline-dependent parameters a = −0.13 and b = 0.000257 were used, resulting 

in absorption coefficients for rhyolite (εH2Om = 1.57 and εOH = 1.32 L∙mol-1∙cm-1) and 

basalt (εH2Om = 0.76 and εOH = 0.64 L∙mol-1∙cm-1).  

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 III; 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.  

 ρD = (2515 ± 6) – (11.8 ± 2.0) · cH2Ot       (20) 

 ρB = (2819 ± 13.5) – (20.8 ± 6.6) · cH2Ot      (21) 

Applying this procedure, cH2Ot profiles across the hybrid zone reveal an increase in 

H2O concentrations transitioning from rhyolitic to basaltic compositions (Fig. 12). 

Within the high VND zones, cH2Ot was generally higher than cH2Oeq predicted for Pf. This 

discrepancy might be attributed to the increased solubility of H2O with decreasing 

temperature at pressures below 300 MPa (Holtz et al., 1995), causing H2O diffusion 

from vesicles back into the melt during quenching. This process led to vesicle 

shrinkage and the formation of resorption halos, with elevated H2O concentrations 

surrounding the vesicles (McIntosh et al., 2014; Allabar et al., 2020a). Higher VNDs 

accelerated H2O resorption due to the larger number of H2O 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 cH2Ot in dacitic hybrid zones may also result 

from vesicle resorption. Assuming similar temperature dependence of H2O 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 H2O indicates a much higher cH2Ot 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% H2O is soluble, comparable 

to the experimental final conditions here (100 MPa, 1348 K). Therefore, dacitic melts 

show higher H2O solubility (5.7 wt%) than rhyolitic (3.8 wt%) or basaltic (3.3 wt%) melts 

under similar conditions (Study III; Berndt et al., 2002). This solubility difference may 

explain the ~1 wt% increase in cH2Ot across hybrid zones.   

Despite possible uncertainties in absorption coefficients, baseline corrections, and the 

influence of H2O 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 H2O 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.  

 

 

Fig. 12: A cH2Ot-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 cH2Oi in rhyolite and basalt. Grey solid 
lines indicate the SiO2 concentration profile, and blue ellipsoids highlight the vesiculated rhyolite zone. 
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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 Na2O concentration in the rhyolitic melt reduces its H2O solubility, promoting H2O 

supersaturation near the contact zone during decompression. Dingwell et al. (1997) 

demonstrated that H2O solubility in silicate melts is influenced by alkali excess (xex = 

(Na2O+K2O–Al2O3)/100). This relationship was confirmed in Study III, where a linear 

increase in H2O solubility with increasing Na2O 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 H2O 

solubility minimum at xex = 0. This reduction in alkali excess led to a decrease in H2O 

solubility by ~ 0.4 wt%, thereby lowering ΔP 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 ΔP 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 H2O solubility and, consequently, vesicle formation in rhyolitic silicate melts.  
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Titel: Vesiculation dynamics – Part 1: Decompression-induced H2O vesicle formation 

in the Lower Laacher See phonolitic melt 

Authors: Patricia Louisa Marks and Marcus Nowak 

Published online on July 04, 2025, in European Journal of Mineralogy; special issue: 

Probing the Earth: experiments on and for our planet, 37, 385–412, 

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

Titel: Vesiculation dynamics – Part 2: Decompression-induced H2O vesicle growth, 

onset, and progression of coalescence 

Authors: Patricia Louisa Marks and Marcus Nowak 
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Publication Study III 

Titel: An empirical H2O solubility model for peralkaline rhyolitic melts 

Authors: Anja Allabar, Patricia L. Petri, Dennis Eul, and Marcus Nowak 

Published online on April 24, 2022, in Contributions to Mineralogy and Petrology, 177, 

52, https://doi.org/10.1007/s00410-022-01915-8.   

 

Calculation scripts (MS Excel and Matlab) are provided in the supplementary material 

to calculate H2O solubility in peralkaline rhyolitic melts at 27–500 MPa, 980–1523 K 

and excess alkali up to 0.0825. 

Supplementary Information available at https://doi.org/10.1007/s00410-022-01915-8.  
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Publication Study IV 

Titel: H2O degassing triggered by alkali depletion in bimodal magma injection 

processes – a new experimental approach 

Authors: Patricia Louisa Marks, Anja Allabar, and Marcus Nowak 

Published online on August 02, 2023, in European Journal of Mineralogy, 35, 613–633, 

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