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Zusammenfassung

Die Viskositdt vulkanischer Schmelzen ist eine grundlegende physikalische
Eigenschaft, die die Dynamik des Magmaaufstiegs, der Entgasung und der Fragmentierung
steuert. Thre préazise Charakterisierung ist entscheidend fiir das Verstindnis des
Ausbruchsverhaltens und fiir die Entwicklung numerischer Modelle, die vulkanische Prozesse
simulieren. Wiahrend theoretische und experimentelle Ansitze zur Messung der Viskositit gut
etabliert sind, stellen vulkanische Schmelzen, insbesondere Wasser-reiche und eisenhaltige
Zusammensetzungen wie Basalte und Andesite, erhebliche experimentelle Herausforderungen
dar. Aktuelle Forschung hat gezeigt, dass nanoskalige chemische Heterogenititen, die
Nanokristallisation von Fe-Ti-Oxiden (d. h. Nanolithe), und ein experimentell bedingter
Wasserverlust sowohl vor (d. h. wihrend der Probenherstellung) als auch wéhrend der
Viskositidtsmessungen auftreten konnen. All dies kann die Messung der Schmelzviskositét
stark beeintrdchtigen. Diese nanoskaligen Effekte und Wasserverluste konnen zu
systematischen Uberschitzungen der Viskositit und wichtiger Parameter fiir deren numerische
Modellierung fiithren, wie der Glasiibergangstemperatur (Tg) und der Schmelzfragilitit (m).

Diese Dissertation entwickelt einen kombinierten experimentellen und modellbasierten
Ansatz, um die Bestimmung der Schmelzviskositit in Magmen zu verbessern, die anfillig fiir
nanoskalige Strukturbildung (vor und nach der Viskositdtsmessung) und Wasserverluste
wihrend der Messung der Viskositit sind. Der Ansatz kombiniert die Synthese von
wasserfreien und  wasserhaltigen  Gldsern unter  kontrollierten = Redox-  und
Temperaturbedingungen  mit einem  strengen  Multi-Technik-Screening-Protokoll,
einschlieBlich Raman-, Mdssbauer- und Brillouin-Spektroskopie, Fourier-Transform-
Infrarotspektroskopie (FTIR) und Electronen Mikrosonde (EMPA), um (nanoskalig)

strukturell verdnderte Proben vor und nach den Viskositdtsmessungen auszuschlieen. Diese



Messungen wurden mit Mikropenetrationsviskosimetrie im Hochviskositédtsbereich,
Differential Scanning Calorimetry (DSC), und konzentrischer Zylinderviskosimetrie im
Niederviskositdtsbereich durchgefiihrt. Bemerkenswert ist, dass die Modellierung der
Schmelzviskositét ausschlielich auf nanolithfreien Daten basierte.

Im ersten Teil dieser Arbeit prisentieren wir ein neues Viskositdtsmodell fiir
wasserhaltigen Stromboli-Basalt. Unsere Ergebnisse zeigen, dass friilhere Modelle die
Schmelzviskositit unter praeruptiven Bedingungen um den Faktor 2,5-5,7 {iberschétzt haben.
Dies impliziert deutlich schnellere Magmaaufstiegsraten als bisher angenommen, und steht in
besserem Einklang mit Beobachtungsdaten der paroxysmalen Eruptionen von 2019.

Im zweiten Teil untersuchen wir die Effekte der Bildung von Fe-Ti-Nanolithen in
andesitischen = Schmelzen unter Verwendung zeitaufgeloster Viskosimetrie und
hochauflésender struktureller Charakterisierung mittels Transmissions-
Elektronenmikroskopie (TEM), Small-Angle X-ray Scattering (SAXS), und Wide Angle X-
ray Scattering (WAXS). Wir zeigen, dass Nanolithe sich innerhalb von Sekunden oberhalb von
Tg bilden und nanoskalige chemische Heterogenititen verursachen. Diese umfassen
kieselsdurereiche Schmelzdoménen und Aluminium-angereicherte Halos um die neu
gebildeten Nanokristalle. Diese Verdnderungen fithren zu Viskositétserh6hungen um bis zu
das 30-fache bei eruptiven Temperaturen, selbst wenn die Nanolithfraktionen unter 1 Vol.-%
bleiben. Wichtig ist, dass diese Effekte nicht allein durch den Kristallgehalt oder Anderungen
der Gesamtzusammensetzung erkldrt werden konnen, was darauf hinweist, dass Nanolith-
induzierte strukturelle Reorganisationen einen starken Einfluss auf die Schmelzrheologie
wihrend der frithen Stadien der Kristallisation ausiiben.

Aufbauend auf diesen Erkenntnissen entwickelt der letzte Teil dieser Dissertation ein
neues Viskositdtsmodell fiir wasserhaltige andesitische Schmelzen, basierend auf

Zusammensetzungen, die reprasentativ fiir den Sakurajima-Vulkan sind. Durch die Synthese



von Eisen-haltigen und Eisen-freien Analoga, hydratisiert auf verschiedene H.O-
Gehalte, und durch die Integration von Daten aus Viskosimetrie, DSC und Brillouin-
Spektroskopie, quantifizieren wir die Rollen von Ubergangsmetallen und fliichtigen
Komponenten auf Tg und

m. Wir fiilhren zwei neue empirische Gleichungen ein, die die Schmelzfragilitiat mit
elastischen Eigenschaften verkniipfen, malBgeschneidert fiir eisenreiche und eisenfreie
Zusammensetzungen. Das resultierende Modell sagt Viskositidten voraus, die bis zu 45-fach
niedriger sind als friihere Schétzungen, und erkldrt damit langjéhrige Diskrepanzen in
praeruptiven Viskositéts-Vorhersagen fiir andesitische Systeme.

Insgesamt zeigt diese Dissertation, dass nanoskalige Kristallisation und chemische
Heterogenitét eine weitaus groflere Rolle bei der Schmelzviskositit spielen als bisher erkannt.
Durch die Kombination von nanoskaliger Bildgebung, Hochtemperatur-Experimenten und
physikalisch fundierten Modellen liefert diese Arbeit einen neuen Malistab fiir die prizise
Charakterisierung der Schmelzrheologie und verbessert erheblich unsere Fahigkeit,
Magmaaufstieg, Fragmentierung und Eruption in fliichtigkeitsreichen vulkanischen Systemen

zu simulieren.



Summary

The viscosity of volcanic melts is a fundamental physical property governing the
dynamics of magma ascent, degassing, and fragmentation. Its accurate characterization is
essential for understanding eruptive behavior and for developing numerical models that
simulate volcanic processes. While theoretical experimental approaches for measuring
viscosity are well established, volcanic melts, especially volatile-rich and iron-bearing
compositions such as basalts and andesites, present significant experimental challenges. Recent
research has shown that nanoscale chemical heterogeneities, nano-crystallization of Fe-Ti
oxides (i.e., nanolites), and syn-experimental water loss can occur before (i.e., during sample
synthesis) or during viscosity measurements. All of these can severely compromise the
measurement of melt viscosity. These nanoscale effects and water loss can lead to systematic
overestimations of viscosity and key parameters for its numerical modelling, such as the glass
transition temperature (7,) and melt fragility (m).

This thesis develops a combined experimental and modelling framework to improve
the determination of melt viscosity in magmas prone to nanoscale modifications and loss of
water during the measurement of viscosity. The approach combines the synthesis of anhydrous
and hydrous glasses under controlled redox and thermal conditions with a rigorous multi-
technique screening protocol, including Raman, Mdssbauer, Brillouin, and Fourier Transform
Infrared (FTIR) spectroscopies, including Electron probe micro-analysis (EMPA) and
Transmission electron microscopy (TEM), to identify (nanoscale) structurally altered samples
before and after viscosity measurements. Viscosity measurements were performed using
micropenetration viscometry and Differential Scanning Calorimetry (DSC) in the high-mid-
viscosity regime, and concentric cylinder viscometry in the low-viscosity regime. Thus, the

modelling of melt viscosity was based exclusively on nanolite-free data.



In the first part of this work (Chapter 4.1), we present a new viscosity model for hydrous
Stromboli basalt. Our results show that previous models overestimate melt viscosity at pre-
eruptive conditions by a factor of 2.5-5.7. This implies significantly faster magma ascent rates
than previously thought, aligning better with observational constraints from the 2019
paroxysmal eruptions.

In the second part (Chapter 4.2), we investigate the effects of Fe-Ti nanolite formation
in andesitic melts using time-resolved viscometry and high spatial resolution structural
characterization using Transmission Electron Microscopy (TEM), Small-Angle X-ray
Scattering (SAXS), and Wide Angle X-ray Scattering (WAXS). We show that nanolites form
within seconds above T, triggering nanoscale chemical heterogeneity. These include silica-
rich melt domains and aluminum-enriched halos around the newly formed nanocrystals. These
changes cause viscosity increases of up to 30-fold at eruptive temperatures, even at nanolite
fractions remained below ~2 vol%. Importantly, these effects cannot be explained by crystal
content or changes in bulk composition alone, indicating that nanolite-driven structural and
chemical reorganization exerts a strong control on melt rheology during early stages of
crystallization.

Building on these findings, the final part of the thesis (Chapter 4.3) develops a new
viscosity model for hydrous andesitic melts based on compositions representative of
Sakurajima volcano. By synthesizing Fe-bearing and Fe-free analogues hydrated to various
H>O contents, and integrating data from viscometry, DSC, and Brillouin spectroscopy, we
quantify the roles of transition metals and volatiles on 7y and m. We introduce two new
empirical equations linking melt fragility to elastic properties, tailored for Fe-bearing and Fe-
free compositions. The resulting model predicts viscosities up to 45 times lower than previous
estimates, resolving longstanding discrepancies in pre-eruptive viscosity predictions for

andesitic systems.



Altogether, this thesis demonstrates that nanoscale crystallization and chemical
heterogeneity play a far more significant role in melt viscosity than previously recognized. By
combining nanoscale imaging, high-temperature experiments, and physically grounded
models, this work provides a new benchmark for accurately characterizing melt rheology and
significantly enhances our ability to simulate magma ascent, fragmentation, and eruption

scenarios in volcanic systems.
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1. Introduction

1.1 Magma viscosity as a key to understanding volcanic processes

Magma is a three-phase system consisting of a multi-component silicate melt,
suspended crystals, and a gas phase typically manifested as exsolved bubbles (Bowen, 1947).
Among the physical properties of magma, viscosity is widely recognized as one of the most
critical parameters controlling the rheological behavior of magma during ascent and eruption
(Alidibirov and Dingwell, 1996; Cassidy et al., 2018; Gonnermann and Manga, 2013; Sparks,
2003). Magma viscosity regulates the transport of magma and its rheological response to
decompression and deformation (Di Genova et al., 2017; Dingwell, 1996; Gonnermann, 2015;
Koyaguchi and Mitani, 2005; Lautze and Houghton, 2007; Okumura et al., 2010; Papale, 1999;
Vonaetal., 2011; Webb and Dingwell, 1990; Zhang, 1999), ultimately modulating the eruptive
style (Sparks, 2003).

Magma viscosity is primarily controlled by the temperature and composition of the
liquid phase, but it is also significantly influenced by the volume fraction and shape of crystals
and bubbles suspended within the melt (Friedman et al. 1963; Richet et al. 1996; Ishibashi and
Sato 2007; Vetere et al. 2007; Vona et al. 2011; Gonnermann and Manga 2012; Robert et al.
2013; Sehlke et al. 2014; Chevrel et al. 2015; Campagnola et al. 2016; Di Genova et al. 2017a,
2018; Cassidy et al. 2018; Romano et al. 2020).

Numerous studies have quantified the temperature- and composition-dependent
viscosity of aluminosilicate melts relevant to volcanology (Davi et al., 2009; Dingwell et al.,
1996; Ishibashi and Sato, 2007; Lejeune and Richet, 1995; Liebske et al., 2003, 2005; Misiti et
al., 2011; Richet et al., 1996; Stevenson et al., 1998; Vetere et al., 2007, 2008; Whittington et
al., 2000, 2009). These studies demonstrate that silicate melt viscosity spans up to twelve orders

of magnitude depending on temperature, chemical composition, and volatile content (Giordano
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et al., 2009). Increasing temperature decreases viscosity by enhancing atomic mobility and,
critically, by increasing the configurational entropy (Scons) of the melt, which reflects the
number of accessible structural arrangements (Adam and Gibbs, 1965). This increase in Scons
facilitates the cooperative rearrangement of structural units, which is the fundamental
mechanism of viscous flow (Adam and Gibbs, 1965). In contrast, the presence of crystals
increases viscosity, as the suspended solid phase impedes flow (Costa, 2005; Mueller et al.,
2011b; Vona et al., 2011). Crystal shape also plays a critical role, as elongated or acicular
crystals further increase viscosity due to stronger mechanical interactions, alignment, and
interlocking within the melt (Mader et al., 2013).

The dependence of melt viscosity on chemical composition is fundamentally linked to
the melt's structure, particularly the degree of polymerization of the anionic network and the
distribution of Q" species, where n indicates the number of bridging oxygens per tetrahedral
unit (Mysen and Richet, 2005). This is controlled by the connectivity of tetrahedrally
coordinated cations (T), such as Si, Al, Fe, and Ti, through shared oxygen atoms. When oxygen
atoms are shared between two tetrahedra, termed as bridging oxygens, the melt becomes more
polymerized and resistant to flow. The temperature dependence of viscosity is often non-
Arrhenian, especially near the glass transition temperature (7%), a behavior quantified by the
melt's fragility (Angell, 1995). At these lower temperatures (i.e., close to Ty), the decreasing
Seconr €xerts a dominant control on viscosity, as described by the Adam-Gibbs theory (Adam
and Gibbs, 1965). At higher, superliquidus temperatures, while the energetic barriers associated
with the dynamic breaking and reformation of T-O bonds contribute significantly to the
activation energy for viscous flow, the process remains a cooperative rearrangement of
structural units (Mysen and Richet, 2005; Webb and Dingwell, 1990). The strength of Si-O
bonds, being among the highest in silicate melts, contributes significantly to the high viscosity

of silica-rich melts like rhyolites (Di Genova et al., 2013). However, the presence of other
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network formers (e.g., AI**), whose Al-O bonds are generally weaker than Si-O bonds, and the
influence of network-modifying cations (e.g., Na*, K*, Ca?") and volatiles (e.g., H>O), are also
critical. These components introduce non-bridging oxygen atoms, disrupt network
connectivity, and alter the energy landscape for cooperative motion, leading to melt
depolymerization and a significant reduction in viscosity (Mysen and Richet, 2005;
Whittington et al., 2000). This structural principle explains the strong rheological contrast
between high-silica (e.g., rhyolitic) and low-silica (e.g., basaltic) melts, and underscores the
critical role of water as a viscosity-reducing agent (Dingwell et al., 1996; Richet et al., 1996;
Urbain et al., 1982).

The eruptive style of a volcano is primarily governed by the decompression and
deformation rates, and by how efficiently the gas phase separates from the ascending melt
(Cashman and Scheu, 2015; Cassidy et al., 2018; Degruyter et al., 2012; Gonnermann, 2015;
Mueller et al., 2008). In this context, melt viscosity plays a central role in modulating the
timescale over which a silicate melt can respond to deformation, as described by the Maxwell

relaxation time:

T= — (1)

D
8

where Tis the relaxation time, 1 is the dynamic viscosity of the melt, and G, is the
instantaneous shear modulus of the melt, representing its purely elastic response at very short
timescales (Webb and Dingwell, 1990). The Maxwell relaxation time defines the timescale
required for a viscoelastic material to relax applied stress. Thus, when deformation occurs on
timescales significantly shorter than z, the melt responds elastically; if deformation timescales
are longer, it allows for viscous flow. Therefore, high-viscosity melts exhibit longer relaxation
times, impeding efficient gas segregation and escape (e.g., by hindering bubble coalescence

and the formation of permeable pathways). This increases the potential for internal
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overpressure buildup, as the melt becomes unable to dissipate stress through viscous flow and
instead fails in a brittle manner, ultimately promoting explosive eruptions. In contrast, low-
viscosity melts relax more rapidly, promoting efficient gas decoupling and favoring effusive
behavior (Dingwell and Webb, 1990; Gonnermann, 2015; Koyaguchi and Mitani, 2005; Lautze
and Houghton, 2007; Zhang, 1999).

This framework is directly connected to magma fragmentation, which marks the
threshold at which magma transitions from a continuous liquid to a fragmented mixture of melt
and gas, resulting in explosive volcanic activity (Cashman and Scheu, 2015; Cassidy et al.,
2018; Gonnermann, 2015; Papale, 1999). Fragmentation is generally triggered by two key
mechanisms: (1) the buildup of bubble overpressure due to hindered gas expansion in viscous
melts (Kueppers et al., 2006; Mueller et al., 2008), and (2) the exceedance of a critical strain
rate, beyond which the deformation timescale becomes shorter than the relaxation time of the
melt (Dingwell, 1996; Okumura et al., 2010; Papale, 1999). In this case, the melt fails in a
brittle manner, initiating fragmentation.

Therefore, changes in melt viscosity during volcanic eruptions can strongly influence
the transition from effusive to explosive eruptive styles (Arzilli et al., 2019; Cashman and
Scheu, 2015; La Spina et al., 2022). These changes are often driven by syn-eruptive processes
that alter the physical and chemical properties of the magma during ascent. Rapid
crystallization increases the crystal volume fraction, thereby increasing magma viscosity and
hindering flow (Arzilli et al., 2019; Vona et al., 2011). Simultaneously, degassing and volatile
loss, particularly of H>O, lead to increased melt polymerization, further raising viscosity
(Whittington et al., 2000), promoting further crystallization (Su et al., 2016). Vesiculation and
bubble growth add complexity: While isolated bubbles can reduce density and potentially
lower viscosity (Richet et al., 2000), high bubble fractions and bubble-crystal aggregates often

increase the effective viscosity, especially when deformation is rapid (Mueller et al., 2008;
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Okumura et al., 2010). Additionally, magma mixing, wall-rock assimilation, and conduit
autobrecciation can introduce thermal and compositional disequilibrium, promoting
crystallization or modifying melt structure, which further increases viscosity (Marshall et al.,
2022). Even modest changes in viscosity (0.5—1 log units) can critically affect melt relaxation
and gas retention, ultimately tipping the system toward fragmentation (Di Genova et al., 2017,
Dingwell, 1996).

Previous work has shown that syn-eruptive variations in melt viscosity directly
influence the explosivity and recurrence of eruptive events by regulating the rates at which
overpressure is generated and released during magma ascent (Arzilli et al., 2019; Blundy and
Cashman, 2001; Hammer et al., 1999). A key contributor to these changes is the rapid
crystallization of micrometer-sized crystals (i.e., microlites). Numerous studies have
demonstrated that syn-eruptive microlite crystallization significantly increases melt viscosity,
reducing gas mobility and enhancing internal overpressure (Arzilli et al., 2019; Bamber et al.,
2020; La Spina et al., 2016; Sable et al., 2006). As the crystal volume fraction approaches the
maximum packing limit, the system becomes increasingly resistant to flow, favoring brittle
failure and triggering the transition to explosive eruption (Cashman and Scheu, 2015; Cassidy
et al., 2018; Gonnermann, 2015).

These interconnected processes underscore the highly dynamic nature of magma
viscosity. It is not a static property, but one that evolves continuously in response to ongoing
compositional, thermal, and textural changes occurring during magma ascent. The coupling
between crystallization, degassing, and rheology plays a critical role in controlling eruption
dynamics and transitions in eruptive style. Therefore, understanding how viscosity varies
through space and time within volcanic systems is fundamental to accurately modelling magma

transport and forecasting eruptive behavior.
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1.2 The influence of nanocrystals on magma viscosity

While the effects of microlite crystallization on magma rheology are well recognized
(Mader et al., 2013; Mueller et al., 2011a; Vona et al., 2011), a finer scale of complexity arises
when crystallization occurs at the nanometric scale. Microlites, generally defined as crystals
<100 um, are ubiquitous in volcanic products and typically form in response to decompression-
driven undercooling and volatile exsolution within the conduit (Andrews and Befus, 2020;
Arzilli et al., 2019; Blundy and Cashman, 2001; Hurwitz and Navon, 1994; La Spina et al.,
2016). Their impact on bulk viscosity depends strongly on their volume fraction (¢), shape,
and spatial distribution (Mader et al., 2013; Mueller et al., 2011a; Vona et al., 2011). When ¢
approaches the maximum packing fraction, microlites can cause exponential increases in
suspension viscosity (Mader et al., 2013).

Despite advances in modeling microlite-bearing suspensions, recent evidence reveals
that nanocrystals or “nanolites” can dramatically affect magma viscosity even at volume
fractions well below the packing limit. Unlike microlites, nanolites operate at the interface of
crystallization and structural reorganization, and their rheological effects cannot be described
by classical suspension models. Evidence from material science suggests that nanoparticle-rich
suspensions exhibit nonlinear viscosity responses due to size-dependent surface and
interparticle forces (Rudyak and Krasnolutskii, 2014; Sharma et al., 2016). In silicate melts,
these principles translate into unexpectedly strong rheological impacts. Experimental work by
Di Genova et al. (2020b) demonstrated that the formation of TiO;- and FeO-bearing
nanocrystals can produce significant viscosity increases even at low ¢ compared to microlites
(Fig. 1).

Nanolites are believed to nucleate during early stages of crystallization, under high
nucleation and low growth conditions, as described by classical nucleation theory (Cormier,

2014). Nanolites are expected to be the product of that transient and incipient process that leads
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to the formation of larger crystals (i.e., microlites). Therefore, their formation is promoted by
magma undercooling during decompression, parallel to microlite formation but occurring on
shorter timescales and smaller spatial scales (Arzilli et al., 2019; Blundy and Cashman, 2001;
Hammer et al., 1999). However, studies focusing on understanding the relationship between

magma undercooling and nanolite formation are still absent.
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Figure 1. Dependence of the relative viscosity 7. on the volume fraction of particles suspended
in the carrying liquid phase. Modified after Di Genova et al. (2020b).

Recently, nanolites have been increasingly identified in volcanic products from
explosive eruptions. They have been found in Shinmoedake volcano in Japan (Mujin et al.,
2017; Mujin and Nakamura, 2020, 2014), Mt. Etna (Barone et al., 2016), and other volcanic
systems (Knafelc et al., 2022; Thivet et al., 2023; Yoshida et al., 2023; Zellmer et al., 2016).
These observations consistently associate nanolites with vesicles and quenched fragmentation
textures, suggesting a potential role in bubble nucleation, strain localization, and fragmentation.

However, the timing of nanolite formation and their contribution to explosivity remain under
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debate (Caceres et al., 2020; Di Genova et al., 2018, 2020a; Knafelc et al., 2022; Mujin et al.,
2017; Mujin and Nakamura, 2014, 2020; Okumura et al., 2022).

Laboratory studies provide strong support for the role of nanolites in modulating
viscosity. Experimental results show that even trace amounts of nano-crystallization can induce
nonlinear increases in viscosity, likely due to coupled chemical and structural changes in the
melt (Di Fiore et al., 2024; Di Genova et al., 2020a; Fanesi et al., 2025; Liebske et al., 2003;
Okumura et al., 2022; Scarani et al., 2022; Valdivia et al., 2023, 2025). Two principal
mechanisms have been proposed. First, at high viscosities near the glass transition temperature
(7 = 108 - 10" Pa s), nanolites formation increases melt viscosity by the diffusion of iron and
titanium within the initially homogenous melt to form Fe-Ti-rich nanolites. For instance,
Okumura et al. (2022) proposed that the increase of the anhydrous viscosity due to magnetite
nano-crystallization in andesitic magmas is well-explained by the complete depletion of iron
in the melt phase. However, in this work, we show that this mechanism alone cannot explain
the mechanism of viscosity increase within andesitic magmas.

The second mechanism operates at higher temperatures where melt viscosities are lower
(7 = 107 - 10° Pa s), where nanolites aggregate and entrap interstitial melt, increasing the
effective solid volume (Bamber et al., 2025). This behavior has been observed during in situ
heating experiments and in natural pyroclasts from the 122 CE Plinian eruption at Mt. Etna
(Di Genova et al., 2020a). Similar melt entrapment effects were noted in dendritic microlite
textures under water-saturated conditions (Arzilli et al., 2022), suggesting that this
phenomenon may operate across multiple crystal size scales.

Together, these mechanisms reveal that nanolites increase viscosity through both
physical and chemical reconfiguration, even at low crystal contents. Importantly, their effects
go beyond what is predicted by current suspension models, which are typically calibrated on

nanolite-free compositions. As nanolites are increasingly recognized in both experimental and
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natural samples, their inclusion in future rheological models is critical for improving our

understanding of magmatic processes and eruption dynamics.

1.3 Limitations of existing viscosity models and the need for a new framework

Several studies spanning a wide range of melt compositions, including basaltic
(Bouhifd et al., 2004; Di Genova et al., 2020b; Scarani et al., 2022; Valdivia et al., 2023),
andesitic (Liebske et al., 2003; Okumura et al., 2022; Pereira et al., 2024; Richet et al., 1996;
Vetere et al., 2006), tephri-phonolitic-foiditic (Fanesi et al., 2025; Kleest et al., 2020), and
rhyolitic melts (Céceres et al., 2024; Di Genova et al., 2017) have significantly improved our
understanding of the compositional and temperature controls on silicate melt viscosity. These
works have enabled the derivation of isochemical, temperature-dependent viscosity
parametrizations by fitting experimental viscosity data. The two most popular parametrizations
are the Vogel-Fulcher-Tammann (VFT) (Fulcher, 1925; Tammann and Hesse, 1926; Vogel,
1921) and the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) (Mauro et al., 2009) equations. The
VFT equation provides an empirical approach to capture the non-Arrhenian behavior of silicate

melt viscosity as a function of temperature:

B
log,10n(T) = Aypr + T—Coo _VgT (2)
VFT

where Ayrr, Bygr, and Cypr are empirical fitting parameters unique to each melt composition.
The parameter Aypr represents the logarithm of viscosity at infinite temperature in Pa s,
effectively describing the lower limit of viscosity (i.e., log 7). The Bypr term is related to a

pseudo-activation energy for viscous flow, reflecting the energy barrier that must be overcome
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for structural rearrangement within the melt. The parameter C,rr parameter is the temperature
in K at which viscosity becomes infinite (Russell et al., 2022).

In contrast to the empirically based VFT formulation, the MYEGA equation provides
a physically grounded alternative for describing the non-Arrhenian temperature dependence of
silicate melt viscosity. Unlike VFT, which relies on empirical fitting constants without direct
physical interpretation, MYEGA is derived from the temperature dependence of
configurational entropy, which links the atomic-scale structure of glass-forming liquids to their

macroscopic transport properties (Mauro et al., 2009). It is expressed as:

log,on(T) = I +(12-1 )L [( - 1><Tg )] (3)
0g1o0M = 10910Nw 0910Me Texp 12 — log 0N

where 7., is the logarithmic viscosity at infinite temperature, 7, is the glass transition
temperature, and m is the melt fragility (Eq. 4) defined as the slope of viscosity curve evaluated

at T (Angell, 1995):

_0logyon

" TATT )

Ty

Melt fragility (m) is a key rheological parameter that, when combined with 7, enables
the MYEGA parametrization to describe viscosity variations across a broad temperature range
(Langhammer et al., 2022; Mauro et al., 2009). It is particularly valuable from a practical point
of view, as it enables the extrapolation of viscosity to eruptive conditions using two parameters
(m and Ty) that can be derived experimentally, where direct measurements are challenging due
to the rapid degassing and crystallization that volcanic melts experience during viscosity

experiments.
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Additionally, using extensive experimental datasets, several authors have developed
general-purpose models that predict melt viscosity as a function of composition and water
content across a broad temperature range (Giordano et al., 2008; Hui and Zhang, 2007,
Langhammer et al., 2022). For example, the model by Giordano et al. (2008) was constructed
using a data set of 1774 viscosity measurements, corresponding to anhydrous (N=932) and
hydrous (N=842) compositions. In contrast, the Langhammer et al. (2022) model employed
3482 data points from 153 different compositions, encompassing virtually the entire chemical
space of terrestrial magmas, as well as analogues of some extraterrestrial melts. Despite their
broad applicability, these widely used models are primarily based on experimental datasets that
assume the melts are homogeneous and free of crystals and bubbles. However, this assumption
does not hold in many natural systems, particularly in anhydrous and hydrous iron-rich melts,
where nanoscale heterogeneities and early-stage crystallization can significantly affect
viscosity (Fanesi et al., 2025; Valdivia et al., 2025, 2023).

Recent work has demonstrated that during high-temperature experiments, Fe-Ti-rich
nanolites can form rapidly and remain undetected by standard SEM-like techniques due to their
extremely small size, typically less than 100 nm (Bondar et al., 2025; Di Genova et al., 2020a;
Fanesi et al., 2025; Scarani et al., 2022; Valdivia et al., 2023, 2025). Moreover, syn-
experimental water loss further complicates viscosity determination. Previous studies have
shown that structurally bound water can be progressively lost during high-temperature
experiments, especially under prolonged heating or during multiple measurement cycles
(Fanesi et al., 2025; Valdivia et al., 2023). This dehydration not only increases melt viscosity
but also promotes nanolite formation by enhancing undercooling. This dual effect of
dehydration and crystallization skews the measured viscosity-temperature relationship, leading
to biased estimates of both viscosity and key rheological descriptors such as the glass transition

temperature (7,) and melt fragility (m). These effects are especially pronounced in Fe-rich
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compositions where degassing and nanolite nucleation occur simultaneously, creating
irreversible changes in melt structure. When such measurements are affected by nanoscale
crystallization and water loss, the derived values of 7, and m become unreliable. As a result,
any viscosity extrapolations based on these parameters are inherently flawed. This, in turn,
undermines the accuracy of models used to simulate volcanic processes and diminishes the
reliability of probabilistic forecasts of eruptive behavior.

To overcome these challenges, recent studies (Bondar et al., 2025; Di Genova et al.,
2020a, 2023; Fanesi et al., 2025; Scarani et al., 2022; Valdivia et al., 2023, 2025) have adopted
a multipronged approach integrating SEM-BSE imaging, FTIR, Raman, Mossbauer, and
Brillouin spectroscopy to screen samples before and after viscosity measurements. This
combination of techniques enables the detection and exclusion of nanolite-contaminated data,
ensuring that viscosity calibrations are based exclusively on structurally pristine, nanolite-free
glasses. Such rigorous screening has become essential for improving the reliability of viscosity
models in volatile-rich, nanolite-prone systems, where even minor undetected crystallization
can severely bias rheological interpretations. In this context, determining the 7, using
differential scanning calorimetry (DSC) offers a key advantage, as it allows for rapid
acquisition of thermo-rheological data without prolonged exposure to high temperatures,
thereby minimizing the risk of syn-experimental nano-crystallization and degassing compared
to conventional high-temperature viscometry.

Prior empirical models have inferred m using relationships with sound velocity data
(Cassetta et al., 2021; Novikov et al., 2005; Novikov and Sokolov, 2004; Sokolov et al., 2007),
the Raman Boson peak position (Cassetta et al., 2021), or with structural proxies such as the
number of non-bridging oxygen atoms per tetrahedrally coordinated cation (NBO/T) (Giordano
and Dingwell, 2003; Malfait and Sanchez-Valle, 2013). However, recent work (Fanesi et al.,

2025; Valdivia et al., 2025, 2023) shows that the values derived from these correlations
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(Cassetta et al., 2021; Malfait and Sanchez-Valle, 2013; Novikov et al., 2005; Novikov and
Sokolov, 2004; Sokolov et al., 2007), as well as from global viscosity models (Giordano et al.,
2008; Hui and Zhang, 2007; Langhammer et al., 2022), does not accurately predict the crystal-
free viscosity of andesitic and basaltic compositions (Di Genova et al., 2017, 2020b; Scarani
et al., 2022; Valdivia et al., 2023, 2025).

In response to these limitations, this thesis adopts a refined methodology for modelling
volcanic melt viscosity that combines (1) rigorous screening using a suite of spectroscopic and
imaging techniques to detect and exclude nanolite-bearing or structurally heterogeneous
samples from viscosity measurements, and (2) viscosity calibration based exclusively on
crystal-free data.

Within this framework, we present newly calibrated viscosity models for both basaltic
and andesitic melts, grounded in a dataset filtered for nanolite contamination. Additionally, we
introduce two new empirical equations that correlate melt fragility (m) with the elastic
properties of glasses, as determined by Brillouin spectroscopy. These equations are developed
separately for transition metal-rich and transition metal-free compositions, enhancing the
accuracy of viscosity predictions across a broad range of natural magmatic systems.

Building on these models, we further explore the impact of nanolites on silicate melt
rheology by integrating viscosity measurements with high-resolution nanoscale
characterization techniques, including transmission electron microscopy (TEM), small-angle
X-ray scattering (SAXS), and wide-angle X-ray scattering (WAXS). These complementary
methods enable us to resolve the formation of nanocrystals and associated nanoscale chemical
heterogeneities that develop during early crystallization stages. Our results reveal that even
minimal nanolite formation can induce significant viscosity increases through structural
reorganization and element redistribution, effects that cannot be accounted for by bulk

composition or crystal volume alone. By capturing this previously unresolved processes, this
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work establishes a new, physically grounded and experimentally validated framework for
estimating magma viscosity, thereby improving the modeling of magma ascent, degassing,
and fragmentation for magmas at volcanic systems that are volatile-rich and prone to

nanocrystallization.
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2. Analytical techniques and methods

2.1 Synthesis of anhydrous starting materials

The anhydrous starting materials employed in this study included both natural and
synthetic glasses, formulated to replicate the compositions of Stromboli basalt (Italy) and
Sakurajima andesite (Japan), respectively. Additionally, glasses with variable concentrations
of transition metals were synthesized to broaden the compositional range of the materials
examined.

For the analysis of the Stromboli basalt, ash- to lapilli-sized pyroclasts were selected
from the low-porphyritic (LP) deposit produced during the July-August 2019 eruption of
Stromboli volcano. A homogeneous, anhydrous, crystal- and bubble-free glass was first
prepared by crushing and melting the natural samples in a platinum crucible at 1400 °C for
four hours using a box furnace. The resulting glass was then crushed to a fine powder,
thoroughly mixed, and subjected to a second melting under the same conditions to achieve
chemical homogenization.

For the study of andesitic melts, synthetic glasses were prepared by mixing high-purity
chemical reagents (Si02, TiO2, Al,O3, Fe2O3, MnO, MgO, CaCO3, NaxCO3, KoCO3 and P>0s)
according to their target compositions determined through molar mass calculations. The
powdered reagents were combined in an agate mortar with ethanol and manually ground for
approximately 45 minutes. After mixing, the material was dried under infrared light and then
heated overnight at 900 °C in an alumina crucible to remove CO: from the carbonate phases.
The decarbonated mixture was subsequently transferred to a platinum crucible and melted at
1400 °C for 24 hours. The melt was rapidly quenched in water to prevent crystallization. The

quenched material was crushed into a powder using a stainless-steel percussion mortar,
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manually homogenized, and then subjected to a second melting at 1400 °C for four hours,
followed by rapid quenching to obtain a homogeneous glass.

In both the natural and synthetic systems, portions of the final glasses were ground into
powders and separated into two grain size fractions by sieving, targeting particles smaller than
100 pum, and between 100 and 250 um. These two size fractions were then mixed in equal
weight proportions to minimize porosity during the subsequent high-temperature and high-

pressure synthesis of water-bearing glasses.

2.2 Synthesis of hydrous glasses

At atmospheric pressure, the solubility of water in silicate melts is extremely limited,
resulting in rapid degassing and the generation of bubbles rather than the formation of
homogeneous hydrous glasses (Botcharnikov et al., 2015; Dixon et al., 1995; Lesne et al., 2011;
Moore et al., 1998; Stabile et al., 2018; Vetere et al., 2010). To overcome this limitation and to
ensure that water is fully incorporated into the silicate network, experiments must be conducted
under high-pressure conditions. In this study, both a piston-cylinder apparatus and an internally
heated pressure vessel (IHPV) were used to reproduce the pressure-temperature conditions
under which magmas naturally retain volatiles prior to eruption.

The anhydrous glass powders used for hydrous synthesis were previously processed
and sieved into two grain-size fractions, which were combined in equal proportions to optimize
packing (Section 2.1). To hydrate the samples, distilled water was added incrementally to the
dry powder, and the mixture was loaded into Pt or AugoPd2o capsules of 4.6 mm inner diameter,
5.0 mm outer diameter, and 10-20 mm length. The AusgoPd2o alloy was preferred over Pt for
iron-bearing compositions for its to minimize iron loss during high-temperature experiments

(Pichavant et al., 2013). After sealing by arc welding, the capsules were weighed and then
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heated overnight at 150 °C to test for leakage. Capsules that maintained their mass were

selected for subsequent high-pressure synthesis.

2.2.1 Piston cylinder apparatus

The end-loaded piston-cylinder apparatus is a well-established technique for conducting
high-pressure and high-temperature experiments that replicate conditions in the Earth’s lower
crust and upper mantle, reaching temperatures up to ~2000 °C and pressures up to ~5 GPa
(Boyd and England, 1960). The apparatus consists of a stacked configuration composed of
three main components: a lower bridge, a pressure vessel, and a top plate (Fig. 2). The pressure
vessel, often referred to as the “bomb”, is made of concentric steel cylinders that surround a
tungsten carbide (WC) core with a central cavity. The sample assembly is inserted into this
cavity, and pressure is applied uniaxially via a WC piston driven by hydraulic oil. At the same
time, the bomb is compressed by a much larger force (the “end load”) in order to increase its

yield strength.

Upper ram
End load Pressure

Steelplug  sample
assembly

N\

Copper
electrodes

Thermocouple

Top plate

WC core

Sample

Piston capsule

Lower ram
Master Pressure

Figure 2. Schematic diagram of the end-loaded set-up used for piston cylinder experiments.
Details of sample assembly in Fig. 3.
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Pressure is generated hydraulically via a master ram, which transmits uniaxial force
through a WC piston. The nominal pressure (P) is calculated from the force (£) and the cross-

sectional area (A4) of the piston according to:
P = F (5)
A

In this study, we used two assembly sizes: /2" and %4". For these configurations, pressure
values were corrected using fixed friction coefficients of 18% and 20%, respectively, to
account for force losses due to internal sliding and deformation within the assembly. These
corrections were derived from prior calibrations using the same assembly design.

The high-pressure cell assembly (Fig. 3) consisted of concentric layers of talc, Pyrex, and
alumina (Al,O3), designed to efficiently transmit pressure while minimizing thermal
gradients (Johannes et al., 1971). The graphite heater, shown as cylindrical in Fig. 3,
actually had a conical inner shape tapering toward both ends to increase resistance and
ensure a uniform temperature around the sample. Temperature was monitored using a
Type S thermocouple (Pt-PtooRh10) placed in contact with the capsule. Heating was achieved
by passing current through copper electrodes connected to the graphite heater via steel
contact plates (Fig. 2).

Experiments were conducted at the Bayerisches Geoinstitut in Bayreuth (BGI), in
Germany, using pressures of 0.5-1.5 GPa and temperatures between 950 and 1150 °C for 12
to 24 hours, depending on the melt composition and desired water content. These conditions
were selected to ensure complete hydration of the melt while preventing degassing or
crystallization, based on published solubility models (Behrens et al., 2009; Botcharnikov et
al., 2015, 2007). The redox conditions were controlled intrinsically by the use of graphite and
other assembly materials, maintaining oxygen fugacity slightly below the NNO buffer (f,, <
NNO).
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At the end of each run, power was shut off to quench the melt rapidly at an estimated rate
of ~100 K s1, while pressure was maintained using an automated controller to avoid
degassingor vesiculation during cooling. After vitrification, the sample was decompressed
slowly to ambient pressure to minimize fracturing. Capsules were then sectioned and

inspected for bubbles, nanolites, or crystals prior to further analysis.
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Figure 3. Schematic diagram of the piston cylinder assembly used in this study. Dimensions
corresponding to }4" and 34" assembly sizes, respectively.

2.2.2 Internally heated pressure vessel (IHPV)

The internally heated pressure vessel (IHPV) is a gas-medium apparatus designed to
simulate the shallow crustal storage conditions of magmas under volatile-saturated
environments. It is particularly well suited for synthesizing hydrous silicate melts at low to

moderate pressures (<0.5 GPa) and provides excellent control over temperature, pressure, and
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oxygen fugacity (Holloway et al., 1992). In contrast to solid-media systems, pressure in the
[HPV is applied isostatically by compressed argon gas, which ensures hydrostatic conditions
around the sample.

Andesitic hydrous glasses were synthesized using the internally heated pressure vessel
(IHPV) apparatus at the Bayerisches Geoinstitut in Bayreuth (BGI) in Germany (Fig. 4). This
vessel was manufactured by Harwood Inc. (Walpole, Massachusetts, USA) and is rated to a
maximum pressure of 150,000 psi (> 1 GPa). The pressure chamber is made from two
concentric steel shells and cooled by cooling water from the outside during the experiments.
The autoclave is fitted with an internal, two-zone resistive furnace made of Mo wire that allows

precise temperature control with an accuracy better than +2 °C.

BEV |

Electrical leads

BIHPV/ body|

Figure 4. Photography of the internally heated pressure vessel (IHPV) apparatus used at the
Bayerisches Geoinstitut (BGI) in Bayreuth, Germany.
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The sample capsule is suspended vertically in the hot zone, hanging from a platinum
wire as illustrated in Fig 5. Temperatures are monitored using two Type S thermocouples (Pt-
PtooRhjo) placed adjacent to the capsule, and pressure is generated by a membrane compressor

connected to an argon tank.

Thermocouples

o |
\

L

Figure 5. Experimental setup showing an AugoPd2o sample capsule (right), suspended by a
platinum wire, adjacent to two Type S thermocouples (left).

In this study, samples were either stacked or loaded individually, and synthesis was
performed at 3 to 5 kbar and 1250 °C for 24 hours under relatively oxidizing conditions (f,, =
NNO +2.6 £0.5), as determined by Schuessler et al. (2008). Rapid quenching was achieved by
electrically melting the platinum suspension wire, causing the capsule to drop into a cooler
zone of the pressure vessel and achieving a cooling rate of approximately 150 K s~! at isobaric

pressure.
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2.3 Electron probe micro-analysis

The major element compositions of the synthesized glasses were determined using
Electron Probe Micro-Analysis (EPMA) with a JEOL JXA-8200 electron microprobe at the
Bayerisches Geoinstitut (BGI) in Germany (Fig. 6a). EPMA is a type of Scanning Electron
Microscope (SEM) optimized for chemical microanalysis via characteristic X-ray emission,
providing higher precision and accuracy than standard SEM equipped with Energy Dispersive
Spectrometry (SEM-EDS). Unlike SEM-EDS, which collects a broad range of X-ray energies
simultaneously, EPMA uses multiple Wavelength Dispersive Spectrometers (WDS) to detect

X-rays with high spectral resolution, allowing for the precise quantification of major and minor

elements (Rinaldi and Llovet, 2015).
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Figure 6. (a) Electron Probe Microanalyzer (EPMA) instrument showing three of the five
wavelength-dispersive spectrometers (WDS) mounted on the system. (b) Schematic diagram
illustrating the internal configuration of an EPMA, including the electron gun, sample stage,

diffracting crystal, and X-ray detector arranged along the Rowland circle geometry (adapted
from UCLA . edu).

33



The analytical advantage of EPMA lies in its ability to resolve overlapping peaks and to
detect minor and trace elements with high precision. This is achieved by diffracting X-rays

through specialized crystals that isolate specific wavelengths based on Bragg’s law:

nA = 2dsin0 (6)

Here, n is the diffraction order, A is the X-ray wavelength, d is the lattice spacing of the
crystal, and 8 is the diffraction angle. The geometry of the system is governed by the Rowland
circle (Fig. 6b), an arrangement in which the sample (X-ray source), the curved diffracting
crystal, and the detector are all positioned on the circumference of a fixed circle. This setup
ensures constructive interference at specific angles, thereby focusing only X-rays of the target
wavelength onto the detector (Burany, 2003).

Due to the physical constraints of diffraction geometry, no single crystal can span the
entire X-ray wavelength range required for multi-element analysis. For this reason, the JEOL
JXA-8200 1s equipped with five WDS channels, each fitted with crystals of varying interplanar
spacing, such as LiF (2d = 4.026 A), PET (2d = 8.742 A), and TAP (2d = 25.9 A), to enable
simultaneous detection of multiple elements.

Prior to analysis, glass samples were embedded in epoxy, polished to optical smoothness,
and coated with a thin carbon layer to ensure conductivity. Analyses were performed at 15 kV
accelerating voltage and 5 nA beam current, using a 10 pum defocused beam to mitigate alkali
migration and beam damage. Each element was measured for 20 seconds, and between 10 and
30 analytical points were acquired per sample to assess chemical homogeneity. To reduce
potential elemental loss during analysis, sodium and potassium were measured first, following

best practices outlined by Hughes et al., (2019).

34



Calibration was achieved using synthetic mineral standards including wollastonite (Si,
Ca), periclase (Mg), hematite (Fe), spinel (Al), orthoclase (K), albite (Na), manganese titanate
(Mn, Ti), and apatite (P). Prior to data acquisition, each sample area was inspected under
backscattered electron (BSE) imaging mode to confirm the absence of microlites, vesicles, or

other heterogeneities.

2.4 Raman spectroscopy

Raman spectroscopy was employed in this study to confirm the amorphous nature of
synthesized glasses, and to corroborate the presence of dissolved water in the silicate network.
Raman spectroscopy probes the vibrational structure of silicate networks by measuring the
inelastic scattering of monochromatic light. When photons from the laser interact with the
sample, the majority are scattered elastically (Rayleigh scattering; Fig. 7a), meaning they retain
their original energy and wavelength. A small fraction of photons, however, are scattered
inelastically, exchanging energy with the vibrational modes of the material (Vyipration)- In
Stokes scattering, the photon loses energy to the sample, resulting in scattered light at lower
frequency (Fig. 7b). In anti-Stokes scattering, the photon gains energy from vibrationally
excited states in the sample, resulting in scattered light at higher frequency (Fig. 7c). The

Raman shift (Uggman) 1s defined as:

Uraman = Vo T Uyibration (7)

where the v, is the frequency of the incident laser and v,;p,qtion cOrresponds to molecular

vibrational frequencies.
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Figure 7. Schematic representation of (a) Rayleigh scattering (elastic), (b) Stokes scattering
(inelastic), (c) Stokes scattering (inelastic), and (d) Fluorescence effect.
The intensity of Raman scattering (Ig) is inversely proportional to the fourth power of

the laser wavelength as shown in Eq. 8:

Ip X — (8)

This means that shorter-wavelength lasers are more efficient at generating Raman
signals. However, they also tend to enhance fluorescence, an unwanted background emission
that can obscure the relatively weak Raman signal (Fig. 7d). In natural and experimental
volcanic glasses, which often contain Fe-bearing species and other fluorescence-inducing
components (e.g., Mn), laser wavelength selection is critical. The 532 nm laser provides an
optimal balance: it generates a strong Raman signal while maintaining moderate fluorescence
levels, making it particularly suitable for analyzing volcanic silicate glasses (Bondar et al.,

2025; Gonzalez-Garcia et al., 2020).

36



Room temperature Raman spectra were acquired using a WITec alpha300R confocal
Raman imaging microscope at the Institute of Non-Metallic Materials, TU Clausthal, Germany
(Fig. 8). Measurements were performed with a 100x objective, using a 532 nm laser operating
at a power of 10 mW. Spectra were acquired using an integration time of 10 s and an
accumulation count of 5. Spectral ranges included the 10-1300 cm™' region, covering the
silicate network vibrational modes (bending and stretching of the Si-O bond), and the 2700-
4000 cm! region, where the O-H stretching vibrations related to water incorporation are

observed.

UHTS Raman
spectrometer
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Objectives

Figure 8. Configuration of the confocal Raman spectroscopy system used in this study. (a)
Photograph of the WITec alpha300R confocal Raman imaging microscope, equipped with a
532 nm laser. (b) Schematic diagram of the optical pathway of the system, illustrating the laser
excitation source, beam routing through the objective lenses, sample interaction, and collection
of the Raman signal through the filter set, diffraction grating, and CCD detector.

Additionally, high-temperature Raman spectra were acquired using a Renishaw InVia

Qontor Raman spectrometer with a heating plate at the CEMHTI, Orleans (France). Spectra
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were collected using a 20x NA 0.35 objective in the ranges between 150-2000 cm™'.
Acquisition parameters included an integration time of 60 seconds, and a laser power of 20

mW.

2.4 Mossbauer spectroscopy

Mossbauer spectroscopy was employed to determine the oxidation state of Fe
(Fe**/Fe?* ratio) in the samples, both before and after experimental treatments. The technique
is based on the recoil-free emission and absorption of gamma (y) radiation by *’Fe nuclei in a
solid matrix known as the Mdssbauer effect (Mdssbauer, 1958). This method provides detailed
information on the chemical, structural, and magnetic environment of Fe atoms, and is widely
used to resolve oxidation state, spin state, and coordination geometry.

A typical Mdssbauer spectrometer consists of a y-ray source, sample holder (absorber),
and detector (Fig. 9). By moving the source relative to the sample at controlled velocities, the
energy of the emitted monochromatic y-rays is modulated via the Doppler effect. The spectrum,
recorded as count rate versus source velocity (mm s!'), exhibits characteristic absorption
features (dips) at velocities corresponding to resonant energy levels of the Fe nuclei. These
features arise from hyperfine interactions between the nucleus and its electronic and magnetic
environment, specifically the isomer shift (sensitive to electron density and oxidation state),
quadrupole splitting (related to electric field gradient and site symmetry), and, if present,
magnetic hyperfine splitting (due to internal or external magnetic fields).

Measurements were conducted at the Bayerisches Geoinstitut (BGI), University of
Bayreuth, Germany. Glass samples of approximately 4 mm diameter and 500-600 pm thickness
were analyzed at room temperature (293 K) using a constant acceleration Mossbauer
spectrometer equipped with a high specific activity °’Co point source (370 MBq) embedded in

a 12 pm thick Rh matrix (Fig. 9). The velocity scale was calibrated against a 25 um thick a-Fe
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foil, and data were collected over a velocity range of £5 mm s~!, with acquisition times of 2-3

days per sample.

Figure 9. Setup of the Mossbauer spectrometer used in this study. Photograph of the constant
acceleration Mossbauer spectrometer, showing the *’Co y-ray source, sample holder, and
detector in transmission geometry.

The collected Mdssbauer spectra were fitted using the full transmission integral method
implemented in the MossA software (Prescher et al., 2012). Spectra were deconvoluted into
Lorentzian doublets corresponding to Fe** and Fe*" environments. The Fe**/Fe?* ratio was
calculated from the relative area of the fitted components, with corrections applied for potential

effects related to line shape, sample thickness, and recoil-free fraction.

2.5 Water content determination

The accurate determination of the water content in the synthesized glasses is essential,
as dissolved H2O significantly affects melt structure and physical properties such as viscosity.

Thus, precise water quantification is particularly important for developing viscosity models
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capable of accurately predicting melt behavior across a wide range of water concentrations. In
this study, water content was measured using two complementary techniques: Karl Fischer
titration (KFT), providing absolute H>O concentrations, and Fourier-transform infrared

spectroscopy (FTIR), offering additional insight into water speciation within the glass network.

2.5.1 Karl Fischer titration (KFT)

Karl Fischer Titration (KFT) was used to determine the absolute water content of selected
glass samples. KFT is a coulometric technique based on the quantitative reaction of water with

iodine (Eq. 9):

I, + SO, + H,0 & 2HI + SO 9)

Iodine is generated electrolytically at the anode according to Eq. 10:

21" o I, +2e” (10)

Because one mole of iodine reacts stoichiometrically with one mole of water, the water
content can be directly calculated from the charge required for electrolysis, with 1 mg of H,O
corresponding to 10.71 coulombs.

Glass samples (~20 mg) were finely crushed and heated in an induction coil at a rate of
100 °C min~! (Fig. 10), following the method of Behrens et al. (1996). Water released during
heating was measured using a Mitsubishi CA-05 coulometer with pyridine-free reagents
(Aquamicron AS and Aquamicron CS). After sample loading, the titration was started

following a 2-minute purge to remove surface-adsorbed water, and continued until the sample
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reached 1300 °C. This method provides absolute H,O content with an analytical uncertainty of

+0.1 wt%.

i) ‘

Sample holde

Oxidation furnace Thermocouple

power supply| j

Figure 10. Setup of the Karl Fischer titration (KFT) system used in this study. The system
consists of (left) the KFT controller, temperature and power supply units, and (right) the sample
heating line including an oxidation furnace, induction coil with sample holder, thermocouple,
flow rate meter, drying columns, and coulometric titration cell.

2.5.1 Fourier-transform infrared spectroscopy (FTIR)

In this study, Fourier-transform infrared spectroscopy (FTIR) was used to determine the
water content of the synthesized glasses, both before and after experiments. Specifically, it was
employed to quantify both molecular water (H2Omo1) and hydroxyl groups (OH") based on their
characteristic absorption vibrational bands.

FTIR is a vibrational spectroscopic technique that records high-resolution infrared
absorption spectra over a broad spectral range. The method operates by passing an infrared
light beam through an interferometer, where it is split into two beams by a beam splitter (Fig.
11). One beam reflects off a fixed mirror, while the other reflects off a moving mirror. The
beams are recombined, creating a modulated beam, which is then directed through the sample.

As the light passes through the sample, a portion is absorbed at specific wavelengths
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corresponding to the vibrational energies of molecular bonds. The transmitted light is detected
and the interferogram (light intensity as function of time or mirror position) is mathematically
converted into a spectrum of light intensity as function of frequency or wavenumber by a
Fourier transformation. The absorbance spectrum A(Vv) is then calculated by comparing the light
intensity measured with the sample (I) to the light intensity (Ip) measured in a so-called

background spectrum without sample in the beam path according to A(v) = loglo/I.

Fixed Mirror

- >

A

Beam splitter

Light Source v,

\
A

<>
. Moving Mirror
Recombined beam

G  Sample

Detector

Figure 11. Schematic diagram of a typical FTIR system. The infrared beam is split into two
beams using a beam splitter. After reflection from a fixed mirror and a moving mirror, the
beams are recombined and directed through the sample. The resulting interferogram is
converted into an absorption spectrum using a Fourier transform.
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In silicate glasses, water is incorporated in two forms: hydroxyl groups (OH"), producing
a characteristic absorption band near ~4500 cm™!, and molecular water (H2Omor), producing a
characteristic band near ~5200 cm™'. The intensity of these bands is proportional to the

concentration of water species (Ciy,0,0m)) as described by the Beer—Lambert law (Ohlhorst et

al., 2001):

1802 ' A(HZO,OH)

d " &my0,0m) " P

(11)

C(H2 0,0H) —

where C is the concentration in wt%, Apy,0,0m) 1s the integrated absorbance (the area of the
corresponding water absorption band), d is the sample thickness, ¢ is the molar absorption
coefficient, and p is the density of the glass.

FTIR analyses were conducted at the Bayerisches Geoinstitut (University of Bayreuth,
Germany), using a Bruker IFS 120 high-resolution spectrometer coupled to a Bruker IR
microscope (Fig. 12). The system was used with a tungsten light source, a Ge-coated CaF»
beam splitter and a liquid N>-cooled narrow-band MCT detector. Measurements were
performed at room temperature on doubly polished glass sections of approximately 200-600
um thickness. Spectra were collected in transmission mode over the range of 1000-6000 cm ™',
with a spot size of 100 um and using 200 scans at a spectral resolution of 4 cm™!. For each
sample, at least three spectra were recorded at different positions to assess homogeneity.

Water concentrations were calculated using Eq. 11, with baseline correction performed
using the two Gaussian (GG) method, and molar absorption coefficients from Ohlhorst et al.
(2001) were used for quantification. This approach enables accurate determination of water
content across a wide range of compositions and is well suited for the silica-rich compositions

of the glasses used in this study.
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Figure 12. FTIR system used in this study. Photograph of the Bruker IFS 120 high-resolution
spectrometer coupled with a Bruker IR microscope.

2.6 Micropenetration viscometry

Micropenetration (MP) viscometry was employed to measure the viscosity of the
synthesized melts in the high-viscosity regime interval, near and above the glass transition
temperature (T, where viscosity is 10'? Pa s). The method involves monitoring the indentation
rate of a sapphire sphere (radius » = 0.75 mm) as it penetrates the sample surface under a
constant gravitational load during isothermal holding (Fig. 13). The entire setup is enclosed in
a high-temperature vertical furnace, which allows stable temperature control and minimizes
thermal gradients during the measurement. The system includes a SiO: tube that is
continuously flushed with argon (Ar) to maintain an inert atmosphere and prevent oxidation.

Temperature was regulated using an S-type thermocouple (Pt-PtooRhio) positioned
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approximately 1.5 mm from the sample surface, with an estimated uncertainty of +2 °C due to

thermocouple accuracy and placement (Behrens et al., 2018).

Orthogonal

apphire sphere

[
- -

' =

Sample holde

Figure 13. Close-up view of the micropenetration (MP) viscometry setup used in this study.
The image shows the sapphire sphere positioned on the sample, indented under a controlled
orthogonal force (the thermocouple is placed behind the rod). The entire setup is enclosed in a
high-temperature furnace for controlled isothermal viscosity measurements.

The viscosity was calculated from the indentation data using the analytical solution of

Douglas et al. (1965), which describes the viscous resistance to the penetration of a sphere into

a viscous medium:

3F

T o—dl (12)
16V2rl o

n
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where # is the Newtonian viscosity (Pa s), F'is the applied force (N), ¢ is the time (s), 7 is the
radius of the sphere (m), L is the cumulative indentation depth (m), and % is the indentation

within a measurement interval. The instrument was calibrated using standard glass DGG-1,

reproducing certified viscosity data (Meerlender, 1974) within +0.1 log units.

2.7 Concentric cylinder viscometry

Concentric cylinder (CC) viscometry was employed to determine the viscosity of the
synthesized melts in the low-viscosity regime, at superliquidus temperatures. In this method,
viscosity is calculated from the torque required to rotate a spindle at controlled angular velocity
within a molten sample. The sample is contained between a stationary crucible (fixed cylinder)

and a rotating spindle (inner cylinder), generating a well-defined shear flow (Fig. 14).

Torque

Rotating spindle

Fluid sample Fixed cylinder

(a) (b)

Figure 14. Schematic representation of the concentric cylinder (CC) viscometry setup used in
this study. (a) Cross-sectional view: The fluid sample is sheared between a rotating spindle and
a fixed outer cylinder. The torque required to rotate the spindle is used to calculate viscosity.
(b) Top view: Velocity profile (r) develops across the gap between the rotating and fixed
cylinders, allowing determination of the shear rate and corresponding viscosity.
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CC measurements were conducted using two complementary setups: a Rheotronic II
Rotational Viscometer (Theta Instruments) at the Experimental Volcanology and Petrology
Laboratory (EVPLab), Roma Tre University (Italy), and a Haake RV20 viscometer at the
Institute of Non-Metallic Materials, TU Clausthal (Germany).

At EVPLab (Rome), the Rheotronic II viscometer was equipped with an Anton Paar
Rheolab QC head (maximum torque capacity: 75 mN m), coupled to a high-temperature
furnace for stable thermal control (Fig. 15). The CC geometry consisted of a PtsoRh2o crucible
(62 mm height, 32 mm inner diameter) and a PtgoRhoo spindle (3.2 mm diameter, 42 mm
length). The glass samples were first homogenized by stirring at 1435 °C for 5 hours at a
constant shear rate (y = 10 s™!), under ambient pressure in air. Following homogenization,
viscosity measurements were performed during stepwise cooling, using 25-50 °C intervals,
with each temperature step held isothermally (~45 min) to ensure thermal and rheological
equilibrium. Temperature control was achieved using a factory-calibrated S-type thermocouple
with an accuracy of +2 °C. The system was calibrated using NIST standard glass 717a,
reproducing certified viscosities within a deviation of £0.03 logio units.

In addition, complementary measurements were performed at the Institute of Non-
Metallic Materials, TU Clausthal (Germany). The system was calibrated with standard glass
DGG-1 (Deubener et al., 2009), achieving viscosity accuracy of £0.02 logio units over a shear
rate range of 0.1 to 96 s~!. Glass samples were melted in a platinum crucible and stirred under
controlled conditions to ensure thermo-chemical homogenization. Viscosity measurements
were carried out during stepwise cooling, with each temperature step held isothermally until
thermal and rheological equilibrium was reached. Temperature control was maintained using

a factory-calibrated S-type thermocouple (accuracy +2 °C).
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Figure 15. Photograph of the Rheotronic II rotational viscometer (EVPLab, Roma Tre
University) used in this study. The system consists of an Anton Paar Rheolab QC spindle
controller, a high-temperature furnace, and a temperature controller. Viscosity is calculated
from the torque required to rotate the spindle within the molten sample under controlled
thermal conditions.

2.8 Differential Scanning Calorimetry

Accurate determination of viscosity across a wide temperature range is essential for
modeling the rheological behavior of volcanic melts, particularly in systems prone to nano-
crystallization, volatile loss, or structural relaxation effects. Differential scanning calorimetry
(DSC) was used in this study as a complementary method to direct viscometry, to derive
viscosity near and above the glass transition temperature (7). DSC measures the difference in
heat flow between a sample and a reference as they undergo a programmed temperature profile.

Thermal events such as glass transition, crystallization, and melting produce characteristic
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deviations in heat flow, from which characteristic temperatures (e.g., Tonse: and Tpear; Fig. 16)

can be extracted and correlated to viscosity following Eq. 13:

loglon(Tonset,peak) = Konset,peak - loglO(Qh) (13)

where Konser = 11.20 + 0.15 and Kpear = 9.84 = 0.20 (Di Genova et al., 2020b; Fanesi et al.,
2025; Stabile et al., 2021). It is important to mention that when the heating rate ¢, = 10 °C
min !, #(Tonser) = 10'? Pa s, and therefore, Tonser ~ Tg. This approach enables viscosity
determination without the prolonged dwell times required in conventional viscometry,
reducing the risk of nano-crystallization and volatile loss (Valdivia et al., 2023). In this study,

both Conventional DSC (C-DSC) and Flash DSC (F-DSC) were employed to fully characterize

viscosity behavior.
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Figure 16. Representative C-DSC curves showing heat flow as a function of temperature for
anhydrous Stromboli glasses. The red and black traces correspond to second heating runs
conducted at 30 and 15 K min™!, respectively, using the rate-matching method expressed in Eq.

13). Extracted from Valdivia et al. (2023).

49



2.8.1 Conventional DSC (C-DSC)

C-DSC measurements were conducted at the Institute of Non-Metallic Materials, TU
Clausthal (Germany), using two apparatuses: A Netzsch 404 F3 Pegasus (Fig. 17) and 404 cell
DSC instruments. Approximately 15 = 5 mg of glass was loaded into a PtgoRh2o crucible under
constant nitrogen flow (20 ml min™'). Heating rates of 10 and 20 °C min~! were applied. To
erase thermal history, each sample was initially heated slightly above 7pear and cooled to 100
°C with controlled cooling rate (g.). The viscosity-relevant measurement was then performed
during the second heating cycle (upscan) using the rate-matching method (g» = g¢). Tonser and
Thear were extracted from this second upscan and inserted into Eq. 13 to derive viscosity. This

method minimizes kinetic artifacts and enables reproducible viscosity determination near 7.

Empty crucible
(reference)

Furnace

| psc 404 £3
|

s

Figure 17. Conventional differential scanning calorimetry (C-DSC) setup used in this study
(Netzsch 404 F3 Pegasus, TU Clausthal). The image shows the main furnace unit and an inset
of the sample holder assembly with an empty reference crucible and a sample crucible used for
heat flow measurements.
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2.8.2 Flash DSC (F-DSC)

Flash DSC (F-DSC) is an advanced calorimetric technique designed to overcome
limitations of conventional DSC. By operating at ultra-fast heating and cooling rates, F-DSC
allows the glass transition and related viscosity behavior to be probed on timescales where
kinetic effects are strongly suppressed. This capability is especially valuable for hydrous, Fe-
rich volcanic glasses, where structural changes can occur rapidly even during moderate heating

in C-DSC.

&

Sample cover ‘_/h

Figure 18. Flash differential scanning calorimetry (F-DSC) setup used in this study (Mettler
Toledo Flash DSC 2+). The image shows the sample cover and microscope, with an inset of
the chip sensor and chip holder used for ultra-fast heat flow measurements.
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In this study, F-DSC measurements were conducted at the Institute of Non-Metallic
Materials, TU Clausthal (Germany) using a Mettler Toledo Flash DSC 2+ equipped with UFH
1 sensors (Fig. 18). Approximately 50 ng of glass powder was placed on the chip sensor under
an argon flow of 40 ml min™'. Ultra-fast heating and cooling rates of 1000 °C s~!' (60000 °C
min') were applied, enabling accurate tracking of Touser and Tpeax With minimal time for
structural relaxation or crystallization. The rate-matching approach (¢g» = ¢.) was used
consistently with C-DSC, and viscosity was calculated from Eq. (13). The extremely high scan
rates of F-DSC expand the measurable viscosity window towards lower viscosities (~10°-10%

Pa s), complementing the high-viscosity data from C-DSC and micropenetration.

2.9 Brillouin light scattering spectroscopy

Brillouin light scattering (BLS) spectroscopy was employed in this study to determine
the high-frequency elastic properties of both anhydrous and hydrous glasses, specifically the
ratio between bulk and shear moduli (K/G).

Brillouin light scattering is based on the inelastic scattering of monochromatic laser
light by thermally excited acoustic phonons in the sample. When incident photons interact with
these phonons, they undergo a small energy shift, producing Stokes and anti-Stokes Brillouin
doublets (Fig. 19). The magnitude of this frequency shift (4w) is directly related to the sound
velocity of the material. Longitudinal (v,) and shear (vs) sound velocities can be derived from

the measured 4w using the following relation:

AwA

> = 2nsin(072) .
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where 4 is the laser wavelength, n is the refractive index of the sample, and 4 is the angle

between the incident and scattered beams (Sinogeikin et al., 2006; Whitfield et al., 1976).

Stokes scattering Anti-Stokes scattering
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o™
o F

Incident light Incident light

Figure 19. Schematic of Brillouin light scattering. Stokes and anti-Stokes components arise
from inelastic scattering of incident light by acoustic phonons, with the frequency shift
depending on the phonon energy and scattering angle (6).

BLS measurements were performed at the Bayerisches Geoinstitut (University of
Bayreuth, Germany). Glass plates with a plane-parallel geometry and a thickness of
approximately 50 pm were measured using a solid-state Nd:YVOy laser source (532 nm
wavelength, 50 mW power). The Brillouin frequency shift was determined with a six-pass
Fabry-Perot interferometer (Whitfield et al., 1976) coupled to a single-pixel photon counter
detector. A symmetric forward scattering configuration (Whitfield et al., 1976) with a
scattering angle of 6 = 79.8°, was employed, with the angle accuracy verified through
calibration against a reference silica glass. In this geometry, the refractive index of the sample
does not need to be known. Thus, assuming the refractive index of air is 1, the equation for the

symmetric platelet geometry can be written as:

AwA

Ups = W (1461)
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Eight spectra were collected for each sample at varying rotation angles ranging from -180° to
+180° to account for uncertainties resulting from possible deviations from the symmetric
platelet scattering geometry. The complete optical and mechanical setup is shown in Figure 20.

Finally, the K/G factor was determined by Eq. 15:
K (vp)z 4 (15)
G 3
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Figure 20. Brillouin spectrometer used in this study. The setup includes a four-circle Eulerian
cradle diffractometer (Huber) for precise sample orientation, with laser focusing and collecting
optics aligned for phonon velocity measurements.
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2.10 Transmission electron microscopy

Transmission electron microscopy (TEM) was employed to investigate nano-structural
features and crystallization processes in the andesitic glass samples, with a focus on
characterizing nanocrystals in both post-experimental samples and the pristine starting glasses.
TEM provides several analytical modes to investigate internal sample structure at high spatial
resolution; in this study, we used conventional imaging, selected area electron diffraction
(SAED), and scanning transmission electron microscopy (STEM) coupled with energy-
dispersive X-ray spectroscopy (EDS). As TEM requires electron-transparent sections (typically
<100 nm thick), cross-sectional lamellae were prepared using a focused ion beam (FIB) system.
Room-temperature analyses were carried out at the Bayerisches Geoinstitut (University of
Bayreuth, Germany) using a FEI Titan G2 80-200 S/TEM operated at 200 kV (Fig. 21a), while
lamella preparation was conducted with a SCIOS Dual Beam FIB-SEM system (FEI Company;

Fig. 21b).

Figure 21. Instruments used for TEM sample preparation and analysis. (a) FEI Titan G2 80—
200 S/TEM used for high-resolution transmission electron microscopy and STEM imaging in
this study. (b) Focused Ion Beam (FIB) instrument used for site-specific preparation of
electron-transparent lamellae.
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Figure 22. Transmission electron microscopy (TEM) modes used in this study. (a) Imaging
mode forms real-space images using a broad electron beam. Pink arrows show the image
orientation. (b) Diffraction mode projects the back focal plane to obtain selected area electron
diffraction (SAED) patterns. (c¢) Scanning TEM (STEM) mode uses a focused probe scanned
across the sample, with signals collected by BF, DF, and HAADF detectors.

FIB preparation involved identifying regions of interest within the samples previously
used for micropenetration experiments, coating the surface with a protective Pt layer, and
sequentially milling two trenches to isolate the lamella. Final thinning to a thickness between
24(2) and 50(2) nm was performed using progressively lower Ga* ion beam currents. The
lamellae were lifted out with a micromanipulator and mounted onto TEM grids for analysis.

In TEM imaging mode (Fig. 22a), contrast results from differences in sample thickness,

density, and diffraction behavior, allowing direct visualization of nanocrystal morphology

within the glass matrix. In diffraction mode (Fig. 22b), the objective lens is adjusted to project
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the back focal plane onto the detector, producing selected area electron diffraction (SAED)
patterns that reveal the crystallographic structure and orientation of specific phases. In STEM
mode (Fig. 22c¢), the electron beam is focused into a sub-nanometer probe that scans across the
sample, while transmitted and scattered signals are recorded by detectors placed at various
angles. High-angle annular dark-field (HAADF) imaging provided compositional contrast
based on atomic number (Z-contrast), and EDS spectra were collected using a Bruker
QUANTAX system with four silicon drift detectors. Elemental maps were acquired using a
probe current below 0.05 nA, a dwell time of 16 s per pixel, and total acquisition times between
12 and 30 minutes. Quantitative EDS analysis included corrections for atomic number and
absorption, with drift correction activated throughout. HAADF images were segmented using
ilastik (v1.4.0) to extract nanocrystal size, nanolite number density, and spatial distribution.
In situ heating TEM experiments were carried out at CNRS CEMHTI (Orléans, France)
using a JEOL ARM200F operated at 80 kV, equipped with a cold field emission gun, dual
spherical aberration correctors, a Gatan Imaging Filter (GIF), and a OneView camera. The
pristine andesitic glass was crushed, suspended in ethanol, and a droplet of the suspension was
deposited onto MEMS heating grids compatible with a Protochips Fusion double-tilt holder.
Plasma cleaning was avoided to preserve the redox state of iron. The sample was first annealed

T to

at 200 °C for 1h to remove volatile contaminants, then heated manually at 1°C s
temperatures between 200 °C and 750 °C, with isothermal dwells of 30—60s to observe
nanocrystal nucleation and growth. Manual drift correction was applied during acquisition, and
image sequences were post-processed using DigitalMicrograph GMS.3. High-resolution TEM
images were analyzed via fast Fourier transforms (FFT) to identify nanocrystalline phases, and

complementary EDS maps were acquired at 200kV using a 1 A probe with ~11-minute

acquisition times. The combination of imaging, diffraction, and analytical STEM techniques
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allowed a comprehensive reconstruction of nanoscale crystallization pathways and spatial

heterogeneity in the experimental andesitic glasses.

2.11 Small- and -wide angle X-ray scattering (SAXS and WAXS)

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) measurements were
carried out at the ID02 beamline of the European Synchrotron Radiation Facility (ESRF)
(Narayanan et al., 2022) in Grenoble, France. This facility provides a highly intense and well-
collimated monochromatic X-ray beam optimized for structural characterization at multiple
length scales. SAXS experiments were performed in a pinhole geometry with a sample-to-
detector distance of 6 meters, enabling access to a broad range of scattering vectors (g), from

0.01 nm™! to 2.5 nm™!. The scattering vector is defined as

41tsin(6
q=Iq| = T() (16)

where 1 = 1 A is the X-ray wavelength and 6 is the scattering angle. A guard slit placed
immediately before the sample (0.45 mm vertical x 0.5 mm horizontal) was used to minimize
parasitic scattering around the direct beam. Data reduction was conducted using the PyFAI
software package, which applies the beamline-specific geometry for accurate azimuthal
integration of the 2D scattering patterns.

SAXS is particularly sensitive to electron density fluctuations at the nanometer scale
and is therefore well-suited to probing the size, shape, and spatial organization of nanoscale
structures such as clusters or nanoparticles, which has been successfully validated and applied
in previous studies (Longo et al., 2022; Maurizio et al., 2003). For data analysis, the scattering

intensity I(q) was modeled assuming spherical particles and incorporating both interparticle
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interactions and size distributions, in agreement with TEM observations suggesting possible
particle contact. The total intensity was described using the decoupling approximation (Forster

et al., 2005; Jeffries et al., 2021; Jensen et al., 2006; Longo et al., 2022):

4

1(q) = A(p)?S(q)P(q) + bck + K”C‘I’“’d (17)

where A(p)? is the difference of electronic density between the nanoparticles and the
surroundings, bck is the background constant, P(q) is the contribution given by a poly-disperse

system of not-interacting homogeneous spheres,
P(q) = f D (R, 7)F(r,q,R)*r®dr (18)
a

F(q,r) is the form factor of a sphere of radius r given by Eq. 19

_sin(qr) — grcos(qr)

F(q, 19
(a.7) . (19)
and D (7, R) is the Weibull size distribution of particle sizes defined as:
_ r\®-D r\b
_(T r 20
D(r,R) (R) exp (R) , (20)

where R is the average radius of the nanoparticle and b is the shape parameter. When needed,
a bimodal distribution was implemented by summing up two Weibull functions centered at

different radii (R; and R,). Interparticle correlations were modeled using a hard-sphere
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structure factor S(gq), which accounts for excluded-volume interactions in concentrated

systems. This factor was computed analytically using the Percus—Y evick approximation, which

is suitable for short-range repulsive systems. The structure factor is expressed as:

S(q,Rys) = [1+ 24nysf (Rys, )]

(21)

where 1y is the volume fraction and Ry is the effective hard-sphere radius. The function

f(x) (with x = qRy;s) is expressed analytically and involves coefficients a, , and y, which

are dependent on 1. These terms capture the interference effects arising from short-range

ordering between neighboring particles. f(x) is expressed as

with,

a(—xcosx + sinx) B(—x%cosx + 2xsinx + 2cosx — 2)

+y[—x*cosx + 4x3sinx + 12x%cosx — 24xsinx — 24cosx + 24]

x6

o= (1 + 27nys)?
(1 —nus)*’

2
o (1 +2)
B =
(1 —nps)*

=77Hsa
2
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To account for the finite separation between particles, the effective interaction radius Ry was
assumed to scale with the actual nanoparticle radius via the relation Ry = 2Rkc (Jeffries et
al., 2021; Jensen et al., 2006; Longo et al., 2022), where kc is a constant term > 1. This factor
enables the model to account for systems in which nanoparticles are not fully in contact but are
still close enough to influence each other. Additionally, to accurately describe the SAXS signal
at low g a Porod behavior Kyora/q* was included. This component captures the characteristic
decrease in scattering intensity at high q and is associated with sharp interfaces between
particles and matrix.

The Porod function is instrumental in understanding the surface roughness and the
specific surface area of the particles in the sample. It assumes an ideal, smooth interface,
leading to a clean power law, but deviations from this behavior can reveal information about
surface fractal dimensions and the nature of the interface.

Finally, we calculated d-spacings (d) for the crystalline phases from WAXS

experiments using Eq. 26 (Gumede et al., 2018),

21
d= , (26)
qpeak

with gpeqx corresponding to the WAXS peaks.
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3. Synopsis

This synopsis summarizes the main results of three manuscripts presented in Chapter 4
that have been published or will be submitted to peer-reviewed journals.

In Chapter 4.1, a revised viscosity model for hydrous Stromboli basalt is developed. By
systematically excluding artifacts caused by nano-crystallization and water loss, the study
shows that previous models overestimated melt viscosity by factors of 2.5-5.7, leading to
revised interpretations of magma ascent rates and eruption dynamics at Stromboli volcano.

In Chapter 4.2, the role of nanolite formation in andesitic melts is investigated.
Experimental results demonstrate that the development of nanoscale chemical heterogeneities
around Fe-Ti nanolites significantly increases melt viscosity at low crystallinity. These findings
highlight the critical influence of early-stage nanolite crystallization on magma rheology.

In Chapter 4.3, a new viscosity model for hydrous andesitic melts is presented. By
combining viscometry, calorimetry, and Brillouin spectroscopy on well-characterized Fe-
bearing and Fe-free melts, the model accurately captures the effects of water, temperature, and
transition metal content on viscosity. The results resolve key discrepancies in previous
predictions and provides an improved framework for modelling magmatic processes at

andesitic volcanoes.
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3.1 Are volcanic melts less viscous than we thought? The case of Stromboli basalt

Melt viscosity governs the transport and eruption dynamics of magma, and its accurate
determination is essential for modelling volcanic processes. For basaltic systems like
Stromboli, viscosity has traditionally been estimated through experimental techniques such as
micropenetration viscometry, concentric cylinder, and falling-sphere methods (Giordano et al.,
2009; Misiti et al., 2009). However, recent work has shown that these approaches, especially
when applied to hydrous melts, can be affected by water loss and the formation of Fe-Ti
nanocrystals during heating (Scarani et al., 2022). Even in the absence of microlites, detectable
by Scanning Electron Microscopy (SEM), these nanoscale phases can alter melt composition
and structure, artificially increasing viscosity and leading to systematic overestimations that
propagate into magma ascent models.

To tackle this challenge, we synthesized a series of anhydrous and hydrous glasses (up
to 4.7 wt% H>0O) from natural pyroclasts of the 2019 Stromboli eruption. The goal was to
determine melt viscosity across a realistic range of pre-eruptive water contents while isolating
the effects of nano-crystallization. Glasses were produced using piston cylinder and IHPV
techniques under controlled redox and thermal conditions. Raman spectroscopy was employed
to detect nanolite formation, with particular attention to the broad Fe-Ti oxide band around 690
cm! (Di Genova et al., 2020b), while Fourier Transform Infrared Spectroscopy (FTIR) was
used to quantify water content and monitor structural changes. This combined approach
enabled the identification of even subtle crystallization or water loss not evident through SEM
imaging. Only those samples that remained structurally pristine before and after measurements
were selected for model calibration.

Viscosity was measured using both conventional and flash Differential Scanning
Calorimetry (DSC), as well as micropenetration viscometry at sub-liquidus conditions. Glass

transition temperatures (7¢) were derived from DSC, while the melt fragility index (m) was
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determined independently through Brillouin spectroscopy and configurational heat capacity
estimates. T, was observed to decrease systematically with increasing water content, from 667
°C in the anhydrous glass to 400 °C in the sample with 4.7 wt% H>O. Interestingly, melt
fragility remained constant at m = 40.7 = 0.7. This invariance was supported by a stable K/G
ratio observed in Brillouin spectroscopy experiments, along with consistent configurational
heat capacity (AC,(T%)) at T, values across different water contents. These results contradict
earlier models (Giordano et al., 2008; Langhammer et al., 2022) that suggested decreasing melt
fragility with hydration, likely an artefact driven by nanolite formation during viscosity
measurements or even glass synthesis.

Using only nanolite-free data, we developed a new viscosity model for Stromboli basalt

(Fig. 22) based on the MYEGA equation (Mauro et al., 2009).
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Figure 22. Viscosity of Stromboli basalt as a function of water content (wt%) and temperature
(°C). Figure from Valdivia et al. (2023).
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When applied to conditions relevant to the plumbing system of Stromboli volcano
(1150 °C and 3.67 wt% H>0), our model predicts viscosities that are approximately 2.5 to 5.7
times lower than those from earlier formulations. Under typical conduit conditions, this
translates into magma ascent velocities exceeding 40 m s~!, in agreement with observational
constraints from the 2019 paroxysms, during which thermal and acoustic signals were detected
only seconds after the onset of ground deformation (Ripepe et al., 2021).

In conclusion, this study presents a revised viscosity model for Stromboli basalt that
more accurately captures the rheological behavior of volatile-rich melts. By systematically
filtering out experimental artefacts related to nano-crystallization and water loss, the model
provides more realistic input for magma ascent simulations and strengthens our ability to assess

eruption dynamics in basaltic systems like Stromboli.
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Figure 23. Comparison of predicted viscosity as a function of water content at the pre-eruptive
temperature (7 = 1150°C). The vertical red line marks the pre-eruptive water content of
Stromboli basalt (Andronico et al., 2021; Giordano et al., 2009; La Spina et al., 2015). Modified
from Valdivia et al. (2023).
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3.2. Nanoscale chemical heterogeneities control the viscosity of andesitic melts

The viscosity of magmatic melts plays a central role in controlling eruptive style and
magma transport. In intermediate compositions, such as andesite, small changes in viscosity
can affect the conditions under which fragmentation occurs. Previous studies have shown that
Fe-Ti oxide nanolites can increase melt viscosity (Valdivia et al., 2023). However, the physical
and chemical processes linking nanolite formation to changes in viscosity are not fully
understood. In this study, we present experimental evidence that nanolite formation induces
nanoscale chemical heterogeneity in andesitic melts, which in turn leads to substantial increases
in viscosity. By systematically comparing the viscosity of nanolite-free and nanolite-bearing
samples, we establish a robust reference framework to assess how crystallization of nanolites
influences melt viscosity.

We synthesized five andesitic glasses with controlled variations in transition metal
content and iron oxidation. The reference sample, AND100 (Fe*"/Fetotal = 0.64), is based on the
composition of Sakurajima andesite. To assess the chemical effects of Fe-Ti extraction
associated with nanolite formation, we produced two additional compositions: AND65 and
ANDO, containing 35% and 100% less transition metals (Fe, Ti and Mn), respectively. In
addition, two redox-modified samples (AND100red and AND100ox) were derived from
AND100 and synthesized under different oxygen fugacity, with Fe**/Fea ratios of 0.27 and
0.71, respectively.

Viscosity was derived using conventional and flash differential scanning calorimetry
(C-DSC and F-DSC, respectively), and measured using micropenetration and concentric
cylinder viscometry. Viscosity-temperature relationships were fitted using the MYEGA model,
calibrated exclusively from nanolite-free samples. These measurements were essential to build
a crystal-free viscosity reference that could be used as a reliable baseline to isolate the effects

of nanolite formation. Our results show that reducing the total transition metal content leads to
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substantial increases in melt viscosity: ANDG65 is approximately five times more viscous than
the reference composition AND100, and ANDO is up to 30 times more viscous at eruptive
temperatures relevant for Sakurajima volcano (~900-1050 °C). On the other hand, increasing
the Fe*/Fetotal ratio from 0.27 (AND100red) to 0.71 (AND1000ox) also resulted in a twofold
increase in viscosity.

High-temperature in situ experiments (Fig. 24) revealed that titanomagnetite nanolites
nucleate within seconds above the glass transition temperature. This process begins with the
segregation of Fe-rich amorphous domains, followed by rapid crystallization of nanoscale
titanomagnetite. Raman spectroscopy (Fig. 24a), and electron diffraction in TEM mode (Fig.

24b), confirmed the progressive ordering of these nanocrystals with increasing temperature.
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Figure 24. In situ high-temperature results. (a) Raman spectra of AND100 at 723 °C showing
titanomagnetite crystallization above Tg (654 °C). Curves represent 5 min intervals; shaded
areas mark key titanomagnetite peaks. (b) In situ TEM images showing AND100 evolving
from homogeneous glass to nano-crystallized material (350-750 °C). FFTs and STEM-EDS
identify magnetite-like crystals. Temperatures are qualitative values due to electron beam
effects. Figure from Valdivia et al. (2025).
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Isothermal viscosity measurements conducted during micropenetration experiments
showed a continuous increase in viscosity over time at controlled temperatures, even though
nanolite volume fractions remained below ~2 vol%. For example, at 660 °C, the viscosity of
AND100 increased by nearly one order of magnitude over a 20-minute hold. Similar trends
were observed at 723 and 808 °C, with viscosity exceeding model predictions based on Fe-Ti
depletion alone (Fig. 25). These results suggest that the viscosity increase observed in nanolite-

bearing samples cannot be explained by crystallization-induced chemical variations.
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Figure 25. Normalized andesite viscosity as a function of temperature and FeO+ TiO2 content
(wt%, STEM-EDS-derived residual composition). Viscosity is normalized to the ANDI100
melt. The MP sub-index represents the temperature (°C) of micropenetration measurement.
The black curves correspond to the viscosity as a function of FeOyo + TiO2 content (wt%) at
660, 723 and 808 °C respectively. Figure from Valdivia et al. (2025).
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STEM-EDS analyses revealed that nanolites are consistently surrounded by Al-rich
shells, while the surrounding matrix becomes increasingly enriched in SiO,, reaching
concentrations of up to ~70 wt%. This value exceeds both the starting composition and that of
the most polymerized, Fe-free melt (ANDO), confirming the development of nanoscale
chemical heterogeneity during nanolite formation. These chemically distinct domains (i.e., Fe-
rich nanocrystals, Al-rich halos, and a highly polymerized SiO»-rich matrix), introduce strong
contrasts in local melt structure and flow behavior, significantly enhancing viscosity even at
very low crystallinity.

These effects are most pronounced during early stages of crystallization (e.g., MPego in
Fig. 25), where element redistribution is maximized and crystal content remains low. At higher
temperatures, such as 808 °C, SAXS and WAXS analyses revealed nanolite growth and the
onset of particle interactions. Additionally, co-crystallization of pyroxene was also detected,
suggesting the emergence of a more complex crystalline assemblage, consistent with textures
observed in natural samples from andesitic eruptions.

In conclusion, our results demonstrate that nanolite formation in andesitic melts leads
to rapid and substantial increases in viscosity through the development of nanoscale chemical
heterogeneity. These effects cannot be explained solely by changes in melt composition or
crystal content alone. Instead, they result from dynamic melt reorganization, driven by element
redistribution and structural segregation around growing nanolites. This process likely
influences eruptive transitions in intermediate magmas, where even limited crystallization can

significantly alter flow dynamics and promote fragmentation.

3.3. A viscosity model for hydrous andesitic magmas

Andesitic magmas are characterized by their high viscosity and volatile content.

Because viscosity governs the efficiency of degassing and the transition between effusive and
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explosive behavior, accurately describing the rheology of hydrous andesitic melts is critical for
modelling magma ascent and fragmentation. However, widely used models fail to reproduce
the viscosity of hydrous andesitic melts, particularly in Fe-bearing systems where nano-
crystallization and water loss often occur during measurements. In this study, we present a new
viscosity model calibrated for variable transition metal content, using a combination of
viscometry, calorimetry, and Brillouin spectroscopy, with a specific focus on the andesitic
magma of Sakurajima volcano (Japan).

We investigated two compositional endmembers: ANDI100, a Fe-Ti-Mn-bearing
andesite representative of Sakurajima, and ANDO, an otherwise identical composition from
which all transition metals were removed. Each composition was hydrated to water contents
between 0.6 and 5.6 wt%. The amorphous and nanolite-free nature of the starting materials was
confirmed using SEM and Raman spectroscopy, while the iron speciation was measured using
Mossbauer spectroscopy. Water contents were determined with both KFT and FTIR
techniques. Post-experiment Raman, Mdssbauer, and FTIR analyses were performed to assess
possible structural or compositional changes during viscosity measurements.

Viscosity was determined using micropenetration (MP), conventional (C-DSC), and
flash (F-DSC) differential scanning calorimetry. Glass transition temperatures (7)) were
derived from C-DSC. Our results indicate that 7, decreases systematically with increasing
water content in both systems, but the reduction is more pronounced in ANDO, indicating a
stronger depolymerizing effect of water in the absence of transition metals.

To model the viscosity of these systems, we used the MYEGA equation, with 7, and
the melt fragility (m) as primary inputs. However, previously established relationships between
sound velocity (K/G) and m (e.g., Cassetta et al., 2021) did not accurately reflect the behavior
of our melts. We therefore established two new empirical relationships linking the melt fragility

to K/G, tailored specifically for Fe-bearing and Fe-free compositions (Fig. 26). These were
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derived from a well-characterized set of anhydrous endmembers, capturing the compositional

dependence of elastic properties on melt structure.
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Figure 26. Viscosity-derived melt fragility (mmyeca-fir) as a function of K/G ratio. White open
triangles are Fe-free samples and black filled squares are Fe-bearing compositions. Dashed
lines represent the linear regressions.

We first modeled the viscosity of the two end-member compositions, AND100 and
ANDO, as functions of water content and temperature (Fig. 27). We then extended this
approach by deriving a generalized viscosity model based on mathematical relationships
linking relative composition, glass transition temperature (7%), and melt fragility (m). Contrary
to earlier models (e.g., Giordano et al., 2008), which predicts a decrease in melt fragility with
hydration, we observed a linear increase in fragility with water content in both compositional
series. We validated the model using an intermediate composition, AND65 (4.2 wt% H»0),

and successfully reproduced both 7 and viscosity within 0.03 log units.
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Figure 27. Viscosity of ANDI100 and ANDO as a function of water content (wt%) and
temperature (°C).

Finally, we applied the model to calculate viscosities under pre-eruptive conditions
relevant for Sakurajima andesite (1030 °C, 3 wt% H20). Our model predicts a viscosity that is
45 times lower than estimates from previous models. Similar reductions were obtained for other
andesitic volcanoes, confirming that previous approaches have systematically overestimated
the viscosity of hydrous andesitic melts.

In conclusion, we present a new viscosity model for hydrous andesitic melts that
accounts for the combined influence of water content, temperature, and transition metal
concentration. The viscosity model integrates new Brillouin-derived relationships for fragility

and provides significantly improved accuracy for estimating pre-eruptive viscosity, offering a
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robust framework for modelling magma ascent and fragmentation in volatile-rich andesitic

systems.
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Abstract

Melt viscosity is one of the most critical physical properties controlling magma transport dynamics and eruptive style.
Although viscosity measurements are widely used to study and model the flow behavior of magmas, recent research has
revealed that nanocrystallization of Fe-Ti-oxides can compromise the reliability of viscosity data. This phenomenon can
occur during laboratory measurements around the glass transition temperature (7,) and lead to the depletion of iron and
titanium in the residual melt phase, with a significant increase in viscosity. Accurate viscosity measurements play a crucial
role in determining the reliability of empirical models for magma viscosity, which are used to evaluate eruptive scenarios
in hazardous areas. Here, we quantify the reliability of empirical models by elaborating a new viscosity model of Stromboli
basalt that relies exclusively on viscosity data obtained from nanocrystal-free samples. We show that empirical models so
far used to estimate melt viscosity at eruptive conditions overestimate Stromboli viscosity by a factor ranging between 2 and
5. In the context of numerical modelling of magmatic processes at Stromboli volcano, we analyse and interpret this finding.
Based on our findings, we draw the conclusion that Stromboli basalt is anticipated to ascend from the storage area to the
vent at a faster rate than previously hypothesized.

Keywords Stromboli - Viscosity - Nanolite - Differential scanning calorimetry - Brillouin spectroscopy - Raman
spectroscopy

Introduction

Volcanic eruptions feature among the most dangerous natu-
ral hazards on Earth (Wendee 2022), and can range in style
from effusive lava-fed fountains to explosive eruptions that
are capable to generate pyroclastic flows and destructive
ashfalls (Gonnermann et al. 2017; La Spina et al. 2020).
04 Pedro Valdivia Eruptive style is mainly controlled by the decompression

pedro.valdivia-munoz @uni-bayreuth.de rate and by the ability of the gas phase to escape the magma
(Mueller et al. 2008; Degruyter et al. 2012; Cashman and
Scheu 2015; Gonnermann 2015; Cassidy et al. 2018), with
viscosity modulating the decoupling between magma and
gas phase and the overall transport mechanism (Webb and
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volatile phases), temperature, bubble content and crystal
cargo (Friedman et al. 1963; Richet et al. 1996; Ishiba-
shi and Sato 2007; Vetere et al. 2007; Vona et al. 2011;
Gonnermann and Manga 2012; Robert et al. 2013; Sehlke
et al. 2014; Chevrel et al. 2015; Campagnola et al. 2016;
Di Genova et al. 2017a, 2018; Cassidy et al. 2018; Romano
et al. 2020). Previous experimental studies have extensively
investigated the dependence of melt viscosity on composi-
tion and temperature (Hui and Zhang 2007; Giordano et al.
2008, 2009; Misiti et al. 2009, 2011). However, recent works
have demonstrated that volcanic melts are prone to nano-
crystallization and dehydration during viscosity measure-
ments (Di Genova et al. 2017a, 2020b; Kleest et al. 2020;
Okumura et al. 2022; Scarani et al. 2022). These effects may
hinder the accurate determination of melt viscosity, directly
affecting the reliability of the resulting models assessing
magma transport (Scarani et al. 2022), and therefore pre-
venting effective numerical modelling of magma dynamics
upon decompression.

In this work, we investigated the viscosity of Stromboli
basalt as a function of temperature and dissolved water
content, developing a novel and accurate viscosity model
based on the Mauro-Yue-Ellison-Gupta-Allan (MYEGA)
parametrization (Mauro et al. 2009). Combining conven-
tional and flash differential scanning calorimetry (C-DSC
and F-DSC), viscometry, Raman and Brillouin spectroscopy,
we demonstrate that the hydrous Stromboli melt is prone
to nano-crystallization during viscosity measurements and
that its viscosity is significantly lower than expected based
on literature models (Hui and Zhang 2007; Giordano et al.
2008, 2009; Langhammer et al. 2022).

Stromboli is the northernmost volcanic island of the Aeo-
lian archipelago in the Tyrrhenian Sea (Italy), formed by
the subduction of the African plate under the Eurasian plate
(Revil et al. 2011). It reaches an elevation of 924 m above
sea level and constitutes the exposed portion of a substantial
stratovolcano measuring approximately 2500 m in height
(Bertagnini et al. 2003). Stromboli volcano is known for
its persistent strombolian activity and its sporadic paroxys-
mal events (Métrich et al. 2009; Vona and Romano 2013;
Andronico et al. 2021; Mattia et al. 2021), the latter being
responsible for the most hazardous eruptions. This behaviour
has been associated with a sudden rapid rise of the magma
(Métrich et al. 2009; Misiti et al. 2009; Pichavant et al. 2013;
Le Gall and Pichavant 2016a; Andronico et al. 2021; Ripepe
et al. 2021a, b), with ascent rates that can only be reliably
estimated provided that a correct parametrization of magma
viscosity is available. Due to the noticeably lower melt vis-
cosity emerging from our experimental data with respect
to previous studies, numerical models of magma ascent at
Stromboli should therefore consider noticeably higher ascent
rates, with implications for the outgassing dynamics upon
decompression. Consequently, our findings are anticipated
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to improve numerical simulations, providing enhanced
constraints on magma ascent time-scales and on the evolu-
tion of magma rheology resulting from decompression and
degassing.

The current understanding
of how the viscosity of volcanic melts
is affected by the formation of nanocrystals

Various authors have recently focused their investigations on
nanocrystallization processes occurring in volcanic melts,
demonstrating that these processes may have a critical effect
on rheology, namely an increase in the effective viscosity
of magmas. Based on such literature, two parallel mecha-
nisms can be identified to be responsible for this increase
in viscosity.

The first mechanism dominates around the glass transi-
tion temperature, in the high viscosity interval (108 Pas <
1 S10"3 Pa s). Several studies that focused on a wide range
of melt compositions, including basaltic (Bouhifd et al.
2004; Di Genova et al. 2020b; Scarani et al. 2022), andesitic
(Richet et al. 1996; Liebske et al. 2003; Vetere et al. 20006;
Okumura et al. 2022), tephri-phonolitic-foiditic (Kleest et al.
2020), and rhyolitic melts (Di Genova et al. 2017a) clarified
that the increase in viscosity can be attributed to the diffu-
sion of iron and titanium within the initially homogenous
melt to form oxide (nano)crystals. For instance, Okumura
et al. (2022) proposed that the increase of the anhydrous
viscosity due to magnetite nanocrystallization in andesitic
magmas is well-explained by the complete depletion of
iron in the melt phase. Therefore, this process is crucially
dependent on the (continuously evolving) composition of the
melt phase. The gradual clustering of iron and titanium takes
place, initially in an amorphous state, eventually resulting
in the formation of Fe-Ti-enriched (nano)crystals (Scarani
et al. 2022).

The second mechanism operates in the undercooled melt
at high temperatures, where the low viscosity (107> Pa s
<1 < 10° Pa s) of the melt is thought to promote nanolite
aggregation and melt entrapment within these aggregates
(Di Genova et al. 2020a). Although nanolites may be pre-
sent in very low volume fractions (typically far less than
10 vol%, i.e., at fractions deemed to be uninfluential in the
case of microlite suspensions;Mueller et al. 2011b; Vona
et al. 2011), the melt entrapment within aggregates could
result in an increased effective volume of the solid, which,
in turn, increases the overall viscosity of the magma. Nano-
lite aggregation was observed in the laboratory, examining
in situ a Mt. Etna trachybasalt, and in the eruptive prod-
ucts of the Plinian eruption of Mt. Etna 122 CE (Di Genova
et al. 2020a). Notably, this melt entrapment mechanism is
not necessarily restricted to the nano-sized domain; in-situ
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high-temperature 4D studies of crystal growth kinetics and
textural evolution during crystallization of Mt. Etna trachy-
basaltic magma under water-saturated conditions showed a
rapid dendritic crystallization that favoured the entrapment
of melt between microlite branches (Arzilli et al. 2022).

Finally, the role of nanocrystallization reaches beyond the
liquid and crystalline fractions of the magma, as nano-sized
Fe-Ti nanolite oxides have been shown to promote hetero-
geneous bubble nucleation (Céceres et al. 2020; Di Genova
et al. 2020a) that might be crucial for the fragmentation of
the magma (Knafelc et al. 2022; Yoshida et al. 2023).

Materials and methods
Synthesis of Stromboli glasses

The starting materials used in this work are ash-to-lapilli-
sized pyroclasts corresponding to the low porphyritic (LP)
deposit from the July—August 2019 eruption of Stromboli
volcano, Italy. Firstly, a homogeneous anhydrous crystal-
and bubble-free glass was produced by crushing and melt-
ing the natural samples in a Pt crucible at 1400 °C for 4 h.
The obtained glass was crushed to powder size and mixed
before a second melting was performed at the same condi-
tions for chemical homogenization. A fraction of the glass
material was subjected to grinding, resulting in a powdered
form, which was subsequently divided into two different
grain sizes through the process of sieving. (i.e., < 100 pm
and 100-250 pm diameter). Subsequently, the two powder
sizes were mixed at a 1:1 weight ratio to minimize poros-
ity during the high-temperature and -pressure synthesis
of water-bearing glasses. The remaining glass was kept to
perform viscosity measurements and Brillouin spectros-
copy of the anhydrous sample. Water-bearing glasses, from
0.9+0.03 to 4.7 +0.26 wt% H,O, were synthesized using a
piston-cylinder apparatus at the Bayerisches Geoinstitut in
Bayreuth (University of Bayreuth, Germany), in addition
to an internally heated pressure vessel (IHPV) equipment
at the Institute of Mineralogy in Goéttingen (University of
Gottingen, Germany). For the piston-cylinder experiments,
hydrous samples were prepared by adding distilled water
stepwise to the dry powder in Aug,Pd,, capsules (4.6 mm
inner diameter; 10-12 mm length), which have been shown
to minimize iron loss during the synthesis of starting mate-
rials (Pichavant et al. 2013). After welding the capsules,
they were weighed and then left overnight in a furnace at
150 °C to check for possible water loss. The capsules that
did not show weight loss after this treatment were used for
the hydrous synthesis using a talc-pyrex-Al,O; assembly at
1200 “C and 5-10 kbar at intrinsic reduced oxygen fugacity
conditions ( fo2 < NNO +0), with a 24 h dwell to ensure
water homogenization within the sample. Eventually, a rapid
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cooling process with a rate of approximately 100 K s~! was
applied to the melt. This was achieved by deactivating the
heating power and employing an automatic pressure control-
ler to maintain the pressure within nominal levels throughout
the cooling phase. Samples were slowly decompressed to
ambient pressure to avoid fractures. Additionally, one extra
anhydrous glass was synthesised at 1250 °C and 5 kbar to
account for the effect of pressure in the synthesis of our
glasses. For the IHPV experiments, dry glass powder and
an appropriate amount of distilled water were loaded in
AugoPd,, capsules (3 mm inner diameter; 15 mm length).
All samples were stacked together and the synthesis was run
at 5 kbar and 1250 °C for 24 h at relatively oxidizing condi-
tions (fp, = NNO+3+1) as determined by Schuessler et al.
(2008). Samples were rapidly quenched with a cooling rate
of ~150 K s~! at isobaric pressure. Throughout the manu-
script, all samples are renamed based on their measured
water content in wt% (e.g., S_O for the anhydrous material
and S_3.36 for a sample with 3.36 +£0.01 wt% H,0).

Electron microprobe analyses

The major elemental composition (Si, Ti, Al, Fe,,, , Mn, Mg,
Ca, Na, K, and P) was determined using a JEOL JXA-8200
electron microprobe at the Bayerisches Geoinstitut (Univer-
sity of Bayreuth, Germany) (Supplementary Table 1). The
anhydrous and hydrous glasses were embedded in epoxy,
polished, and carbon coated. Measurements were performed
using 15 kV voltage, 5 nA current, and 20 s of counting time.
A defocused 10 pm beam was used for all elements. Between
20 and 30 points per sample were measured to account for
heterogeneities. Synthetic wollastonite (Ca, Si), periclase
(Mg), hematite (Fe), spinel (Al), orthoclase (K), albite (Na),
manganese titanate (Mn, Ti), and apatite (P) were used as
calibration standards. Sodium and potassium were analysed
first to prevent alkali migration effects (Hughes et al. 2019).
The findings from this analysis, as presented in Supple-
mentary Material Table 1, provided confirmation that the
composition of our anhydrous glass closely corresponded,
within the margin of uncertainty, to previous studies that
investigated the melt viscosity of Stromboli basalt (Giordano
et al. 2006; Misiti et al. 2009).

Water content determination

The water content of Stromboli glasses was measured using
Fourier-transform infrared spectroscopy (FTIR) at the Bay-
erisches Geoinstitut (University of Bayreuth, Germany). We
used a Bruker IFS 120 spectrometer connected to a Bruker
IR microscope. Spectra were acquired using a tungsten light
source with a Si-coated CaF, beam-splitter and a narrow-
band MCT (mercury; cadmium; telluride) detector. FTIR
measurements were acquired between 1000 to 6000 cm™! on
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Table 1 Glass transition (7,), Sample T, (C) Cop® (Wt%) Cino® (Wt%) Cop+ Cino (W%) K/G

water speciation, total water ¢

concentrations and K/G factors S_0_atm 664.1 0.10+0.01 - 0.10+0.01 1.73+0.02

of Stromboli glasses S_0_5kbar - 0.25+0.01 - 0.25+0.01 1.73+0.02
S_0.91 562.3 0.70+0.02 0.21+0.03 0.91+0.03 -
S_1.16 - 0.81+0.02 0.35+0.03 1.16+0.03 1.73+0.02
S_1.25 540.0 0.96+0.01 0.29+0.01 1.25+0.01 -
S_1.97 497.3 1.40+0.01 0.58+0.01 1.97+0.01 -
S_2.08 494.3% 1.54+0.03 0.54+0.01 2.08+0.03 1.72+£0.02
S_2.87 4555 1.78+0.02 1.09+0.04 2.87+0.05 -
S_3.36 440.3* 2.14+0.01 1.22+0.01 3.36+0.01 1.72+0.02
S_4.01 416.8% 2.44+0.02 1.57+0.01 4.01+0.02 1.73+0.02
S 432 411.0 2.02+0.15 2.30+0.01 432+0.15 1.75+0.02
S_4.69 400.4* 2774025 1.92+0.07 4.69+0.26 1.73£0.02

*Values derived from T, ;s and T, .3, linear regression

“FTIR results (Ohlhorst et. al 2001). Errors are given by the standard deviation (+ 16) of our measurements

®Values derived using Eq. 4

doubly polished samples (~0.2—0.3 mm thickness). The ana-
lysed spot was 100 pm in diameter with a spectral resolution
of 4 cm™". For each spectrum, 200 scans were accumulated.
All hydrous glasses were measured at least three times at
different spots to account for possible heterogeneity. The
total water content was derived using the peak areas of the
OH™ and H,0 bands (~4500 cm~! and 5200 cm™!, respec-
tively), which correspond to the combination of the stretch-
ing and bending modes of OH™ groups and water molecules.
To determine the peak area values, an appropriate baseline
under the OH™ and H,O bands was defined using the “two
Gaussians” (GG) baseline and the “GGpar” integral molar
absorption coefficients (g, =0.62; £44,5=0.71) following
Ohlhorst et al. 2001. This approach is more suitable than
other methods (e.g., “straight line” (TT) baseline) for deter-
mining water concentration in basalts because the superim-
position of bands resulting in a curved baseline is considered
(Ohlhorst et al. 2001).

Raman spectroscopy

Stromboli glasses subjected to C-DSC, F-DSC and micro-
penetration were characterized before and after experimental
measurements to account for potential modifications (i.e.,
crystallization and/or water loss). We used a confocal Raman
imaging microscope at the Institute of Non-Metallic Materi-
als, TU Clausthal (alpha300R, WITec GmbH), and a Dilor
XY spectrometer at the Bayerisches Geoinstitut (Horiba
Jobin Yvon Inc.). Spectra were acquired with a 100 X objec-
tive in the ranges between 200—1300 cm™ for the silicate
region and between 2700-4000 cm™' for the water region.
The integration time was 7 s (3 accumulations, 13 mW laser
power), and 30 s (2 accumulations, 2 mW laser power) for
the Dilor XY spectrometer. Additionally, spectra acquired by

@ Springer

92

the Dilor XY spectrometer were background-corrected due
to an interference between the interferometer node and the
filter glass. All spectral intensities were further corrected for
temperature and frequency-dependence scattering according
to Tsyganenko and Smirnov (1995). Then, we subtracted the
background using cubic splines fit through intervals in the
silicate (from 200 to 300, and from 1240 to 1300 cm™!) and
water (from 2700 to 3100, and from 3750 to 3900 cm™})
regions. In conclusion, all spectra were subjected to a
smoothing process in order to minimize noise.

Micropenetration viscometry

We subjected polished plane-parallel glass chips (3 mm
thick) to micropenetration viscometry measurements using
a vertical dilatometer (Bdhr VIS 404) at the Institute of
Non-Metallic Materials, TU Clausthal. We measured the
indentation rate of a sapphire sphere (r=0.75 mm) during
isothermal dwells at temperatures controlled using an S-type
thermocouple (Pt-PtRh) placed at~2 mm from the sample
surface. The temperature error is estimated to be +5 K con-
sidering the accuracy of the S-type thermocouple and its
distance from the sample (Behrens et al. 2018). We followed
standard procedures (Di Genova et al. 2014a, 2020b; Scarani
et al. 2022) to achieve thermal equilibration of the sample at
the target temperature. The indentation depth was measured
as a function of time and the viscosity curve was determined
according to Eq. 1 (Douglas et al. 1965):

9F

=—t
n 322V

where 7 is the Newtonian viscosity (Pa s), F is the applied
force (N), t is the time (s), r is the radius of the sphere (m)
and L is the indentation depth (m). Viscosity measurements

ey
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of the standard glass DGG-1 were used to calibrate the ver-
tical dilatometer, reproducing the certified viscosity data
(Meerlender 1974) with a deviation of +0.1 in log units.
As the effect of a uniform (hydrostatic) pressure on the liq-
uid viscosity of silicate melts is relatively small at around
glass transition (0.1 log units per 100 MPa; Del Gaudio et al.
2007), micropenetration experiments at ambient pressure
were used to model the dynamic behaviour of silicate melts
under eruptive conditions.

Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) measurements
were performed at the Institute of Non-Metallic Materials
(TU Clausthal) using two apparatuses. We used 20 +5 mg
of glass in a PtRh20 crucible under a constant N, 5.0 flow
rate (20 ml min~!) in a conventional differential scanning
calorimeter (C-DSC, 404 F3 Pegasus, Netzsch), which
allowed the measurement of the heat flow at a heating rate
(,) between 5 and 30 K min~'. Moreover, we used ~50 ng
of glass for the analyses performed with a flash calorimeter
(F-DSC, Flash DSC 2+, Mettler Toledo) equipped with
UFH 1 sensors, under constant Ar 5.0 flow (40 ml min™"),
which allowed the measurement of the heat flow at a heat-
ing rate (g,) between 100 and 30,000 K s~! (6,000 and
1,800,000 K min~"). The C-DSC was calibrated using melt-
ing temperatures and enthalpy of fusion of reference materi-
als (pure metals: In, Sn, Bi, Zn, Al, Ag, and Au). The F-DSC
was calibrated using the melting temperature of aluminium
(melting temperature 933.6 K) and indium (melting tem-
perature 429.8 K).

For C-DSC measurements, we followed the methodol-
ogy presented by Stabile et al. (2021). Namely, we initially
erased the thermal history of the glass via a two-step thermal
treatment: we heated the sample at a rate ¢, =20 K min™"
up to a few degrees above T, (the undershoot of the heat
flow curve in the glass transition region, see Fig. 1) and
subsequently cooled the melt to 100 °C at a rate g, =10, 15,
20, or 30 K min~!. We then performed the actual C-DSC
measurement using the rate-matching method, by perform-
ing an additional upscan (i.e., heating segment at g,) at a
rate matching that of the previous downscan (i.e., cooling
at q,), i.e., q,=q,. From the measured heat flow during the
second upscan, we extracted the characteristic temperatures
T, and T, as indicated in Fig. 1: T, corresponds to the
above-mentioned undershoot of the heat flow curve, while
T,,..; represents the intercept between the tangent to the heat
flow curve of the glass (i.e., before the fictive temperature)
and the tangent to the inflection point during the glass transi-
tion. For the F-DSC measurements, we used the same pro-
cedure mentioned above, but at higher g, . (Di Genova et al.
2020b; Al-Mukadam et al. 2021; Stabile et al. 2021; Scarani
et al. 2022). Finally, viscosity was calculated from C- and
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Fig. 1 Heat flow of anhydrous Stromboli glasses measured as a func-
tion of temperature using a conventional DSC. The red and black
lines correspond to the second upscan during measurements per-
formed at 30 and 15 K min~! using the rate-matching method (Di
Genova et al. 2020b; Stabile et al. 2021), respectively

F-DSC data using the relationship between the matching
heating rate (g,,) of the measurement and the shift factors
K5 and K, (D1 Genova et al. 2020b; Stabile et al. 2021)

expressed in Eq. 2:

10810’1 (Tonset,peak) = Konset,peak - lOglO (Qh)

@
where K,,,,,,=11.20£0.15 and K, =9.84 £ 0.20 (Di Gen-
ova et al. 2020b; Stabile et al. 2021). Notably, when g, is

10 K min™, 5(T,,,,) ~ 10'2 Pa's, and therefore, T, T,

> fonset= T g.

Brillouin spectroscopy

Brillouin spectroscopy (BLS) measurements were performed
at the Bayerisches Geoinstitut in Bayreuth, Germany. Plane-
parallel polished glass samples of ~50 pm thickness were
measured using a solid-state Nd:YVO, laser source with a
wavelength of 532 nm, with a power at the source of 50 mW.
The Brillouin frequency shift was quantified using a six-pass
Fabry—Perot interferometer (Whitfield et al. 1976) combined
with a single-pixel photon counter detector. The experiments
were conducted using a symmetric forward scattering geom-
etry (Whitfield et al. 1976; Cassetta et al. 2021) with a scat-
tering angle of =79.8°. The scattering angle was calibrated
using a silica reference glass. Frequency shifts (Aw) were
converted to longitudinal (v,) and shear (v,) sound velocities
using Eq. 3:
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v = 24& 3) where X, , is the mol% of dissolved water, T, , is the glass
sin(6/2)

where 4 is the laser wavelength and 6 is the angle between
the incident and scattered beams (Whitfield et al. 1976;
Sinogeikin et al. 2006). We collected between 4 and 8 spec-
tra for each sample at different rotation angles (from -180°
to+ 180°) to account for uncertainties. Finally, we calcu-
lated the K/G ratio using the longitudinal (v,), and shear (v,)
acoustic velocities using Eq. 4:

() _¢
- Vg 3

Viscosity modelling

“

K
G

The combination of C-DSC and Brillouin spectroscopy (BLS)
enabled the parameterization of the melt viscosity of hydrous
and anhydrous samples as a function of temperature #(7), via
the Mauro—Yue-Ellison—-Gupta—Allan (MYEGA) equation
(Eq. 5) (Mauro et al. 2009):

m

T,
loggn(T) = log gN, + (12 - lo&o”lw) ?exp[(m -

®)
where log o1, = —2.93 + 0.3 is the logarithmic viscosity at
infinite temperature (Mauro et al. 2009; Langhammer et al.
2021), T, is the glass transition temperature determined by
C-DSC (T, at g, ,=10K min~!) and m is the melt fragil-
ity defined in Eq. 6 (Angell 1995) as the slope of viscosity
curve evaluated at 7

— dloggn
aT,/T T=

. (©)

Simultaneously, the melt fragility parameter, m, can be
obtained from BLS measurements using the empirical rela-
tionship introduced in Cassetta et al. (2021) (Eq. 7). This rela-
tionship has also been recently validated for peridotitic melts
by Di Genova et al. (2023):

—43. K _
m=43 G 31 @)
To describe the dependence of Tg from total water content,
we use the model proposed by Schneider et al. (1997), accord-

ing to Langhammer et al. (2021) (Eq. 8):

Tg (xHZO) = wng’szo + szg,d + cwlwz(T&d - Tg,HZO)
+dw,w, (Tg’d - Tg,HZO)’
8
with ®)
b(100—x
wy = S50 andw, = ( HZO) , ©)]

b( 100331, ) +1,0 b(100—xH20)+xH20
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transition temperature of the anhydrous composition and
T, 1,0 1s the glass transition of pure water equal to 136 K
(Kohl et al. 2005). Note that b, ¢, and d, are fitting parame-
ters. As such, our melt viscosity model for Stromboli basalts

incorporates the effect of water on n(7) viaT,.

Results

Scanning electron microscopy, Raman and FTIR
analyses

Scanning electron microscopy imaging in backscattered
electron (BSE) mode (Supplementary Material Fig. 1)
and Raman spectra analysis (Fig. 2) were used to verify
the pristine glass nature of the samples before and after
viscosity and calorimetric measurements (Di Muro et al.
2009; Di Genova et al. 2016). Indeed, previous research
(Di Genova et al. 2017a, b, 2020a, b; Giordano et al. 2021;
Kleest and Webb 2022; Scarani et al. 2022) has demon-
strated that BSE imaging alone cannot conclusively con-
firm the presence or absence of nanolites, since the spatial

650-730 cm’!
T ! T T

Intensity (a.u.)

S_:V\/
S
b0 S\

N 1 N 1 " 1 L 1 L 1

200 400 600 800 1000 1200
Raman shift (cm™)

Fig.2 Raman spectra of anhydrous and hydrous glasses before
C-DSC and viscosity measurements. The spectral range (650-
730 cm™!') most prominently affected by the presence of Fe-Ti-oxides
is shaded in gray, with a dashed line marking the usual maximum
(~690 cm™!) of the peak assigned to these phases (Di Genova et al.
2020b; Stabile et al. 2021). Samples labelled with asterisk were syn-
thesized using IHPV, while the rest were synthesized under piston-
cylinder experiments
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resolution of this technique is insufficient to identify
objects exhibiting a size of only few tens of nanometers.
Conversely, its combination with Raman spectroscopy rep-
resents a more reliable approach for detecting Fe-Ti nano-
lites, even when BSE images are unable to show crystals
that are instead indisputably visible using transmission
electron microscopy (Di Genova et al. 2017a, b, 2020a, b;
Scarani et al. 2022).

In the case of our samples, BSE analyses (Supplemen-
tary Material Fig. 1) show no evidence of crystals or bub-
bles before and after viscosity experiments. As for Raman
spectra (Fig. 2), they confirmed first-of-all the crystal-free
amorphous nature of our initial anhydrous and hydrous
samples (Di Muro et al. 2009; Di Genova et al. 2016).
This confirmation arises from the absence of character-
istic features in the 650—730 cm™! range, associated with
the most prominent signal of Fe-Ti-oxides, which typi-
cally peaks around ~ 690 cm™! (Di Genova et al. 2020a,
b). In contrast, and regardless of the fact that no nano-
lites were observed by BSE, Raman spectra acquired in
the low-wavenumber range (< 1300 cm™") post-DSC and
post-micropenetration measurements (Fig. 3) evidence that
samples with H,O content greater than 1 wt% underwent a
certain degree of crystallization of Fe-Ti-oxide nanolites
during such high-temperature analyses. We identified two
groups of nanolite-bearing glasses post-experiments: (i)
samples showing a low-to-moderate degree of nanolitiza-
tion (Fig. 3a), except for S_0.91 that did not experience

Fig.3 Raman spectra of

nanolite crystallization, and (ii) samples that present a
more prominent Raman feature peaking at~690 cm™,
suggesting a substantial compositional modification of
the residual melt during C-DSC experiments (Fig. 3b).
We observed that this difference is associated with the
oxidation conditions of the starting materials. Samples
synthesized using the relatively oxidizing IHPV method
experienced the highest changes after DSC and viscos-
ity measurements, compared to the ones synthesized by
piston-cylinder experiments.

To account for possible loss of water during experiments,
we acquired FTIR and Raman spectra of hydrous samples
before and after DSC, as well as before and after micropen-
etration measurements (Fig. 4).

FTIR analyses show that the area of the molecular H,O
bands (5200 cm™!) did not vary significantly after DSC
measurements. However, for samples with the highest water
content (S_3.36, S_4.32 and S_4.69), a new contribution
at ~4300 cm™! was observed (Fig. 4a). This new feature
might be related to the formation of free hydroxyl species: as
recently suggested by Bondar et al. (2023), such OH groups
could be associated to alkaline earth cations (e.g., Ca and
Mg) rather than to tetrahedrally coordinated network form-
ers (such as Al and Si), thereby playing a markedly differ-
ent structural role. For the other samples characterized by a
lower water content (<3 wt%), the area of the OH™ bands
did not show significant changes.

650,73 am”

(@

hydrous glasses after C-DSC
analyses and micropenetra-
tion measurements (MP). The
spectral range (650-730 cm™)
most prominently affected by
the presence of Fe-Ti-oxides is
shaded in gray, with a dashed
line marking the usual maxi-
mum (~690 cm™") of the peak
assigned to these phases (Di
Genova et al. 2020b; Stabile

et al. 2021). The heating rate
used during DSC measure-
ments is reported in the legend.
a Samples synthesized using
piston-cylinder. Raman spectra
show a low to moderate degree
of nanolitization b Samples
synthesized using I[HPV. Raman
spectra show a strong contribu-
tion in the 650-730 cm™! region
associated with the crystalliza-
tion of Fe-Ti-oxides

Intensity (a.u.)

I650:73O[ cm"l

— MP
—— 30K min*!
—— 20 K min’!
—— 15K min™
—— 10 K min?!

i i
i i
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Fig.4 a FTIR comparison of water spectral bands before and after
C-DSC measurements. Red arrows show the formation of a new peak
at ~4300 cm™! after C-DSC measurements that might be attributed to
the apparition of free hydroxyl groups (Bondar et al. 2022). b, ¢, and

Concerning Raman data, we normalized the inten-
sity of the water band area at high wavenumber (HW;
2700-4000 cm™!) to the area of the silicate region at low
wavenumber (LW; 200-1300 cm™") to check for possi-
ble water loss (Di Genova et al. 2017b). The comparison
between the HW/LW ratio before and after DSC experiments
showed a significant decrease for the sample with the high-
est water content (S_4.69). Nevertheless, the quantification
of water content depletion was not performed using Raman
spectroscopy due to previous studies indicating that this
technique is not reliable for glasses that contain nanolites

@ Springer

96

—S.3.36
— S_3.36_afterDSC ;s

Intensity (a.u.)

1 " 1 " 1 " 1 " 1

3000 3200 3400 3600 3800
Raman shift (cm™)
3000 3200 3400 3600 3800
I 1 T 1 1
(d)
S 4.69

— S _4.69_afterDSC;,

Intensity (a.u.)

3000 3200 3400 3600 3800

Raman shift (cm™)

d correspond to the comparison of the Raman water region before
and after C-DSC measurements. Blue arrows show the development
of a shoulder at ~3700 cm™' associated to free OH species (Larre
et al. 2020)

(Di Genova et al. 2017b). Importantly, and for the same three
samples mentioned (S_3.36, S_4.32 and S_4.69) above for
FTIR analysis, we observed the development of a Raman
shoulder at ~3700 cm™! (blue arrows in Fig. 4). This con-
tribution was previously associated with the formation of
free OH species, as suggested by Larre et al. (2020). There-
fore, by combining FTIR and Raman spectra, we deduce
that samples with a water content exceeding 3.3 wt% under-
went both nanocrystallization and possibly the generation of
free hydroxyls during the experiments. In general, regard-
less of the synthesis method employed, we observed more
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pronounced structural modifications as the water content
increased, particularly following DSC and micropenetra-
tion experiments.

Viscosity, fragility, and glass transition temperature
of the anhydrous melt

C-DSC- and F-DSC-derived anhydrous melt viscosity are
reported as a function of temperature in the Supplementary
Material Table 2 and shown together with literature data in
Fig. 5. To accurately characterize the anhydrous viscosity
of Stromboli basalt, we used the MYEGA parametrization
(Eq. 5), fixing log,411,,=-2.93 (Mauro et al. 2009; Langham-
mer et al. 2021; Scarani et al. 2022), to fit our anhydrous
C-DSC-derived viscosity (10.1 <log n<11.98) together
with micropenetration (7.8 <log #<10.5) and concentric
cylinder data (0.8 <log 7 < 1.9) from Scarani et al. (2022)
to fully constrain the melt fragility index (m=40.7 +£0.7)
and glass transition temperature (7, =666.9 +0.8 C). Our
fragility estimates are slightly lower compared to the empiri-
cal viscosity model proposed by Giordano et al. (2009)
for Stromboli composition (m=42 and T,=662.5 0),
who nevertheless used a Vogel-Fulcher-Tammann (VFT)
parameterization, log, n(T) = log o1 + %, intrinsi-
cally involving a different viscosity at infinite temperature

(logons, = —4.55) (Russell et al. 2003; Misiti et al. 2009;
T(°C)
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This work ’/
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‘35 ®  Scarani et al. (2022b)
6 .
&: MYEGA
25 logq #7,,=-2.93
S m=40.7+0.7
4 T,=6669+08°C -
VET
logq 71, = -4.55
2r m=42+0.7 7
T,=667.4+0.8°C
0 1 1
5 6 7 8 9 10 11 12
1047 (K

Fig.5 Viscosity of anhydrous Stromboli melt as a function of tem-
perature. The black line corresponds to the best fit of the data using
the MYEGA equation (Eq. 5) combining our C-DSC data with
micropenetration and concentric cylinder data from Scarani et al.
(2022). The same data were also fit using the VFT formulation
(dashed grey line, see text for details). F-DSC data were not used to
constrain the MYEGA and VFT fits. For comparison purposes, we
report viscosity data from Misiti et al. (2009) and Giordano et al.
(2006) who examined the same composition
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Langhammer et al. 2021). When we used the VFT para-
metrization and assuming log,y%,, = —4.55 to fit our dataset,
we obtained Tg =667.4+0.8 °C and m=42+0.7, which is
in excellent agreement with Giordano et al. (2009). There-
fore, the viscosity formulation (MYEGA or VFT), and the
resulting choice of log,yn.,, have a negligible effect on the
estimations of m and T,. Finally, we found that our anhy-
drous F-DSC-derived viscosity (6.4 <log <8.5), which was
not used to constrain our MYEGA parameterization, is in
excellent agreement with our fit, suggesting that F-DSC-
derived viscosity can be used to accurately derive viscosity
of volcanic melts.

Viscosity, fragility, and glass transition temperature
of the hydrous melt

The DSC-derived and measured hydrous viscosity are
reported in Table 3 of the Supplementary Material and
shown in Fig. 6. Raman spectroscopy results showed that
almost all our hydrous glasses, except for S_0.91 and S_4.32
after F-DSC, crystallized Fe-Ti-oxide nanolites during vis-
cosity measurements. On the other hand, we also observe
that samples with water content higher than 3.3 wt% suf-
fered occasional loss of total water content, with the paral-
lel formation of free OH species during viscosity experi-
ments. Previous studies (Stabile et al. 2021; Okumura et al.
2022; Scarani et al. 2022) have shown that the removal of
Fe-Ti-oxides from volcanic melts during nanocrystallization

T(°C)
500 400
12 F » T
&
11 | =
—~ Type
» 10 O C-DSC 1
S < F-DSC
e e
= ol “ H,0 (%)
=
=~ —091%
=) 1.25%
o0 —1.97%
)
= 8t —208% |
—287%
7 -
6 1 1 1

11 13

1047 (K™

Fig.6 Experimental viscosity of hydrous Stromboli melt. Water con-
tents are labeled by color. Circles, diamonds, and triangles represent
C-DSC, F-DSC, and MP measurements, respectively. Filled symbols
correspond to nanolite-free measurements. Dashed lines are a guide
for the eye. The arrow shows the increase in viscosity during MP
measurements
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induces a non-trivial increase in the viscosity of the residual
melt. As such, we infer that our hydrous viscosity results do
not represent the viscosity of the pure hydrous melt, which
is expected to be lower, especially at high water contents.
Nevertheless, measurements performed at the glass transi-
tion temperature 7, (n= 10'2 Pa s) were virtually unaffected
by nanocrystallization, while the instability of the samples
was more and more evident as the temperature increased.
We remark that the timescale of nanocrystallization during
C-DSC experiments seems to be in the order of seconds
to a few minutes, occurring as soon as the temperature of
the sample crosses T,. We observe that considering these
increasingly nanolite-bearing measurements as valid data
points would misleadingly result in an apparent decrease of
m, as inferred by the slopes of the dashed lines in Fig. 6. Con-
versely, when considering only nanolite-free measurements
(i.e., S_0.91 and S_4.32 dashed lines in Fig. 6), we observe
that the slope of the dashed lines does not exhibit a marked
dependence on water content. The instability of hydrous
samples during the measurements is reaffirmed by the data
acquired by micropenetration. For example, when measuring
sample S_4.32, we observed a time-dependent increase in
viscosity from 10'%*8 to 10! Pa s in 60 min (orange arrow
in Fig. 6) during the micropenetration measurement between
459 and 461 C (i.e., ~50 °C above T,), resulting in a viscos-
ity almost two orders of magnitude greater than C-DSC-
derived estimations. Also, for sample S_1.97, we observed
a considerable difference between micropenetration and
C-DSC-derived viscosities, with n=10"""% and 10'%2 Pa s
(546 C), respectively. We attribute the observed variation
to the occurrence of nanocrystallization and water loss dur-
ing micropenetration measurements, which are conducted
for longer durations above T, compared to DSC (differential
scanning calorimetry) experiments.

The glass transition temperature (7,) was either directly
derived (7,,,,,, at g.,= 10 K min™', see methodology para-
graphs for further details) or linearly extrapolated using the
measured T, at g, =15 and 30 K min~! (Table 1). As
expected (Giordano et al. 2008; Misiti et al. 2009; Bouhifd
et al. 2013), Tg decreases with water content (Fig. 7),
from 664.1 °C at anhydrous conditions to 400.4 °C when
H,0=4.69+0.26 wt%. We used Eq. 8 and 9 to parameterize
T, as a function of water content (dashed line in Fig. 7) using
only the measured 7, data (i.e., 7, at ¢, , =10 K min~")
and we obtained the fit parameters b=0.235, c=1.234 and
d=-1.47. Note that this model well-predicts our extrapo-
lated T, values (i.e., T, at ¢, =15 and 30 K min~") and
it is in good agreement (Fig. 7) with 7, values from Misiti
et al. (2009), similarly calculated by the linear extrapola-
tion of the two closest viscosity data points (i.e., around
n=10'? Pa s). Additionally, we converted the polynomial
relationship from mol% to wt% for Stromboli composition,
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Fig.7 Glass transition temperature (Tg) as a function of water con-
tent (wt%). The dashed line corresponds to the best fit solution using
Eqgs. 8 and 9 (Schneider et al. 1997). T, measured corresponds to
T,pser 2t q.,=10 K min~!, T, extrapolated corresponds to values

0l
obtained from linear regression of T, at g.,=15 and 30 K min~,

Extrapolated T, from the literature are also reported (Misiti et al.
2009)

to be able to calculate 7, for H,O contents up to 10 wt% (see
Supplementary Material Fig. 2).

Using Eq. 4 and Brillouin spectroscopy data (BLS), we
calculated the K/G ratio for our anhydrous and hydrous sam-
ples (Table 1). We found that the K/G ratio is independ-
ent on the total water concentration between 0 and ~5 wt%
(K/G=1.73+0.02) and that the effect of pressure is negligi-
ble when comparing samples synthesized up to 5 kbar. Addi-
tionally, our data are in good agreement with Cassetta et al.
(2021) who calculated, using BLS data from the literature
(Whittington et al. 2012), K/G=1.74 and 1.68 for an anhy-
drous and hydrous (H,0 =3.02 wt%) basalt, respectively. As
such, based on the empirical relationship between K/G and
m (Eq. 7) (Cassetta et al. 2021), we deduce here that, within
the uncertainty, the fragility index (m) of the water-bearing
melts equals m of the anhydrous melt (m=40.7 +0.7), which
is reliably constrained by viscosity data over a large tempera-
ture interval (Fig. 5). We test this hypothesis in the discus-
sion section using an independent set of data.

Discussion

The remarkable agreement between our anhydrous viscosity
and literature data (Giordano et al. 2006; Misiti et al. 2009;
Scarani et al. 2022), together with the virtual absence of
Raman spectral features between 650 and 730 cm™!, dem-
onstrate that the anhydrous Stromboli melt is not prone to
nanocrystallization during viscosity and DSC measurements.
This agrees with the recent findings of Scarani et al. (2022)



Contributions to Mineralogy and Petrology (2023) 178:45

Page110f18 45

who showed that the overall FeO,,+ TiO, content modulates
the nanocrystallization of basaltic melts: the comparatively
lower content in transition metal oxides of the Stromboli
anhydrous composition results in a more stable melt with
respect to, for instance, Mt. Etna trachybasalt. Moreover,
the excellent agreement of our F-DSC-derived viscosity
(6.4 <log < 8.5) with the parameterization of anhydrous
Stromboli basalt proposed by this work, as well as by previ-
ous studies (Giordano et al. 2008, 2009; Misiti et al. 2009;
Scarani et al. 2022), demonstrates that the F-DSC approach
represents a valuable tool for accessing unprecedented vis-
cosity ranges, commonly restricted by melt crystallization
and gas exsolution (Dingwell et al. 2004; Al-Mukadam et al.
2020; Langhammer et al. 2021; Di Genova et al. 2023).

In contrast, Raman spectra of hydrous glasses (Figs. 2
and 3) suggest that Stromboli hydrous melts with H,O con-
tents greater than 1 wt% are prone to Fe-Ti-oxide nanolite
crystallization during viscosity and C-DSC measurements.
Moreover, for samples with water content higher than 3.3
wt%, Raman and FTIR spectra suggest the formation of free
hydroxyl (Fig. 4). These changes induce non-trivial chemical
and structural modifications in the melt that are known to
result in an overestimation of melt viscosity at temperatures
above Tg (Di Genova et al. 2017a, b; Di Genova et al. 2020b;
Liebske et al. 2003).

In general, Raman spectral signatures (Fig. 3) suggest an
increasing degree of nanocrystallization as water content
increases, which is in good agreement with previous stud-
ies (Davis et al. 1997). For instance, for low water content
(S_1.25), micropenetration results show a relatively good
agreement with C-DSC-derived viscosity data (Fig. 5), as
supported by the comparison of Raman spectra acquired
before and after the measurements that suggests moderate
nanocrystallization (Figs. 2 and 3a). For higher water con-
tents (e.g., S_2.08, S_3.36, S_4.01, S_4.32, and S_4.69),
we observed stronger Raman intensity at ~650—-730 cm™!
(Fig. 3) and an evident time-dependent increase in viscosity
during micropenetration measurements (Fig. 6). As such, the
hydrous Stromboli basalt becomes more and more unstable
during measurements as water content increases. Finally,
the inspection of Raman spectra in Fig. 3 indicates that, for
comparable water contents, a relatively more oxidized start-
ing material (i.e., samples synthesised with IHPV appara-
tus) led to a higher degree of nanocrystallization during the
experiments.

Since C-DSC measurements of T, n= 10'2 Pa s) involve
the lowest/shortest operatively achievable excursion to high
temperatures, thereby minimizing the risk of nanocrystal-
lization in the samples, we argue that our 7, values (Fig. 7)
represent the most accurate starting point for a reliable
description of the viscosity of the hydrous Stromboli melt.
We therefore combined our 7, parameterization as a func-
tion of H,O content (Fig. 7 and Table 1) with the estimated
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and constant fragility index m=40.7 +£0.7, entering them
into the MYEGA parametrization (Eq. 5) to model the vis-
cosity of Stromboli melt as a function of temperature and
water content. We note that while our BLS results and the
remarkable prediction of the F-DSC-derived hydrous viscos-
ity (Fig. 9) support the hypothesis that m is not dependent
on H,O content and equals the value of the anhydrous melt
(m=40.7+0.7), the empirical viscosity model proposed by
Giordano et al. (2009) for Stromboli composition predicts
conversely that m should decrease significantly with increas-
ing water content from 42 (anhydrous melt) to 36.5 (H,0=5
wt%). Keeping all other parameters unchanged, a lower m
would necessarily return higher viscosity at temperatures
above T, (e.g., at eruptive temperature); thus, disregarding
for a moment the effects of nanocrystallization described
above, it is important to ascertain whether or not melt fra-
gility should depend on water concentration. To do so, we
evaluate the relationship between m and water content for
our Stromboli basalt within the framework of Adam and
Gibbs (1965) theory that predicts a positive correlation
between m and the configurational heat capacity (C;o"f ) of
the melt (e.g., Bouhifd et al. 2013, 2006; Di Genova et al.
2014b; Robert et al., 2012; Smedskjaer et al. 2011). For

glass-forming melts, Cf,""f at T, can be expressed as follows:
conf _
Gy (Tg) - Cpl - Cpg(Tg) (10)

where C,; is the heat capacity of the relaxed liquid, and
C,(T,) is the heat capacity of the glass at T,, which is
extrapolated using the expression after Maier and Kelley
(1932):

Cpo(T) = a + bT — cT™> (1)
Using our DSC rate-matching data (i.e., second upscans),
we derived Cf,""f of four samples with different water con-
tent following Bouhifd et al. (2013) (Supplementary Mate-

rial Fig. 3). Our results show that Cf,”"f does not vary sig-

nificantly with water content, as C;D"f(Tg) dry is equal
to 0.38 J g~! K~!, while it is equal to 0.37 J g~' K~! at
2.87 £0.05 H,0 wt% (Supplementary Material Fig. 3). After
conversion from mass to mol, C;”"f (Tg) ~ 23 + 1Jmol'K~!
(under the assumption of 50% of the total iron as FeO); our
values exhibit moreover very good agreement with the litera-
ture (Robert et al. 2014). We therefore conclude that the addi-
tion of water should not be expected to significantly change
the melt fragility of Stromboli liquid, as suggested by (i)
BLS data (Table 3), (ii) the low variation of the DSC-derived
m when using only nanolite-free measurements (Fig. 6), and
iii) the prediction of the F-DSC-derived hydrous viscosity
(Fig. 9) using the anhydrous m=40.7 +0.7. Thus, the well-
constrained fragility of the anhydrous melt (Fig. 5) can be
used to parameterize the melt viscosity as a function of
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Fig.9 Viscosity results of nanolite-free Stromboli samples and litera-
ture viscosity data from Misiti et al. (2009). Dashed lines represent
the viscosity predictions of our model for 0, 0.91, 1.52, 2.91 and 4.16
H,0 wt%

temperature and water content. This conclusion substantiates
in a new viscosity model of Stromboli basalt as a function of
temperature and water content #(7, H,0) (Fig. 8) based on
the MYEGA parametrization (Eq. 5), where 7, is described
according to Eq. 8 (Fig. 7 for fitting parameters) and m is
fixed and equal to 40.7 +0.7 (Fig. 5). A viscosity calculator
is provided in the Supplementary Material. We stress that
our experimental data can also provide insight into the possi-
ble origin of the decrease in m with increasing water content
in previous empirical models (e.g., Giordano et al. 2009,

@ Springer

2008): we have shown that unavoidable nanocrystallization
during viscosity measurements of hydrous samples leads to
viscosity values that are significantly higher than the crystal-
free melt trend (Fig. 6), leading to a seemingly lower (and
physically implausible) melt fragility. This lower fragility
would be unsuitable to describe nanolite-free experimental
data acquired at higher temperatures by F-DSC, as identifi-
able in Figs. 6 and 9 (at 7= 10%? Pa). This aspect becomes
clearer when comparing predicted versus measured hydrous
viscosity using previous models (Fig. 6 in Supplementary
Material). For example, the Giordano et al. (2008) model
either predicts the viscosity of nanolite-bearing samples or
overestimates the (virtually) crystal-free viscosity of hydrous
samples measured within this work.

Figure 9 shows the comparison between our nanolite-free
viscosity measurements, our model predictions, and the vis-
cosity data reported by Misiti et al. (2009). The hydrous
viscosity data obtained from melts that did not experience
relevant nanocrystallization after either C-DSC (S_0.91,
10932 < < 10" Pa s) or F-DSC (S_4.31, n=10%% Pa s)
measurements are accurately predicted by our model. These
data were not used to train our model, so its prediction capa-
bility is remarkable and demonstrates that the combination
of 7, from C-DSC and m from BLS enables the accurate
derivation of the anhydrous and hydrous viscosity (Cassetta
et al. 2021).

Concerning the comparison with literature data from Mis-
iti et al. (2009), we observed that, for a given water content,
our model positively predicts the hydrous viscosity around
10'2 Pa s but then predicts lower viscosity with increasing
temperature (Fig. 9). For example, at relatively low water
content (H,O=1.52 wt%), we successfully predict viscosity
data from Misiti et al. (2009) between 10''!® Pa s (534.85
°C) and 10'%38 Pa s (549.85 °C) (Fig. 9); however, at 574.85
°C, our model predicts a viscosity of 7= 10" Pa s, slightly
lower than the 10°7° Pa s reported by Misiti et al. (2009). At
higher water content (H,0=2.91 wt%), Misiti et al. (2009)
measured =10'"! Pa s (474.85 °C), while our prediction
is 10" Pa's. At 499.85 and 524.85 “C Misiti et al. (2009)
measured respectively 101922 and 10°°? Pa s, where our
model predicts significantly lower viscosity values (10%7
and 10877 Pa s, respectively). We also compared our model
predictions with the high-temperature falling-sphere-derived
viscosity reported by Misiti et al. (2009). In general, our
model predicts significantly lower viscosity at high tem-
peratures. For instance, at H,O =1.52 wt%, they reported
viscosities of 10'*%, 10" and 10°** Pa s at 1200, 1250 and
1300 °C respectively. For the same water content, our model
predicts viscosities of 10%79, 10%47 and 10%%7 Pa s, respec-
tively. At 2.91 H,O wt%, our model successfully reproduced
the 7=10%%° Pa s at 1200 °C reported by Misiti et al. (2009);
however, their data subsequently display a physically para-
doxical increase in viscosity with increasing temperature,
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from 10°23 Pa s (1200 °C) to 10%® Pa s (1250 C). A simi-
lar behaviour is observed at 4.16 H,O wt% in Misiti et al.
(2009), where viscosity increased from 10%°! to 108 Pa s
when temperature increased from 1100 to 1150 “C. As such,
we conclude that falling-sphere measurements entail una-
voidable experimental challenges that may seriously affect
their reliability, whereas our experimental approach intrinsi-
cally circumvents such limitations.

Figure 10a shows the comparison between our model and
two global viscosity models of volcanic melts (Giordano
et al. 2008; Langhammer et al. 2022). We considered the
Giordano et al. (2008) model (GRD) because it is the most
used viscosity model in the literature, and the Langham-
mer et al. (2022) model (ANN), which is the most recent
viscosity model and the first one based on artificial neural
networks. We input the chemical composition of our Strom-
boli melt (Supplementary Material Table 1) and assumed a
Fe**/Fe** ratio of 0.5. In general, while the ANN performs
more similarly to our parameterization than GRD, the two
viscosity models predict excessively high viscosities with
increasing temperature. This is also the case if we compare

our results with other viscosity models, such as the global
model of Hui and Zhang (2007) and the Giordano et al.
(2009), specifically targeted on Stromboli melt (Supplemen-
tary Material Fig. 4).

For the anhydrous melt (left border in Fig. 10a), our
model shows similar behaviour in comparison to both GRD
and ANN literature models. This result is consistent with
the observation that the anhydrous Stromboli melt is not
prone to nanocrystallization during viscosity measurements,
preventing experimental artifacts whatever the methodology
applied. Nevertheless, for water content higher than~0.8
wt%, our model predicts lower viscosities (Fig. 10). For
example, at pre-eruptive conditions of 1150 °C and 3.67 wt%
H,0 (Giordano et al. 2009; La Spina et al. 2015; Andronico
et al. 2021), our model predicts a viscosity of 10% Pa s, in
contrast to the 10%°! and 10%%* Pa s predicted by GRD and
ANN respectively, i.e. 5.7-2.5 times lower than previous
studies. We note that our model diverges from GRD when
the water content increases above ~0.8 wt%. We argue that
this behaviour is controlled by the ease of nanocrystalliza-
tion of hydrous melts during viscosity measurements: for

Fig. 10 a Comparison of our 12 T
model with two viscosity mod- ul @)
els for Stromboli basalt from 0
wt% (left border) to 5 wt% H,0
content (right border): Giordano
et al. 2008 (GRD) and Lang-
hammer et al. 2021 (ANN).

The vertical red line marks the
pre-eruptive temperature of
Stromboli basalt (T=1150 C;
Giordano et al. 2009; La Spina
et al. 2015). b Comparison of
predicted viscosity as a function
of water content at the pre-erup-
tive temperature (7=1150 ‘C)
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example, while the sample S_0.91 did not experience rel-
evant crystallization during viscosity measurements (Fig. 3a
and Fig. 6), we observed nanocrystallization when the water
content is greater than 1.25 wt%, as suggested by Raman
spectra (Fig. 3). Thus, we conclude that the excessively high
viscosity predicted by the empirical models (Fig. 10) results
from the (erroneously) assumed decrease in m with increas-
ing water content, which we have shown to be related to the
crystallization of nanolites and water loss during hydrous
viscosity measurements. Parallelly, the ANN model predicts
an unsteady decrease in viscosity between 0.5 and 1.5 H,O
wt% (Fig. 10b), which mirrors the respective dependence
of m on H,O (Supplementary Material Fig. 5). Because the
ANN model does not make any conceptual assumptions
concerning the dependence of melt fragility on water con-
tent (Langhammer et al. 2022), our study suggests that more
high-quality hydrous viscosity data, combined with Brillouin
spectroscopy and heat capacity data, are required to accu-
rately constrain the variations of melt fragility with water
concentrations, and thereby model the viscosity of hydrous
volcanic melts by an artificial neural network approach.

Implications for Stromboli magma dynamics

Our observations suggest that the viscosity of Stromboli
melt at pre-eruptive conditions is lower than identified so
far (Giordano et al. 2009, 2008; Hui and Zhang 2007; Mis-
iti et al. 2009). This aspect is critical when modelling the
change in viscosity during magma ascent upon decompres-
sion, as we rely on viscosity models to define the rate of
melt phase viscosity increase due to water exsolution. Such
a rate is key in controlling the thermodynamic equilibrium
or disequilibrium in magmas during ascent, and therefore,
degassing and crystallization dynamics (Mangan and Sisson
2000; La Spina et al. 2016; Polacci et al. 2018; Arzilli et al.
2019; Kolzenburg et al. 2019). Notably, our model predicts
a very large increase in melt viscosity upon water exsolution
at a constant temperature of 1150 °C (Fig. 10), as we calcu-
lated 7=10%15 Pa s, at H,0=3.67 wt%, and y=10*° Pa s
at anhydrous conditions, which difference is 9 times greater
compared to GRD model predictions, respectively 7= 10%°!
and 103 Pas.

Considering a simple ascent rate model that neglects
the shear-rate dependence of viscosity (Sparks et al.
2006; Kokandakar et al. 2018), and following Misiti et al.
(2009), the ascent velocity of a bubble-free Stromboli
basalt (T'=1150 C and H,0=3.67 wt%) with a crystal
content of 10 vol% through a 4 m wide dike is 41 m s™!
using our viscosity model ~30% greater with respect to the
previous estimation by Misiti et al. (2009). Although this
result is significantly higher than estimates of 1.5-3 m s~
from bubble number density (BND) data of experimental
samples and erupted materials (Pichavant et al. 2013; Le
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Gall and Pichavant 2016b, a), pre-explosion ground defor-
mation analyses suggest ascent rates of 10-15 m s~ for
the 2019 Stromboli paroxysms, when the fragmentation
occurs at the vent and 7= 102 Pa s, and up to our estimate
of 35 m s~! if the fragmentation depth is fixed deeper,
at 150 m below the vent, as inferred from the time delay
between the thermal and acoustic onsets for the 15 March
2007 paroxysm (Ripepe and Harris 2008; Ripepe et al.
2021b).

In general, the lower melt viscosity revealed by our
study promotes a more efficient decoupling between the
magma and the gas phase (La Spina et al. 2017a; Valdivia
et al. 2022), and decreases the minimum bubble diam-
eter required for bubble segregation (Sparks 2003). This
effect, in addition to the constant evolution of the perme-
able pathways in low-viscosity fluids, diminishes the accu-
racy of permeability-dependant estimations coming from
pyroclastic vesicle textures (La Spina et al. 2017b). On the
other hand, a lower magma viscosity produces higher esti-
mations of ascent rates (Sparks et al. 2006; Kokandakar
et al. 2018; La Spina et al. 2020), affecting the calculation
of the Reynolds number, and increasing the likelihood of
having a turbulent flow regime (Melnik and Sparks 2006).

Paroxysmal events at Stromboli volcano have been
attributed to the rapid ascent of a low-porphyritic vol-
atile-rich magma from a 7-10 km depth reservoir that
interacts with a high-porphyritic crystal-rich and denser
magma mush at shallower depths of 2-3 km (Andronico
et al. 2021; Métrich et al. 2021; Ripepe et al. 2021b),
being responsible for the most dangerous outcomes that
occur unexpectedly (Bertagnini et al. 2003; Le Gall and
Pichavant 2016a; Andronico et al. 2021; Mattia et al.
2021). Our results further support that the volatile-rich
basalt rises rapidly and in a turbulent regime. Addition-
ally, if we consider lower viscosity, the depth estimations
for the onset of gas expansion used in ground deformation
analyses should increase (Ripepe et al. 2021b), possibly
matching the crystal-rich magma mush depth. If that is
the case, as the volatile-rich gas-magma mix rises, the
limited expansion of the gas phase, which is controlled by
the interaction with a more viscous and denser crystal-rich
magma, might generate enough overpressure to fragment
the magma and produce a paroxysmal event. This effect
would be also enhanced by the formation of nanolites dur-
ing ascent as their presence reduce the required oversatura-
tion for bubbles to form through heterogeneous nucleation
at higher depths. Therefore, it is imperative to undertake
further investigations to fully grasp the extensive implica-
tions arising from our viscosity predictions. This critical
endeavour will not only enhance numerical modelling but
also advance our comprehension of magma dynamics and
outgassing processes in compositions akin to Stromboli
basalt.
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Conclusions

In this work, we measured the viscosity of anhydrous and
hydrous Stromboli basalt. We accomplished full charac-
terization of the Stromboli melt viscosity as a function of
temperature and water content by combining conventional
and flash differential scanning calorimetry with Raman,
FTIR, and Brillouin spectroscopy. We showed that while
the anhydrous Stromboli basalt is not prone to crystal-
lization during viscosity measurements, the hydrous melt
is prone to nanocrystallization of Fe-Ti-oxides when the
water content is higher than 1 wt%.

As a consequence, the viscosity of Stromboli magma
under eruptive conditions is 2 to 5 times lower than what
previous empirical models predict. Our findings are cru-
cial for advancing our understanding of the dynamics of
Stromboli volcano. The observed reduction in pure melt
viscosity can explain the rapid ascent of magma during
paroxysmal events, which are often accompanied by short-
lived geophysical signals.
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Supplementary Material

Table 1. Chemical composition of Stromboli basalt

Oxide S 0 atm? STR®

Si0» 49.74 (0.77) 51.06 (0.39)
TiO2 0.9 (0.08) 0.91 (0.10)
AlLO3 17.46 (0.04) 17.52 (0.28)
FeOur 7.58 (0.05) 7.58 (0.25)
MnO 0.14 (0.1) 0.17 (0.07)
MgO 6.06 (0.14) 6.02 (0.20)
Ca0 11.22 (0.10) 11.29 (0.29)
Na,O 2.58 (0.24) 270 (0.19)
K20 2.04 (0.07) 2.12(0.12)
P,05 0.53 (0.03) 0.64 (0.27)
Total 98.25 100
H>O 0 0
aThis work

®Scarani et al. (2022)
Number in parenthesis Numbers in parenthesis
indicate + lo.
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Table 2. Viscosity data of Stromboli anhydrous melt.

Type? T (°C) T (K) log 7 (17 in Pa s) Ref.
C-DSCio-10 664.2 937.3 12.0 *
C-DSCio-10 700.4 973.6 10.6 *
C-DSCio-10 721.0 994.2 10.0 *
C-DSCis.15 666.5 939.7 11.8 *
C-DSCis.15 706.2 979.4 10.4 *
C-DSC30-30 675.2 948.4 11.5 *
C-DSC30-30 715.3 988.5 10.1 *
F-DSCe0000-60000 779.2 1052.4 8.2 *
F-DSCe0000-60000 773.8 1046.9 8.2 *
F-DSC30000-30000 764.1 1037.2 8.5 *
F-DSC60000-60000 772.0 1045.1 8.2 *
F-DSCe0000-60000 774.1 1047.2 8.2 *
F-DSCi50000-150000 791.0 1064.2 7.8 *
F-DSC60000-60000 775.2 1048.4 8.2 *
F-DSC90000-90000 777.4 1050.5 8.0 *
F-DSC45000-45000 767.0 1040.2 8.3 *
F-DSCo0000-90000 778.8 1052.0 8.0 *
F-DSC60000-60000 770.5 1043.6 8.2 *
F-DSCé0000-60000 841.1 1114.3 6.8 *
F-DSCe0000-60000 833.6 1106.8 6.8 *
F-DSC30000-30000 822.3 1095.4 7.1 *
F-DSCe0000-60000 830.3 1103.5 6.8 *
F-DSC60000-60000 828.0 1101.2 6.8 *
F-DSC150000-150000 855.3 1128.4 6.4 *
F-DSCs0000-60000 827.0 1100.1 6.8 *
F-DSCo90000-90000 838.3 1111.4 6.7 *
F-DSC45000-45000 829.6 1102.8 7.0 *
F-DSCo0000-90000 834.3 1107.5 6.7 *
F-DSCé0000-60000 830.8 1104.0 6.8 *
MP 708.0 981.2 10.5 1
MP 723.0 996.2 10.0 1
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MP
MP
MP
MP
CC
CC
CC
CC
CC
CC
CC
CC
FS

FS

FS

FS

FS

FS

MP
MP
MP
MP
MP
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC
CC

737.0

756.0

777.0

795.0

1227.0
1266.0
1295.0
1312.0
1343.0
1361.0
1405.0
1432.0
1149.9
1199.9
1199.9
1149.9
1199.9
1399.9
701.9

717.9

729.9

743.9

761.9

1593.9
1569.3
1544.7
1520.1
1495.5
1470.9
1446.3
1421.7
1397.1
1372.5
1347.8
1323.2
1298.6
1274.0
1249.4
1224.8
1200.2
1175.6

1010.2
1029.2
1050.2
1068.2
1500.2
1539.2
1568.2
1585.2
1616.2
1634.2
1678.2
1705.2
1423.0
1473.0
1473.0
1423.0
1473.0
1673.0
975.0

991.0

1003.0
1017.0
1035.0
1867.1
1842.5
1817.9
1793.3
1768.7
1744.1
1719.5
1694.9
1670.3
1645.7
1621.0
1596.4
1571.8
1547.2
1522.6
1498.0
1473.4
1448.8
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9.6
8.9
8.3
7.8
1.9
1.7
1.5
1.4
1.3
1.2
1.0
0.8
2.2
1.9
2.2
2.6
2.2
0.9
10.1
9.6
9.4
9.0
8.7
0.2
0.3
0.4
0.5
0.5
0.6
0.7
0.8
1.0
1.1
1.2
1.3
1.4
1.6
1.7
1.9
2.0
2.2

LW W W W W W W W W W W W W W LW W W WM DN DN NN DN NN R e e e e e e



CC 1151.0 1424.2 24 3
MP 729.5 1002.7 94 3
MP 697.9 971.1 10.5 3

aType of measurement: C-DSC = conventional DSC; F-DSC = flash DSC; MP =
micropenetration; CC = concentric cylinder; FS = falling sphere. C-DSC and F-DSC
appendix values represent the cooling-heating rate in K min™'. C-DSC- and F-DSC-
derived viscosity was calculated using the K factor approach.

*This work.

'Scarani et al., 2022.
*Misiti et al., 2009
3Giordano et al., 2006
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Table 3. Viscosity measurements of hydrous Stromboli melts.

Sample H,0 (Wt%)? Type® T (°C) T (K) log 1 (Pa s)
S 0.91 0.91+0.03 C-DSCio-10 562.3 835.5 12.0
S 091 0.91+0.03 C-DSCio-10 599.0 872.2 10.6
S 0.91 0.91+0.03 C-DSCz0-20 568.4 841.6 11.7
S 0.91 0.91+0.03 C-DSC20-20 608.9 882.1 10.3
S 1.25 1.25+0.01 C-DSCio-10 540.0 813.2 12.0
S 1.25 1.25+0.01 C-DSCio-10 582.9 856.1 10.6
S 1.25 1.25+0.01 C-DSCio-10 603.3 876.5 10.0
S 1.25 1.25+0.01 C-DSC20-20 542.2 815.4 11.7
S 1.25 1.25+0.01 C-DSC20-20 586.4 859.6 10.3
S 1.25 1.25+0.01 C-DSC20-20 607.6 880.8 9.7
S 1.25 1.25+0.01 MP 586.0 859.2 10.4
S 1.97 1.97 £ 0.01 C-DSCio-10 497.3 770.5 12.0
S 1.97 1.97 £ 0.01 C-DSCio-10 545.5 818.7 10.6
S 1.97 1.97 £ 0.01 C-DSCx0-20 504.7 777.9 11.7
S 1.97 1.97 £ 0.01 C-DSC20-20 553.2 826.4 10.3
S 1.97 1.97 +0.01 MP 546.2 819.3 11.9
S 1.97 1.97 + 0.01 MP 576.3 849.5 93
S 2.08 2.08 £0.03 C-DSCis.15 498.2 771.4 11.8
S 2.08 2.08 £0.03 C-DSCis.15 542.8 816.0 10.4
S 2.08 2.08 £0.03 C-DSCs0-30 509.9 783.1 11.5
S 2.08 2.08 £0.03 C-DSCs0-30 560.7 833.9 10.1
S 2.87 2.87+0.05 C-DSCio-10 455.5 728.7 12.0
S 2.87 2.87+0.03 C-DSCio-10 512.9 786.1 10.6
S 2.87 2.87+0.05 C-DSC20-20 458.5 731.7 11.7
S 2.87 2.87+0.05 C-DSC20-20 517.1 790.3 10.3
S 3.36 3.36 £0.01 C-DSCis.15 445.0 718.2 11.8
S 3.36 3.36 £0.01 C-DSCis.15 493.6 766.8 10.4
S 3.36 3.36 £0.01 C-DSCs0-30 459.0 732.2 11.5
S 3.36 3.36 £0.01 C-DSCs0-30 523.7 796.9 10.1
S 4.01 4.01 £0.02 C-DSCis.15 4233 696.5 11.8
S 4.01 4.01 £0.02 C-DSCis.15 480.7 753.9 10.4
S 4.01 4.01 £0.02 C-DSCso-30 442.9 716.1 11.5
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S 4.01
S 432
S 432
S 432
S 432
S 4.32
S 4.32

S 4.32

S 432
S 432
S 432
S 432
S 4.69
S 4.69
S 4.69
S 4.69

— e e e e e e e ek e e e e e e e

4.01 £0.02
4.32+0.15
4.32+0.15
4.32+0.15
4.32+0.15
4.32+0.15
4.32+0.15

4.32+0.15

4.32+0.15
4.32+0.15
4.32+0.15
4.32+0.15
4.69 +0.26
4.69 +0.26
4.69 +0.26
4.69 +0.26
1.52
1.52
1.52
291
291
291
4.16
4.16
1.52
1.52
1.52
291
291
291
4.16
4.16
4.16

C-DSCs030
C-DSCio-10
C-DSCio-10
C-DSCx0-20
C-DSCx0-20
F-DSC750-750

F-DSC750-750
F-DSCio00-

1000
F-DSCi1o00-

1000
MP

MP
MP

DSCis.15
DSCis.15
DSC30-30
DSC30-30
MP®
MP®
MP®
MP®
MP®
MP®
MP®
MP®
FSP

FSP

FSP

FSP

FSP

FSP

FSP

FSP

FSP

509.2
411.1
454.3
414.0
461.0
493.8
539.6

494.5

557.0
459.0
461.0
462.0
404.9
456.6
418.4
469.8
534.9
549.9
574.9
474.9
499.9
524.9
449.9
479.9
1199.9
1249.9
1299.9
1149.9
1199.9
1249.9
1099.9
1149.9
1199.9

782.4
684.3
727.5
687.2
734.2
766.9
812.7

767.7

830.2
732.2
734.2
735.2
678.1
729.8
691.6
743.0
808.0
823.0
848.0
748.0
773.0
798.0
723.0
753.0
1473.0
1523.0
1573.0
1423.0
1473.0
1523.0
1373.0
1423.0
1473.0

10.1
12.0
10.6
11.7
10.3
8.3
7.0

8.2

6.8
10.4
11.3
11.7
11.8
10.4
11.5
10.1
11.2
10.6
9.8
11.1
10.2
9.9
10.7
9.1
1.4
1.2
0.8
0.8
0.2
0.6
0.6
1.0
0.2
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H,0 (wt%) calculated using FTIR. Errors are given by the standard deviation (£1c) of our
measurements.

*Type of measurement: C-DSC = conventional DSC; F-DSC = flash DSC; MP =
micropenetration; CC = concentric cylinder; FS = falling sphere. C-DSC and F-DSC appendix
values represent the cooling-heating rate in K min™'. C-DSC- and F-DSC-derived viscosity was
calculated using the K factor approach.

"Misiti et al. (2009).
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EHT = 15.00 kV Signal A= RBSD Date :4 Nov 2021

WD =142 mm Photo No. = 30000 Mag= 495X

10 um EHT = 15.00 kV Signal A= RBSD Date :13 Dec 2021 ZEISS
WD = 12.6 mm Photo No. = 31199 Mag= 500X

Fig. 1. Comparison of SEM/BSE images for sample S 4.32. (a) Starting material before
measurements. (b) After C-DSC.
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Fig. 2: polynomial relationship from mol% to wt% for Stromboli composition.
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Fig. 4: Comparison of our model with two viscosity models for Stromboli basalt from 0 wt% (left
border) to 5 wt% H>O content (right border): Giordano et al. 2009 (GCA) and Hui and Zhang 2007
(HZ). The vertical red line corresponds to the pre-eruptive temperature of Stromboli basalt
(T=1150°C; Giordano et al., 2009; La Spina et al., 2015).

117



1 1 ' I 1
—— This work
—— ANN
—— GRD N
—— GCA
38 -
36 F N
34 1 1 1 |
0 1 2 3 4 5

H,0 (Wi%)

Fig. 5: m as a function of H,O wt% for different viscosity models: ANN (Langhammer et al. 2022),
GRD (Giordano et al. 2008), GCA (Giordano et al. 2009), and this work.
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Nanoscale chemical heterogeneities
control the viscosity of andesitic magmas

M| Check for updates

Pedro Valdivia® 2
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Explosive volcanic eruptions, driven by magma fragmentation, pose significant geohazards due to
their rapid energy release and widespread dispersal of pyroclasts. High magma viscosity promotes
brittle fragmentation by limiting volatile escape and enhancing internal pressure buildup. Although
recent studies have recognized that iron-titanium oxide nanocrystal formation increases melt
viscosity, the mechanisms underlying this effect remain poorly constrained. Here we quantify the
influence of nanocrystallization on magma viscosity by developing viscosity models that incorporate
iron-titanium variations, calibrated against nanocrystal-free andesitic melts. Using time-resolved
imaging, we show that nanocrystals form within seconds within synthetic andesitic melts. This
process generates nanoscale chemical heterogeneities, including silica enrichment in the surrounding
melt and aluminum-rich shells embedding the nanocrystals. These heterogeneities result in viscosity
increases of up to 30-fold at eruptive temperatures. Our findings indicate that nanocrystallization
modulates magma rheology during early crystallization, with direct implications for the dynamics of

andesitic eruptions.

Explosive eruptions are recognized as one of the most hazardous natural
phenomena on Earth', capable of injecting a large amount of gas and ash
into the atmosphere, posing a threat to inhabited regions. These eruptions
stem from magma fragmentation, the process by which a hot gas-pyroclast
mixture is produced””". The triggers of magma fragmentation are twofold:
bubble overpressure caused by limited bubble growth due to high
viscosity”, and strain rates that exceed the relaxation time of the melt, which
is controlled by its chemical composition**’. Moreover, disequilibrium
crystallization and degassing during magma ascent contribute to the
enhanced explosivity of volcanic eruptions'”™” by increasing melt
viscosity'*"*, which hinders gas bubble expansion'®. Several studies'*'"'"”"*
have shown that the syn-eruptive disequilibrium crystallization of microlites
increases magma viscosity, generating overpressure that can lead to
explosive eruptions™™.

Previous authors'”* have shown that the formation of Fe-Ti-oxide
nanocrystals (nanolites) increases the viscosity of volcanic melts in

laboratory measurements. Given that nanolites are commonly found in
volcanic products from explosive events™ ™, this supports the hypothesis
that they influence magma ascent dynamics and eruptive style. Several
mechanisms have been proposed: nanolite-induced chemical changes that
increase magma viscosity ***, solid aggregation that hinders melt flow”,
and enhanced heterogeneous bubble nucleation that affects degassing™.
Recent work™*” suggests that nanolites can serve as indicators of
the physicochemical conditions of magma during transitions in eruptive
style at andesitic volcanoes, also contributing to the rheological changes
that promote more explosive behavior. However, despite accumulating
evidence for their presence in explosive volcanic products, the extent and
mechanisms of how nanolites influence magma rheology remain poorly
Constrainedl 9,20,27,29,32,33,35738‘

To the best of our knowledge, this study reports the first in situ, high-
temperature imaging observation of nanolite formation in a synthetic
andesitic melt. We leverage these observations to investigate the connection
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between nanolite formation and the flow properties of various andesitic
compositions. To establish a reliable basis for comparison, we develop
chemical-dependent viscosity models using only viscosity data derived from
samples free of nanolites. This approach is necessary because previous
studies, including widely used viscosity models®, tend to overestimate the
viscosity of melts prone to nanocrystallization®>*"***. Our results show that
nanolite formation induces nanoscale chemical variations in the melt. These
nanodomains increase melt viscosity and can significantly alter the physical
properties of magma. This suggests that nanoscale chemical thresholds may
influence magma properties and dynamics at early stages of crystallization.

Results and discussion

Preliminary in situ observations of nanolite formation during
heating

We produced four anhydrous andesitic melts and one transition-metal-free
analogue (Table 1). The sample AND100 (Fe’*/Fe, = 0.64) was designed to
mirror the andesitic chemical composition of the magma erupted at
Sakurajima volcano described in Okumura et al.”’. Samples AND100red
(Fe**/Feyy = 0.27) and AND100ox (Fe**/Fe, = 0.71) represent isochemical
analogues of AND100 with lower and higher Fe’*/Fe,y, respectively
(Table 1). AND65 (Fe’*/Feyy = 0.74) and ANDO were produced based on
the composition of AND100, from which 35% and 100% of the total
transition metal content (FeO., TiO, and MnO) were removed. The
amorphous nature of all samples was confirmed through a combination of
scanning electron microscopy (SEM) imaging in backscattered electron
(BSE) mode and Raman spectroscopy analysis; additional details can be
found in the Supplementary Information (Supplementary Preliminary
Characterization; Supplementary Fig. 1).

We initially explored the nanoscale textural response of the AND100
composition from a fundamental standpoint, performing in situ high-
temperature measurements. High-temperature Raman results (Fig. 1a)
reveal that the amorphous state of AND100 is considerably unstable against
thermal treatments, leading to the formation of nano-sized titanomagnetite
crystals already ~ 70 °C above the glass transition temperature (T), which
was determined by conventional differential scanning calorimetry (C-DSC)
(Table 1, Supplementary Table 2). This is evidenced by the appearance of
vibrational features that can be assigned to Fe-Ti-oxides such as

titanomagnetite*~*, which become even more distinctive upon cooling the

samples to room temperature (Supplementary Fig. 4b; Supplementary Post-
in situ Raman). To monitor the nanoscale changes associated with the non-
stoichiometric precipitation of titanomagnetite, we also performed in situ
nanoscale observation of nanolite formation in an andesitic composition
using transmission electron microscopy (TEM) combined with a heating
stage (Supplementary Movie). The experimental procedure, as previously
optimized by Zandona et al.”’, minimized possible artifacts arising from
electron irradiation, which could be limited to a simple shift of thermally
activated processes (i.e., phase separation and crystallization) to lower
temperatures and a minor loss of alkalis during the heating in vacuum.
During the heating experiment (Fig. 1b), we observed that the starting
material, which appeared homogeneous within the experimental resolution,
rapidly underwent amorphous phase separation®, possibly due to liquid-
liquid immiscibility'” or simply corresponding to a kinetically favored
metastable stage of chemical clustering preceding non-isochemical crystal
nucleation in the melt. This process led to the development of sub-rounded
(<5 nm in diameter) higher-contrast domains that lacked crystalline order,
as initially determined by local Fast Fourier transforms (FFTs) of the col-
lected TEM images (Fig. 1b). Notably, these chemically differentiated
nanodomains exhibited structural ordering into iron-rich nanosized crys-
tals at higher temperatures (>550 °C), followed by gradual growth and
accompanied by the development of aluminum-rich domains (Supple-
mentary Fig. 5). Fast Fourier transforms (FFTs) of images acquired at this
stage (Fig. 1b) are consistent with the formation of titanomagnetite***.
Energy-dispersive X-ray spectra (EDS) acquired before and after the in situ
experiment (Supplementary Table 3) confirmed that the overall bulk
composition remained almost constant after the experiment, except for an
unavoidable loss of alkalis due to electron irradiation in a vacuum. The
observed mechanism, ie., amorphous phase separation, followed by the
rapid formation and growth of nanocrystals within Fe-enriched
domains, has previously been reported for other aluminosilicate
glasses and melts™ and also mirrors those inferred from ex-situ observa-
tions on basaltic and basanitic melts’"*". Therefore, they provide an accurate
overview of the nanocrystallization processes that should be expected to
occur in deeply supercooled melts and reheated glasses of andesitic
composition.

Table 1 | Chemical analysis results® (wt%) and parameters used for melt viscosity parameterization using the MYEGA

equation (Eq. 5)

AND100 AND100red AND1000x AND65 ANDO
SiO, 60.38 (0.36) 60.47 (0.40) 60.56 (0.35) 62.52 (0.19) 65.91 (0.34)
TiO, 0.79 (0.04) 0.80 (0.07) 0.81 (0.06) 0.56 (0.04) 0.04 (0.03)
Al,O5 16.69 (0.18) 16.83 (0.22) 16.79 (0.19) 17.28 (0.22) 18.01 (0.11)
FeOiot 6.77 (0.12) 6.87 (0.12) 6.76 (0.15) 4.40 (0.11) 0.04 (0.03)
MnO 0.17 (0.03) 0.18 (0.04) 0.18 (0.03) .11(0.03) 0.01 (0.01)
MgO 3.00 (0.07) 2.94 (0.06) 2.95 (0.06) 3.02 (0.07) 3.21(0.06)
Ca0 6.62 (0.09) 6.51(0.11) 6.49 (0.11) 6.76 (0.13) 7.26 (0.11)
Na,O 3.50 (0.15) 3.46 (0.10) 3.40 (0.10) 3.49 (0.11) 3.82 (0.14)
K20 1.58 (0.07) 1.65 (0.07) 1.66 (0.06) 1.70 (0.05) 1.75 (0.06)
P,05 0.18 (0.05) 0.18 (0.05) 0.18 (0.05) 0.16 (0.05) 0.04 (0.03)
Fe*'/Feit 0.64 (0.03) 0.27 (0.03) 0.71(0.03) 0.74 (0.03) -
NBO/T® 0.34 0.31 0.34 0.27 0.16
K/G® 1.57 (0.02) 1.57 (0.02) 1.58 (0.02) 1.53 (0.02) 1.48 (0.02)
T, (°C) 654 (1) 645 (1) 662 (1) 696 (1) 737 (1)
m' 30.5 (1) 30.5 (1) 30.5 (1) 31(0.6) 31.8(0.2)

#Electron microprobe average chemical composition (n = 10). Parentheses represent +1o.

“From Méssbauer spectroscopy. Ratios were derived using MossA software®. Numbers in parentheses represent +1c.

°NBO/T calculated after Prata et al."”’.
9From Brillouin spectroscopy. Numbers in parentheses represent +1c.
°From C-DSC. Numbers in parentheses represent the experimental error.

'Fitted fragility using the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) parametrization. Numbers in parentheses represent +1c.
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Fig. 1 | In situ high-temperature results. a Raman spectra evolution of sample
ANDI00 at 723 °C revealing the formation of titanomagnetite crystals during an
isothermal hold above T, (654 °C; Table 1). Each colored curve represents 5 minutes.
Shaded areas highlight the position of the most intense Raman features of
titanomagnetite*”**"*". b Images acquired during in situ heating TEM experiment
(Supplementary Movie), detailing the nanoscale evolution of AND100 from a

homogeneous amorphous glass to a heterogeneous amorphous material (350 °C),
and then a nano-crystallized glass (550 °C and 750 °C). FFTs (insets) and post-
experiment STEM-EDS (Supplementary Fig. 5) confirm the formed crystals to be
magnetite-like. Temperatures (Supplementary Fig. 6) are affected by electron irra-
diation and should be therefore considered only in qualitative terms.

The viscosity of homogeneous and crystal-free andesitic melts
High-temperature in situ measurements reveal the elevated reactivity of
ANDI100 above its T, (Fig. 1), highlighting the need for a meticulous
experimental methodology to determine the melt viscosity’****. To this end,
we employed direct viscometry techniques, including micropenetration and
concentric cylinder viscometry (Supplementary Micropenetration; Sup-
plementary Concentric Cylinder). We further expanded our dataset by
incorporating indirect viscosity estimates obtained from conventional and
flash differential scanning calorimetry (C-DSC and F-DSC, respectively;
Supplementary C-DSC; Supplementary F-DSC). To monitor potential
sample alteration during measurements, such as crystallization and/or iron
oxidation, we conducted Raman and Massbauer spectroscopy before and
after each experiment (Supplementary Preliminary Characterization; Sup-
plementary C-DSC; Supplementary F-DSC; Supplementary Micro-
penetration; Supplementary Concentric Cylinder).

The accurate fitting of melt viscosity requires data from samples that
preserved a homogeneous amorphous structure throughout all measure-
ment stages. However, post-experiment Mdssbauer and Raman results
(Supplementary Preliminary Characterization; Supplementary C-DSC;
Supplementary F-DSC; Supplementary Micropenetration; Supplementary
Concentric Cylinder), as well as micropenetration (Fig. 2b) and post-
micropenetration TEM results (Figs. 3, 4; Supplementary Figs. 11,
12 and 13), show that some viscosity measurements were affected by iron
oxidation and titanomagnetite nanocrystallization during the experiments.
Based on these observations, we exclusively used data from samples that
remained nanolite-free after experiments to establish crystal-free viscosity
parametrizations for our andesitic compositions (Supplementary Viscosity
Parametrization). We accounted for iron oxidation by categorizing datasets
according to the iron valence determined post-measurements. Combined
with T, values derived from C-DSC (Table 1; Supplementary C-DSC), we

applied the MYEGA parametrization (Eq. 5) usinglog¢#.. = —2.93"*, to fit
the melt fragility index (). This allows us to characterize melt viscosity
across a wide temperature range. Viscosity data from nanolite-free samples
are shown as colored symbols in Fig. 2a, and the corresponding MYEGA
fitting parameters are summarized in Table 1. To model andesite viscosity,
we developed a calculator (provided as a Supplementary Data) applicable to
compositions ranging from ANDO to AND100. This tool is based on the
relationship between the transition metal content, glass transition tem-
perature (T,), and fragility index (m) (Supplementary Viscosity
Parametrization).

Our results (Fig. 2a) show that the viscosity of homogeneous andesitic
melts increases with decreasing transition metal oxide content progressing
from AND100 to AND65, and then ANDO. A 35% reduction in transition
metal oxides (FeOy,, TiO, and MnO) from ANDI00 leads to an average
viscosity increase of 0.7 +0.05 log;o (approximately 5 times) at eruptive
temperatures (900-1050 °C) relevant for Sakurajima volcano™. Complete
removal of transition metal oxides (ie., ANDO) increases viscosity by
~1.5%0.1 log; (~30 times) at 900 °C and by ~1.1 + 0.1 log;o (~12 times) at
1050 °C. Moreover, within the same temperature range, increasing the iron
oxidation in AND100 (from Fe**/Fe, = 0.27 to 0.71) results in a viscosity
increase of ~2 times (Supplementary Fig. 9), consistent with previous
ﬁndmgs22,56,57.

It is important to note that these parametrizations apply specifically to
homogeneous melts, free of nanolites or detectable nanoscale compositional
heterogeneity in the amorphous state, as discussed further below. Our
results indicate that the Giordano et al.”” model overestimates the viscosity of
AND100 (GRDO8 snp100> Fig. 2b) by up to a factor of 25 at 700 °C and a
factor of 3 at 900 °C. This discrepancy is not observed for the ANDO
composition (Supplementary Fig. 9). These findings are consistent with
Valdivia et al.”, who reported similar behavior for basaltic melts, suggesting
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Fig. 2 | Summary of viscosity results. a Colored T (°C) T (°C)
symbols represent nanolite-free viscosity data for a 1400 1200 1000 800 1400 1200 1000 800
homogeneous melt (HOM). Solid lines illustrate : . . : —— : ;
MYEGA parametrizations for AND100, AND65
and ANDO (Table 1). b Impact of heterogeneities 124 412 | b -
and iron oxidation state on the viscosity of AND100
compositions. White symbols represent nanolite- |
bearing viscosity data. The shaded grey region 10 J10 i
(heterogeneous melt, HET) represents the expected —~
viscosity increase due to nanolite formation. Red < E
arrows depict the isothermal rise in viscosity mea- A~
sured during micropenetration experiments at 660, £ 8F 18F T
723 and 808 °C. The red dashed line shows the E HOM J ]
viscosity prediction for AND100 using the Giordano <
et al.”” model. Experimental errors are smaller than el 46
symbol sizes. — @gﬁ)}{o—m
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Fig. 3 | Post-micropenetration (TEM) diffraction patterns of AND100 samples. a MPgqo. b MP;53. ¢ MPygqs. Yellow indices correspond to the assignment of electron
diffraction rings to specific lattice planes in the structure of titanomagnetite based on the respective d-spacings. The red points are the identification of a single spot associated

with pseudobrookite (Fe,TiOs).

that the Giordano et al.” model may, for certain chemical domains, rely on
viscosity data from melts containing nanoscale heterogeneities. Similarly,
we observe deviations between our AND100 crystal-free parametrization
and the nanolite-free viscosity data reported by Okumura et al.** (Supple-
mentary Fig. 9), which also referenced the Giordano et al.” model.

Nanoscale characterization of nanolite-bearing andesitic melts
During micropenetration measurements on AND100 samples, we observed
a time-dependent increase in viscosity at constant temperatures (Fig. 2b;
Supplementary Micropenetration). Post-experiment analyses revealed that
these changes were accompanied by nanocrystallization of titanomagnetite
and iron oxidation. To investigate the mechanisms behind the viscosity
increase, we conducted nanoscale characterization of the samples. We used
room-temperature (S)TEM on FIB-prepared lamellas of known thickness
(Table 2) to image the nanocrystals and obtain EDS chemical maps. To
further assess nanoparticle size distribution and phase composition, we
performed Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray
Scattering (WAXS) on 50 pm thick samples (see below).

Electron diffraction patterns (Fig. 3) and high-angle annular dark-field
(HAADF) imaging (Fig. 4a), both acquired in TEM mode and STEM mode,
respectively, confirmed the presence of nanocrystals. Selected area electron
diffraction (SAED) patterns from post-micropenetration AND100 samples

are shown in Fig. 3. Most of the recorded d-spacings corresponds to the
structure of titanomagnetite***>”. The diffraction patterns evolved from
diffuse circular halos in sample AND100_MPgg, to well-defined diffraction
rings in AND100_MP;,3, and especially in AND100_MPgs (Fig. 3).
Notably, AND100_MPgs shows more pronounced diffraction features
along the rings, indicating the presence of larger and more ordered nano-
crystals. In particular, AND100_MPg4, displays one diffraction ring
(d=253(1) A) which matches the most intense reflection of
titanomagnetite™”, corresponding to the (311) plane (Fig. 3a). In
AND100_MP;,3, two additional low-intensity rings appear, with d-spacings
of 1.48(5) and 2.09(9) A, assignable to the (440) and (400) planes,
respectively’®*>” (Fig. 3b). These three diffraction rings become more
pronounced in AND100_MPgyg and are accompanied by weaker ones
assignable to the (220), (511), (620), and (642) planes™ (Fig. 3c). Addi-
tionally, a single diffraction spot consistent with the (021) plane of pseu-
dobrookite (Fe,TiOs, d-spacing = 4.3(1) A) is uniquely observed in sample
AND100_MPgs (Fig. 3¢)*".

Nanolites are recognizable in STEM-HAADF images (Fig. 4a) by their
bright contrast, consistent with their higher density relative to the sur-
rounding matrix. Elemental maps (Fig. 4b) show that these particles are
Fe-rich, in agreement with previous analyses (Supplementary Fig. 5).
Conversely, aluminum (Al) is preferentially concentrated around these

Communications Earth & Environment| (2025)6:455

125


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02424-9

Article

Fig. 4 | Nanoscale local variations in chemistry for
AND100_MPgy5. a STEM-HAADF image of the
sample. The bright pixels represent the crystalline
phase. b EDS elemental distribution map of Fe.
cEDS elemental distribution map of Fe+Al showing
a preferential distribution of Al around Fe-rich
nanolites. d Magnification of A-A” EDS-line-scan.
e EDS line profile (A-A’) results, with SiO,, AL,O3
and FeOy, concentrations in wt%. Values on the
x-axis represent the distance along the line profile
(A-A’). Values on the y-axis represent the average
composition of 7 neighboring pixels along the y-axis
ind.

Oxide (wt%)

Distance (nm)

nanolites, creating Al-depleted zones between them. This distribution
becomes especially evident when Fe and Al elemental maps are overlapped
(Fig. 4c). To quantify local chemical variations, we extracted a representative
STEM-EDS linescan across the sample (Fig. 4d). The resulting profile
(Fig. 4e) confirmed the presence of Al-enriched halos surrounding Fe-rich
nanolites. We also observed localized SiO, enrichment in the residual melt,
corresponding to the darker region in the STEM-HAADF images (Fig. 4a).

From STEM-HAADF images (Supplementary STEM-HAADF)
obtained from lamellas of known thickness, we determined the minimum
nanolite radius, volume fraction, and nanolite number density (NND),
accounting for possible nanolite overlap in the axis perpendicular to the
plane of view. The average minimum nanolite radius increases from
1.4 £ 0.5 to 2.6 + 0.8 nm as the temperature during viscosity measurements
increases from 660 to 808 °C, with a progressive increase in nanolite content
from 0.51 + 0.1 to 2.45 + 0.1 vol% (Table 2). This trend is consistent with
Raman spectroscopy and electron diffraction results (Fig. 3; Supplementary
Fig. 4) as well as high-temperature in situ experiments (Fig. 1; Supple-
mentary Fig. 4), indicating that nanolite nucleation and growth become
more pronounced as temperature increases above the glass transition.

To explore the temperature dependence of compositional hetero-
geneity, we quantified the average composition of four sub-regions: (1) the
bulk image, (2) the nanolites, (3) the nanolites plus surrounding halos, and
(4) the residual amorphous matrix (Fig. 5). Due to sample thickness
(Table 2), compositions for nanolites and halos include a contribution from
the surrounding amorphous matrix. The bulk STEM-EDS composition
agrees well with the electron microprobe data for the AND100 starting
material (Tables 1, 2), indicating minimal alkali migration during EDS
analysis. Figure 5 illustrates the relative compositional differences of each
sub-region normalized to the bulk composition (Table 2).

All three samples exhibit SiO, enrichment in the residual matrix, with
average values near 70 wt% (Table 2), which is ca. 10 wt% higher than in the
original AND100 composition and ca. 4 wt% higher than in the iron-free
ANDO (Table 1). Conversely, Al,O; and FeO,,; concentrations in the matrix
decrease progressively as temperature increases from 660 to 808 °C. In
parallel, FeOy,, concentrations increase within the nanolites, consistent with
titanomagnetite growth observed in our in situ experiments (Fig. 1).

Notably, during the early stages of nanolite formation (660 °C), we observed
that they coexist with a diffuse, high-contrast phase (Supplementary Post-
micropenetration STEM-EDS) and show an initial Al,O; enrichment
(Fig. 5¢), potentially reflecting a transient immiscibility between two alu-
minosilicate melts. At higher temperatures (808 °C), Al is expelled from the
developing nanolites as more ordered titanomagnetite nanolites form
(Fig. 5¢). We infer that this process explains the observed Al accumulation
around nanocrystals (Fig. 4; Supplementary Fig. 5) which is consistent with
low mobility of Al in SiO,-rich liquids®™.

This mechanism aligns with the titanomagnetite nanocrystallization
pathway proposed for the 2018-2021 Fani Maoré lavas’', where nanolites
formed from an PFe-rich immiscible melt™. It is also consistent with well-
established observations in glass-ceramic materials, where Al-enriched
shells are observed to surround the TiO,- and/or ZrO,- bearing nano-
crystals that serve as crystallization seeds during subsequent heating®*.
Additionally, recent tracer diffusion experiments in TiO,-containing albitic
glass demonstrate that Al mobility in supercooled aluminosilicate melts is
enhanced by the presence of transition metals®, supporting a crystal
nucleation mechanism involving the coupled diffusion of Al, Fe, and Ti.

To investigate nanoparticle distribution and crystallinity, we con-
ducted SAXS and WAXS analyses. SAXS is sensitive to nanoscale electron
density variations and provides information on particle size distributions,
while WAXS captures scattering at larger angles, offering insights into long-
range structural order and crystalline phases®’. SAXS results (Fig. 6a) indi-
cate the presence of a spherical phase with different density with respect to
the matrix, and changes in the spherical particle size and distribution with
temperature (SAXS parameters in Supplementary Table 4). The SAXS
signal shifts from a peak at ~0.9 nm™ for the 660 °C sample to ~0.5 nm for
the 723 °C sample. In the 808 °C sample, the scattering pattern changes
markedly, showing at least two distinct contributions: one centered at
~0.5 nm™, as observed at 723 °C, and a second, broader feature emerging at
lower g (~0.1 nm™), indicating the presence of two separate phases.

SAXS fitting results show a decrease in the Porod parameter from
0.14 x 10* for the 660 °C sample to 0.24 x 10 for the 723 °C sample,
indicating that the particles are relatively isolated, with limited aggregation
and simple surface morphology. Due to the restricted g-range at low g
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Fig. 5 | STEM-EDS local chemistry for each sub-
region. a Residual amorphous matrix. b Nanolites
and the compositionally differentiated halo sur-
rounding them. ¢ Nanolite cores. Average values
were normalized to the bulk composition of the
sample (Bulkrgys in Table 2). The data was obtained
from the analysis of STEM-EDS maps (Supple-

mentary Figs. 11, 12 and 13) performed on samples
treated at 660 °C, 723 °C and 808 °C during viscosity
measurements. Error bars correspond to +1o
(Table 2).

Local composition / bulk composition

Amorphous matrix
1 1

0.0
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1
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1 1
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Fig. 6 | SAXS-WAXS analyses of post- i
micropenetration AND100 samples. a SAXS
results. The fit SAXS parameters used for the mod-
elling of particle size are reported in Supplementary
Table 4. b WAXS results. The numbers above the
peaks correspond to the calculated d-spacing (A)
using Eq. 18, where dashed lines correspond to peaks
assignable to titanomagnetite’”**"*'. MPgqo was
X-ray amorphous, while AND100_MP;,; exhibited
diffraction peaks assignable to titanomagnetite and
AND100_MPys contained titanomagnetite +
pyroxene.

Intensity (a.u.)
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values, the Porod parameter estimated for the 808 °C sample (0.12) is not
considered reliable. The extracted fractal dimension (fract = 3.75 + 0.25;
Supplementary Table 4) is consistent with spherical particle geometry. The
structure factor (15, Supplementary Table 4) is approximately 0.1 for the
AND100_MPgs, and AND100_MP5,; samples, but decreases to ~0 for
AND100_MPgs, indicating increased particle interaction and aggregation
at higher temperature. Overall, the temperature-dependent shift of the
SAXS signal toward lower g values suggests an increase in particle size,
accompanied by more complex surface features and a higher degree of
aggregation at elevated temperature.

SAXS modelling for AND100_MPgs, vields an average radius of
amorphous nanoheterogeneities (see WAXS description below) of
1.7 £0.02 nm (Table 2). For AND100_MP;,s, the average radius increases
to 3.1 + 0.1 nm, corresponding to nanocrystals as identified in WAXS. SAXS
analysis of AND100_MPgg reveals a dominant population with average
radii of 3.8 +0.5nm. These values are consistent with STEM-HAADF
image analysis, which shows an increase in the average nanoheterogeneity
radius from 1.4 £ 0.5 nm to 2.6 + 0.8 nm (Table 2).

WAXS analysis provides complementary information on crystallinity
and phase composition over larger volumes than those probed by TEM. The
WAXS pattern of AND100_MPgq, (Fig. 6b) lacks sharp diffraction features,

indicating the absence of long-range order and the presence of nanoscale
amorphous phase separation. This is consistent with SAXS data showing
isolated particles with minimal aggregation and with the diffuse TEM dif-
fraction patterns observed in Fig. 3a. For AND100_MP;,3, WAXS patterns
display distinct diffraction peaks corresponding to titanomagnetite***>”,
with d-spacings assignable to the (311), (400), (511), and (440) crystal-
lographic planes. These observations match the TEM diffraction results for
this sample, indicating the onset of crystalline phase formation.

The WAXS pattern for AND100_MPgg reveals a more complex phase
assemblage, including both titanomagnetite****” and pyroxene®. Rietveld
refinement shows that titanomagnetite crystals have an average crystal size
of 67+0.5nm, while pyroxene crystals measure approximately
19.2 + 0.5 nm (Table 2). These results are consistent with those reported by
Mujin et al.”, who identified ferroaugite crystals measuring 20-30 nm and
titanomagnetite particles ranging from 1 to 20 nm in pyroclasts from the
2011 Shinmoedake eruption.

Overall, the combined SAXS, WAXS, and TEM analyses provide a
consistent and detailed picture of particle size evolution, phase composition,
and crystallinity as a function of temperature at the nanoscale, demon-
strating that our experimental results closely reflect natural magmatic
processes.
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Fig. 7 | Nanolite-bearing viscosity of AND100 samples. Normalized viscosity as a
function of temperature and FeO,, + TiO, content (wt%) of their STEM-EDS-
derived residual matrix composition (Fig. 5; Table 2). Viscosity is normalized to the
ANDI100 melt (Table 1; Fig. 2). The MP sub-index represents the temperature (°C) of
micropenetration measurement. The black curves correspond to the viscosity as a
function of FeO,o + TiO, content (wt%) at 660, 723 and 808 °C respectively. A
viscosity calculator is provided as Supplementary Data.

The viscosity of nanolite-bearing andesitic melts

To elucidate the impact of nanocrystallization and iron oxidation on the
viscosity of andesitic melts, we compare our viscosity micropenetration
results for AND100 samples with the corresponding melt viscosity para-
metrizations (Fig. 2b). For AND100_MPgq, the initial viscosity measure-
ment (= 10" Pa's; Supplementary Table 2) closely matches the predicted
melt viscosity of AND100 at 660 °C. However, a progressive increase in
viscosity was observed under isothermal conditions, reaching a final value of
1= 10"" Pas, accompanied by a slight increase in the iron oxidation state to
Fe**/Fe = 0.7. This final viscosity is approximately 8 times higher than the
predicted value for AND100 (Fe*/Fe,, = 0.64) at the same temperature.
STEM-EDS data (Figs. 3 and 4; Table 2) show that less than 3 wt% of the
total iron precipitated as nanocrystals in this sample. Thus, the presence of
solid particles (<1 vol%; Table 2), as considered in classical particle sus-
pension models”, and the overall compositional variations™** (e.g., Fe-Ti
removal in Fig. 7) of the surrounding amorphous phase are insufficient to
account for the observed viscosity increase.

We propose that the rapid formation of a SiO,-enriched matrix, the
segregation of Fe-rich immiscible domains, and subsequent crystallization
of titanomagnetite, leads to the development of a complex and hetero-
geneous nanostructure (Fig. 4). This structural evolution likely explains the
excess measured viscosity, as illustrated in Fig. 7.

Similar trends are observed at higher temperatures. For
AND100_MP,,3, the final viscosity (17 = 10"° Pa s; Fe*"/Fe,., = 0.79) is nearly
5 times greater than the predicted viscosity of AND65 (r=10""* Pa s) at
723 °C, even though the residual matrix retains approximately 40% of the
initial FeOy, content (Table 2). For ANDI100_MPggg, the final viscosity
(1=10"" Pa s; Fe*/Fe,,, = 0.83) slightly exceeds the predicted viscosity of
ANDO at 808 °C (= 10" Fig. 2), despite the residual matrix still containing
~25% of the original FeO, (Fig. 5; Table 2).

It should be noted that complete precipitation of FeOy,, as crystalline
phases is unlikely during the experiment, as the temperature-dependent
solubility of FeOy in the metastable melt is not expected to approach zero,
even under deep supercooling”’. Even in the comparatively evolved
AND100_MPgs, the crystalline phase content (~2.45vol%) is too low

to significantly affect melt viscosity through conventional suspension
mechanisms®.

Overall, our findings highlight the complex interplay of nanocrys-
tallization, iron oxidation, and nanoscale phase separation in controlling the
rheology of andesitic melts. While previous studies'>” attributed the visc-
osity increase solely to iron depletion in the residual aluminosilicate matrix
due to titanomagnetite nanocrystallization, our results suggest a more
complex mechanism. We propose that the rapid segregation of nanoscale
Fe-rich immiscible droplets initiates the formation of a relatively SiO,-
enriched matrix. Titanomagnetite nanocrystallization then occurs within
these Fe-rich domains. As the nanocrystals grow and develop long-range
order, aluminum is expelled from the crystal structure, forming Al-enriched
shells around the nanolites.

Additionally, post-micropenetration Mossbauer spectroscopy (Supple-
mentary Micropenetration; Supplementary Table 2) shows that the Fe’*/Fe
ratios of the AND100 samples exceed the stoichiometric requirement for
titanomagnetite to consume all the iron in the melt. This indicates that in
samples such as AND100_MP;,; and AND100_MPgg, which contain well-
developed titanomagnetite nanolites, a significant portion of the remaining
iron in the SiO-enriched matrix likely exists as Fe’". This oxidation state may
enhance the polymerization of the residual melt structure by converting
network-modifying cations into charge-compensating species and promoting
Fe’" as a network-forming component™”' ™.

Notably, nanolite formation was observed under various oxygen
fugacity conditions during our high-temperature experiments. This obser-
vation aligns with previous work*"”, which shows that nanolites can form
across a broad range of redox conditions relevant to both natural magmatic
environments and experimental settings.

As discussed above, and accounting for Fe-Ti extraction due to
nanocrystallization, we observe a consistent surplus in viscosity across all
our nanolite-bearing samples, ranging from 2 to 6 times higher than the
expected values for homogeneous melts (Fig. 7). Notably, nanoscale che-
mical heterogeneity has the greatest impact at low crystal fractions, as seen in
MPgq (Fig. 7), where the pronounced viscosity increase cannot be explained
solely by Fe-Ti depletion, crystal suspension, or aggregation. Bulk Fe-Ti
extraction appears to play a more significant role at low to moderate
crystal fractions, such as in MP;,;, where the initial melt viscosity is
comparatively lower.

At higher nanolite contents, as in MPgg (Fig. 7), SAXS data indicate the
emergence of particle interaction, introducing an additional mechanism
influencing viscosity during magmatic crystallization. This interaction likely
arises from pervasive nanoscale heterogeneity driven by the concurrent dif-
fusion and segregation of elements such as Al, Ti, and Fe (Figs. 4, 5; Table 2), in
response to iron oxidation and titanomagnetite nanocrystallization”. These
processes lead to the formation of chemically distinct nanodomains in the
initially homogeneous melt, including nano-sized crystals, Al-enriched shells,
and highly SiO,-enriched regions (up to ~70 wt%; Fig. 5; Table 2), significantly
increasing the effective bulk viscosity (Fig. 2b).

The nanolite-bearing viscosity of AND100_MPygs (Fig. 7) indicates
that the viscosity of ANDO, a homogeneous melt devoid of transition metals,
only provides a lower bound for the viscosity of nanolite-bearing AND100
at temperatures above 808 °C. At these conditions, compositional fluctua-
tions and particle interactions at the nanoscale become increasingly pro-
nounced (Fig. 5).

These findings demonstrate that the physical properties of
titanomagnetite-bearing silicate melts cannot be directly compared with
those of homogeneous materials without a critical assessment of data
reliability. We show that nanolite nucleation and growth result in chemically
differentiated nanodomains that induce a complex and substantial increase
in viscosity. For example, progressive titanomagnetite crystallization is
accompanied by a systematic increase in DSC-derived characteristic tem-
peratures (Supplementary C-DSC; Supplementary F-DSC). Despite the
relatively low titanomagnetite content typically observed in natural melts, its
effect on viscosity should not be underestimated.
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Consistent with previous research’>>**’°, our findings suggest that the
viscosity increase induced by nanocrystallization, and modulated by the
formation of chemical heterogeneities at the nanoscale, may influence
eruption dynamics. These results have important implications for under-
standing the behavior of andesitic magmas, which are characterized by
diverse eruptive styles”. Rapid magma ascent can generate high under-
cooling, promoting syn-eruptive crystallization within volcanic conduits'’.
This is known to enhance the coupling between gas and melt, potentially
affecting the dynamics of magma ascent. Additionally, melt dehydration,
oxidation, and thermal fluctuations during magma ascent may also lead to
nanocrystallization in the shallow conduit™**.

Importantly, nanocrystallization not only increases magma viscosity,
but it can also facilitate the formation of nucleation sites for gas bubbles™”*,
thereby hindering bubble connectivity and outgassing. We hypothesize that
the formation of the documented heterogeneous texture composed of melt
and (nano)crystalline phases may have a non-trivial impact on water
exsolution. The development of nanoscale heterogeneities may locally ele-
vate water concentration and induce supersaturation, as nanolites cannot
accommodate volatiles, thereby “squeezing” water out of the surrounding
melt. Additionally, this study also contributes to a better understanding of
the evolving physical properties of andesitic domes and plugs, as they are
known to be exposed to naturally occurring reheating processes”.

Together, these effects could potentially act as a gateway for magma
fragmentation", explaining the explosivity of andesitic magmas®. Sup-
porting this, a recent study” identified nanoscale Al-rich heterogeneities on
the surfaces of natural andesitic ash particles, indicating that ash-forming
fractures preferentially propagate through regions surrounding Fe-rich
nanolites. This mechanism for fracture propagation is consistent with the
formation of chemically differentiated nanodomains, as magma failure
should propagate through the most viscous zones (i.e., the SiO,-enriched
matrix), resulting in Al-rich surfaces in the ash particles.

In summary, the formation of nanolites and associated chemical het-
erogeneity drives rheological changes in andesitic magma, influencing
ascent dynamics and contributing to variations in eruptive style.

Conclusions

We present, to the best of our knowledge, the first in situ observation of
nanolite formation in a synthetic andesitic melt and introduce viscosity
models tailored to various andesitic compositions. Our observations show
that iron oxidation and nanocrystallization readily occur above the glass
transition temperature. This challenges conventional interpretations, as the
observed viscosity increase due to titanomagnetite nanocrystallization
cannot be explained solely by iron depletion in the residual amorphous
matrix or by the presence of solid particles. Instead, we propose a more
complex mechanism: rapid amorphous phase separation leads to the for-
mation of nanoscale Fe-rich domains, inducing relative SiO, enrichment in
the surrounding matrix. Titanomagnetite nanocrystallization then proceeds
within these Fe-rich domains. As these titanomagnetite nuclei grow, alu-
minum is expelled from the crystalline nuclei, forming Al-enriched shells
surrounding the nanolites. This sequence of events results in a viscosity
increase of up to 30 times at eruptive temperatures. This increased magma
viscosity, coupled with an inherently non-uniform mechanical response due
to its nanoscale chemical heterogeneity, may significantly influence the
rheological properties of the melt and, consequently, the eruption dynamics
of andesitic volcanoes.

Materials and methods

Synthesis of starting glasses

AND100, AND65 and ANDO were synthesized by mixing powder reagents
(Si0,, TiO,, ALOs, FeyOs, MnO, MgO, CaCOs, Na,COs, K,CO;, and
P,0:5) according to their target compositions. The mass of each oxide and
carbonate component was determined through molar mass calculations. All
reagents were mixed using an agate mortar and ethanol. The mixture
underwent manual grinding for ~45min before being dried using an
infrared light. Subsequently, the dry mixture was placed in an alumina

crucible and subjected to an overnight heat treatment at 900 °C to eliminate
CO, from the carbonate compounds. Following decarbonization, the
material was transferred to a Pt crucible and melted for 24 h at 1400 °C.
Afterwards, the melt was rapidly quenched in water to prevent crystal-
lization. The resulting quenched glass was crushed to powder using a
stainless-steel percussion mortar and then manually mixed before per-
forming a second melting to achieve chemical homogenization. The second
round of melting at 1400 °C lasted for 4 h, after which the crucible was
swiftly immersed in water for rapid cooling. Subsequently, AND100red was
produced by re-melting ANDI100 sample in a hanging AugoPd,, open
capsule at 1275 °C and 1 atm for 24 h, using a gas mixing furnace with a gas
mixture of 95% CO, and 5% CO. The resulting melt was rapidly quenched
in water by melting the Pt wire.

Electron microprobe analyses (EMPA)

The major elemental composition (Si, Ti, Al, Fe,,, Mn, Mg, Ca, Na, K, and
P) of samples AND100, AND100ox, AND100red, AND65, and ANDO was
determined using a JEOL JXA-8200 electron microprobe at the Bayerisches
Geoinstitut (University of Bayreuth, Germany) (Table 1). Glasses were
embedded in epoxy, polished, and carbon coated. Measurements were
performed using 15KkV voltage, 5 nA current, and 20 s of counting time
under a defocused 10 um beam. We collected 10 points per sample to
account for heterogeneities. Synthetic wollastonite (Ca, Si), periclase (Mg),
hematite (Fe), spinel (Al), orthoclase (K), albite (Na), manganese titanate
(Mn, Ti), and apatite (P) were used as calibration standards. Sodium and
potassium were analyzed first to mitigate alkali migration effects™.

Micropenetration viscometry

We conducted micropenetration (MP) viscometry measurements on plane-
parallel and polished glass chips of 2-3 mm in thickness. These measure-
ments were carried out utilizing a vertical dilatometer (Bahr VIS 404) at the
Institute of Non-Metallic Materials, TU Clausthal (Germany). We mea-
sured the indentation rate of a sapphire sphere (r = 0.75 mm) during iso-
thermal dwells at temperatures controlled using an S-type thermocouple
(Pt-PtRh) placed at ~1.5 mm from the sample surface. The temperature
error is estimated to be +2 °C considering the accuracy of the S-type ther-
mocouple and its distance from the sample®. We followed standard
procedures™"**** to achieve thermal equilibration at the target tempera-
ture. The indentation depth was measured as a function of time and the
viscosity curve was determined according to Eq. 1%:

3F

n=_—==y
16y/2rL 4

1

where 7 is the Newtonian viscosity (Pa s), F is the applied force (N), ¢ is the
time (s), r is the radius of the sphere (m), L is the cumulative indentation
depth (m), and % is the indentation within a measurement interval. The
dilatometer was previously calibrated using a standard glass DGG-1,
reproducing the certified viscosity data*® with a deviation of + 0.1 in log
units. Data points are reported in the text according to the scheme
SampleName_MP royperanres  With temperature representing the final
experimental temperature expressed in °C, and the duration in minutes.

Concentric cylinder (CC) viscometry

High-temperature viscosity measurements were conducted using a Rheo-
tronic II Rotational Viscometer (Theta Instruments) at the Experimental
Volcanology and Petrology Laboratory (EVPLab, Roma Tre University,
Italy). The experimental apparatus featured an Anton Paar Rheolab Qc
viscometer head with a maximum torque capacity of 75 mN m®. Tem-
perature monitoring was carried out using a factory-calibrated S-type
thermocouple, with a precision of +2 °C. The concentric cylinder was pre-
viously calibrated using a standard glass NIST 717a, reproducing the cer-
tified viscosity data with a deviation of + 0.03 in log units®. To ensure
thorough thermo-chemical homogenization, the glass materials were loa-
ded into a PtgoRh, cylindric crucible (62 mm in height, and 32 mm inner
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diameter) and stirred at y = 10 s~ using a PtgoRh, spindle (3.2 and 42 mm
in diameter and length, respectively) at 1435 °C at air oxygen fugacity and
ambient pressure for 5 hours. Subsequently, the temperature was lowered by
steps of 25-50 °C down to 1150 and 1130 °C for the samples AND100ox and
ANDO, respectively. The viscosity was measured at every step, holding the
conditions constant until steady viscosity and temperature values had been
achieved (~45 min). At the end of the experiments, the temperature was
quickly raised to 1430 °C where a portion of the melt was rapidly quenched
in water to determine the iron oxidation state of the high-temperature
viscosity measurements.

Differential scanning calorimetry

Conventional differential scanning calorimetry (C-DSC) measurements were
performed at the Institute of Non-Metallic Materials, TU Clausthal (Ger-
many). Around 15 mg ( + 5) of glass was placed in a PtgyRhy crucible under a
constant N, (5.0) flow rate of 20 ml min~". We used two conventional dif-
ferential scanning calorimeters (C-DSC, 404 F3 Pegasus and 404 cell, Netzsch)
to measure the heat flow at a heating rate (g) of 10 and 20 °C min". Addi-
tionally, we used ~50ng of glass to perform flash differential scanning
calorimetry (F-DSC) analyses, using a Flash DSC 2+ (Mettler Toledo)
equipped with UFH 1 sensors, under constant Ar 5.0 flow (40 ml min™").

The C-DSC was calibrated using melting temperatures and enthalpy of
fusion of reference materials (pure metals: In, Sn, Bi, Zn, Al, Ag, and Au),
and the F-DSC was calibrated using the melting temperature of aluminum
(660.3°C) and indium (156.6°C). In our C-DSC measurements, we
employed the methodology outlined by Stabile etal.*”. Initially, we erased the
thermal history of the glass by subjecting the sample to a two-step thermal
treatment. This involved a first upscan at a rate of gj, = 20 °C min " until it
reached a temperature slightly above T}z, namely T,,,... Subsequently, we
cooled the melt to 100 °C at rates of g.=10 or 20 °C min~". The actual
C-DSC measurements were then conducted using the rate-matching
method, which entailed an additional upscan (matching heating segment)
with a rate matching that of the preceding downscan (i.e., g5 = q.). From the
measured heat flow during the matching upscan, we extracted the char-
acteristic temperatures Toyee¢ and Tyeqx, both related to phase transitions or
thermal events observed during the heating or cooling of a sample. For
further details see the methodology presented in Valdivia et al.*’.

For F-DSC experiments, we followed the methodology described above
employing a g;, = q.=1000 °C s™' (60000 °C min~"). Subsequently, we
conducted a series of measurements on the same sample, using the same
chip, at 10000 °C s™' (600000 °C min ') to investigate the impact of nano-
crystallization on the characteristic temperatures Toyer and Tpeqr due to
consecutive thermal treatments.

Following the theoretical background discussed elsewhere***~", visc-
osity values were derived from C- and F-DSC data using the relationship
between the matching heating rate (g;,) of the measurement and the shift

factors Kopser and Kpeq' ™" expressed in Eq. 2:

l0g10q<Tonset,peak> = Konset.peak - loglo (qh) (2)

where Kpeer=11.20+0.15 and Kpene = 9.84 +0.20" It is important to
mention that when gy, is 10 °C min ™", 5(T,ps;) = 10 Pass, and therefore,
Tonset =~ Tg The validation of the shift factor method (Eq. 2) for our com-
positions is discussed in the Supplementary Viscosity Parametrization.

Brillouin Spectroscopy

Brillouin spectroscopy (BLS) measurements were performed at the Bayer-
isches Geoinstitut (University of Bayreuth, Germany). Plane-parallel glass
plates with a thickness of ~50 um were analysed using a solid-state
Nd:YVO4 laser source operating at a wavelength of 532 nm and 50 mW
power. The Brillouin frequency shift was quantified utilizing a six-pass
Fabry-Perot interferometer” coupled with a single-pixel photon counter
detector. Measurements were conducted using a symmetric forward scat-
tering configuration” with a scattering angle of 6 = 79.8°. The accuracy of

the scattering angle was established through calibration with a reference
silica glass. Conversion of frequency shifts (Aw) to longitudinal (v,) and
shear (v) sound velocities was carried out using Eq. 3:

_ Awd
"3 sin(6/2) 3

where A is the laser wavelength and 8 is the angle between the incident and
scattered beams””. We collected 8 spectra for each sample at different
rotation angles (from —180° to +180°) to factor for uncertainties. Finally, we
calculated the K/G factor using the ratio between v, and v, (Eq. 4):

K (v\> 4
5—(7) 3 5

Room- and high-temperature Raman spectroscopy

Glasses subjected to micropenetration, concentric cylinder viscometry,
C-DSC and F-DSC were analysed before and after the measurements to
account for potential modifications (i.e., crystallization and/or iron oxida-
tion). For this, we used a confocal Raman imaging microscope at the
Institute of Non-Metallic Materials, TU Clausthal (alpha300R, WITec
GmbH), where spectra were acquired using a 100x objective in the ranges
between 10 and 1300 cm™". Acquisition parameters included an integration
time of 10s, an accumulation count of 5, and a laser power of 10 mW.
Spectra were smoothed to enhance the signal-to-noise ratio.

Additionally, we performed in situ high-temperature Raman analyses
on the AND100 sample. We targeted the same temperatures and heating
treatments as those used for micropenetration experiments. We used a
Renishaw InVia Qontor Raman spectrometer at the CEMHTI, Orleans
(France). Spectra were acquired using a 20x NA 0.35 objective in the ranges
between 150 and 2000 cm™". Acquisition parameters included an integra-
tion time of 60 seconds, and a laser power of 20 mW.

Méssbauer spectroscopy

Mossbauer measurements were performed at the Bayerisches Geoinstitut
(University of Bayreuth, Germany). Glass samples of ~4 mm diameter and
~600 pum thickness were measured before and after experiments at room
temperature (293 K) using a constant acceleration Mossbauer spectrometer
equipped with a high specific activity (370 MBq) *’Co point source within a
12 pum thick Rh matrix. Calibration of the velocity scale was relative to a
25 um thick a-Fe foil, and data were gathered within the range of
+ 5mm s ', with acquisition durations of 2 to 3 days each. The recorded
spectra were fitted with the full transmission integral using the MossA
software”. Finally, the resulting Fe**/Fe** ratios were calculated using the
relative area associated with each iron species.

Room- and high-temperature transmission electron microscopy
(TEM) analyses

We performed room-temperature scanning TEM (STEM) analyses on the
ANDI100 samples post-micropenetration experiments and in situ heating
TEM observations on the ANDI100 starting glass. Room-temperature
STEM explorations were performed at the Bayerisches Geoinstitut (Uni-
versity of Bayreuth, Germany) using a FEI Titan G2 80-200S/TEM. STEM
imaging was acquired from lamellas made using a focused ion beam (FIB)
with thicknesses ranging from 24(2) to 50(2) nm. These lamellas were
extracted from the same samples that were used for micropenetration
experiments, utilizing a SCIOS Dual Beam system from FEI Company. We
used a Gallium ion beam with variable current, from 7.8 pA to 300 nA
depending on the precision requirements. Analytical scanning transmission
electron microscopy (STEM) micrographs were collected at 200 kV using an
energy-dispersive X-ray spectrometer (EDS) system consisting of four sili-
con drift detectors (Bruker, QUANTAX EDS). The EDS maps were
acquired with a dwell time of 16 s using a sub-nanometer-sized electron
beam with less than 0.05 nA probe current at 200 kV-acceleration voltage.
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To accumulate statistically relevant characteristic X-ray counts in a quan-
titative EDS map, the total acquisition time was 12-30 minutes. During the
acquisition, an image drift correction function was always activated to
prevent drift in the profile. To get quantitative compositions of the samples,
we corrected the Z-number and absorption effects on the evaluations of the
EDS spectrum””. Geometrical analyses of STEM-HAADF images were
subjected to pixel segmentation and classification using the ilastik software,
version 1.4.0”. To identify nanocrystalline phases in the silicate glasses,
TEM-SAED patterns were collected after exploration in conventional
TEM mode.

In situ heating experiments were performed at the CNRS CEMHTT in
Orléans (France) using a JEOL ARM200F (JEOL Ltd.) Cold FEG micro-
scope operating at 80 KV, mounting a double spherical aberration corrector,
a Gatan Imaging Filter (GIF, Gatan Ltd.) and a OneView camera. The
experimental procedure was optimized in a previous work* to minimize
artifacts and sample damage due to highly energetic electron irradiation.
The ANDI100 glass was crushed and ground in an agate mortar, adding
ethanol to obtain a diluted suspension; one drop of the liquid was then
loaded onto a MEMS grid specifically adapted for a Protochips Fusion
double-tilt heating holder and dried in air overnight. Plasma cleaning was
avoided to prevent major changes in the redox state of iron in the sample.
After introducing the sample holder into the TEM column, it was pre-
emptively treated at 200 °C for 1 h to remove possible volatile contaminants.
The subsequent in situ experiment involved manual heating at 1 °C s to
various temperatures between 200 °C and 750 °C, where isothermal dwells
of 30-60 s were applied to facilitate nanoscale observation in TEM mode
(Supplementary Fig. 6). Sample drift was manually compensated during the
heating ramps. After the experiment, the acquired data was manually
resampled (3 images for each isothermal dwell) and re-aligned using the
software DigitalMicrograph GMS.3 (Gatan). To identify nanocrystalline
phases in the silicate glasses, we performed Fast Fourier transform (FFT) on
HR-TEM images. The EDS maps were taken in STEM mode with
an acquisition time of 30s using a sub-nanometer-sized electron beam
of 1 A. To accumulate statistically relevant characteristic X-ray counts in a
quantitative EDS map, the total acquisition time was approximately 11 min.

Viscosity parametrization

The combination of C-DSC, F-DSC, MP and CC viscosity data enabled the
parametrization of the melt viscosity of our samples as a function of tem-
perature #(T), via the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equa-
tion (Eq. 5)™"

Tg m Tg
log o1(T) = logo1s + (12 - loglorloc) Texp 12 — log o1 -1 T 1
107oc0

where log 1., = —2.93+0.3 is the logarithmic viscosity at infinite
temperature’*™, T, is the glass transition temperature (in K) determined by
C-DSC (Typser at g, =10 °C min~") and m is the melt fragility defined in
Eq. 6™ as the slope of viscosity curve evaluated at T;

olog,yn
m= (6)
T,

The melt fragility parameter, m, can be determined by fitting Eq. 5 to
our viscosity datasets (Supplementary Table 2) and the measured T, via
C-DSC (Table 1). Additionally, m also can be inferred from BLS mea-
surements using the empirical relationship introduced by Cassetta et al.”
(Eq.7),

K
—43.— 31 7
m e ()

Small- and -wide angle X-ray scattering (SAXS and WAXS)

The SAXS and WAXS measurements were conducted at the ID02 beamline
of the European Synchrotron Radiation Facility (ESRF)”” in Grenoble,
France. The experiments utilized a monochromatic, highly collimated, and
intense X-ray beam in a pinhole configuration, with a sample-to-detector
distance of 6 meters. This arrangement enabled the exploration of a scat-
tering vector range from 0.01 nm™' to 2.5 nm™', where q is the scattering
vector, defined as

q=lq| =", ®)
with the X-ray wavelength A = 1 A and 0 is the scattering angle. To eliminate
parasitic background around the primary beam, a guard slit before the sample
was set to 0.45 mm vertically and 0.5 mm horizontally. Data reduction was
performed using PyFAI, which leverages the geometry of ID02.

The analysis of the SAXS data was performed using a custom-
developed software package, which has been successfully validated and
applied in previous studies'™'”". Assuming a spherical form factor for the
nanoparticles, and based on TEM observations indicating potential close
contact among the nanoparticles, the scattering intensity, I(q), was mod-
eled using the decoupling approximation'**'*'**;

4

1(0) = 8PS (@)P(a) + ek + St ©

where A(p)z is the difference of electronic density between the nano-
particles and the surroundings, bck is the background constant, P(q) is the
contribution given by a poly-disperse system of not-interacting homo-
geneous spheres,

P(q) = / D(R,r)F(r,q, R)2r6dr (10)
F(q,r) is the form factor of a sphere of radius r given by Eq. 11
F(q,r) = Si—“(q’);Vq}rcos(qy) (11)

and D(r, R) is the Weibull size distribution of particle sizes defined as

(b-1)

D) = () exp ()" (12)
in which R is the average radius of the nanoparticle. The possibility of having
a bimodal distribution is also included in the fitting. In this case the dis-
tribution function is given by the sum of two Weibull distribution functions
centered in R, and R,. S(q) is the structure factor for interacting spheres
with a hard-sphere radius Ry, constituting the effective interaction distance
between particles. The 7 is the hard sphere volume fraction. S(q) can be
calculated analytically using the PercuseYevick approximation which works
well for systems characterized by a short-range interaction potential.

Accordingly, S(q) is equal to:

8(q.Rys) = [1+ 24’7Hsf(RHs:Q)rl (13)
and by defining x = Ry q it is possible to arrange f(x) as the following:

f( X) — a(fxco;;chsinx) + ﬁ(fxzcostijcc_zinerZcosfo) (14)
+y[—x4casx+4x3sinx+12x2 w:x—24xsinx—24casx+24]
X6

with,

o= (1+2’1HS)2 15
(1 - ’7Hs)4 ﬂ (9
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T2 11.  LaSpina, G., Burton, M., De’Michieli Vitturi, M. & Arzilli, F. Role of
= —6'1Hs(1 + ?) (16) syn-eruptive plagioclase disequilibrium crystallization in basaltic
(1 — 1) magma ascent dynamics. Nat. Commun. 7, (2016).
12.  LaSpina, G. et al. Explosivity of basaltic lava fountains is controlled
M by magma rheology, ascent rate and outgassing. Earth Planet. Sci.
y="5 (17) Lett. 553, 116658 (2020).
13. Bamber, E. C. et al. Outgassing behaviour during highly explosive
Finally, by assuming that a particle grows at the expense of the sur- basaltic eruptions. Commun. Earth Environ. 5 (2024).

rounding iron oxide content, Ry is proportional to the actual nanoparticle ~ 14.  Sato, H. et al. Viscosity of andesitic lava and its implications for

radius Ry = 2Rkc'"'">'”, where kc is a constant term > 1. This parameter possible drain-back processes in the 2011 eruption of the

considers the possibility that the nanoparticles are not fully in contact. To Shinmoedake volcano, Japan. Earth, Planets Sp. 65, 623-631 (2013).

reproduce the SAXS pattern at very low g a Porod behavior Kporoa/q* has  15.  Vetere, F., lezzi, G., Perugini, D. & Holtz, F. Rheological changes in

also been added. This inverse fourth power dependence indicates that at high melts and magmas induced by crystallization and strain rate.

q values, the scattering intensity decreases sharply. The Porod function is Comptes Rendus. Géoscience 354, 227-248 (2022).

instrumental in understanding the surface roughness and the specificsurface  16.  Yamada, K., Emori, H. & Nakazawa, K. Time-evolution of bubble

area of the particles in the sample. It assumes an ideal, smooth interface, formation in a viscous liquid. Earth, Planets Sp. 60, 661-679 (2008).

leading to a clean power law, but deviations from this behavior can reveal 17. Bamber, E. C. et al. Pre- and syn-eruptive conditions of a basaltic

information about surface fractal dimensions and the nature of the interface. Plinian eruption at Masaya Volcano, Nicaragua: The Masaya Triple
Finally, we calculated d-spacings (d) for the crystalline phases from Layer (2.1 ka). J. Volcanol. Geotherm. Res. 392, 106761 (2020).
WAXS experiments using Eq. 18'”, 18.  Sable, J. E., Houghton, B. F., Del Carlo, P. & Coltelli, M. Changing
conditions of magma ascent and fragmentation during the Etna 122
d= 277T (18) BC basaltic Plinian eruption: Evidence from clast microtextures. J.
Dpeak Volcanol. Geotherm. Res. 158, 333-354 (2006).
19.  Okumura, S. et al. Rheology of nanocrystal-bearing andesite magma
with g, corresponding to the WAXS peaks (Fig. 6b). and its roles in explosive volcanism. Commun. Earth Environ. 3, 241
(2022).
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Environ. 3, 284 (2022).
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Supplementary Preliminary characterization

In Supplementary Table 1, we present microprobe chemical analysis results of our samples,
alongside chemistry data from relevant literature' =, calculated NBO/T for each sample®, Brillouin
and Mossbauer spectroscopy results. Our chemical analysis results affirm that the composition of
ANDI100 (Si02=60.38 wt%; NBO/T=0.34) closely aligns, considering experimental uncertainties,
with previous andesites reported in the literature'?>. We also confirm that samples AND100ox
(retrieved after concentric-cylinder viscometry) and ANDI100red (melted under reductive
conditions) are virtually identical to that of AND100. Moreover, we achieved the synthesis of a
transition-metal-free analogue (ANDO, SiO; = 65.91 wt%; NBO/T=0.16), which is meant to
represent the complete removal of iron (FeOyo), titanium (Ti0O7), and manganese (MnO) from
sample AND100. Lastly, we successfully produced an intermediate glass AND65 (SiO2 = 62.65
wt%; NBO/T=0.27), designed to contain 65% of the total transition metal contained in AND100.

Mbssbauer results reveal Fe’'/Fei ratios of 0.27, 0.64 and 0.70 for as-synthesized
AND100red, AND100 and ANDG65 glasses, respectively (Supplementary Table 1). The Fe**/Feo
ratio of AND1000ox (Fe**/Feior = 0.71) was slightly higher than AND100, revealing that concentric

cylinder (CC) viscometry measurements induced a non-negligible iron oxidation.
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To verify the amorphous nature of all these specimens, we combined scanning electron
microscopy (SEM) imaging, in backscattered electron (BSE) mode, with Raman spectroscopy
analysis. While SEM imaging verified the absence of bubbles and micro-sized crystals, our Raman
results (Supplementary Fig. 1) showed that all our starting glasses are amorphous and are in good
agreement with previously reported Raman spectra for similar compositions®®. This conclusion is

drawn from the absence of characteristic features in the 660-690 cm™'

range, which were
previously linked to the presence of Fe-Ti-oxide nanolites'®!*. However, we acknowledge that
this methodology may not fully resolve the nanoscale differences between amorphous nano-
heterogeneities (such as minor elemental segregation) and proto-nanolites. For example, we notice
a minor (almost negligible) peak for samples AND100red and AND100ox within the 660—690

1521.22 f these samples

cm ! range (Supplementary Fig. 1). Nevertheless, the Boson peak position
(70 cm™) is in good agreement with the Boson peak position of AND100, suggesting that all these
starting materials were completely amorphous and crystal-free. The Boson peak, which is located
below 100 cm’!, serves as a distinctive marker for the intrinsic disorder within the system and is
associated with the collective atomic motions, especially acoustic phonons, arising from the short-

to-medium range order of glasses!>?!2. Our study offers a practical approach, utilizing SEM and

Raman spectroscopy as preliminary tools to confirm the absence of nanolites.
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Supplementary Figure 1. Raman spectra of glassy samples before the experiments. The
shaded area in grey (660-690 cm™") corresponds to the most prominent area commonly affected by
the presence of Fe-Ti-oxides'"'* and the dashed line (70 cm™) corresponds to the Boson
peak!5:21:22,

Additionally, using sound velocities (v, and vy) from BLS measurements and Eq. 4, we
calculated the K/G ratios for all five starting materials (Supplementary Table 1). The K/G ratios
inversely correlate with the SiO, wt% of the glasses, in agreement with Cassetta et al.'>. Notably,
the measured K/G value of ANDG65 corresponds to an ideal mixing between its two compositional

endmembers (AND100 and ANDO).
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Supplementary conventional differential scanning calorimetry (C-DSC)

Supplementary Table 2 lists the measured characteristic Tonser and Tpear, Which are defined
as characteristic temperatures related to phase transitions or thermal events observed during the
heating or cooling of a sample, at various matching heating-cooling rates (g»=q.) via C-DSC (10-
20 °C min™") and F-DSC (1000-10000 °C s!). We observed that both Tuser and Tpear increase with
increasing g»=q. values (Supplementary Table 2). ANDO displays the highest T,user (737 °C) and
Tpear (782 °C) at a heating rate of 10 °C min™!, while sample AND100red exhibits the lowest Tuser
(645 °C) and Tpeak (694 °C) under the same conditions. At the same heating rate, the Tonser and Tpear

of ANDI100, AND100ox, and ANDG65 fall between ANDO and AND100red.
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Supplementary Table 2. C-DSC, F-DSC, MP, and CC result as a function of temperature and post-
experimental Mdssbauer results.

Sample Type? T (°C) log # (# in Pas)*® Fe’/Fe
AND100 C-DSCi0 on 654 11.98 0.12
C-DSC1o 715 10.62 0.12
C-DSCiobis on 654 11.98 0.16
C-DSCons ok 695 10.62 0.16
C-DSC20 on 675 11.68 0.05
C-DSCa0 i 724 10.32 0.05
F-DSC1000 on 796 8.20 -
F-DSCo00 o 867 6.84 ;
F-DSC0000 on #1 851 7.40 -
F-DSCi0000 on # 858 7.40 -
F-DSCl0000 on #3 864 7.40 -
F-DSClo000 on #4 886 7.40 ;
F-DSCl0000 on #5 890 7.40 -
MPes0 0 657 12.00 -
MPé60 90 660 12.70 0.06
MP723 o 720 11.04 -
MP723 60 723 11.90 0.15
MPios o 807 9.74 ;
MPs0s 60 808 10.17 0.19
CC 1435 2.03
CC 1405 2.19
CC 1355 2.45 -
CC 1306 2.75 -
CC 1255 3.09 -
CC 1226 3.29 -
CC 1206 3.44 -
CC 1182 3.62 -
CC 1152 3.87 -
AND100ox C-DSCi0 on 662 11.98 0.02
C-DSC1o 702 10.62 0.02
AND100red C-DSCi0 on 645 11.98 0.02
C-DSC1o 694 10.62 0.02
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C-DSCxo pk 652 11.68 0.02

ANDG65 C-DSCi0 on 696 11.98 0.02
F-DSCi000 on 847 8.20 -
F-DSCio00 pk 929 6.84 -
MPsos 695 12.13 0.03
MP71 711 11.66 0.01
MP761 761 10.23 0.01

ANDO C-DSCi0 on 737 11.98 -
C-DSCio pk 782 10.62 -
C-DSC2 on 747 11.68 -
C-DSCao pk 792 10.32 -
MP792 792 10.43 -
CcC 1404 2.82 -
CC 1355 3.11 -
CcC 1307 3.43 -
CcC 1256 3.79 -
CcC 1205 4.20 -
CcC 1179 4.42 -
CcC 1154 4.65 -
CC 1130 491 -

2C- and F-DSC-type experiments are reported as DSCheating-rate thermal-event » With heating rates expressed in °C min
"and °C s”!, respectively. C- and F-DSC-derived viscosity values using Eq. 2 (main text). Thermal events are
identified as on = T,uer and pk = Tpeqr With an error of £0.5 °C for C-DSC experiments and +1 °C for F-DSC
experiments. F-DSC experiments at 10000 K s'! are numbered to show their relative positions in the series of
measurements. Micropenetration (MP) data is reported as MPemperature duration, With temperature expressed in °C
and the duration in minutes. If time is not reported, the measurement remained constant within the experimental
time, with an error of £2 °C. Concentric Cylinder results with an error of £2 °C.

"Difference between Fe'/Fey: after measurements and initial conditions from Supplementary Table 1. Ratios
derived using Mossa software’. Mossbauer results have an associated error margin of 3%.

Our C-DSC data suggest that Tonser increases with increasing SiO2 content and decreasing
FeOy content (Supplementary Table 1 and 2). Moreover, at a heating rate of 10 °C min™!, we
observe that 75 0f isochemical samples (i.e., AND100red, AND100, and AND100ox) increased

with increasing initial Fe**/Feiwr, (Supplementary Table 1). Nevertheless, we did not observe the
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same trend when comparing the Tyeq values of these three samples, as we obtained 7peqr values of
694, 715 and 702 °C for AND100red, AND100, and AND100ox, respectively.

To assess potential sample crystallization and/or iron oxidation during the C-DSC heat
treatments'%1216-18 we conducted Mossbauer and Raman spectroscopy analyses on the recovered
samples. For sample AND100, we observed an increase in AFe**/Feio by 0.12 and 0.16 following
C-DSC measurements at 10 (AND100 C-DSCio) and 20 °C min' (AND100 C-DSC»),
respectively (Supplementary Table 2). On the other hand, Raman spectra of AND100 C-DSCio
and ANDI100 C-DSCyy displayed the development of noticeable peaks associated with
titanomagnetite crystallization'*?° (Supplementary Fig. 2a), suggesting that nanocrystallization of
Fe-Ti-oxide occurred during measurements. In addition, we noticed the total disappearance of their

respective Boson peaks (Supplementary Fig. 2a).
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Supplementary Figure 2. Raman spectra of samples after DSC measurements. a After C-DSC
measurements. b Raman spectra of the same ANDI100 sample after a series of F-DSC
measurements. The shaded area in grey corresponds to Raman peaks for titanomagnetite!>*. The
shaded area in red corresponds to one Raman peak for hematite?’.

Consistent with recent literature!%16-18

, our findings indicate that C-DSC experiments have
the potential to induce structural modifications (including nanocrystallization) and alter the iron
oxidation state within the sample, particularly when the temperature exceeds T,nser at the end of the
heating segments. To mitigate temperature overshoot after reaching their respective Touses, and to
explore the possible changes during heating, we conducted a conservative C-DSC experiment on
sample AND100 (AND100 C-DSCiobis) dividing it into two steps: (1) the first upscan was
performed as usual but halted after the matching cooling segment with g. = -10 °C min™! and (2)

using the same sample, we completed the matching C-DSC measurement with g, = 10 °C min'.

Mossbauer and Raman spectroscopy were carried out after steps 1 and 2 to detect potential
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modifications in each segment. Mossbauer results show that sample AND100 did not experience
iron oxidation after step 1 (C-DSCiobis 1) but showed a slight increase in Fe**/Fe after step 2 (C-
DSCiobis 2), from 0.64 to 0.69 (Supplementary Table 2). Similarly, Raman spectroscopy results
(Supplementary Fig. 2a) suggest no changes after step 1, while the Raman spectrum collected after

step 2 shows a new and weak contribution around 660—-690 cm ™!

, and a Boson peak shift from 70
to 63 cm™!' (Supplementary Fig. 2a). After this run, we obtained Tonser and Tpear values of 654 and
694 °C, respectively (Supplementary Table 2). We notice a significant decrease in the Tpear, from
715 (AND100_C-DSCjo pk) to 695 °C (AND100_C-DSCiobis pk). After this run, we observe only
a slight oxidation of iron, in addition to a weak contribution in the 660-690 cm ™' Raman range.
Furthermore, we infer that the most accurate C-DSC results for the AND100 composition are those
obtained after AND100 DSC10wis which was the sample that displayed the fewest changes after
the measurement.

For both samples AND100red and AND100ox, Mdossbauer results indicated a minor
alteration, within error, in the iron oxidation following C-DSC experiments at 10 °C min™!, with
AFe**/Ferequal to 0.02 (Supplementary Table 2). In contrast, Raman spectroscopy results suggest
that both samples developed prominent peaks within the 660—690 cm™' range after C-DSC
measurements, accompanied by the complete shift of the Boson peak under the Rayleigh line
(Supplementary Fig. 2a). On the other hand, samples AND65 and ANDO did not display significant
changes following C-DSC experiments, as indicated by both Modssbauer and Raman results
(Supplementary Table 2 and Supplementary Fig. 2a).

Using our Tonser measurements at 10 °C min™! and Eq. 2 (main text, Materials and Methods),

we derived C-DSC-based glass transition temperature T, (7 ~ 10> Pa s) values of 645, 654, 662,

696 and 737 °C (£0.5 °C) for samples AND100red, AND100, AND100ox, AND65, and ANDO,
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respectively. All in all, we argue that C-DSC measurements performed at 7, remained virtually
unaffected by potential nanocrystallization and/or iron oxidation, especially when employing a
conservative temperature treatment during the first upscan, as evidenced by the congruent 7o
values of AND100 C-DSCioand ANDI100 C-DSCjobis, in contrast to the considerable different
Thear values of 715 vs 695 °C (0.5 °C), respectively. By applying Eq. 2 (main text, Materials and
Methods), we associated our characteristic Tonse: and Tpeak from our C-DSC measurements, which

are dependent on g,=¢q., to viscosity values (Supplementary Table 2).

Supplementary Flash differential scanning calorimetry (F-DSC)

F-DSC measurements of AND100 and AND65 using a heating rate of 1000 °C s™! resulted
in Tonser values of 796+1 and 847+1 °C, and Tpeu values of 8671 and 929+1 °C, respectively
(Supplementary Fig. 3; Supplementary Table 2). We observe that F-DSC Topse: and Tpear increased
with increasing SiO»> and decreasing FeOyo: content, in good agreement with our previous C-DSC
results. Additionally, we performed a subsequent series of measurements on the same sample
ANDI100 used before but increasing the heating rate from 1000 to 10000 °C s™!. Our results
evidenced a sustained increase in Touser, from 851+1 (F-DSCioo00 on #1) to 8901 °C (F-

DSCi0000 on #5) (Supplementary Table 2).
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The collected Raman spectra after F-DSC measurement suggested that sample AND100
underwent minimal changes after the first measurement at 1000 °C s’', manifesting a subtle
contribution within the 660—690 cm ™' range and a shift in the Boson peak from 70 to 64 cm™ (Fig
4b). In contrast, sample AND65 did not show any changes after the F-DSC measurement using
the same conditions. Noticeably, the collected Raman spectra of AND100 at 10000 °C s™' showed
a progressive increase in the 660—690 cm ™' range, alongside a continuous shift of the Boson peak
towards lower wavenumbers until the complete disappearance after the last run (F-DSC1o00 #s; Fig
3b). Moreover, we noted the appearance and gradual strengthening of a new Raman contribution
within the 250-305 cm™! range (highlighted in red in Supplementary Fig. 3b) following the
measurement of F-DSC10000 on #1. This peak is likely associated with the formation of hematite?°,
possibly arising from the oxidation of previously crystallized titanomagnetite nanolites during the
F-DSC experiments. Finally, by applying Eq. 2 (main text, Materials and Methods section), we
evaluated viscosity values to our characteristic Tonser and Tpear from our F-DSC measurements

(Supplementary Table 2).

Supplementary Micropenetration (MP)

Micropenetration viscometry results are reported in Supplementary Table 2 as a function
of temperature and experimental duration. To account for the applicability of the shift factor
method (Eq. 1) for our sample compositions, we measured the viscosity of samples ANDO, AND65
and ANDI100 at temperatures relative to our previous C-DSC measurements. For ANDO, we
explored the highest characteristic temperature derived via C-DSC (792 °C), which corresponds
to the C-DSCxo-pk temperature. For AND65, we employed the 7 (C-DSCio-on, 696 °C) and two

additional temperatures: T,+ 15 °C (711 °C) and T, + 65 °C (761 °C). For ANDI100, we selected
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the retrieved Ty (C-DSCio on, 654 °C) and C-DSCa pk (724 °C) temperatures. In addition, we
measured the viscosity at 808 °C which corresponds to the maximum temperature employed by
Okumura et al. ! for a similar andesitic melt (“And®” in Supplementary Table 1).

Micropenetration results (Supplementary Table 2) showed that viscosity decreases with
increasing temperature and that sample ANDO is the most viscous composition, followed by
ANDG5 and then AND100, respectively. For ANDO, we measured a viscosity of 10!%43 Pa s at 792
°C. For AND65, we recorded viscosities of 10'>13,10'%2* and 10''%° Pa s at 696, 711 and 761 °C,
respectively. Notably, for sample AND100, we observed a time-dependent increase in viscosity at
fixed temperatures. For instance, the viscosity of AND100 at 658.5 + 1.5 °C increased from 10'2
to 10'>7 Pa s in 60 minutes. At 723 + 1.5 °C, we observed an increase from 10''%* to 10''%° Pa
over 90 minutes. Finally, at 807 + 0.5 °C, we recorded an increase from 10°7* to 10'%!7 Pa s in 60
minutes, exhibiting a similar viscosity increase as the one reported by Okumura et al. ! at the same
temperature (namely, ~0.5 logio units).

Following Eq. 2, we expected to measure a viscosity of ~10'? Pa s for measurements
performed at the calorimetric T (C-DSCioon) and ~10'%3 Pa s for measurements close to the C-
DSCao-peak temperature. This was found to be the case for samples ANDO and AND65 where
viscosity did not increase over time within the experimental timescale. Nonetheless, in the case of
AND100, our observations indicate that only the initially recorded viscosity in proximity to the
calorimetric 7, corresponds to the anticipated C-DSC-derived viscosity (AND100 _MPeeo o). It is
important to mention that the good agreement between our nanolite-free DSC-derived viscosity
data with our nanolite-free micropenetration data confirms that the shift factor approach (Eq. 2) is

valid for our compositions.
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Following the micropenetration measurements, all our samples underwent subsequent
Mossbauer and Raman analyses. MOssbauer and Raman results of post-micropenetration AND65
and ANDO experiments show no evidence of relevant modifications during measurements
(Supplementary Table 2, Supplementary Fig. 4). In contrast, Mdssbauer results evidence that
samples AND100 MPsso, AND100 MP723 and AND100 MPgogs underwent a significant change
in Fe’*/Fei, namely from Fe**/Fei of 0.64 to 0.70, 0.79 and 0.83 respectively (Supplementary
Table 2). Likewise, these samples exhibited notable development of Raman peaks within the 660—
690 cm ' range (Supplementary Fig. 4a), suggesting Fe-Ti-oxide nanocrystallization!'®!!,
Moreover, samples AND100 MP7,3 and AND100 MPgog developed two additional Raman peaks
in the 305-335 and 530-550 cm ranges (Supplementary Fig. 4a). Additionally, sample
AND100 MPsos developed a fourth peak in the 190-200 cm™! range (Supplementary Fig. 4a). We
notice that these four peaks perfectly match with four of the five theoretically predicted phonon
bands of titanomagnetite'®?°. In addition, we noted that the Boson peak position of sample
AND100 MPgso shifted from 70 to 57 cm’!, while for samples ANDI00 MP7; and
AND100 MPgos, the Boson peaks completely disappeared after micropenetration experiments.
Importantly, we observed a direct correlation between the degree of iron oxidation and

nanocrystallization and the experimental temperature. Specifically, samples that deviated further

from T, exhibited more pronounced changes during the measurements.

152



100-220  300-335

530-550  660-690
I i ¢ I ' I : I

I
\ a ! ——— ANDI100_MP
Il i
l\‘\
\

—— ANDI100_MP.,,
——— ANDI100_MP
——— AND65_MP.,
—— AND65_MP.,,
—— AND65 MP

Intensity (a.u.)

— ANDlOOumm?ﬁ()ﬂ
— ANDI100 insitu 723
— A_NDIOO,,,,,W@SS
—— ANDI100

Intensity (a.u.)
S
o

200 400 600 800 1000 1200

Raman shift (cm™)

Supplementary Figure 4. Raman spectra after high-temperature experiments. a Post-
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temperature. b Raman spectra of AND100 after in situ Raman experiments. The shaded area in
grey corresponds to Raman peaks for titanomagnetite'®2°. Sample names are reported in the text
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experimental temperature expressed in °C.
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Supplementary Post-insitu Raman

We conducted room-temperature Raman measurements after in-situ high-temperature
Raman experiments. Figure 4 shows a comparison between room-temperature Raman spectra after
micropenetration measurements and Raman spectra after in situ Raman experiments. At a given
temperature, we observe that post-run samples of both methods displayed similar spectroscopic
features. In addition, we explored the applicability of Raman spectroscopy to identify the presence
of Fe-Ti-oxides and to investigate glass structures at high temperatures. Investigating nano-bearing
glass, we observed that the intensity of the peak at 660—690 cm ™! range gradually decreases with
increasing temperature from the room temperature until it completely disappears at about 500 °C.
While cooling, the mentioned peak reemerges similarly. However, since the concentration of

nanolites remains constant below the glass transition, this effect is purely spectroscopic.

Supplementary In-situ high-temperature TEM

Supplementary Table 3 presents the results of the TEM Energy-dispersive X-ray (TEM-
EDS) analysis conducted before and after the in situ high-temperature experiments. These results
reflect individual TEM measurements at low magnification, which were averaged over a broad
field of view. It is important to note that the data are influenced by systematic errors, particularly
due to the contribution from the MEMS sample holder used for the heating experiments, as
evidenced by the observed increases in SiO2, PoOs and Na>O contents. Figure 5a presents the
STEM-HAADF and STEM-EDS elemental maps of sample ANDI100 after in-situ high-
temperature experiments. The bright nanocrystals observed in the STEM-HAADF image
correspond to iron oxides, while the surrounding matrix is primarily composed of Si. Additionally,

Al-enriched domains are visible, which do not coincide with the iron oxide crystals but instead
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appear as gray regions in the HAADF image. The intensity of the EDS maps (Supplementary Fig.
5a) is directly proportional to the number of counts, reflecting the elemental distribution within
the sample. It is important to note that these measurements were performed on a sample with
variable thickness, as evident in the HAADF image, where the right-hand side appears
significantly thinner. To minimize the influence of thickness variations, we generated a cationic
profile (Supplementary Fig. 5b) from a quantitative EDS elemental map, applying spectrum
deconvolution to avoid peak overlap, Z-number correction (Cliff-Lorimer k-factor correction), and
absorption correction based on the estimated thickness of the beam scanning area. This profile
reveals that Al-enriched domains are preferentially distributed around Fe-oxide nanocrystals,

while the remaining matrix exhibits a pronounced Si enrichment.

Supplementary Table 3. High-temperature STEM-EDS results.

BulKbpefore® Blllkafter, e-beam® Blllkafter, no-bezlmb
Si0, 61.0 65.9 61.3
Ti0O; 1.0 0.9 0.8
ALO; 14.1 18 15.7
FeOrot 7.0 6.7 6.7
MgO 2.2 2.1 2.7
CaO 6.2 5 7.2
NaxO 3.1 0 2.7
K20 1.6 0 1.3
P>0s 3.8 1.4 1.6

ISTEM-EDS result of AND100 before and after the in-situ experiment. Recalculated
values in wt%. Measurements have an average error of 2 wt%. Every measurement
corresponds to one region of interest.

®TEM-EDS result of an adjacent region that was not directly affected by the electron
beam.
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Supplementary Figure 5. Local nanoscale chemical variation for AND100 after the high-
temperature in-situ experiment. a STEM-HAADF and STEM-EDS elemental maps showing the
distribution of Fe, Si, Al, and their combined signal (Fe+Si+Al). The bright pixels in the STEM-
HAADF image represent the crystalline phase. b Cationic profile illustrating the distribution of
Fe, Si, and Al across the sample. The white arrow in the STEM-HA ADF image marks the relative
starting point and direction of the profile shown in light blue.
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Supplementary Figure 6. Temperature profile for high-temperature TEM experiment.

Supplementary Concentric cylinder (CC)

The super-liquidus viscosity of AND100 and ANDO melts was determined using a
concentric cylinder setup. CC results are reported as a function of temperature in Supplementary
Supplementary Table 2 and shown in Supplementary Fig. 7. AND100 melt viscosity increases
from 10%° to 10°® Pa s when decreasing the temperature from 1435 to 1150 °C. The ANDO
viscosity increased from 10?®to 10*° Pa s when decreasing the temperature from 1404 to 1130 °C.
At constant temperature, the viscosity of AND100 is at least ~10%% Pa s lower than ANDO within
this temperature range, showing a direct relationship with SiO2 content and thereby NBO/T

(Supplementary Table 1).
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Supplementary Figure 7. Concentric cylinder results and literature viscosity data®*>.

Supplementary Viscosity Parametrization

Considering our experimental investigations, we introduce three pure-melt viscosity
parameterizations for various andesitic compositions (Supplementary Fig. 8). These curves are
obtained by fitting viscosity data from samples free of nanolites, classified by consistent iron

oxidation states. Together with our C-DSC-derived 7, (Supplementary Table 2), we utilized the
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MYEGA parametrization (Eq. 5), with logioy. fixed at -2.93'618:2324 t4 fit the melt fragility index
(m). This approach enables us to characterize melt viscosity over a broad range of temperatures.
For our AND100, we combined our high-temperature concentric cylinder viscosity data
along with C- and F-DSC-derived viscosity data (Supplementary Table 2). By fitting 75 anpioo =
654 + 0.5 °C (from AND100 DSC1o-matching), and using Eq. 5, we derived a fragility (manpioo) of
30.5 = 1. For the iron-free analogue sample (ANDO), by utilizing our C-DSC-derived viscosity
data along with micropenetration and concentric cylinder data (Supplementary Table 2), and fitting
Ty anpo = 737 = 0.5 °C, we determined manpo = 31.8 + 0.2. For AND65, we combined our
micropenetration and F-DSC-derived viscosity values along our C-DSC derived T anpss = 696 +
0.5 °C, obtaining a manpss = 31.3 + 0.2. Notably, we observed that the K/G ratio of AND65
exhibited ideal mixing relative to its two end members in terms of transition metal content, namely
ANDO and AND100. Similarly, our fitted fragility m4npss also exhibits ideal mixing relative to its
two end members (i.e., manpss = 0.65 X manpioo + 0.35 X manpo =31 £ 0.6; Supplementary Fig.
8b). Moreover, to model the viscosity of our andesitic compositions as a function of temperature
and transition metal content, we propose a simple parametrization for 7, and m relative to the
transition metal content of AND100 as illustrated in Supplementary Fig. 8. Finally, by using the
MYEGA parametrization (Eq. 5), we provide a viscosity model for various andesitic compositions

between AND100 and ANDO (Supplementary Data).
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Supplementary Figure 8. Parametrization of 7, and m relative to AND100 content.

Regarding AND100red and ANDI100ox, the absence of viscosity data in the high-
temperature range via concentric cylinder measurements prevents direct determination of the melt
fragility index (m). Nevertheless, we can estimate their fragility values by leveraging our prior
fragility estimations (i.e., AND100) along with our Brillouin data. Brillouin results show that the
K/G ratios of AND100red, AND100ox and AND100 are identical within experimental uncertainty

(Supplementary Table 1). Therefore, assuming a linear correlation between K/G and m'>?

, We
infer that the fragilities of AND100red and AND100ox are comparable to that of AND100
(maND100red = MAND1000x = Manp100= 30.5 £ 1). Furthermore, by using T anpi10ored = 645+ 0.5 °C and
Ty anpi00vox = 662+ 0.5 °C (Supplementary Table 1), and Eq. 5, we derive the viscosity
parametrization for AND100red and AND100ox (Fig 9). Overall, our viscosity parametrization

for AND100red aligns slightly lower than that of AND100, while AND100ox sits slightly above

AND100, consistent with their respective lower and higher Fe*"/Fe®! content and T, values.
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Supplementary Figure 9. MYEGA parametrizations and literature data. Each color represents
a distinct chemical composition (Supplementary Table 1). The proposed viscosity models, based
on Mauro et al.*, are represented by straight lines. Red crosses depict viscosity from Okumura et
al.!, showing a composition similar to our AND100. The red and black dashed line corresponds to
the predicted viscosity from Giordano et al.?°, for the ANDI100 and ANDO compositions,
respectively.

Supplementary (Post-micropenetration) STEM-EDS
To account for nanolite geometrical features, STEM-HAADF images were segmented and

separated based on hand-picked contrast thresholds software training using the ilastik software?’
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(Supplementary Fig. 11). First, we extracted the minimum (7min) and maximum (#max) radius of
isolated nanolites in 2D and calculated their average ellipse radius (7avg). Then, we computed 3D
nanolite volumes by generating 3D triaxial ellipsoids of radius #min, 7avg and rmax. It s important to
mention that this method allows us to determine a minimum nanolite content (in vol%) and
minimum nanolite number density (NND). This limitation arises because nanolites may overlap
along the axis perpendicular to the plane of view, and there are also unavoidable uncertainties
associated with pixel segmentation and separation due to the Al-rich zones surrounding the Fe-

oxide nanolites (Supplementary Fig. 5). For this, we trained the ilastik software using probabilistic

mps (

Supplementary Figure 10. Pixel segmentation and separation. a STEM-HAADF image of
sample AND100_MP723. b pixel segmentation of HAADF image c. phase separation of nanolites.
Pixel segmentation and separation using the ilastik software, version 1.4.0 ?’. The pixel size is 0.2
nm.

Nanolites are distinguishable in the STEM-HAADF images (Supplementary Fig. 11,
Supplementary Fig. 12, and Supplementary Fig. 13) by their bright appearance, indicating a denser
phase. Elemental maps (Supplementary Fig. 11, Supplementary Fig. 12, and Fig. Supplementary

13) reveal that these particles are Fe-rich.
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Supplementary Figure 11. HAADF and EDS elemental map of sample AND100_MPge0. Each
element is represented by one color, showing the Fe, Ti, Si, Al, and Fe+Ti+Al distribution.
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Supplementary Figure 12. HAADF and EDS elemental map of sample AND100_MP723. Each
element is represented by one color, showing the Fe, Ti, Si, Al, and Fe+Ti+Al distribution.
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"Suplmentary Figure 13. HAADF and EDS elemental map of sample AND100_MPsos. Each
element is represented by one color, showing the Fe, Ti, Si, Al, and Fe+Ti+Al distribution.

Supplementary SAXS and WAXS results
SAXS fit parameters are shown in Supplementary Table 3 and WAXS-Rietveld results for

AND100 MPgog are shown in Supplementary Fig. 14.
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Supplementary Table 4. SAXS fit parameters for post-micropenetration AND100 samples.

Parameter AND100_MPeso error AND100_MP73 error AND100_MPsos error
b 3.000E+01 5.00E+00 6.30E+00 1.00E-01  3.10E+00 2.00E-01
fscala 2.600E-04 6.00E-06  6.80E-05 6.00E-07  5.00E-05 3.40E-07
nis 1.160E-01 2.80E-03  1.13E-01 3.00E-03  8.00E-02 4.00E-02
ke 1.140E+00 3.60E-02  1.63E+00 5.00E-02  1.26E+00 1.00E-01
bck 6.500E-03 7.00E-05 5.51E-03 4.60E-05  1.30E-02 2.50E-04
Porod 1.400E-05 1.80E-06  2.40E-07 1.30E-07  1.20E-05 2.50E-06
fract 3.536E+00 5.00E-01  4.00E+00 1.60E-01  3.62E+00 2.10E-02
R =R (nm) 1.700E+00 2.00E-02  3.10E+00 1.00E-02  1.40E+01 1.00E+00
' ' ' "4 oBs '
i — calc i
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Supplementary Figure 14. WAXS Rietveld results for AND100_MPsos.
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Abstract

Magma viscosity is a critical parameter governing volcanic processes, including magma
transport, deformation, and eruptive behavior. Andesitic magmas, characterized by high viscosity
and volatile content, are particularly prone to explosive eruptions. However, existing viscosity
models often fail to accurately predict the rheological behavior of hydrous andesitic magmas,
especially those affected by nanocrystallization. In this study, we present a new viscosity model
for hydrous andesitic melts, based on experimental measurements of iron-bearing and iron-free
analog compositions representative of the Sakurajima volcano. Using viscometry, differential
scanning calorimetry, Raman and Brillouin spectroscopy, we quantify the dependence of viscosity
on temperature, water content, and transition metal concentration. Our results reveal that previous
estimates of magma viscosity under pre-eruptive conditions at Sakurajima were overestimated by
up to a factor of 45, with similar discrepancies (up to a factor of 380) observed for other andesitic
systems. By integrating the effects of water and transition metals on the glass transition
temperature and melt fragility, our model offers a more accurate framework for predicting magma

ascent rates, eruption dynamics, and associated volcanic hazards.

Keywords: andesite, viscosity, hydrous viscosity, differential scanning calorimetry, Brillouin

spectroscopy, Raman spectroscopy.

171



Introduction

The study of magma viscosity is crucial for understanding volcanic processes, as it controls
magma transport (Gonnermann, 2015; Webb and Dingwell, 1990; Zhang, 1999), deformation
response (Dingwell, 1996; Okumura et al., 2010; Papale, 1999), and ultimately the eruptive style
(Sparks, 2003). This is particularly relevant for andesitic magmas, which are highly viscous
(Vetere et al., 2008) and gas-rich (Takeuchi, 2011), making them prone to explosive eruptions
(Gonnermann, 2015). Andesitic volcanoes, primarily found along subduction zones such as the
Pacific Ring of Fire (Dickinson and Hatherton, 1967), account for a significant proportion of
global volcanic activity. Their explosive potential can produce pyroclastic flows, ash clouds, and
lahars, posing severe risks to human populations, infrastructure, and the environment. Therefore,
given the high concentration of andesitic volcanoes in densely populated regions, understanding
the viscosity and behavior of andesitic magmas is essential for improving volcanic hazard
assessments, early warning systems, and mitigation strategies.

Melt fragility (m), defined as the steepness of the viscosity-temperature relationship at the
glass transition temperature (7,) in the Angell plot (Angell, 1995), is a key parameter that, when
combined with 7, can describe viscosity variations across a broad temperature range
(Langhammer et al., 2022; Mauro et al., 2009). Melt fragility is particularly valuable from a
practical standpoint, as it enables the extrapolation of viscosity to eruptive conditions, where direct
measurements are challenging due to the rapid degassing and crystallization that volcanic melts
experience during standard high-temperature viscosity experiments.

Previous studies suggest that m can be determined using sound velocity data (Cassetta et
al., 2021; Novikov et al., 2005; Novikov and Sokolov, 2004; Sokolov et al., 2007) and can also be

correlated with the number of non-bridging oxygens per tetrahedrally coordinated cation (NBO/T)
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(Giordano and Dingwell, 2003; Malfait and Sanchez-Valle, 2013). However, these approaches are
fundamentally challenged by recent findings. Studies (Fanesi et al., 2025; Valdivia et al., 2025,
2023) demonstrate that melt fragility derived from these correlations, as well as from widespread
viscosity models (Giordano et al., 2008; Langhammer et al., 2022), systematically fails to predict
the viscosity of andesitic and basaltic compositions prone to nanocrystallization.

This predictive failure stems from a critical process occurring during viscosity
measurements: the nanostructural reorganization within the melt and/or crystallization of Fe-Ti-
oxide nanocrystals, referred as nanolites (Caceres et al., 2024; Fanesi et al., 2025; Liebske et al.,
2003; Okumura et al., 2022; Pereira et al., 2024; Scarani et al., 2022; Valdivia et al., 2025, 2023).
These processes substantially increase magma viscosity in both laboratory experiments and natural
systems, while simultaneously triggering water exsolution (Caceres et al., 2020; Di Genova et al.,
2020a; Fanesi et al., 2025; Valdivia et al., 2023). Critically, nanolites are not merely laboratory
artifacts: their presence in volcanic products from explosive eruptions (Barone et al., 2016; Di
Genova et al., 2017; Knafelc et al., 2022; Mujin and Nakamura, 2020, 2014; Sharp et al., 1996;
Yoshida et al., 2023; Zellmer et al., 2016) indicates they actively control magma ascent and
eruption dynamics in nature. Their crystallization creates a coupled feedback system: rheological
stiffening occurs alongside chemical evolution of the melt, altering the physicochemical conditions
that govern volcanic processes (Mujin et al., 2017; Mujin and Nakamura, 2020, 2014). However,
the quantification of rheological changes driven by chemical variations induced by
nanocrystallization in hydrous magmas remains poorly understood and, thereby, it represents
a critical limitation in our understanding of volcanic systems and eruption forecasting
capabilities.

In this study, we introduce two simplified empirical equations that correlate the melt

fragility index (m) with sound velocity data of glasses obtained from Brillouin spectroscopy for
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compositions ranging from andesites to basalts. One equation applies to transition metal-bearing
samples (i.e., Fe-, Ti-, and Mn-bearing glasses), while the other is tailored for transition metal-free
compositions (i.e., Fe-Ti-Mn-free). These relationships enable rapid fragility determination
without time-intensive viscosity measurements that can induce nanocrystallization and degassing,
thereby avoiding experimental artifacts that compromise the accuracy of volcanic processes
modelling.

Building on established laboratory methodologies (Di Genova et al., 2023; Fanesi et al.,
2025; Valdivia et al., 2025, 2023), we developed a viscosity model for hydrous andesitic melts,
accounting for variations in transition metal content, as a function of temperature and water
concentration. This approach directly addresses the systematic failure of existing viscosity models
for Fe-Ti-rich compositions prone to nanostructuration and nanocrystallization. We focus on the
andesitic composition of Sakurajima volcano, one of the most active and hazardous volcanic
systems in Japan (Okumura et al., 2024). Recent studies (Bondar et al., 2025; Valdivia et al., 2025)
demonstrated that the anhydrous composition of this volcanic center develops chemical
heterogeneities at the nanoscale, leading to a significant increase in viscosity. This experimental
behavior mirrors natural observations, as andesitic magmas erupted from Sakurajima carry
abundant nanolites (Araya et al., 2019; Mujin and Nakamura, 2020, 2014), confirming their key
role in controlling magma rheology and eruptive dynamics.

Our refined viscosity estimates across a range of andesitic compositions provide two key
advances: (1) improved tracking of iron depletion during magma ascent, and (2) a more physically
robust basis for eruption forecasting within probabilistic frameworks, essential for hazard

mitigation at active volcanic systems globally.
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Materials and methods

Synthesis of starting glasses

The starting materials consist of synthetic andesitic glasses based on three base compositions
with varying water contents. The first composition (AND100) mirrors the natural chemical
composition of Sakurajima andesite including all transition metals (Okumura et al., 2022; Valdivia
et al., 2025). The other two composition, AND65 and ANDO respectively, are simplified analogs
in which 35% and 100% of the total transition metal content (i.e, FeOx, TiO2, and MnO) were
removed (Valdivia et al., 2025). Thus, the number in their nomenclature (i.e., AND100, AND65
and ANDO) corresponds to transition metal content relative to the AND100. For example, AND65
denotes an andesite formed by the ideal mixing of 65% ANDI100 and 35% of ANDO.

For each base composition, multiple samples were synthesized with different water
concentrations, resulting in six hydrous AND100 samples, seven hydrous ANDO samples, and one
hydrous ANDG65 sample used to verify the model.

AND100 hydrous glasses were synthesized using an internally heated pressure vessel
(IHPV) apparatus at the Bayerisches Geoinstitut (BGI) in Bayreuth, Germany. Starting hydrous
materials were prepared by grinding the starting anhydrous glasses into a fine powder, which was
then sieved into two grain-size fractions (i.e., <100 um and 100-250 pm). To improve grain
packing and minimize porosity, these fractions were combined in a 1:1 weight ratio. Distilled water
was added stepwise to the dry glass powder, which was then sealed in AugoPd>o capsules (4.6 mm
inner diameter, 20 mm length) to minimize iron loss during synthesis (Pichavant et al., 2013).
After welding and weighing, the capsules were heated overnight at 150°C to check for water loss.

IHPV experiments were performed at 5 kbar and 1250°C for 24 h at relatively oxidizing conditions
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(fo, = NNO +3 =+ 1) as determined by Schuessler et al. (2008). Samples were rapidly quenched
with a cooling rate of ~150 K s~! at isobaric pressure.

ANDG65 and ANDO hydrous glasses were synthesized using a piston-cylinder apparatus at
BGI, using AugoPd2o capsules of 4.6 mm inner diameter and 10-12 mm length. Glass syntheses
were carried out at 1250-1,300°C and 5-7 kbar under reduced oxygen fugacity conditions
(KNNO+0), with a dwell time of 24 hours to ensure water homogenization within the samples.
Rapid quenching (~100 K s!) was achieved by cutting off the heating power while pressure
remained controlled. Samples are labeled according to their measured water content in wt% (e.g.,
AND100 0 for the anhydrous material and AND100 4.2 for a sample with 4.2 + 0.01 wt% H>0O).

Additionally, we synthesized an iron-free basaltic composition (BAS0) by mixing powder
reagents (Si02, A1,O3, MgO, CaCOs3, Na,CO3, KoCO3 and P>Os) targeting a basaltic composition
of Etna (Scarani et al., 2022) depleted of transition metals following the methodology presented
in Valdivia et al. (2025).

To ensure homogeneity and the amorphous nature of these starting materials, the resulting
glasses were examined using electron microprobe chemical analysis (EMPA), Raman and

Mossbauer spectroscopy.

Electron microprobe analyses (EMPA)

The major elemental composition (Si, Ti, Al, Fewr, Mn, Mg, Ca, Na, K, and P) of our
samples were determined using a JEOL JXA-8200 electron microprobe at BGI. Glasses were
mounted in epoxy, polished, and coated with carbon before analysis. Measurements were
conducted at an accelerating voltage of 15 kV, a beam current of 5 nA, and a counting time of 20

seconds using a defocused 10 um beam. To assess sample homogeneity, 10 points were measured

176



per sample. Calibration was performed using synthetic standards: wollastonite for Ca and Si,
periclase for Mg, hematite for Fe, spinel for Al, orthoclase for K, albite for Na, manganese titanate
for Mn and Ti, and apatite for P. To minimize alkali migration, Na and K were analyzed first
(Hughes et al., 2019). EMPA analyzes were performed in backscattered electron (BSE) imaging
mode to assess the presence or absence of potential micro-sized crystalline phases or vesicles

before chemical acquisition.

Raman spectroscopy

Raman spectroscopy was conducted on glass samples both before and after experiments to
identify potential alterations at the nano- and microscale, including variations in the iron oxidation
state. For this, we used a confocal Raman imaging microscope at the Institute of Non-Metallic
Materials, TU Clausthal (alpha300R, WITec GmbH), where spectra were acquired using a 100x
objective in the ranges between 101,300 cm™! for the silicate region, and between 2,700-4,000
cm ! to inspect the water bands. Acquisition parameters included an integration time of 10 seconds,
an accumulation count of 5, and a laser power of 10 mW. Spectra were smoothed to enhance the

signal-to-noise ratio.

Moéssbauer spectroscopy

Moéssbauer measurements were conducted at BGI on glass samples approximately 4 mm
in diameter and 600 pm thick, both before and after experiments. The analyses were performed at
room temperature (293 K) using a constant acceleration Mossbauer spectrometer with a high-
specific-activity >’Co point source (370 MBq) embedded in a 12 pm thick Rh matrix. The velocity

scale was calibrated against a 25 um thick a-Fe foil, and data were collected over a velocity range
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of +5 mm s!

, with acquisition times of 2 to 3 days per sample. Spectral fitting was conducted
using the full transmission integral approach in the MossA software (Prescher et al., 2012), and

Fe’*/Fe?" ratios were determined based on the relative area of each iron species.

Water content determination

The water content of our glasses was determined using a Karl-Fischer titration (KFT) device
and by Fourier—transform infrared spectroscopy (FTIR) at BGI.

KFT is a coulometric technique based on the quantitative reaction of water with iodine (Eq.
1):

I, + SO, + H,0 & 2HI + SO, (1)

lodine is generated electrolytically at the anode according to (Eq. 2):

217 o I, + 2e” (2)

Since one mole of iodine reacts with one mole of water, the water content was directly calculated
from the charge required for electrolysis, where 1 mg of H>O corresponds to 10.71 coulombs.

! under

Samples of ~20 mg were finely crushed and heated in an induction coil at 100°C min-
controlled conditions following Behrens et al. (1996). The quantity of water was measured with a
coulometer (Mitsubishi CA 05) using pyridine-free reagents (Aquamicron AS, Aquamicron CS).
The titration process was initiated after 2 minutes to remove traces of water after we loaded the

sample and was terminated when the sample reached 1,300°C. This method results in absolute

values of H,O with uncertainties of +0.1 wt%.
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For FTIR-based water analysis, we utilized a Bruker IFS 120 spectrometer coupled with a
Bruker IR microscope. Spectra were obtained using a tungsten white light source, a silicon-coated
calcium fluoride beam-splitter, and a liquid-nitrogen-cooled narrowband mercury cadmium
telluride (MCT) detector. Measurements spanned the 1,000 to 10,000 cm™' range on doubly
polished samples with thicknesses between 0.2 and 0.6 mm. Each measurement spot had a
diameter of 60 um, with spectra recorded at a resolution of 4 cm™!. To improve accuracy and
account for potential heterogeneity, 200 scans per spectrum were accumulated, and data were
collected from three distinct locations per glass sample. The total FTIR-derived water content
(H2Otota1) was derived from the integrated areas of the hydroxyl (OH") and molecular water
(H20mo1) absorption bands, positioned around 4,500 cm™' and 5,200 cm™!, respectively. We
followed the methodology presented in Ohlhorst et al. (2001), which incorporates glass density
and Si0O; content in wt% into the calculation (Bondar et al., 2023). We used a double gaussian
baseline correction for areas and peaks (GGarea and GGpeak) and determined the density using the
buoyancy method. Total water contents were quantified using the normalized SiO2 wt% content

obtained from EMPA measurements.

Micropenetration viscometry

Micropenetration (MP) viscometry was performed on plane-parallel, polished glass chips
with a thickness of 2-3 mm. These measurements were conducted using a vertical dilatometer
(Bdhr VIS 404) at the Institute of Non-Metallic Materials, TU Clausthal. We measured the
indentation rate of a sapphire sphere (» = 0.75 mm) during isothermal holding at controlled
temperatures. Temperature regulation was achieved using an S-type thermocouple (Pt-PtRh)

positioned approximately 1.5 mm from the sample surface, with an estimated error of +2 °C due
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to thermocouple accuracy and placement (Behrens et al., 2018). Standard procedures (Di Genova
et al., 2020b, 2014; Scarani et al., 2022; Valdivia et al., 2023) were followed to ensure proper
thermal equilibration at the target temperature. The indentation depth was continuously recorded

over time, and viscosity was calculated using Eq. 3 (Douglas et al., 1965):

p=—F 3)
16\/2rL%

where 7 is the Newtonian viscosity (Pa s), F'is the applied force (N), ¢ is the time (s), 7 is the radius
of the sphere (m), L is the cumulative indentation depth (m), and % is the indentation within a

measurement interval. The dilatometer was calibrated with standard glass DGG-1, yielding
viscosity values consistent with certified data (Meerlender, 1974) within a deviation of £0.1 log

units.

Concentric cylinder (CC) viscometry

High-temperature viscosity measurements were conducted using a Haake RV20
Viscometer at the Institute of Non-Metallic Materials, TU Clausthal. The torque measurement of
the device was calibrated over strain rates from 0.1 to 96 s™! using the standard DGG-1 (Deubener
et al., 2009), and the error in viscosity was determined to be +0.02 logio units. Temperature
monitoring was carried out using a factory-calibrated S-type thermocouple, with a precision of £2
°C. To achieve complete thermo-chemical homogenization, the glass materials were placed in a

platinum crucible and stirred at a controlled shear rate under high-temperature conditions for
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several hours. The temperature was then gradually reduced to lower set points. At each step,

viscosity measurements were taken after maintaining stable conditions for a sufficient duration.

Differential scanning calorimetry

Both conventional differential scanning calorimetry (C—DSC) and flash differential
scanning calorimetry (F—-DSC) were employed to analyze the thermal properties of our hydrous
glasses. Conventional differential scanning calorimetry (C—DSC) measurements of AND100 and
ANDO hydrous samples were performed at the Institute of Non-Metallic Materials, TU Clausthal.
Approximately 15 mg (+ 5) of glass was placed in a PtgoRh2o crucible under a constant N> (5.0)
flow rate of 20 ml min~!. Heat flow measurements were conducted using two conventional
differential scanning calorimeters (C—DSC, 404 F3 Pegasus and 404 cell, Netzsch) at heating rates
(gn) of 10 and 20°C min~'. In addition, flash differential scanning calorimetry (F-DSC) was
performed on ~50 ng of glass using a Flash DSC 2+ (Mettler Toledo) with UFH 1 sensors, under
a constant argon (Ar 5.0) flow of 40 ml min~!. For the hydrous AND65 sample, C-DSC and F—
DSC measurements were conducted at the GLASS (Gateway Laboratory of Amorphous and
Structured Solids and Melts), CNR-ISSMC in Rome.

In our C-DSC experiments, we followed the methodology described by Stabile et al., 2021.
To erase the thermal history of the glass, we applied a two-step thermal treatment. First, the sample
underwent an initial upscan at a heating rate of g, = 20°C min! until it reached a temperature
slightly above Tpear, referred to as Tuax. Then, the melt was cooled to 100°C at rates of g = 10 or
20°C min~!. The actual C-DSC measurements were carried out using the rate-matching method,
which involved an additional upscan at a rate identical to the preceding cooling step (i.e., g» = gc).

From the heat flow data recorded during this matching upscan, we determined the characteristic
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temperatures Tonser and Tpear, both associated with phase transitions or thermal events occurring
during the heating or cooling process. For further details see the methodology presented in
previous work (Fanesi et al., 2025; Valdivia et al., 2023). For F-DSC experiments, we followed
the methodology described above employing a g» = g.= 1,000 °C s~ (60,000 °C min™').
Viscosity values of iron-bearing samples, including an iron-free basalt, were derived from
C- and F-DSC data using the relationship between the matching heating rate (gx) of the
measurement and the shift factors Konser and Kpear (Al-Mukadam et al., 2020; Di Genova et al.,

2020b; Yue, 2009; Zheng et al., 2017) expressed in Eq. 4:

loglon(Tonset,peak) = Konset,peak - loglO(Qh) (4‘)

where Konser = 11.20 £ 0.15 and Kpear = 9.84 £ 0.20 (Di Genova et al., 2020b; Stabile et al., 2021).
It is important to mention that when g is 10 °C min !, 5(Touser) = 10'2 Pa's, and therefore, Tonser ~
T,. The applicability of the shift factor approach for these compositions has been examined in
Valdivia et al. (2025).

C—-DSC-derived viscosities for hydrous ANDO used the same shift factors as iron-bearing
samples. F-DSC data from the iron-free standard glass DGG-1 (70 wt% Si0O;) showed good
agreement using Konser = 11.20 £ 0.15, but Kpear Was slightly lower (~9.4 +0.20). We applied this

correction to F-DSC-derived viscosities at peak temperatures for hydrous ANDO.
Brillouin spectroscopy

Brillouin spectroscopy (BLS) measurements were performed at BGI. Glass plates with a

plane-parallel geometry and a thickness of approximately 50 um were analyzed using a solid-state
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Nd:YVOs laser source (532 nm wavelength, 50 mW power). The Brillouin frequency shift was
determined with a six-pass Fabry—Perot interferometer (Whitfield et al., 1976) coupled to a single-
pixel photon counter detector. A symmetric forward scattering configuration (Cassetta et al., 2021;
Whitfield et al., 1976) with a scattering angle of 8 = 79.8°, was employed, with the angle accuracy
verified through calibration against a reference silica glass. The frequency shifts (4w) were

converted into longitudinal (v,) and shear (vy) sound velocities using Eq. 5:

B Aw
V= 25in(6/2)

(5)
where A is the laser wavelength and 6 is the angle between the incident and scattered beams
(Sinogeikin et al., 2006; Whitfield et al., 1976). Eight spectra were collected for each sample at
varying rotation angles ranging from -180° to +180° to account for potential uncertainties. Finally,

the K/G factor was determined by Eq. 6:
K (vp\?2 4
i~ () -3 (©)

Results and discussion

Characterization of starting materials

We synthesized six AND100 hydrous glasses with water contents ranging from 1.14 £ 0.1
to 5.15 £ 0.07 wt% H»0O, and seven hydrous ANDO glasses coverings 0.59 + 0.1 to 5.56 = 0.1 wt%
H>0. SEM-BSE analysis confirmed the absence of microlites or vesicles, indicating that no

micrometric crystallization or degassing occurred during synthesis of hydrous glasses. The EMPA
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chemical compositions are summarized in Tables 1 and 2, while Raman spectroscopy results of
starting materials are presented in Fig. 1.

Raman analysis confirmed the lack of significant nanostrcuturation (i.e., nanoscale phase
separation) and/or the presence of Fe-Ti-oxides crystals, feature in the 660-690 cm™ range (Bondar
et al., 2025; Di Genova et al., 2020b; Jubb and Allen, 2010; Shebanova and Lazor, 2003; Valdivia
et al., 2023). A minor, nearly negligible peak was observed in the 660-690 cm™ range for both
AND100 and ANDO samples (Fig. 1). Nevertheless, the Boson peak position (Cassetta et al., 2021;
Fanesi et al., 2025; Schroeder et al., 2004; Zanatta et al., 2011) (~70 cm™) closely matches that
of anhydrous AND100 and ANDO samples (Valdivia et al., 2025). The Boson peak, located
below 100 cm™, is a well-established signature of intrinsic structural disorder and is linked to
collective atomic motions, particularly acoustic phonons, reflecting the short-to-medium-range
order of glasses (Cassetta et al., 2021; Schroeder et al., 2004; Zanatta et al., 2011). Therefore,
Raman spectroscopy results suggest that the starting materials were amorphous and virtually
crystal-free.

KFT and FTIR total water concentration results are summarized in Table 1 and 2, while

FTIR-derived water speciations are shown in Fig. 2.
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Table 1. Chemical composition® (wt%), densitiy®, water contents (wt%) determined by KFT and FTIR , Brillouin
spectroscopy results (K/G), Fe**/Fe. ratio®, and glass transition temperature (7) of hydrous starting materials
(AND100 and ANDG65 series).

AND100_1.14 AND100_1.56 AND100_2.21 AND100_3.21 AND100_3.81 ANDI100_5.15 ANDG65_4.2

Si0, 5839 (0.24)  5822(026)  57.32(0.32)  57.48(025)  57.28(027)  56.73(0.29)  58.10(0.19)
TiO, 0.80 (0.05) 0.73 (0.03) 0.76 (0.05) 0.71 (0.06) 0.77 (0.05) 0.75(0.05)  0.48 (0.03)
AlLOs 16.13(0.12)  16.12(0.09) 1591 (0.12) 1592 (0.17)  15.78(0.12) 1560 (0.11)  16.19 (0.19)
FeOu 6.52 (0.15) 6.42 (0.20) 6.51 (0.10) 6.15 (0.07) 6.09 (0.13) 588(0.13)  3.87(0.05)
MnO 0.15 (0.04) 0.15 (0.03) 0.17 (0.02) 0.15 (0.03) 0.16 (0.04) 0.16 (0.04)  0.09 (0.04)
MgO 2.85 (0.06) 2.82 (0.08) 2.77 (0.05) 271 (0.06) 2.70 (0.08) 2.62(0.09)  2.92(0.07)
Ca0 6.41 (0.12) 630 (0.14) 638 (0.11) 6.17 (0.12) 6.13 (0.10) 599 (0.08)  6.34(0.12)
Na,0 327(0.07) 3.26 (0.06) 331(0.10) 3.27(0.07) 3.18 (0.08) 3.14(0.09)  325(0.10)
K20 1.46 (0.06) 1.49 (0.03) 1.50 (0.02) 1.47 (0.05) 1.47 (0.05) 147 (0.05)  1.49 (0.05)
P,05 0.18 (0.06) 0.20 (0.04) 0.17 (0.05) 0.16 (0.04) 0.19 (0.07) 0.19(0.07)  0.19(0.05)
H,0 (KFT) 1.14 (0.1) 1.56 (0.1) 2.21(0.1) y 3.85(0.1) . .
H20° (GGarea) 1.01 (0.02) 1.3 (0.03) 22(0.07) 32(0.01) - 5.15 (0.07) 42(0.24)
H,0° (GGear) 1.15 (0.02) 1.49 (0.03) 2.43 (0.07) 3.47 (0.01) - 549(0.07) 473 (0.14)
p(gl 2578 (2) 2576 (3) 2556 (2) 2510 (2) - 2506 (2) 2450 (3)
K/G - 1.59 (0.02) 1.60 (0.02) 1.61 (0.02) 1.62 (0.02) 1.64(0.02)  1.59(0.02)
Fe¥/Fey 022 0.33 041 0.42 - 035 -

T/ (°C) 545.1 (1) 516.5 (1) 474.6 (1) 4374 (1) 389.7 (1) 380.3 (1) 411 (1)

*Average chemical composition from electron microprobe analysis (n = 10); errors represent £1c.
*Density values obtained using the Archimedes' buoyancy method; errors represent £1c
“Water content determined by FTIR analysis following Ohlhorst et Al. (2001); errors represent £1oc.

dElastic moduli derived from Brillouin spectroscopy; errors represent £1c.

°Fe**/Fey ratio estimated using Mossa software (Prescher et al. 2012).
fGlass transition temperatures determined by C-DSC; experimental errors are reported in parentheses.
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Table 2. Chemical composition® (wt%), densitiy®, water contents (wt%) determined by KFT and FTIR,
Brillouin spectroscopy results (K/G), Fe*'/Fe, ratio®, and glass transition temperature () of hydrous starting
materials (ANDO series).

ANDO_0.59 ANDO_0.94 ANDO_2.00 ANDO_2.21 ANDO_3.18 ANDO_4.76 ANDO_5.56

Si0, 63.73 (024)  63.58(027)  6320(0.39)  63.04(0.39)  62.56(0.32)  61.80(0.20)  60.50 (0.28)
TiO0, 0.03(0.03)  003(0.03)  003(0.04)  003(0.03)  003(0.03)  003(0.03)  0.03(0.02)
ALO; 17.57(0.13) 1749 (0.13) 1727 (0.11)  17.22(0.11)  17.05(0.12)  16.77(0.12)  16.56 (0.17)
FeOu 0.02(0.02)  001(0.02)  001(001)  001(001)  001(00)  0.00(0.00)  0.01(0.02)
MnO 0.01(0.01)  0.01(0.01)  001(0.01)  001(001)  001(00) 001001  0.01(0.01)
MgO 3.05(0.06)  3.02(0.06)  290(0.06)  290(0.06)  289(0.06)  2.88(0.06)  2.85(0.06)
Ca0 7.08(0.07)  7.05(0.07)  694(0.11)  692(0.10)  688(0.10)  681(0.11)  6.69(0.07)
Na,0 367(0.11)  3.64(0.11)  354(0.10)  352(0.10)  349(0.10)  343(0.11)  326(0.11)
K:0 1.69 (0.08) 1.69 (0.08) 1.70 (0.06) 1.69 (0.06) 1.66 (0.06) 1.61 (0.05) 1.57 (0.05)
P,05 022(0.04)  022(0.04)  021(0.06)  021(0.06)  020(0.06)  0.19(0.06)  0.19(0.07)
H,0 (KFT) 0.59 (0.1) 0.94 (0.1) 2.00 (0.1) 2.21(0.1) 3.18 (0.1) 4.76 (0.1) 5.56 (0.1)

H,0° (GGarea) 0.43 (0.01) - 2.02(0.01)  2.12(0.01) - 442(001)  6.60(0.03)
H,0° (GGear) 0.46 (0.01) - 2.09 (0.01) 2.24(0.1) - 452(001)  6.71(0.03)
p gl 2659 (2) - 2400 (2) 2484 (3) - 2363 (2) 2233 (3)

K/G 1.49 (0.02) 1.51 (0.02) 1.52 (0.02) 1.51 (0.02) 1.53 (0.02) 1.5 (0.02) 1.56 (0.02)
7.6 (°C) 630.3 (1) 615.4 (1) 515.8 (1) 503.3 (1) 4502 (1) 418.8 (1) 383.4 (1)

2Average chemical composition from electron microprobe analysis (n = 10); errors represent £1oc.
Density values obtained using the Archimedes' buoyancy method; errors represent £1c

“Water content determined by FTIR analysis following Ohlhorst et Al. (2001); errors represent +1c.
dElastic moduli derived from Brillouin spectroscopy; errors represent £1c.

°Fe**/Fey ratio estimated using Mossa software (Prescher et al. 2012).

FTIR water speciation trend for ANDI100 aligns with previous findings for hydrous
andesitic glasses reported by Richet et al. (1996), where hydroxyl groups dominate at water
concentrations below 3.5 wt%. In contrast, for ANDO, hydroxyl dominance extends up to ~4.5
wt%, similar to observations by Ohlhorst et al. (2001). This difference is likely due to variations
in quenching rates during synthesis, as AND100 was cooled rapidly (~150 °C s!) in an IHPV,
while ANDO experienced slower cooling (~100 °C s!) in a piston-cylinder apparatus, leading to
greater retention of molecular water and altering final water speciation (Bondar et al., 2023;

Dingwell, 1990).
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Figure 1. Raman spectra of starting materials. The shaded area in grey (660-690 cm™)
corresponds to the most prominent area commonly affected by nanostrcuturation and/or the
presence of Fe-Ti-bearing crystals (Di Genova et al., 2020b; Valdivia et al., 2023) and the dashed
line corresponds to the Boson peak (Cassetta et al., 2021; Schroeder et al., 2004; Zanatta et al.,
2011). a) AND100 hydrous starting samples. b) ANDO hydrous starting samples.

The close agreement between FTIR and KFT results (Fig. 3, Tables 1 and 2) confirms the
reliability of both methods for measuring water content in andesitic glasses. However, at H>Ootal
concentrations exceeding ~5 wt%, FTIR measurements tend to overestimate water content relative
to KFT. Notably, GGarea-based water estimations align more closely with KFT values in the 2-6
wt% H>Ororal range (Fig. 3). Given these observations, KFT measurements are adopted as the
reference for water content in this study, providing a reliable basis for evaluating the influence of

water and transition metal content on andesitic melt viscosity.
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/"\
6
z ‘e
£ 4
Z
ON
T 3
= A
= .
2 L e FTIR GG,
e 2 FTIR GG ey
1 A J
0 1 1 1 1 1 1
1 2 3 4 5 6

KFT (H,0,,, in wt%)

Figure 3. FTIR-derived concentrations of molecular water (H2Omo1) and hydroxyl groups (OH") of
AND100 and ANDO samples plotted against total water content (H2Oota1). Standard deviations of
measurements are smaller than the symbol size.
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Maossbauer spectroscopy results for the AND100 starting materials (Table 1) indicate a
general increase in Fe**/Fei. with increasing water content, followed by a slight decline at 5.15 +
0.07 wt% H>0. This pattern align with findings by Fanesi et al. (2025) for tephri-phonolitic
compositions and further highlights the influence of water on iron redox dynamics in hydrous

silicate glasses.

Viscosity results

Viscosity measurements of hydrous andesitic melts were conducted using
micropenetration (MP) viscometry, complemented by data obtained from C-DSC and F-DSC (Al-
Mukadam et al., 2020; Stabile et al., 2021). To evaluate potential alterations in melt properties
during experiments, such as amorphous phase separation (e.g., Valdivia et al. 2025) ,
nanocrystallization (e.g., Di Genova et al., 2017), water loss (e.g., Valdivia et al., 2023), or iron
oxidation (e.g., Di Genova et al., 2016), post-run characterizations were performed using Raman
spectroscopy, FTIR, and Mdssbauer spectroscopy.

The resulting viscosity values, with post-experimental Mossbauer analyses, are
summarized in Table 3. Mdssbauer spectroscopy confirms that the AND100 hydrous samples
experienced minimal iron oxidation during C-DSC and MP analyses, with variations in Fe*"/Feqr.
(AFe**/Fey ) ranging between 0.01 to 0.05, well within the analytical uncertainty. The glass
transition temperature (7y), defined as the temperature at which viscosity is equal to 10'2 Pa s, was
determined using the 7,5 values obtained via C-DSC experiments with at a heating rate of 10 °C
min ! (i.e., C-DSCio on in Table 3). T, values for the AND100 and ANDO series are reported in
Table 1 and Table 2, respectively. In both series, 7, decreases systematically with increasing water

content. Considering the T, values reported in Valdivia et al. (2025), the AND100 7, drops from
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654+ 1 °Cto 380+ 1 °C (4T, =274°C) as total water content increases from anhydrous conditions
up to 5.15wt.% (Fig. 2). In contrast, ANDO exhibits a more pronounced decrease, with Ty
declining from 737+ 1 °C to 383.4+ 1 °C (47, = 353°C) over a similar water content range up to
5.56 wt.%. Thus, while both compositions show a negative correlation between 7, and water
content, the magnitude of 47} is significantly larger for the ANDO series compared to AND100,
suggesting a stronger depolymerizing effect of water in the Fe-free system.

When comparing our 7, results for hydrous AND100 with predictions from the Giordano
et al. (2008) model (GRD), we observe a good correlation for water contents between 1.4 and 1.56
wt.%. However, at water contents exceeding 2 wt.%, the GRD model does not account for the
effect of transition metals, predicting almost the same 7, values for ANDI100 and ANDO
compositions. In contrast, the GRD model aligns better with our measurements for ANDO,
showing a smaller discrepancy across the entire water content range. This behavior aligns with the
findings of Valdivia et al. (2023), suggesting that the GRD model may overestimate viscosities of
transition-metals-bearing melts.

Following C-DSC measurements, MP experiments were conducted at the C-DSCio pk
temperatures (Table 3). Post-MP Raman spectroscopic analyses (Fig. 5) revealed that all AND100
hydrous glasses, with the exception of AND100 1.14, experienced nanocrystallization of Fe-Ti
oxides during MP experiments (Fig. 5a). This is evidenced by the emergence of Raman peaks
between 660-690 cm™!, characteristic of Fe-Ti-nanolites (Bondar et al., 2025; Di Genova et al.,
2017; Fanesi et al., 2025; Valdivia et al., 2023), along with a shift of the Boson peak toward lower

frequencies (Fanesi et al., 2025).
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Table 3. C-DSC, F-DSC, MP, and CC result as a function of temperature and post-experimental Mossbauer

results.
Sample Type? T (°C) logn (yinPas) AFe*/Fewd Sample Type* T(°C) logn (yinPas)
AND100_1.14 C-DSCig on 545 11.98 - ANDO_0.59 C-DSCig on 630 11.98
C-DSCio pk 580 10.62 0.05 C-DSCj pk 675 10.62
C-DSCx on 548 11.68 - C-DSCy on 644 11.68
C-DSCx pk 590 10.32 0.03 C-DSCy pk 687 10.32
F-DSC1000 on 661 8.20 - F-DSCi000 on 769 8.20
F-DSCo00 pk 738 6.84 - F-DSCo00 pk 871 6.84
MPsg, 581 10.77 0.05 MPg7s 675 11.02
AND100_1.56 C-DSCig on 517 11.98 ) ANDO_0.94 C-DSCi¢ on 615 11.98
C-DSCg 556 10.62 0.01 C-DSC pk 652 10.62
C-DSCx on 525 11.68 - MPeus 648 10.87
C-DSCx pk 569 10.32 - ANDO_2.00 C-DSCig on 516 11.98
F-DSCi000 on 630 8.20 - C-DSCi pk 559 10.62
F-DSCio00 pk 703 6.84 - C-DSCy on 514 11.68
MPs;ss o 555 10.85 - C-DSCy pk 563 10.32
MPsss 100 555 11.03 0.01 F-DSC 000 on 631 8.20
AND100_2.21 C-DSCig on 475 11.98 - F-DSCio00 pk 722 6.84
C-DSCyg 516 10.62 0.01 ANDO_2.21 C-DSCi¢ on 503 11.98
C-DSCx on 481 11.68 - C-DSC pk 546 10.62
C-DSCx pk 527 10.32 0.02 C-DSC2 on 510 11.68
F-DSCi000 on 580 8.20 - C-DSCy pk 553 10.32
F-DSCio00 pk 655 6.84 - F-DSCi000 on 621 8.20
MPs;s o 515 10.92 - F-DSCio00 pk 717 6.84
MPs;s 100 515 11.01 - MPs46 546 10.75
AND100_3.21 C-DSCig on 437 11.98 - ANDO_3.18 C-DSCig on 450 11.98
C-DSCio pk 482 10.62 0.01 C-DSCg pk 500 10.62
C-DSCx on 440 11.68 - C-DSCy on 462 11.68
C-DSCx pk 493 10.32 - C-DSCx pk 507 10.32
F-DSCi000 on 539 8.20 - ANDO_4.76 C-DSCig on 419 11.98
F-DSCio00 pk 616 6.84 - C-DSCjg pk 465 10.62
AND100_3.81 C-DSCig on 390 11.98 - C-DSCx on 428 11.68
C-DSCio pk 438 10.62 - C-DSCy pk 472 10.32
C-DSCx on 411 11.68 - F-DSCi000 on 526 8.20
C-DSCx pk 453 10.32 - F-DSCio00 pk 605 6.84
AND100_5.15 C-DSCig on 380 11.98 - MPygs 465 10.69
C-DSCio 423 10.62 ; ANDO 556  C-DSCig o 383 11.98
C-DSCs on 390 11.68 - C-DSC pk 420 10.62
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C-DSCy pk 429 10.32 - C-DSCy on 390 11.68

F-DSCi000 on 474 8.20 - C-DSCa 430 10.32
F-DSCiono 541 6.84 - F-DSCio00 on 471 8.20
MPa; o 423 10.72 - F-DSCio00 e 545 6.84
MPa2; 100 423 11.88 0.02 MP3s 386 12.00
AND65 43 C-DSCig on 410 11.98 - BASO cc 1426 1.85
C-DSCig 448 10.62 - cc 1370 2.14
F-DSCi000 on 505 8.20 - cc 1322 242
cc 1274 2.74

cc 1225 3.09

cc 1439 178
C-DSCig on 712 11.98
C-DSCio 751 10.62
C-DSC2 on 724 11.68
C-DSCa e 764 10.32
MPes 763 10.42

F-DSCio00 on 852 8.2

F-DSCiooo pk 909 6.84

F-DSCso00 on 893 7.50

F-DSCiom 963 6.14

3C- and F-DSC-type experiments are reported as DSCheating-rate thermal-event » With heating rates expressed in °C min™! and °C s™!,
respectively. Thermal events are identified as on = Tpuser and pk = Tpear. F-DSC experiments at 10000 K s are numbered to
show their relative possitions in the series of measurements. MP data is reported as MP emperature duration, With temperature
expressed in °C and the duration in minutes.
"Difference between Fe’'/Fe,y after measurements and innitial conditions from Table 1. All Ratios derived using Mossa
software (Prescher et al. 2012).
Notably, post-experiment FTIR spectra of AND100_5.15 (Fig. 5b) shows the development
of a new absorption feature around 4300 cm ™! (Fig. 4b), coupled with a decrease in the intensity
of bands related to OH™ and molecular water. These changes suggest that water exsolution and
crystallization occurred during the experiment. Concurrently, a marked increase in viscosity was
observed for the same sample, rising from 10!%72 to 10'!#® Pa s over 100 minutes at 423 °C. The
appearance of the 4300 cm ™! FTIR feature may be associated with the formation of free hydroxyl

species, potentially linked alkaline earth cations such as Ca and Mg, as suggested by Bondar et al.

(2023).
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Figure 4. Glass transition temperature (7%) as a function of water content (wt%). The dashed line
corresponds to the best fit solutions using the Schneider et al. (1997) equation. Fit parameters are
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composition. Open symbols correspond to the 7, values derived from Giordano et al. (2008), for
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This interpretation aligns with findings by Valdivia et al. (2023) for hydrous Stromboli
basaltic melt. The viscosity increase in AND100 5.15 during the MP experiments at 423 °C is
thus attributed to the formation of new crystalline phase, altering the residual melt composition
and promoting water extraction as the experimental temperature crossed 7, (Valdivia et al., 2025,

2023).
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Figure 5. Raman and FTIR measurements of samples affected by crystallization and/or water
exsolution during measurement. a) Raman spectra of hydrous glasses after C-DSC and
micropenetration measurements. The spectral range (660—690 cm ') shaded in gray indicates the
presence of Fe-Ti-oxides (Bondar et al., 2025; Di Genova et al., 2020b; Fanesi et al., 2025;
Valdivia et al., 2023). b) FTIR water bands for AND100 5.15 sample. Red arrow shows the
formation of a new peak at ~4300 cm ™! after micropenetration measurement, possibly attributed
to the apparition of free hydroxyl groups (Bondar et al., 2022; Larre et al., 2020; Valdivia et al.,
2023).
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In contrast, FTIR analyses of ANDO samples show that water maintained mostly
unchanged after treatment, indicating a lower tendency for crystallization and water loss compared
to the ANDI100 series. These findings further support the idea that volcanic melts and their
analogues, such as AND100, are more susceptible to nanostructuration, nanocrystallization and/or
water exsolution during experiments above 7, in the supercooled liquid state. Consequently,
special care must be taken during viscosity measurements to avoid misinterpretations caused by

these processes.

Viscosity parametrization
Previous work (Di Genova et al., 2023; Fanesi et al., 2025; Langhammer et al., 2022;
Valdivia et al., 2023) shows that the viscosity of hydrous melts can be described using the Mauro—

Yue-Ellison—Gupta—Allan (MYEGA) equation (Eq. 7) (Mauro et al., 2009):

T, m T,
log1on(T) = logioNe + (12 — 109107700)?6961? [(m - 1) <? - 1)] (7)
where l0g19Ne = —2.93 % 0.3 is the logarithmic viscosity at infinite temperature (Langhammer

et al., 2022; Mauro et al., 2009), T is the glass transition temperature determined by C-DSC (Tonser
at gne = 10 °C min™") and m is the melt fragility defined in Eq. 6 (Angell, 1995) as the steepness of

viscosity-temperature curve evaluated at 7:

m = dlogion
aTg/T e

(8)

Ty
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The effect of water on melt viscosity is incorporated through the water dependence of both

T, and m parameters.
To describe the dependence of Ty on water content, we used the model by Schneider et al.

(1997), as later adopted by Langhammer et al. (2021):

T, (tzo) =W Ty 0 + WoTgq + cwiw, (Tg,d - Tg,HZO) + dW1W22(Tg,d — Ty n,0) )

with

b(100-xp,0)
b(100-xy,0)+XH,0’

_ tzO
b(100-xp,0)+XH,0

and w, = (10)

41

where Xy o is the mol% of dissolved water, T4 is the glass transition temperature of the
anhydrous composition and Ty y, ¢ is the glass transition of pure water equal to 136 K (Kohl et al.,
2005). The T, (xHZO) parametrization for hydrous AND100 and AND100 compositions, along

with the fitting parameters b, ¢, and d are shown in Fig. 4.

Determining the water dependence of melt fragility presents a significant challenge. Direct
fragility calculation requires high-temperature viscosity data that are difficult to obtain for
hydrous melts due to degassing and syn-experimental alterations. To overcome this constraint,
we employed an alternative approach using Brillouin spectroscopy. Previous research
(Cassetta et al., 2021; Novikov et al., 2005; Novikov and Sokolov, 2004; Sokolov et al.,
2007) has established linear relationships between K/G and melt fragility across a wide range

of compositions. Building on this, we employed Brillouin spectroscopy to determine the K/G
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values of our hydrous glasses using Eq. 6. Our calculated K/G results are summarized in
Tables 1 and 2 and illustrated in Fig. 6.

We observe a linear increase in K/G data with increasing water content for both AND100
and ANDO compositions (Fig. 6). Specifically, for AND100, K/G increases from 1.59 + 0.02 to
1.64 £ 0.02 as total water content increases from 1.59 to 5.15 wt% (Table 1). A similar trend is
observed for ANDO, where K/G increases from 1.49 + 0.02 to 1.56 + 0.02 as water content
increases from 0.59 to 5.56 wt% (Table 2). By incorporating anhydrous K/G data of AND100 and
ANDO from Valdivia et al. (2025) (Table 4), we derived two linear equations describing K/G as a

function of composition and water concentrations (Fig. 6).

T T T
1.75 F AND100 ANDO -
Intercept 1.572 £0.003 || Intercept 1,485+ 0.004
Slope 0.013 =0.001 |[Slope 0.013 £ 0.001
1.70 F Pearson's r 0.992 Pearson's r 0.972 -
1.65 + -

R Y SR St ;

S 160 % ________ % .
1.55 F % -
1.50 B ANDI00 |

ANDO
----- Linear fit forAND100
Linear fit forANDO
145 - ® ANDGS
] ] ] ] ] ]
0 1 2 3 4 5 6

H,0O (wt%)

Figure 6. K/G and melt fragility as a function of water content for AND100 and ANDO samples.
The dashed lines correspond to the linear regression of the AND100 and ANDO data. Fit values
are shown in the figure.
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While the model proposed by Cassetta et al. (2021) represents an important step forward
in understanding how melt fragility varies with chemical composition and water content,
effectively describing general trends of increasing or decreasing fragility, it still requires
refinement when applied to a broader range of compositions. Recent studies on melts prone to
nanocrystallization, such as andesitic, basaltic, and tephri-phonolitic compositions (Fanesi et al.,
2025; Valdivia et al., 2025, 2023), have demonstrated that the Cassetta et al. (2021) relationships
between K/G and m do not accurately predict fragility values across these complex systems.

Building on this foundation, and using new, well-characterized datasets from this study,
we propose two revised empirical equations that correlate the melt fragility index (m) with sound
velocity data obtained from Brillouin spectroscopy. These updated relationships are specifically
tailored for compositions ranging from andesites to basalts: one equation applies to transition
metal-bearing melts, while the other addresses transition metal-free systems. This distinction
explicitly accounts for the influence of transition metals on the silicate network structure and their
impact on melt fragility (Malfait and Sanchez-Valle, 2013). We selected representative end
members within each compositional range. For the iron-bearing system, we chose an anhydrous
andesite (AND100) from Valdivia et al. (2024) and an anhydrous basalt (i.e., Stromboli melt) from
Valdivia et al. (2023). These compositions span K/G values from 1.58 +£0.02 to 1.73 + 0.02 (Table
4), encompassing the K/G range observed in our hydrous AND100 samples. Importantly, both
studies carefully assessed and excluded the influence of nanolite formation, ensuring that the
derived fragility (m) values are reliable for this analysis.

For the transition metal-free system, we relied on the anhydrous ANDO data reported by

Valdivia et al. (2024), which has a K/G = 1.48 + 0.02. To further extend coverage across the
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compositional range of transition metal-free melts, we additionally investigated an anhydrous,
iron-free basaltic composition (BASO; Tab. 4).

To fully constrain the melt fragility index for BASO, viscosity was measured over a wide
temperature range using a combination of C-DSC, F-DSC, MP, and CC viscometry. The resulting
viscosity data (Tab. 3; Fig. 7), were fitted with the MYEGA equation (Eq. 6), yielding a fragility

index of m =35.9 = 0.3 (Table 4; Fig. 7).

Table 4. Chemical compositions, Brillouin results and MYEGA
parameters of anhydrous basalts and andesites.

BAS0* BAS100° ANDO® AND100¢

Si0; 55.98 (0.65) 49.74 (0.77) 65.91 (0.34) 60.38 (0.36)
TiO, 0.02 (0.02) 0.9 (0.08) 0.04 (0.03) 0.79 (0.04)
ALO; 20.96 (0.29) 17.46 (0.04) 18.01 (0.11) 16.69 (0.18)
FeOy 0.03 (0.02) 7.58 (0.05) 0.04 (0.03) 6.77 (0.12)
MnO 0.01 (0.01) 0.14(0.1) 0.01 (0.01) 0.17 (0.03)
MgO 3.1 (0.10) 6.06 (0.14) 3.21 (0.06) 3.00 (0.07)
Ca0 11.61 (0.28) 11.22 (0.10) 7.26 (0.11) 6.62 (0.09)
Na,O 4.99 (0.13) 2.58 (0.24) 3.82(0.14) 3.50 (0.15)
K,0 1.83(0.13) 2.04 (0.07) 1.75 (0.06) 1.58 (0.07)
P,05 0.54 (0.09) 0.53 (0.03) 0.04 (0.03) 0.18 (0.05)
K/G 1.58 (0.02) 1.73 (0.02) 1.48 (0.02) 1.57 (0.02)
T,f (°C) 713 (1.4) 666.9 (0.8) 737 (1) 654 (1)

' 35.9(0.3) 40.7(0.7) 31.8(0.2) 30.5 (1)

*This work

Valdivia et al. (2023).

“Valdivia et al. (2025).

4Values derived using Brillouin spectroscopy.
°DSC-derived values.

fFitted fragility using the Mauro—Yue—Elli- son-Gupta—Allan (MYEGA) parametrization.
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Our measurements show that the viscosity of BASO is 1-1.5 logio unites higher
than BAS100, consistent with previous observations (Caceres et al., 2024; Valdivia et al.,
2025) indicating that the melt viscosity of silicates increases with the extraction of transition
metal content. Brillouin spectroscopy provided K/G ratio for BASO of K/G = 1.58 + 0.02,
effectively bridging the range of K/G values obtained for the hydrous ANDO compositions (K/G
=149 — 1.56 = 0.02). Altogether, the selected endmembers ensure a continuous and
well-characterized reference framework across both transition metal-bearing and transition
metal-free systems.

Although the transition metal—free compositions (BASO and ANDO) are not representative
of natural terrestrial magmas, they were deliberately selected to isolate the effect of transition
metals on melt viscosity and fragility. Despite exhibiting similar K/G ratios, BASO and AND100
display markedly different melt fragility values derived from viscosity data (Table 4; Fig. 8). This
discrepancy indicates that melt fragility does not depend solely on the K/G ratio but is instead
strongly influenced by compositional factors. In particular, variations in transition metal content,
which affect the degree of polymerization and the nature of network-modifying cations, appear to
exert a key control on melt relaxation behavior. The higher fragility observed in BASO compared
to ANDI00 suggests that the relationship between K/G and melt fragility is composition-
dependent, with transition metal content serving as a primary controlling factor. These results
align with the linear trends reported by Cassetta et al. (2021) but also highlight the need for
further investigation across a broader compositional range to refine the link between structural

parameters and melt fragility.
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To account for this compositional effect, we used the melt fragility derived from viscosity
measurements via the MYEGA Eq. 6 for four anhydrous endmember compositions (ANDO,
AND100, BASO, and BAS100) to establish two distinct empirical relationships. These linear

relationships relate melt fragility to K/G and are specific to transition metals-free (Eq. 11) and

transition metals-bearing systems (Eq. 12), respectively, as illustrated in Fig. 8:

K
Munetat-free = 41.66 - = = 29.8 (11)
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K
Munetal-bearing = 60.82 - G 64.99 (12)

Using Eq. 11 and Eq. 12, we calculated the melt fragility (m) for the hydrous AND100 and ANDO
samples. The results are summarized in Tables 1 and 2 and illustrated in Fig. 9. A linear regression
applied to these data reveals a clear and positive correlation between melt fragility and water
content for both compositional series.

Importantly, our melt fragility estimates diverge significantly from those predicted by the
Giordano et al. (2008) model, which predicts a dramatic decrease in melt fragility with increasing
water content (Fig. 9). This discrepancy is consistent with observations from previous studies
(Fanesi et al., 2025; Valdivia et al., 2023), which highlight that nanocrystallization, often
unavoidable during viscosity measurements of hydrous samples, can lead to anomalously high
viscosity. As a result, the derived melt fragilities may deviate from the true behavior of fully
amorphous, crystal-free melts. Finally, by integrating the water dependence on 7 and m and
applying the MYEGA parametrization (Eq. 6), we present two viscosity models for these
compositions (Fig. 10).

Our two models were validated using viscosity data derived from C-DSC and F-DSC,
which were not used to train the models except for 7, values. Fig. 11 compares our viscosity
measurements (Table 3) with model predictions for the AND100 and ANDO composition (Fig.
10). We find that hydrous viscosity data from melts that did not experience significant
nanocrystallization or water exsolution closely match the model predictions. The strong predictive
performance of our models highlights the importance of incorporating both the water dependence
of Ty and m into the MYEGA parametrization. This approach provides an accurate and reliable

description of viscosity across a wide range of water contents.
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Fig. 9. Melt fragility (m), derived from K/G ratios, plotted as a function of water content (wt%) for
hydrous andesite melts. Fragility values were calculated using the empirical relationship from Eq.
11 and 12 (Fig. 8). Black and blue dashed lines represent the linear regressions of the AND100
and ANDO data sets, respectively. Grey lines indicate the predicted fragility trends from the
Giordano et al. (2008) model for the both compositions.
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A general viscosity model for andesitic melts
To develop a general viscosity model for andesitic compositions, we parametrized 7 as a
function of water and transition metals concentration. This relationship follows a parabolic

relationship between the two compositional endmembers, as shown in Fig. 12 and expressed in

Eq. 13
T,(ANDO, H,0) — (Tg(AND100, H20)) (r—50)2
T,(ANDX, H,0) = T,(ANDO, H,0) — 5000 ¢ X2 — A(H,0) o e 1200 (13)
where
A(H,0) = 5.4 — 0.82 « H,0 (14)

Here, X represents the relative proportion of the AND100 endmember in a binary AND100-
ANDO system, with H>O expressed in wt%. For example, a composition labeled ANDG65
corresponds to a mixture of 65% AND100 and 35% ANDO.

By assuming an ideal mixing behavior of melt fragility relative to its two end members
(Valdivia et al., 2025), and using the 7, parametrization from Eq. 13 and 14, we constructed a
general viscosity model based on the MYEGA parametrization (Eq. 7) that accounts for variations
in water content, temperature, and transition metal concentration. A viscosity calculator
implementing this model is provided as Supplementary Material.

To validate our viscosity model, we synthesized an AND65 glass with 4.2 wt% H»O,
referred to as AND65 4.2. EMPA results (Table 1) indicate that AND65 4.2 composition is in
good agreement with the theoretical composition expected from ideal mixing in this binary system.
Additionally, we performed Brillouin, C-DSC, and F-DSC measurements following the same

methodology used for hydrous AND100 samples.
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Fig. 12. Parametrization of 7, as a function of AND100 content in the ANDO-AND100 binary
compositional system. The black line represents the polynomial fit used in Valdivia et al. (2024),
while the green line shows the parabolic fit proposed in this study.

Brillouin results show that the K/G ratio of AND65 4.2 follows a linear mixing trend
between hydrous AND100 and ANDO compositions (Fig. 6), consistent with findings reported by
Valdivia et al. (2024) for the anhydrous endmembers. Furthermore, C-DSC measurements yielded
a Ty value 0of 410 = 1 °C, in excellence agreement with the predicted 7 of 408.6 °C by our model.

Notably, at the measured F-DSCio00 on temperature (505 °C, Table 3), our viscosity model
predicts a viscosity of 10%%* Pa s, which is in excellent agreement with the F-DSC-derived value
of 1032 Pa s obtained using the shift factor approach. A minor discrepancy is observed at the C-
DSCio pk temperature (448 °C, Table 3), where our model predicts a viscosity of 10'%3 Pa s in
contrast to the expected 10'%%% Pa s from the shift factor approach. Overall, the results from sample
ANDG65 4.2 confirm the applicability of our general model for compositions between AND100
and ANDO across water contents typical of natural andesitic volcanoes (Takeuchi, 2011; Wallace,
2005).

Applying our model to the pre-eruptive conditions of Sakurajima volcano (7= 1030°C and

H,0 = 3.00) (Yamanoi et al., 2008), we obtained a pre-eruptive viscosity of 10'7* Pa s. This value
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is approximately 48 times lower than the prediction reported by Takeuchi (2011) (Table 5), which
is based on the Giordano et al (2008) viscosity model. This discrepancy aligns with previous
studies (Fanesi et al., 2025; Giuliani et al., 2024; Valdivia et al., 2025, 2023), which highlight
that the Giordano et al. (2008) model systematically predicts an increase in melt fragility
with increasing water content, contrary to our findings, and those of recent works, which
show that water actually decreases melt fragility, especially in compositions prone to
nanocrystallization.

Using our general model, we estimated pre-eruptive viscosities for several explosive
andesitic volcanic centers using compositions from Takeuchi (2011) (Table 3). We selected the
best anhydrous analogs within our binary system (AND100-ANDO) by matching the degree of
polymerization (NBO/T), using the spreadsheet provided by Prata et al. (2019).

Within our compositional range, we successfully approximated the compositions of the
andesitic magmas from Mt. Pinatubo, Mt. Rainer, and the trachyandesite from Cerro Hudson,
assigning them compositions of AND40, AND40, and ANDA45, respectively. Incorporating the
pre-eruptive temperature and water content (Table 5), we calculated pre-eruptive melt viscosities
of 10%2, 109, and 10>!! Pa s, respectively. These viscosity estimations are approximately 380,
100 and 4 times lower than previous viscosity predictions (Table 5).

Additionally, we extended our model to slightly less evolved andesitic compositions by
ensuring that Gram Formula Weight (GFW) remained within the compositional range of
our studied range (Giordano et al., 2008). We matched the compositions of Agnung,
Hokaido Komagatake, and Aniakchak volcanoes (Takeuchi, 2011, and references therein),
assigning compositions of AND110, AND120 and AND125, respectively. Using their reported
pre-eruptive conditions (Table 5), we obtained viscosities of 10*, 103, and 10'4¢ Pa s,
respectively, which are approximately 9, 56 and 14 times lower than previous estimates,

respectively (Table 5).
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While our model is constrained by the compositional range between AND100-ANDO, the
results strongly suggest that previous viscosity models have systematically overestimated the melt
viscosity of natural magmas prone to nanocrystallization, particularly in explosive volcanic
systems like Sakurajima, Mt. Pinatubo, Mt. Rainer and Cerro Hudson. For Agnung, Hokaido
Komagatake and Aniakchak, further experimental validation is required to confirm these findings.

Overall, our model can be extended to other volcanic centers to enhance the estimation of
melt viscosity for numerical modeling of volcanic processes involving andesitic magmas.
Andesitic compositions are particularly widespread in active volcanic systems worldwide, making
accurate viscosity predictions critical for hazard assessment. Given that our results show 1-2 orders
of magnitude viscosity reductions compared to widely-used models, the implications extend
beyond individual volcanic systems to the fundamental understanding of explosive volcanism
globally. In particular, they provide new insights into caldera-forming and highly explosive
systems, as illustrated by the andesitic magmas investigated in this study, including those from
Pinatubo, Mount Rainier, Cerro Hudson, Agung, Hokkaido Komagatake, and Aniakchak, and
Sakurajima. By correcting systematic viscosity overestimations that have persisted for over a
decade, our framework can now be implemented in volcanic conduit modeling. Ultimately, by
refining viscosity estimations, our model improves predictions of magma ascent rates, explosivity,

and lava flow behavior, providing a more accurate framework for volcanic hazard assessment.
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Table 5. Chemical compositions (in wt%), literature viscosity data, and viscosity calculations for different andesitic volcanoes.

Sakurajima Pinatl}b(; Rain'er . Cerro Huds.onb Agnung Hokaido . Aniakchak®
andesite® andesite Andesite® trachyandesite Komagatake

Si0, 60.41 64.8 64.7 62.80 59.10 579 58.6
TiO, 0.82 0.7 0 1.20 1.10 0.7 1.5
ALOs 17.41 16.3 16.2 16.10 16.70 18.2 16.1
FeO 7.31 6.0 5.0 4.70 8.70 8.5 8.1
MnO 0.15 0.1 0.1 0.20 0.20 0.2 0
MgO 2.81 13 1.9 1.50 3.30 3.1 2.8
CaO 6.89 4.4 4.4 3.20 6.40 7.7 6.1
Na,O 3.38 4.7 4.5 6.70 1.60 32 45
K,O 1.52 2.1 2.2 2.60 1.90 0.5 1.6
P,05 0.18 0 0 0.00 0.40 0 0
NBO/T¢ 0.33 0.22 0.22 0.23 0.35 0.37 0.38
ANDy AND100 ANDA40 ANDA40 ANDA45 AND110 ANDI120 AND125
NBO/T anpx© 0.33 0.22 0.22 0.23 0.35 0.37 0.38
H:Omen 3.00 6.30 3.00 2.00 3.00 3.00 3.50
T(°C) 1030 760 930 972 1070 1040 1000
GRDgs (log Pa s)® 3.40 5.20 4.70 3.70 2.40 3.30 2.60
This work melt viscosity (log Pa s) 1.74 2.61 2.66 3.07 1.45 1.55 1.45

*from Yamanoi et al. (2008).
bfrom Takeuchi (2011).
“NBO/T calculated after Prata et al. (2019).
Conclusions
Our findings demonstrate that transition metal-bearing andesitic melts are highly
susceptible to nanostructuration, nanocrystallization, and water loss above the glass transition
temperature (7), processes that significantly compromise the accuracy of viscosity measurements.
This experimental bias has propagated through decades of melt viscosity research, skewing our
understanding of magma rheology. In particular, the bias affects the derivation of key physical
properties, including the glass transition temperature and melt fragility; these properties are critical
for interpreting the rheological behavior of volcanic melts.
We show that the relationship between K/G of the parental glass and melt fragility is

composition-dependent, particularly influenced by the transition metal content. Building on this,
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we present two empirical relationships linking the melt fragility to K/G for both transition metal-
free and metal-bearing melts.

Leveraging these insights, we present a new viscosity model for andesitic melts that
accounts for water content, temperature, and transition metal content. Application of this model to
pre-eruptive conditions of Sakurajima volcano reveals that previous viscosity estimates were
overestimated by a factor of more than 45 times. When extended to other andesitic volcanic
systems worldwide, we observe systematic overestimations ranging from 3 to 380 times.

Our results represent a shift in magma rheology modelling, revealing that widely used
viscosity models have systematically overestimated melt viscosity for over decades. Furthermore,
by refining viscosity calculations, our model improves predictions of magma ascent rates, eruptive
explosivity, and lava flow dynamics, thereby enhancing the reliability of conduit flow models and
volcanic hazard assessments in andesitic settings and providing a more accurate foundation for

understanding explosive volcanism.
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