Violence and volume:
an experimental study of CO> driven eruptions of

Colli Albani

Dissertation
zur Erlangung des mathematisch-naturwissenschaftlichen Doktorgrades
,,Doctor rerum naturalium*

der Georg-August-Universitat Gottingen

im Promotionsprogramm Geowissenschaften

der Georg-August University School of Science (GAUSS)

vorgelegt von

Christin Kleest

aus Schwedt (Oder), Deutschland

Gottingen, 2021



Betreuungsausschuss

Prof. Dr. Sharon Webb

Dr. Sara Fanara

Dr. Kirsten Techmer

Mitglieder der Prifungskommission

Referentin:
Prof. Dr. Sharon Webb

Korreferent:
Prof. Dr. Max Wilke

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gottingen
Georg-August-Universitat Gottingen

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gottingen
Georg-August-Universitat Gottingen

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gottingen
Georg-August-Universitat Gottingen

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gottingen
Georg-August-Universitat Gottingen

Institut fiir Geowissenschaften
AG Mineralogie, Universitat Potsdam

Weitere Mitglieder der Priifungskommission:

Prof. Dr. rer. nat. Francois Holtz

apl. Prof. Dr. Harald Behrens

Dr. Burkhard Schmidt

Dr. Kirsten Techmer

Tag der mindlichen Priifung: 04.02.2022

Institut fir Mineralogie
AG Petrologie, Leibniz Universitat Hannover

Institut fir Mineralogie
AG Petrologie, Leibniz Universitat Hannover

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gottingen
Georg-August-Universitat Gottingen

Abteilung Mineralogie
Geowissenschaftliches Zentrum Gattingen
Georg-August-Universitat Gottingen









Abstract

This thesis presents the first rheological investigations of melts from the Colli Albani VVolcanic
District (CAVD) near Rome (Italy). Despite their silica-poor (< 45 wt%) and ultrapotassic
composition — indicating a low viscosity melt —, the volcanic events unexpectedly showed
mainly an explosive eruptive style emitting large volumes of pyroclastic material. Such
eruptions usually occur in highly viscous melts.

The magma chamber of the CAVD is seated in a thick carbonate sequence getting assimilated
by the melt and suppling the magma with CaO and a CO-rich fluid.

Viscosity and calorimetric measurements are performed with synthetic melts with the
compositions of the two largest eruptions of the CAVD: the Pozzolane Rosse (PR) and the
Pozzolane Nere (PN) event. To study the rheologic PR melt evolution during magma storage
and ascent, 7 wt% CaO were subtracted from the erupted PR composition (PR-CaO)
representing the melt before the contamination by the carbonate wall rock. Since the pyroclastic
products of the PR event contain mainly leucite crystals, 4 mol% KAISi>Oe are removed from
the PR composition to investigate the viscosity of the residual melt (PR-Leu). The compositions
of the melts range from foiditic (PR and PR-CaO) to tephritic (PR-Leu) to tephri-phonolitic
(PN) up to a further phonolitic melt with the composition from the “white pumice” of the AD
79 Vesuvius eruption (WPVe).

Three series of measurements are done: to get an overview to the rheological features in general,
investigated glasses are synthesised in air and investigated. Since the CAVD melts are Fe-rich,
further melts are made with the half amount (PR-0.5Fe, PR-Leu-0.5Fe and PN-0.5Fe) and with
30 wt% (PR-0.7Fe) of the original Fe content and Fe-free (PR-Fe and PN-Fe) to avoid
crystallisation effects during measurements. Fe?* was replaced by Mg?* and Fe®* was replaced
by AP,

To address the enrichment of the melts with a CO.-rich fluid, the rheology of PR-0.5Fe and
PR-Leu-0.5Fe, PN-0.5Fe as well as the WPVe melts made in an internally heated pressure
vessel are investigated as a function of CO2 concentrations up to ~0.50 wt% CO>. A third series
of viscosity measurements is done with two different Fe ratios in the melts affecting their
viscosities. The PR-0.5Fe, PR-Leu-0.5Fe, PN-0.5Fe and the WPVe melts are re-equilibrated in
a gas mixing furnace with H2/CO; controlling the oxygen fugacities of 104% and 107 bar
and hence the Fe speciation. Viscosity and calorimetric measurements were done in the glass
transition range T4 from 600 - 820 °C and viscosities range from ~108° to ~10%3° Pa's. The

measurements indicate a viscosity decrease during PR melt evolution: the contamination of the



carbonate host rock lowers the PR melt viscosity due to an enrichment in CaO. The viscosity
of the residual melt PR-Leu decreases as a consequence of the depletion in SiO2 and Al2O3
caused by leucite crystallisation. An enrichment of CO; affects the viscosities and calorimetric
Tg slightly to negligibly. However, disintegrating and foaming of the samples during
measurements before reaching Tq partly prevent reliable statements for PR-0.5Fe and PN-
0.5Fe. In contrast, a CO2 content of ~0.07 wt% and ~0.50 wt% decreases Tq4*2 by 14 °C and 5°C
for the WPVe and PR-Leu-0.5Fe melt, respectively.

An increase of Fe?*/Feit from ~0.42 to ~0.76 for the CAVD melts results in a decrease in T4
from ~5 °C, ~30 °C and up to ~50 °C for PR-Leu-0.5Fe, PR-0.5Fe and PN-0.5Fe, respectively,
with the highest drop in T4? for the most polymerised melt.

Although all melts investigated in the presented thesis are nominally anhydrous (< 0.5 wt%
H>0), they contain up to 0.23 wt% H>O. It is shown that these small amounts of H>O have a
stronger decreasing effect on the viscosities than an increase in CO2 or Fe?*/Fe investigated
in this study.

Regarding the PR eruption, it is assumed to have a low viscosity residual liquid melt after the
crystallisation of up to 60 vol% leucite. The entry of the CO2-rich fluid exceeds the CO;
solubility of the melt resulting in bubble formation and buoyancy of the resulting magma. Both
processes — the former one leads to a dramatic increase of the magma viscosity and the latter
one builds up pressure within the magma — are consequently assumed to feed the explosivity

of the PR eruption and the high volume of erupted material.



Zusammenfassung

Diese Arbeit préasentiert die ersten rheologischen Untersuchungen von Schmelzen aus dem
Vulkangebiet Albaner Berge (CAVD) nahe Rom (lItalien). Trotz ihrer SiOz-armen (< 45 Gew.-
%) und hoch K-haltigen Zusammensetzung — was auf eine Schmelze mit niedriger Viskositét
hindeutet — zeigten die Vulkanausbriiche unerwarteterweise hauptsachlich einen explosiven
Eruptionsstil, der groBe Mengen an pyroklastischem Material forderte. Solche Eruptionen
treten Ublicherweise in hochviskosen Schmelzen auf.

Die Magmakammer des CAVD befindet sich in einer dicken Karbonatsequenz, die von der
Schmelze assimiliert wird und das Magma an CaO und einem CO2-reichen Fluid
anreichert. Viskositats- und Kalorimetriemessungen werden an synthetischen Schmelzen mit
den Zusammensetzungen der beiden gréfiten Eruptionen des CAVD durchgefuhrt: dem
Pozzolane Rosse (PR) und dem Pozzolane Nere (PN) Ausbruch. Um die rheologische
Entwicklung der PR-Schmelze wéhrend Magmenspeicherung und -aufstieg zu untersuchen,
wurden 7 Gew.-% CaO von der eruptierten PR-Zusammensetzung (PR-CaO) abgezogen, die
die Schmelze vor der Kontamination durch das Karbonatgestein reprasentiert. Da die
pyroklastischen Produkte des PR-Ausbruchs hauptséchlich Leuzitkristalle enthalten, werden 4
Mol-% KAISi2Os von der PR-Zusammensetzung abgezogen, um die Viskositat der
Restschmelze (PR-Leu) zu untersuchen. Die Zusammensetzungen der Schmelzen reichen von
foiditisch (PR und PR-CaO) uber tephritisch (PR-Leu) und tephri-phonolithisch (PN) hin zu
einer weiteren phonolitischen Schmelze mit der Zusammensetzung des ,,weilen Bimsgesteins
vom Ausbruch des Vesuvs 79 n. Chr. (WPVe).

Drei Messreihen werden durchgefiihrt: um einen Uberblick iber die rheologischen
Eigenschaften im Allgemeinen zu bekommen, werden die untersuchten Glaser in Luft
synthetisiert und gemessen. Da die CAVD-Schmelzen Fe-reich sind, werden zusétzliche
Schmelzen mit der halben Konzentration (PR-0.5Fe, PR-Leu-0.5Fe und PN-0.5F¢) und mit 30
Gew.-% (PR-0.7Fe) des originalen Fe-Gehalts und Fe-frei (PR-Fe und PN-Fe) hergestellt, um
Kristallisationseffekte wahrend der Messungen zu vermeiden. Fe?* wurde durch Mg?* und Fe®*
wurde durch AP* ersetzt.

Um der Anreicherung der Schmelze mit einem COz-reichen Fluid gerecht zu werden, wird die
Rheologie von der PR-0.5Fe- und der PR-Leu-0.5Fe-, PN-0.5Fe- sowie der WPVe-Schmelze,
die in einem intern beheizten Druckgefal hergestellten werden, als Funktion von CO»-

Konzentrationen his zu ~050 Gew.-% CO; untersucht. Eine dritte Serie von



Viskositdtsmessungen wird mit zwei unterschiedlichen Fe-Verhéltnissen in den Schmelzen
durchgefihrt, die ihre Viskositaten beeinflussen. Die PR-0.5Fe-, PR-Leu-0.5Fe-, PN-0.5Fe-
und die WPVe-Schmelzen werden in einem Gasmischungsofen mit H./CO2, was die
Sauerstofffugazitaten von 104 and 107% bar und folglich die Fe-Spezies kontrolliert, re-
equilibriert. Viskositats- und Kalorimetriemessungen wurden im Glasubergangsbereich Ty von
600 - 820 °C und im Viskositatsbereich von ~108° to ~10'%° Pa s durchgefiihrt. Die Messungen
deuten auf eine Viskositatsabnahme wéhrend der Entwicklung der PR-Schmelze hin: die
Verunreinigung durch das karbonatische Umgebungsgesteins senkt die Viskositat der PR-
Schmelze aufgrund einer Anreicherung an CaO. Die Viskositét der Restschmelze PR-Leu sinkt
als Folge der Verarmung an SiO2 und AlOz durch Leuzitkristallisation. Eine Anreicherung an
CO2 beeinflusst die Viskositaten und die kalorimetrische T4 geringfugig bis vernachl&ssigbar.
Allerdings verhindert ein Zerspringen und Aufschdumen der Proben wéhrend der Messungen
noch vor Erreichen von Tq zum Teil zuverldssige Aussagen fur PR-0.5Fe und PN-0.5Fe. Im
Gegensatz dazu verringert ein CO,-Gehalt von ~0,07 Gew.-% und ~0,50 Gew.% Tg4*2 um 14
°C bzw. 5 °C fiir die WPVe- bzw. PR-Leu-0.5Fe-Schmelze.

Ein Anstieg von Fe?'/Few: von ~0,42 auf ~0,76 fir die CAVD-Schmelzen fiihrt zu einer
Abnahme von T4'2 von ~5 °C bzw. ~30 °C bzw. bis zu ~50 °C fiir PR-Leu-0.5Fe, PR-0.5Fe
bzw. PN-0,5Fe, wobei der hichste Abfall von T4 fiir die am starksten polymerisierte Schmelze
ermittelt wurde. Obwohl alle in der vorliegenden Arbeit untersuchten Schmelzen nominell
wasserfrei sind (< 0,5 Gew.-% H20), enthalten sie bis zu 0,23 Gew.-% H,O. Es wird gezeigt,
dass diese geringen H2O-Mengen einen stérkeren viskositatsreduzierenden Einfluss haben als
die in dieser Studie untersuchten Erhthungen von CO; oder Fe?*/Feot.

Hinsichtlich der PR-Eruption wird eine niedrigviskose Restschmelze nach der Kristallisation
von bis zu 60 Vol.-% Leuzit angenommen. Der Eintrag des CO»-reichen Fluids tibersteigt die
CO»-Loslichkeit der Schmelze, was zu Blasenbildung und Auftrieb des resultierenden Magmas
fiihrt. Somit wird angenommen, dass beide Prozesse — ersterer fiihrt zu einem dramatischen
Anstieg der Magmaviskositat und letzterer baut Druck innerhalb des Magmas auf — die
Explosivitdt der PR-Eruption und das hohe Volumen an Eruptionsmaterial speisen.
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1 Introduction

1 Introduction

Viscosity of silicate melts

Rheology concerns the flowing features of a material. The viscosity of a melt describes the
resistance of the material to flow. It strongly depends on temperature, melt composition
including volatile content and its crystal fraction and strain rate (i.e. Dingwell and Webb 1989;
Webb 1997; Takeuchi 2011).

Pressure slightly affects viscosity — both increasing and decreasing viscosity (Bottinga and
Richet 1995). This effect is, however, negligible in comparison with the drastic temperature
and compositional induced viscosity changes (i.e. Vetere et al. 2010; Misiti et al 2011,
Whittington et al. 2000).

Temperature dependence of viscosity

The structure of a silicate melt seeks an equilibrium to the conditions to which the melt is
exposed and attempts to re-equilibrate as soon as the environmental conditions change. The
timescale of the re-equilibration of the structure depends on temperature T and the melt
viscosity 1 at the given temperature. The relaxation time t and the viscosity 1 are linked by the

Maxwell relation:
o) =1 (1)

with 7 — temperature dependent relaxation time in s, # — temperature dependent viscosity in Pa
s and G — elastic shear modulus found to be 10 + 0.5 GPa (Dingwell and Webb 1989). With
increasing temperature, the relaxation time decreases resulting in a reduction in viscosity (i.e.
Richet 1984; Dingwell and Webb 1989; Webb 1997). Over a relatively short temperature range
— i.e. in the glass transition range T4 at which a melt changes its rheological properties from a
liquid to a glass-like behaviour as a function of time and vice versa —, the temperature

dependence of viscosity can be expressed by the Arrhenian equation:

T)(T) = Aprr eXp(}f_{;) (2)



1 Introduction

with n — temperature dependent viscosity in Pa s, Aar — pre-exponential constant, Ea —
activation energy in J mol?, R — gas constant, T — temperature in Kelvin (i.e. Bockris et al.
1955; Shaw 1972; Urbain et al. 1982). Over a wide temperature range (> 1000 K), the logarithm
of viscosity (logio 1) vs inverse temperature does not follow a straight line as given by the

Arrhenian equation (Eq. 2). Therefore, the Vogel-Fulcher-Tammann equation:

logyon = Aypr + XL (3)

T-Cyfpr

with » — temperature dependent viscosity in Pa s, Avrr — constant, Bver and Cvrr — parameters,
T — temperature in Kelvin (i.e. Bockris et al. 1955; Shaw 1972; Urbain et al. 1982) can be used
to describe the logio 1 data as a function of inverse temperature.

For a robust extrapolation of high viscosity data (i.e. in the Tq4 range) to higher temperatures,

the Adam-Gibbs theory is used based on the equation:

Be

n(T) = Age eXP(T Sconf) 4)

with # — temperature dependent viscosity in Pa s, Aac — pre-exponential constant representing
the viscosity at infinite temperature, Be — parameter, T — temperature in Kelvin, S®" —
temperature dependent configurational entropy in J mol™ K defined by:

conf

T C
Seon(T) = SO (T4?) + Jry2 =T (5)
with Cp°°" — configurational heat capacity in J mol* K given as:

ngonf = Cp1 = Cpyg (6)
with Cpi — heat capacity of the liquid in J mol™t K™ and Cpg — heat capacity of the glass in J mol
1K1 (i.e. Adam and Gibbs 1965; Richet 1984; Webb 2008). S is assumed to be constant at
temperatures below Tq'2. The heat capacities are determined by the differential scanning
calorimetry (DSC) (Fig. 1) and Beas well as S are fitted by combining the viscosity and the
calorimetric data.

A further feature that can be determined by the DSC measurements is the limiting fictive

temperature T+ defined as the temperature at which the melt structure reaches equilibrium with

2
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the ambient temperature for the last time during cooling. Hence, the melt structure gets frozen
at T+ and depends on the cooling rate of the glass (i.e. Scherer 1984; Moynihan 1995; Webb
1997).

Narayanaswamy (1971) and Moynihan et al. (1976) used the relationship between the
temperature dependent heat capacity Cp and the temperature dependent fictive temperature Tt
to calculate the limiting fictive temperature T¢ from the heat capacity curve with matching

cooling- and heating-rates (DeBolt et al. 1976):

arg| [Cp(T)=Cpg (DI,
ar It h [Cpl(T)_Cpg(T)]le (7)
= [ [6 (1) = Cog(D]dT = [ [Cou(T) = Cpg (D] dT; ®)

with Tt — fictive temperature, T — temperature in Kelvin, Cp — heat capacity as a function of
temperature, Cpg — unrelaxed glassy heat capacity as a function of temperature, Cp — relaxed
liquid heat capacity as a function of temperature, T+ — limiting fictive temperature, T" — a
temperature above the glass transition region at which the heat capacity is equal to the
equilibrium heat capacity, T'— a temperature below the glass transition region at which the heat
capacity is that of the unrelaxed glass. Equation 8 is shown graphically in Fig. 1. The unrelaxed
glassy heat capacity Cyq is extrapolated to higher temperature using the Maier-Kelley equation:

Cpg(T) = a+ bT + T2 9)

with a, b and ¢ as parameters, T — temperature in Kelvin (Maier and Kelley 1932).
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Fig. 1 Heat capacity curve vs temperature from a DSC measurement. C,°°" is the difference of the liquid heat
capacity Cy and the extrapolated glassy heat capacity Cyg (presented as the dotted line). The left-hand side of Eq.
8 is illustrated by vertical stripes and the right-hand side of Eq. 8 is illustrated by horizontal stripes. The left-hand
side is equal to the right-hand side at the marked temperature Ts".

The temperature dependence of the viscosity of silicate melts is more pronounced in the low
temperature — high viscosity range by varying orders of magnitude than in the high temperature
— low viscosity range where the viscosities converge (i.e. Richet 1984; Whittington et al. 2000,
2001).

The curvature of logio 1 vs inverse temperature (Eq. 3 and 4) over a wide temperature range is
strongly affected by the composition: the higher the SiO2 content of a melt the lower the
deviation from the Arrhenian behaviour (i.e. Urbain et al. 1982; Richet 1984; Whittington et al.
2000).

All geological relevant processes concerning volcanic eruptions pass through the T4 range
which occur in the vicinity of 10'? Pa s for magmatic flow processes (i.e. Dingwell and Webb
1989; Webb 1997; Vona et al. 2011). The micropenetration technique is a suitable method to
determine the viscosity of a melt in the T4 range. For the determination of the viscosity at a
given temperature, this method uses the penetration depth of a single sphere forced into the
double polished and face parallel sample (Fig. 2 and 3) by the equation:
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0.1875 Ft
= r0.5]1.5 (10)

with n —viscosity in Pa s, F — applied force in N, t — time in s, r — radius of the penetrating
sphere in m, | —distance of indent in m (Pocklington 1940; Tobolsky and Taylor 1963; Dingwell
etal. 1992).

Fig. 2 Initial setting in the sample holder with the sphere on the cylindrical sample.
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Fig. 3 Example of a penetration curve of the sphere into the sample with time at a given temperature. Data with

time scales less than 100 t are not considered for the determination of viscosity.
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Compositional dependence of viscosity

In silicate melts, the network forming cation Si#* is surrounded by four oxygen atoms to create
SiO** tetrahedra. The SiO** tetrahedra - the fundamental component in silicate melts - are
connected by their oxygen atoms! and build a three-dimensional network. The Si-O bonds are
the strongest bonds within a multi component melt structure and hence their response upon
heating to increasing temperature is slowest and a higher activation energy is required to break
down these bonds to initiate viscous flow (i.e. Briickner 1970; Mysen et al. 1982; Webb 1997;
Toplis 1998). Thus, there is a positive correlation between high polymerised SiO2-rich melts
and its viscosity (i.e. Bockris et al. 1955; Briickner 1970; Shaw 1972; Urbain et al. 1982; Richet
1984; Toplis et al. 1997; Takeuchi 2011). Tetrahedrally coordinated Si** can be replaced by
AlI®* leaving a negative charge (i.e. Zachariasen 1932; Mysen et al. 1982; Webb et al. 2007).
To compensate this charge deficit, insignificant amounts of AI** turn in a higher coordination
(i.e. Webb et al. 2007; Liu et al. 2016; Novikov et al. 2017) or, however, most of the
tetrahedrally coordinated and hence network forming AI** get charge balanced by mono- or
bivalent cations such as K*, Na*, Ca%*, Mg?* (i.e. Mysen et al. 1982; Toplis et al. 1997; Webb
2007). In peraluminous? melts in which no more charge balancing cations are available, charge
balanced tri-clusters form consisting of one Al-tetrahedron and two Si-tetrahedra bonded by
one common oxygen atom (i.e. Toplis et al. 1997; Webb 2004; Webb 2005). Consequently,
peraluminous melts are highly polymerised resulting in high viscosities. As soon as a melt
composition gets metaluminous® to peralkaline®, the mono- and bivalent cations that are not
required to balance the charge deficit — induced by AI** or other trivalent cations — behave as
network modifiers by breaking down the BOs of the tetrahedra to form non-bridging oxygens®
resulting in a depolymerisation of the melt structure and consequently lowering the melt
viscosity (i.e. Mysen et al. 19982; Toplis et al. 1997; Webb 2004). Generally, the more network
modifiers in a silicate melt exist, the higher the degree of depolymerisation and hence, the lower
the viscosity. This effect is non-linear whereby the viscosity of a more polymerised melt is
greatly reduced by a further addition of network modifiers than that of a more depolymerised
melt (i.e. Webb 2004). Not only the amount of network modifiers has to be considered but also
the nature of the network modifying cation is important. Looking only at the alkali and alkaline-

earth species, the viscosity is reduced — accompanied with a lower activation energy for viscous

1 an oxygen bonded to two network forming cations connecting two tetrahedra is called bridging oxygen (BO)
2 peraluminous = Al,O3 > CaO + NazO + K0 (in mole fraction) (Petro et al. 1979)

3 metaluminous = CaO + Na;O + K;0 > Al,03 > Na,O + KO (in mole fraction) (Petro et al. 1979)

4 peralkaline = Al,O3 < Na;O + KO (in mole fraction) (Petro et al. 1979)

5 a non-bridging oxygen is briefly denominated NBO
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flow — in order of most reducing effect to less reduced viscosity by Li — Na — K — Rb — Cs
(Bockris et al. 1955; Hess et al. 1995; Toplis 1998) and Ba — Sr — Ca — Mg — Be (Urbain
et al. 1982; Hess et al. 1996; Webb 2011), respectively.

Among multivalent components, Fe is the most abundant one in silicate melts. Corresponding
to terrestrial conditions of the crust and upper mantle, it can exist as ferrous Fe?* and ferric Fe3*.
Fe3* is mainly tetrahedrally coordinated when sufficient charge balancers exist but could also
be higher coordination (i.e. Kress and Carmichael 1991; Lange and Navrotsky 1992; Mysen
and Richet 2005; Wilke 2005; Borisov et al. 2017). The incorporation of Fe?* is often
octahedrally, however, it could additionally be less coordinated (i.e. Mysen and Richet 2005;
Wilke 2005; Stabile et al. 2016). Nevertheless, it is assumed that Fe** behaves as a network
former whereas Fe?* acts as a network modifier. Consequently, both cations affect the viscosity
oppositely: Fe*" increases the viscosity whereas Fe?* reduces the viscosity of a silicate melt
wherefore the Fe ratio is important to know (i.e. Urbain et al. 1982; Webb 2005; Di Genova et
al. 2017). The Fe ratio itself depends on melt composition, temperature, pressure and oxygen
fugacity fO». Increasing temperature and/or decreasing fO> — representing more reduced
conditions — increases the Fe?* species while simultaneously decreasing Fe3* in a melt resulting
in a drop in melt viscosity (i.e. Kress and Carmichael 1991; Dingwell 1991; Di Genova et al.
2017). In more polymerised melts, Fe?*/Fe®* is higher than in less polymerised melts due to the
charge balancing function of Fe?* (Borisov et al. 2015). As soon as all charge deficits — induced
by trivalent network formers — are compensated the residual Fe?* depolymerise the melt
structure by forming NBOs resulting in a decrease in viscosity (i.e. Dingwell and Virgo 1988;
Webb 2005). In more depolymerised melts in which network modifiers are abundant, the
network forming species Fe®" is favoured which is charge balanced by the mono- and/or
bivalent cations (Thornber et al. 1980; Borisov et al. 2015). The presence of H>O in a melt
additionally promotes the oxidised species Fe®* by its reduction to Hz which is, however,
restricted to reduced conditions at low pressure where Hy is able to migrate through and degas
out of the melt (Cottrell and Kelley 2011).

H20 and CO:2 dependence of viscosity

H20 is the most abundant volatile in silicate melts (i.e. Whittington et al. 2000; Bourgue and
Richet 2001; Robert et al. 2013). Depending on the total H,O concentration H.O™, it is
dissolved as molecular H,O™' or/and as the hydroxyl group OH". The latter one is the
predominant species with H0™ < 0.5 wt% but its predominance decreases with increasing

H2O™. OH" concentration levels off when H,O™ exceeds approx. 3-4 wt% and subsequently
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H.0™ is the dominant species (i.e. Stolper 1982; Silver et al. 1990; Ohlhorst et al. 2001). The
viscosity of a silicate melt is strongly affected by H,O since H.O™ dissociates by consuming
BOs under the formation of NBOs reducing the polymerisation of the structure (i.e. Mysen et
al. 1982; Stolper 1982 and references therein; Richet et al. 2000) or additionally by the
substitution of a charge balancing cation by H* weakening the strong BOs (i.e. Kohn et al.
1989). Both processes reduce the viscosity of a melt. The non-linear decreasing trend of the
viscosity follows the occurrence of OH™ in the melt: the viscosity drop is strongest within the
first amounts of H20™ up to 1 wt% — mainly existing as OH". By further addition of H,O its
speciation becomes successively more H,O™' and the viscosity continues to decrease more
slightly up to approx. 2 wt% H,O™" and flattens out at higher H.O™" contents (Stolper 1982;
Dingwell et al. 1996; Whittington et al. 2000, 2001). At a given H,O®, H,O™":OH" ratio
increases with increasing SiO> content of a melt (i.e. Silver et al. 1990; Ohlhorst et al. 2001).
However, H>O decreases the viscosity in a similar way as alkalis or even more effective (Hess
et al. 1995; Dingwell et al. 1996; Richet et al. 2000; Whittington et al. 2001). This drop in melt
viscosity provoked by H>O is more pronounced for more polymerised than for less polymerised
melts based on their anhydrous counterparts (i.e. Persikov 1991; Whittington et al. 2000; Robert
et al. 2013). Additionally, the viscosity reducing effect of H>O is stronger in the low-
temperature — high-viscosity range (i.e. Tg) than at higher temperatures (Whittington et al. 2000,
2001; Robert et al. 2013).

CO2% is the second most abundant volatile in magmatic systems after H.O (i.e. Blank and
Brooker 1994; Bourgue and Richet 2001; Morizet et al. 2007). It is mainly dissolved as
molecular CO.™ or as carbonate CO3s?> (Fine and Stolper 1986; Blank and Brooker 1994;
Guillot and Sator 2011). Under strongly reduced conditions, also CO and/or other carbon
species can be dissolved in melts holding a high CO> solubility (i.e. Blank and Brooker and
references therein; Ni and Keppler 2013). However, the CO:COx ratio is very small and these
small amounts of CO will be oxidised during magma ascent and are therefore irrelevant for
volcanic near-surface processes. The CO> speciation strongly depends on melt composition.
COs% is the product of the linkage of CO,™' with a reactive oxygen of the melt (Thibault and
Holloway 1994; Morizet et al. 2007; Guillot and Sator 2011). As there is a great affinity of CO>
to NBOs under formation of COs%, COs? is the only species in highly depolymerised, SiO»-
poor melts and its fraction decreases with increasing degree of polymerisation and SiO> content.
Simultaneously, CO,™ increases and is the dominant or even only species in highly
polymerised melts (i.e. Blank and Brooker 1994; Guillot and Sator 2011; Ni and Keppler 2013).

6 CO, means the total amount of carbon without considering any speciation
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The viscosity of silicate melts appears to be slightly reduced or even unaffected by the presence
of CO2 in a melt (i.e. Brearley and Montana 1989; White and Montana 1990; Bourgue and
Richet 2001; Di Genova et al. 2014; Kleest and Webb 2021). To the current state of science, a
detailed mechanism of the incorporation of CO: in the melt structure is not clearly identified.
Some studies suggest that CO.™ is bonded weakly to BOs whereas CO3? is integrated in the
melt network by chemical bonds and favours the environment of network modifying cations
especially Ca?* (i.e. Blank and Brooker 1994; Guillot and Sator 2011; Ni and Keppler 2013).
Other investigations propose a decoupled arrangement of CO2 or even a carbonate melt
subnetwork within the silicate melt — created by CO3? and mono- and/or bivalent cations of the
melt — whereat both networks are immiscible (i.e. Morizet et al. 2007; Morizet et al. 2017 and
references therein). Although the degree of polymerisation of the silicate melt network
increases with increasing CO> content due to the formation of the carbonate melt subnetwork,
the contrasting measured decrease of Tq is explained by the extremely low viscosity of the
carbonate melt subnetwork affecting the detected viscosity noticeably stronger than the increase

of viscosity due to the of higher degree of polymerisation of the silicate melt structure.

In general, compositional induced processes resulting in lowering the degree of polymerisation
of a melt accompanied by a decrease in viscosity are more distinct at lower temperatures (i.e.
at Tg) than in the high temperature — low viscosity range (i.e. Hess et al. 1995; Webb 1997,
Whittington et al. 2000) and are more pronounced for initially more polymerised melts (i.e.
Bockris et al. 1955; Webb 2005; Whittington et al. 2000; Kleest and Webb 2021).

Crystal dependence of viscosity

Solid particles in a melt significantly affect rheology. The viscosity of a crystal bearing melt
increases as a function of crystallinity as well as the size and shape (i.e. Vetere et al. 2010; Vona
et al. 2011) and the surface roughness of the crystals (i.e. Campagnola et al. 2016). Within the
first few vol% of crystals when the melt behaves like a dilute suspension without any particle
interaction, the viscosity increases slightly or even negligibly. At elevated crystal contents, the
grains get more and more connected with each other resulting in a non-linear increase of the
melt viscosity (i.e. Stevenson et al. 1996; Costa 2005; Vetere et al. 2010; Vona et al. 2011,
Campagnola et al. 2016). Additionally, the more elongated the particles in a melt the stronger
is the viscosity increase due to their higher interaction with respect to spherical grains of the
same volume (i.e. Stevenson et al. 1996; Vetere et al. 2010; Vona et al. 2011). The influence of

textural features on the viscosity increase is stronger at higher crystal contents than at lower
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ones (i.e. Vetere et al. 2010; Vona et al. 2011). As soon as a melt reaches a critical crystal
volume, it essentially behaves like a solid (i.e. Costa 2005; Takeuchi 2011). When crystals
nucleate and grow in a cooling magma chamber, the residual liquid melt changes its chemical
composition affecting its viscosity due to the depletion of components incorporated in the solid
phases. Consequently, the viscosity of a crystal-bearing melt is the result of the viscosity
affecting particles and the viscosity of the residual liquid melt (i.e. Stevenson et al. 1996; Vetere
et al. 2010; Vona et al. 2011; Campagnola et al. 2016).

Volcanological implication

The viscosity of a melt is an important transport property and controls magma ascent in a
volcanic vent, crystallisation as well as degassing and diffusion processes and finally the
explosive style of an eruption. The volcanic explosivity is conventionally assumed to be
positive correlated to the SiO content of a melt (i.e. Freda et al. 2011; Cashman and Giordano
2014). Eruptions of SiO.-rich and intermediate melts are usually (high) explosive. Rhyolitic to
andesitic lavas are typically crystal- and bubble-bearing as for instance shown by the pumices
of the eruption from the 0.7 Ma Bishop Tuff (Anderson et al. 1989), the 1663 AD eruption of
the Usu volcano (Tomiya et al. 2010) or the 3430 yBP eruption of the Aniakchak volcano
(Larsen 2006). For instance, due to the high SiO, content and the decreasing temperatures
during magma ascent, the melt is relatively high viscous inhibiting sinking of phenocrysts as
well as degassing of bubbles formed as a consequence of the decreased solubility of volatiles
induced by depressuration. The segregated gas bubbles continue to grow and build up pressure
within the melt which finally shoot explosively out of the vent accompanied by magma
fragmentation during volcanic eruption.

In contrast, SiO.-poor melts generally show an effusive eruption style. As they are less
polymerised resulting in lower viscosities, segregated gases can escape easily. Furthermore,
basic to ultra-basic melts typically erupt at higher temperatures than melts with higher SiO>
contents and the viscosity of an emitted SiO2-poor lava is mostly still able to flow.

A notable exception are volcanic events of the Colli Albani Volcanic District (CAVD) near
Rome (Italy) which erupted effusively as well as explosively and emitted large volumes of
pyroclastic material of silica undersaturated and K-rich compositions with FeOxot’ up to 9.50
wit% (i.e. Freda et al. 2011; Cashman and Giordano 2014). The both largest eruptions of the
CAVD are the Pozzolane Rosse event (PR) (456 + 3 ka (Marra et al. 2009)) and the Pozzolane
Nere eruption (PN) (407 + 4 ka (Karner et al. 2001)) and their striking meaning is clearly seen

" FeOyt here gives the total Fe concentration as FeO without considering any speciation
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on a plot of the dense-rock equivalent (DRE) vs SiO2 concentration as their erupted volumes
plot outside the cloud formed by other high DRE events around the world (Fig. 1 in Chapter 2).
In the total alkali vs SiO> (TAS) diagram, the PR and PN melts plot in the foiditic and tephri-
phonolitic field, illustrating the assumption that these melts should have low viscosities as a
consequence of their low SiO2 and high alkali content (Fig. 2 in Chapter 2). The pyroclastic
deposits of both eruptions show crystal contents up to 60 vol % (Freda et al. 2011) and multiple
evidence of assimilation of the carbonate wall rock in which the magma chamber of the CAVD
is embedded leading to an enrichment in CaO and in a CO»-rich fluid of the melts (i.e. Freda et
al. 2011; Di Rocco et al. 2012).

11
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Scope of this thesis

It is of scientific interest to understand why such silica undersaturated melts could erupt such a
volume with such a violence. The common feature of bubble and crystal forming processes in
a magma as well as the explosivity of a volcanic event is the viscosity of a melt. There are a

number of questions to be addressed concerning the highly explosive eruptions of PR and PN:

» are the viscosities of the PR and PN melts really as low as assumed based on the
estimation by the TAS diagram?

» what effects do CaO and the CO3-rich fluid exert on the melt viscosity due to the
assimilation of the carbonate wall rock?

» how does the leucite crystallisation affect the viscosity of the residual melt?

» what is the influence of the changing Fe speciation due to different oxygen fugacities
during magma ascent on the melt viscosity?

> how does water affect the viscosities of these melts?

» and what is the influence of bubbles on the viscosity of the PR and PN melts?

In the search for the first 4 questions, the viscosities of 5 melts are investigated:

1 - with a composition of the pyroclastic products of the PR event (PR),

2 - with a composition before the PR melt was contaminated by the assimilation of the
carbonate wall rock (PR-CaO = PR minus 7 wt% Ca0),

3 - with the residual melt composition of PR after the crystallisation of 4 mol% leucite (PR-
Leu = PR minus 4 mol% KAISi2Os) as well as

4 - a composition of the erupted material from the PN eruption (PN) and

5 - the composition of the “white pumice” from the AD 79 eruption from the Vesuvius
(WPVe).

With exception of the PR-CaO melt, the temperature dependent viscosities are determined as a

function of CO> concentration and the Fe speciation.
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2 Rheology of melts from the Colli Albani Volcanic District
(Italy): a case study

Preface

This Chapter 2 contains the results on which further investigations are based (Chapters 3 and
4). The authors are Christin Kleest, Prof. Dr. Sharon Webb and Dr. Sara Fanara and their
contribution is shown in Fig. P1.

Idea K] 80 10
B Kleest
Measurements 60 30 10 H Webb
Fanara
Discussion 35 35 30
0% 50% 100%

Contribution

Fig. P1 Author contribution — divided in the parts idea, measurements and discussion — of the first publication of
this thesis with the authors Christin Kleest, Prof. Dr. Sharon Webb and Dr. Sara Fanara. The legend gives the
last names of the authors.

This Chapter was published on 14 August 2020 online in “Contribution to Mineralogy and
Petrology”, submitted on 21 December 2019 and accepted on 21 July 2020. On 10 October
2020 a correction to the online version edited containing corrections of typographical errors in
the title and the “corrected” acknowledgement that was completely missing in the online
publication from 14 August 2020. Therefore, these corrections are integrated in this 2" Chapter
as the corrections do not influence the results or other statements of this study.

The first page of this Chapter is given in the layout of the original article of the abstract follows

by the layout corresponding to this thesis.
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Introduction

Rheology of magma has an enormous influence on the eruptive style of volcanoes as well as
mass transfer in magmas or crystallisation and degassing processes in cooling melts. The
rheology of a magma depends on composition X, temperature T, pressure P, the content of
crystals, bubbles and vesicles, oxygen fugacity, shear and strain-rate induced crystallisation (i.e.
Caricchi et al. 2007; Vona et al. 2011; Campagnola et al. 2016). Understanding eruption
processes requires data at the appropriate P-T- and X conditions or modelling of the rheological
and thermodynamic behaviour of melts using experimentally determined viscosity, heat
capacity and configurational entropy data (e.g. Webb 2008; Russell and Giordano 2017).

In general, there is a positive correlation between the SiO> content and the viscosity of a melt,
and highly viscous melts with a high silica content show typically an explosive eruptive style
(Freda et al. 2011 and references therein). As shown by Freda et al. (2011), a way to illustrate
the relationship between the erupted magma volume (a proxy for Volcanic Explosivity Index)

and composition is to plot dense-rock equivalent (DRE) vs SiO2 wt% (Fig. 1).
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Fig. 1 Dense-rock equivalent (DRE) vs SiO, content showing the positive correlation between SiO, content and
erupted volume with the exceptions of the Pozzolane Rosse and Pozzolane Nere events from the CAVD (after

Freda et al. 2011 and references therein)

On this plot, the magmas of Pozzolane Rosse and Pozzolane Nere, characterised by a low silica
content, constitute two striking exceptions. These events belong to the Colli Albani Volcanic
District (CAVD) located about 20 km south of Rome. The CAVD is part of the ultrapotassic
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Roman Volcanic Province, a volcanic belt parallel to the coast of the Tyrrhenian Sea and
extending from southern Tuscany to central Latium (Peccerillo 2005). In its eruptive history,
the CAVD had shown mainly explosive activity resulting in pyroclastic flow deposits
accompanied by minor effusive activity that produced lava flows. In general, the products of
the CAVD are characterised by a strong silica undersaturation and a high K content, shown in
the TAS diagram in Fig. 2. The history of the CAVD is subdivided in three main periods
characterised by dynamically different eruptive events (i.e. Karner et al. 2001; Giordano et al.
2006). The eruptions studied here belong to the earliest and most explosive phase: the
Tuscolane-Artemisie phase (dated approx. 561-351 ka BP) (Karner et al. 2001), in which at
least five of the largest pyroclastic flows were emplaced. The Pozzolane Rosse (PR) eruption
with foiditic composition dated 456 +3 ka (Marra et al. 2009) and the tephri-phonolitic
Pozzolane Nere (PN) eruption dated 407 +4 ka (Giordano et al. 2006) are the two largest
eruptions of the CAVD. In spite of their low silica content, the PR and PN eruptions showed a
highly explosive eruptive style. A low silica concentration and a high alkali content, in general
(Fig. 2), implies a low viscosity melt which should result in an effusive eruption (i.e. Freda et
al. 2011; Campagnola et al. 2016).

The magma chamber of the CAVD is seated in a thick Mesozoic-Cenozoic carbonate wall rock
with depths up to 7-8 km (Chiarabba et al. 1997; Giordano et al. 2006; lacono-Marziano et al.
2007a). Previous studies (i.e. lacono-Marziano et al. 2007a; Freda et al. 2008; Boari et al. 2009)
suggested that significant assimilation of these carbonate rocks into the magma chamber
resulted in a liberation of CO2 which consequently led to the generation of a CO2-rich melt with
the rate of carbonate assimilation depending on melt viscosity (Bluythe et al. 2015). Moreover,
an excess of CO: is thought to trigger an explosive eruption (lacono-Marziano et al. 2007a;
Boari et al. 2009; Freda et al. 2011; Di Rocco et al. 2012). Fragments of mainly leucite, but also
amounts of clinopyroxene and biotite are found in the pyroclastic units of the PR and PN
eruptions (Giordano et al. 2006; Freda et al. 2011). The presence of these crystals in the magma
chamber would have increased the viscosity of the magma and thus increased the probability
of an explosive eruptive event (Freda et al. 2011; Campagnola et al. 2016). Therefore, previous
investigations on the Colli Albani volcano concentrated on the effects of carbonate assimilation
and the crystal content. Campagnola et al. (2016) investigated the viscosities of pure liquid and
crystal-bearing products from the PN event from the CAVD. The samples were remelted from
natural material of a tephri-phonolitic composition at superliquidus conditions (for crystal-free
melts) and subliquidus conditions (for crystal-bearing melts). The experimental measurements

demonstrated that the viscosities at lower temperatures are higher than expected.
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Fig. 2 TAS diagram with the compositions of the investigated melts with WPVe for White Pumice from the
Vesuvius AD 79 eruption and composition after lacono-Marziano et al. (2007b), PN for the Pozzolane Nere
eruption from Colli Albani and composition after Campagnola et al. (2016), PN-0.5Fe for the modified PN
composition with the half amount of iron, PN-Fe for the modified PN composition without iron, PR for the
Pozzolane Rosse eruption from Colli Albani and composition after Freda et al. (2010), PR-0.5Fe for the modified
PR composition with the half amount of iron, PR-0.7Fe for the modified PR composition with 30% of iron, PR-
Fe for the modified PR composition without iron, PR-Leu for the PR composition minus 4 mol% KAISi»Os and
PR-CaO for the PR composition minus 7 wt% CaO and 1- foidite, 2- phonolite, 3- tephri-phonolite, 4- tephrite.

Arrows indicate conventional estimations for the viscosity of a magma

In this study, the first viscosity measurements of melt compositions from both the PR and PN
event of the CAVD are presented to study their rheological features at sub-liquidus conditions
in the glass transition range. Five different compositions are investigated: the K-foidite of the
Pozzolane Rosse eruption (PR) with the composition taken from Freda et al. (2011), and another
K-foidite that is calculated with the original PR composition minus 7 wt% CaO to represent the
viscosity of the melt before its assimilation of the carbonate wall rocks (PR-CaQ). To
investigate the rheology of the melt after leucite crystallization, 4 mol% KAISi.Os were
subtracted from the whole rock composition which results in a tephrite basanite (PR-Leu). The
fourth composition is the tephri-phonolite from the Pozzolane Nere eruption (PN) with the
whole rock composition of Campagnola et al. (2016). In addition, the more silicic “white
pumice” phonolite from the Vesuvius AD 79 eruption (WPVe) (Iacono-Marziano et al. 2007b)

26



2 Rheology of melts from the Colli Albani Volcanic District (Italy): a case study

is investigated in order to represent the acid end-member of the K-rich volcanism of central
Italy.

Starting materials

Synthetic glasses with the composition of the PR and PN events from the CAVD as well as the
modified compositions of PR-Leu and PR-CaO and the WPVe from the Vesuvius AD 79
eruption were prepared from powdered oxides and carbonates of SiO, Al203, Na2COs, TiOz,
Fe>03, MnO, MgO, CaCOsz and K>COs previously dried at 500 °C for 12 hours with the
exception of MgO that was dried at 1000 °C. The mixed powders were decarbonated at a slow
heating rate to 1000 °C overnight. The mixture was melted in a PtgoRhio crucible for 1 hour at
1600 °C and quenched by dipping the crucible in water. To improve the homogenisation, the
melts were crushed and remelted twice for 1 hour before the last melting at 1600°C for 4 hours.
Both optical microscopy and microprobe analysis demonstrated the starting glasses were free
of bubbles and crystals. Extra glasses of PN and PR were synthesized with lower amounts of
iron in order to avoid effects of crystals growing during viscosity measurements. A second PN
composition was synthesized with half the original iron content (PN-0.5F¢), and two extra PR
melts were synthesized with half the amount of iron (PR-0.5Fe) and with 30% of its iron (PR-
0.7Fe). Another set of PR and PN glasses were made iron-free (PR-Fe and PN-Fe, respectively).
The composition of these melts were calculated based on the iron ratio (Fe**/Fer) of the iron-
bearing melts, and the ferric iron was replaced by AI** and the ferrous iron was replaced by
Mg?*. The chemical compositions and iron ratios of all glasses investigated in this study are

shown in Table 1.
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Electron microprobe analysis

[wt %] SiO: Al20s3 Na.O TiO2 FeO MnO MgO Cao K20 total Fe?*/Fewt M [g mol1]?
WPVe 55.91+0.16 21.47+0.10 5.29+0.08 0.30£0.02 2.72+0.05 0.13+0.03 0.41+0.02 3.251+0.05 9.48+0.08 98.96 0.42+0.02 69.44
PN 51.02+0.16 19.47+0.10 2.5410.06 0.6410.02 7.28+0.09 0.19+0.03 2.3710.04 5.5610.06 9.13+0.08 98.20 0.44+0.02 69.50
PN-0.5Fe 50.01+0.16 22.41+0.10 2.50£0.06 0.631£0.02 5.821+0.08 0.191£0.02 3.251£0.03 5.47+0.06 8.92+0.08 99.20 0.44+0.03 69.42
PN-Fe 53.2410.15 22.48+0.10 2.6210.06 0.68£0.02 - - 4.61£0.05 5.72+0.06 9.62+0.08 98.97 - 67.06
PR 44.4210.15 16.46+0.09 3.17+£0.06 0.931£0.02 9.4610.10 0.20£0.03 3.9410.05 10.82+0.09 8.73+x0.08 98.13 0.39£0.01 68.08
PR-0.5Fe 43.30%0.15 19.84+0.10 3.04+0.06 0.9210.04 7.461£0.09 0.20£0.02 5.4410.04 10.55+0.09 8.47+0.08 99.22 0.36%0.03 68.22
PR-0.7Fe 43.62+0.15 21.46+0.10 3.10+0.06 0.92+0.04 5.10+0.07 0.21+0.02 5.45+0.04 10.71+0.09 8.58+0.08 99.15 0.37+£0.02 67.83
PR-Fe 46.47+0.15 20.41+0.10 3.22+0.06 1.02+0.03 - - 6.87+0.07 11.25+0.09 9.37+0.08 98.61 - 65.35
PR-Leu 43.95%0.15 15.80+0.09 3.71+0.07 1.11+0.03 11.13+0.10 0.251£0.03 4.631£0.05 12.82+0.09 4.66£0.06 98.06 0.42+0.02 67.34
PR-CaO 47.57+0.15 17.68+0.09 3.42+0.07 1.04+0.03 10.25+0.10 0.23+0.03 4.23+0.05 4.26+0.05 9.44+0.08 98.12 0.42+0.01 69.62
Calculated compositions

[mol %] SiO2 Al,03 Na20 TiO: FeO Fe203 MnO MgO Cao K20 VP

WPVe 65184032  14.75:0.12  5.98+0.15 0.26t0.03  1.11¢0.03  0.77¢0.03 0.13#t0.05  0.71#0.06  4.06:0.11  7.05:0.10 0.55

PN 59.81+0.29 13.46+0.11 2.88+0.11 0.57+0.03 3.14+0.06 2.00+0.03 0.19+0.05 4.14+0.11 6.99+0.12 6.83+0.09 0.61

PN-0.5Fe 58.0310.31 15.33+0.12 2.81+0.09 0.551£0.04 2.49+0.05 1.58+0.04 0.18+0.03 5.62+0.09 6.801£0.13 6.61+0.10 0.59

PN-Fe 60.0410.32 14.94+0.12 2.8610.12 0.581£0.03 - - - 7.7510.16 6.9110.14 6.921+0.11 0.62

PR 51.29+0.25 11.20+0.09 3.55+0.11 0.81+0.03 3.57+0.06 2.79+0.04 0.19+0.04 6.77+0.13 13.39+0.16  6.43+0.09 0.71

PR-0.5Fe 49.2910.26 13.31+0.10 3.351£0.10 0.791£0.05 2.5610.04 2.27+0.04 0.19+0.03 9.23%0.10 12.86+0.17  6.15+0.09 0.69

PR-0.7Fe 49.49+0.27 14.35+0.10 3.41+0.10 0.78+0.05 1.7910.04 1.52+0.03 0.20+0.03 9.221+0.11 13.02+0.17 6.21+0.09 0.68

PR-Fe 51.26+0.28 13.27+0.11 3.44+0.11 0.85+0.04 - - - 11.30+0.19 13.30+0.18  6.59+0.09 0.72

PR-Leu 49.86%0.25 10.56+0.09 4.09+0.11 0.951£0.04 4.4310.06 3.061£0.04 0.25+0.04 7.8410.12 15.59+0.16  3.37+0.08 0.72

PR-CaO 55.80+0.26 12.22+0.10 3.89+0.12 0.92+0.04 4.22+0.06 2.92+0.05 0.2310.04 7.39+0.13 5.35+0.11 7.07+0.09 0.65

#M is calculated by normalising the total weight of each oxide to one mole of the sample
Na;0+E;0+Ca0+Mg0 +Fe0
Nag 0 +Eo0+Ca0 +Mg0 +Fe0 +Al; 03 +Fe 05

b ¥ =

Table 1 Chemical compositions of the investigated melts determined by electron microprobe analysis (JEOL JXA 8900 RL) with 15 kV acceleration voltage, 15 nA current and 25 um beam
diameter. Listed data are the average of 20 single measurements (in wt %). Standard deviation is 1c. The data in mol % are calculated using the atomic analysis combined with the Fe-ratio
determined by colorimetric micro-determination, here the standard variation is 2c
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Micropenetration technique

Viscosities 1 were determined in the range 108° — 101*°Pa s using the micropenetration method.
The measurements were carried out with a Netzsch TMA 402 Dilatometer. Glass discs, 3 mm
thick, were polished to give 2 parallel faces before measurements. Depending on the viscosities,
the duration of the measurements varied between 30 min and 3 hours within a temperature range
of 630 - 810 °C. The measurements were done in air in a sequence that alternates between lower
and higher temperatures to ensure that the determined viscosity was not affected by
crystallisation. The temperature in the dilatometer was calibrated to £0.5 °C with the melting
points of Bi (268.02 °C), Zn (417.02 °C), Al (659.02 °C), NaCl (800.05 °C) and Ag (951.09
°C). The standard glass DGG1, a Na>O-CaO-SiO- float glass from the Deutsche Glastechnische
Gesellschaft was used to determine the precision of the dilatometer which is £0.06 logio Pa s.
Hence, the total error of £0.06 logio Pa s (1o) is assigned for each measured viscosity. A
polished sphere of single crystal Al.Oz with 2 mm diameter was forced into the discs using 0.1
- 1.5 N. Viscosity is calculated from the rate of penetration of the sphere into the melt by:

_ 0.1875Ft

~ 05715 (@)

with F — the applied force, t — time, r — radius of the indent sphere, | — distance of indent
(Pocklington 1940; Tobolsky and Taylor 1963; Dingwell et al. 1992). Indent data obtained for
timescales less than 100 t (7- relaxation time) after the application of the force were not

included in the determination of viscosity.

Differential scanning calorimetry

The heat capacities were measured in a Netzsch DSC 404C differential scanning calorimeter in
an argon atmosphere. Discs of the samples with polished parallel surfaces and weights between
52 and 82 mg were first heated to a temperature of about T¢° (the temperature at which the
viscosity is 10° Pa s) with a rate of 20 °C min™! and cooled with the same rate. The heat capacity
of these glasses with a fictive temperature set by the 20 °C min™ cooling rate were then
measured at a 20 °C min! heating rate. The samples in a Pt crucible were measured against an
empty Pt crucible. The calibration of the calorimeter was done with a single sapphire crystal (m
= 113.140 + 0.005 mg) and the heat capacity data of Robie et al. (1978). The error of the
measurements is < 1%. The configurational heat capacity (Cp,®™") was calculated as the

difference between the liquid heat capacity (Cpi) and the glass heat capacity (Cpg) extrapolated
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to the same temperature as the liquid heat capacity. The heat capacity of the glass (cpg) IS
determined by the extrapolation of the Maier-Kelley-Fit to the unrelaxed glass heat capacity:

Cpg = a+bT + T2 (2)

with a, b and c as parameters and T — temperature in Kelvin (Maier and Kelley 1932).

Determining the heat capacities of all of the melts (cp) is not possible due to crystallisation
during the measurements. Therefore, cp and Cp*°" are modelled after Giordano and Russell
(2017) and Russell and Giordano (2017) as discussed below.

Colorimetric micro-determination of the iron species

The colorimetric micro-determination of the ferrous and ferric iron ratio in silicic glasses was
first developed by Wilson (1960) and modified by Schuessler et al. (2008). This method
involves measurement of the ferrous iron species by UV/VIS spectroscopy. Each sample is
crushed and 4 — 10 mg of the powdered glass is dissolved in hydrofluoric acid (HF). The
bivalent iron builds a reddish Fe(Il)-bipyridyl-complex with 2:2"bipyridyl added to the solution
that shows an intensive absorption band at approx. 523 nm. Measurements of the total iron
content are obtained by reducing the ferric iron into the ferrous species with hydroxylamine
hydrochloride (HsNOCI). The total iron content of the sample is determined by comparing the
absorption of the sample with a series of standards with known ferrous iron concentrations.
UV/VIS measurements were done with an AvaSpec-UV/VIS/NIR spectrometer from Avantes
and the software AvaSoft Version 8.3. The ratio of the ferrous to total iron in the sample is
directly acquired from the ratio of the absorbances at 523 nm. The iron ratios Fe?*/Fe are

given in Table 1.

Results and discussion

All the investigated melts are metaluminous defined by Na;O + K20 < Al,03 < CaO + MgO +
Na20 + K20 in mole fraction (Shand 1927). An estimation of the degree of depolymerisation
and hence of the melt structure is y = (Na20 + K20 + CaO + MgO + FeO)/(Na20 + K.O + CaO
+ MgO + FeO + Al,03 +Fe203) in mole fraction (Toplis et al. 1997; Webb et al. 2007) which
ranges from 0.55 for WPVe to 0.72 for PR-Fe and PR-Leu. The y values are given in Table 1.
The iron ratio (Fe?*/Fewt) was found to be in the range from 0.36 — 0.44 (see Table 1). All

samples were synthesised at the same temperature (1600 °C) and oxygen fugacity (in air) and
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were quenched at the same rate at 0.1 MPa. Kress & Carmichael (1991) developed a model for
the calculation of the iron ratio of silicate melts in dependence of composition, temperature,
oxygen fugacity and pressure. A comparison with the Fe?*/Fey: calculated by this model and
the measured Fe?*/Few: shown in Fig. 3 illustrates that the modelled iron ratios are within the

error of the measured values, showing this model works well for the studied melt compositions.
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Fig. 3 Comparison of measured iron ratios with calculated iron ratios after Kress & Carmichael (1991) and the 1:1

line.

Viscosity

The samples investigated in this study were found to be free of bubbles and crystals by optical
microscopy and scanning electron microscopy (SEM) with magnifications up to 10° times.
However, Raman spectroscopy indicated the presence of nanolites. Fig. 4 shows the Raman
spectra for sample PR-CaO exhibiting the highest nanolite content represented by the peak at

approx. 680 cm™ belonging to magnetite with the clear glass “hump” in the area of approx. 950

cm™,
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PR-Ca0 after measurements
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Fig. 4 Raman spectra of the sample PR-CaO. The upper spectrum is from the glass before viscosity measurements

and the lower one is that from the glass after viscosity measurements

This is in agreement with the observations from Di Genova et al. (2017) who recognised the
effect of nanolites in Fe-bearing glasses on the Raman spectra. The ratio of the peaks is reduced
after the viscosity measurements with respect to the spectra obtained before the viscosity
measurements. This indicates an increase in the nanolite content. As due to the fact that the
nanolites in the post-viscosity glasses are not visible in the SEM, they are assumed to be so
small and unconnected that their presence would have an insignificant effect on the viscosity.
Stevenson et al. (1996) showed that a crystal fraction of 0.01 or less in homogenous distribution
in the melt and without any connectivity has negligible influence on the viscosity. However,
accounting the effect of crystallisation of magnetite depleting the residual melt in FezOa, the
viscosity of the chemically changed residual liquid is modelled with a crystal content of 2 vol%
and discussed below.

Measured viscosities are listed in Table 2.
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WPVe PN PN-0.5Fe PN-Fe PR

T[°C] logio n [Pa s] T[°C] logio n [Pas] T[°C] logio n [Pas] T[°C] logio n [Pas] T[°C] logio n [Pa s]
678.3 12.68 697.2 12.87 702.6 131 682.5 13.34 637.2 13.78
697.3 12.13 707.3 12.62 717.7 12.72 702.6 12.44 667.2 12.68
717.3 11.45 717.3 12.36 732.8 12.02 722.7 12.09 687.2 12.26
737.3 10.91 727.3 12.07 742.8 11.89 732.8 11.72 707.3 11.60
757.3 10.54 737.3 11.84 752.9 11.39 743.0 11.38 717.3 11.27
777.3 10.12 747.3 11.59 763.0 11.14 783.3 10.12 727.3 10.77
817.3 9.13 757.3 11.05 773.1 10.89 803.3 9.59 737.3 10.66

767.3 10.66 783.2 10.41 823.9 9.01 767.3 9.58

803.3 10.09 843.5 8.58
813.4 9.89
PR-0.5Fe PR-0.7Fe PR-Fe PR-Leu PR-Ca0

T[°C] logio n [Pa s] T[°C] logio n [Pas] T[°C] logio n [Pas] T[°C] logio n [Pas] T[°C] logio n [Pas]
652.2 13.61 642.2 13.40 642.2 13.61 627.2 12.88 677.3 12.91
672.4 12.87 662.3 12.80 702.6 11.82 647.2 12.54 707.3 12.21
697.5 12.00 682.4 11.97 722.7 10.85 657.2 11.81 717.3 11.75
712.6 11.25 702.6 11.19 742.9 10.29 677.2 11.51 727.3 11.58
722.7 10.97 712.6 10.86 763.0 9.59 687.2 11.61
741.8 10.31 722.7 10.33 783.1 9.25 707.3 10.87
752.9 9.81 742.9 9.59 803.3 8.28 727.3 10.19
768.1 9.48 763.3 8.95 747.3 9.35
783.2 9.13 783.4 8.41 767.4 9.14
803.6 8.73

Table 2 Measured viscosities at given temperatures. The error in viscosity is £0.06 logio Pa s, the error in temperature is 0.5 °C
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The best fit for viscosity measurements over the present temperature range is the Arrhenius
Equation

loglon =A + (3)

B-10*
T
with A and B as fit parameters and T — temperature in Kelvin. An equation more complex than
a straight line fit to logio m as a function of inverse temperature is not statistically possible due
to the small range in both viscosity and temperature over which the data are obtained. The fitted

parameters of the Arrhenius Equation are given in Table 3.

A [logio Pa s] B [K] T'? [K] m
WPVe -14.80+0.06 2.61+0.01 973.6 26.8
P.N. -18.96+0.45 3.10+0.07 1001.1 31.0
PN-0.5Fe -19.58+0.19 3.19+0.03 1009.4 31.6
PN-Fe -19.69+0.05 3.15+0.01 995.0 31.7
PR -19.13+0.15 3.00+0.02 964.2 31.1
PR-0.5Fe -22.71+0.10 3.36+0.02 967.7 34.7
PR-0.7Fe -25.24+0.07 3.55+£0.01 953.1 37.2
PR-Fe -21.43+0.19 3.22+0.03 963.2 334
PR-Leu -15.24+0.52 2.54+0.09 932.9 27.2
PR-CaO -14.26+0.26 2.58+0.05 984.2 26.3

Table 3 Fit parameters from the Arrhenius Equation (Eq. 3) using the viscosity data
and T4'?and fragility m (Eg. 4)

The measured viscosities for the melts with the original iron content of the whole rock
composition are plotted in Fig. 5 as a function of inverse temperature. The viscosity data of a
MORB melt (Webb et al. 2014) are plotted for comparison, showing that the MORB viscosity
is lower than that of the foiditic PR and the tephri-phonolitic PN. At the fixed temperature of
700 °C, the most viscous melt from this study is the PN composition (12.89 logio Pa s) being
nearly 1.2 orders of magnitude higher than that of PR (11.72 logio Pa s). PR-Leu is 0.85 logio
Pa s lower than PR as expected since network formers are removed to form this melt
composition. As a result of subtracting the network modifying CaO from PR (PR-CaO) the
viscosity increases by 0.58 logio Pa s. At temperatures above 730 °C, the crystallisation,
detected by optical microscopy and X-ray diffraction, affects the viscosity of PR-CaO, resulting
in an increase in viscosity by nearly two orders of magnitude. Therefore, the data of obviously

crystal bearing melts are not presented here. The melt with the highest SiO> content, WPVe,
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shows viscosities lying in the middle of the viscosity range of the investigated melt
compositions. Thus, the viscosities of the investigated melts are not as low as assumed although

they have a silica-poor and K-rich composition.
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Fig. 5 Viscosities as a function of inverse temperature of the investigated melts with the original iron content in
comparison with a MORB (dotted line) (Webb et al. 2014)

The viscosities of the PN series are presented in Fig. 6 and Table 2. The viscosity of PN-Fe is
~0.5 logio Pa s lower than that of PN-0.5Fe and around 0.2 logio Pa s lower than the viscosity
of PN with the original iron content. The viscosity data of the anhydrous remelted natural PN
melt from Campagnola et al. (2016) are also shown in Fig. 6. The measured viscosities in this
study are ~1 order higher than those from Campagnola et al. (2016). The Einstein-Roscoe
viscosity model (Einstein 1906; Roscoe 1952) as well as that of Caricchi et al. (2007) require
35 vol% crystal content to increase viscosity by one order of magnitude. Due to this
discrepancy, the standard glass DGG1 was remeasured to confirm the accuracy of both the
dilatometer measurements and the data evaluation.

The Arrhenius plots of the original and modified PR melts are shown in Fig. 7 and data are
listed in Table 2. The PR-0.7Fe composition shows slightly lower viscosities over the whole

viscosity range compared to the other PR melts with a deviation of ~0.7 logioPa s.
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Fig. 6 Viscosity data of the PN series (0.59 <y < 0.62) as a function of inverse temperature. Dotted line are the

viscosity data of PN measured by Campagnola et al. (2016)
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Fig. 7 Viscosity data of the PR series (0.68 <y < (.72) as a function of inverse temperature

As illustrated in Fig. 8, which shows the glass transition temperature T4*? (the temperature at
which the viscosity is 102 Pa s) as a function of y, there is a decreasing trend of viscosity with
increasing y, with the exception of the WPVe melt which will follow a different compositional
trend as it is poor in alkaline-earths compared to the other melts. This T4 trend has been
extensively discussed in the literature (i.e. Richet 1984; Toplis 1998; Webb et al. 2004, 2005,
2007) and is due to the increase in the amount of non-bridging oxygens as the bridging oxygens
of the Si-O and tetrahedral AlI-O bonds are broken by the network modifiers. This trend is
generally observed within the investigated melt series of the CAVD in spite of relatively small

variation in the viscosity within the PR composition series.
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Fig. 8 T4'? as a function of y

Fragility

Using the viscosity data the fragility m is calculated from the equation

Bx10%
= @)

with B — parameter of the Arrhenius fit (Eqg. 3) in Kelvin and T4'? — temperature at which the
viscosity is 1012 Pa s in Kelvins (Toplis et al. 1997; Webb 2011). The values of m and T4*2 are
reported in Table 3. Fragility is a value indicating the deviation from an Arrhenian behaviour.
The series of PR compositions exhibit the highest fragilities (31.1 to 37.2), followed by the
series of PN compositions (31.0 to 31.7), PR-Leu (27.2), WPVe (26.8) and PR-CaO (26.3).

Calorimetry

The fit parameters a, b and c¢ of the Maier-Kelley Equation (Eg. 2) are shown in Table 4. For
WPVe, PN-Fe, PR-0.7Fe and PR-Fe, a determination of cp is possible. It was not possible to
obtain a cp value for the other melts due to crystallisation at the given temperature. As the value
of C," is required in the Adam-Gibbs description of viscosity as a function of temperature
(Adam and Gibbs 1965; Richet 1984, 1987; Toplis et al. 1997; Webb 2008), the relationship of
Giordano and Russell (2017) is used to estimate Cp%",

Table 4 shows the calculated data. To treat all calorimetry data and resultant values equally, Cp
and C,*°" are calculated for all investigated melts after Giordano and Russell (2017). However,
these values have to be regarded as a first approximation of the heat capacities since the
correlation from Giordano and Russell (2017) does not include foiditic, tephri-phonolitic or

phonolitic compositions and it assumes the same iron speciation for all melts.
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Maier-Kelley parameters

a b c Cog Col® Cpf® Sl B
[JgtK? [JgtK? *10% [J g*K] DgtK?' [moltK? [JmoltK? [J moltK? [kJ mol?]
WPVe 1.151+0.001 35.47+1.29 -48.72+0.19 1.15 94.95 16.28 21.74+1.34 779.50+46.81
PN 1.229+0.003 -75.05£2.91 -57.9910.44 1.10 95.73 19.63 20.90+3.03 774.16£111.40
PN-0.5Fe 1.222+0.002 -63.62+1.75 -53.15+0.27 1.11 97.46 20.75 19.99+1.27 742.61+£46.37
PN-Fe 1.139+0.002 79.61+1.44 -47.50+0.21 1.18 97.53 19.07 17.46+0.90 638.70+£31.96
PR 1.158+0.003 -15.76+2.93 -49.16+0.42 1.10 98.66 24.66 25.77+2.39 918.35+83.90
PR-0.5Fe 0.993%0.010 134.48+8.65 -63.021£2.12 1.08 97.41 25.78 20.10+0.82 714.09+28.01
PR-0.7Fe 1.324+0.002 -65.95+2.11 -70.87+0.29 1.19 105.46 25.22 17.26+0.98 603.991£33.14
PR-Fe 1.158+0.003 39.51+2.81 -54.16%0.45 1.15 98.60 24.10 20.70+2.20 730.95+74.68
PR-Leu 1.021+0.001 161.08+1.62 -35.25+0.22 1.15 102.14 25.78 33.06+6.07 1141.00£204.03
PR-CaO 1.257+0.002 -92.47+2.27 -57.62+0.35 1.11 103.95 22.42 35.98+49.17 1304.51+331.79

(@ C, calculated using C,®°" after Giordano and Russell (2017)

) ¢, conf calculated via C," = 52.6 — 55.88Xsi02 With Xsio2 — mole fraction of the SiO; content of the melt (Giordano and Russell 2017)

() sconfand Be fitted via Eq. 5

Table 4 Heat capacity, configurational heat capacity, configurational entropy and the parameters for the Maier-Kelley Equation (Eg. 2)
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The calculated C,*°" is plotted vs v in Fig. 9. It shows a general positive correlation between y
and C,*°"". WPVe with the lowest value of y (0.55) has the lowest Cp®"" (16.28 J mol* K'). The
highest values of C,®" are calculated for PR-0.5Fe and for PR-Leu (25.78 J mol™ K1) with
values of y of 0.69 and 0.72, respectively. As pointed out by Giordano and Russell (2017) an
increase in the SiO2 content of a melt leads to a decreasing Cp*°". The same conclusion is
reached by Russell and Giordano (2017) who concluded that an increasing SiO» accompanied
with a rising degree of polymerisation would result in a less re-ordering of the melt structure at

the glass transition and therefore a lower C,*.
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Fig. 9 Cp,®" as a function of y. C,®°" is estimated after C,%°" = 52.6 -55.88Xsio2 (With Xsio2 — mole fraction of the

SiO; content) showing an increase with increasing y

Combining the viscosity data and the calculated C,°"f enables the evaluation of the

configurational entropy (5" using the Equation

Be
loglO n= Ae + Cconf (5)
In 10|SCONf (T22)+ [y~ —ar T
g

T

(Richet 1984; Webb 2008; Falenty and Webb 2010) with Ac and Be as constants, T —temperature
in Kelvin and T4*2 — glass transition temperature in Kelvin, conventionally assumed as the
temperature at which the viscosity is 10!2 Pa s. This Equation presumes that there is no change
in S for temperatures lower than T4'2. The value for the parameter Ae is a highly debated
topic. This parameter represents the viscosity at infinite temperature (Toplis 1998) and is
assumed to be constant for all silicate melts and thus independent of composition (Toplis et al.
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1997; Giordano et al. 2008). In 1998, Toplis found Ae =-2.6 + 1 logio Pa s. Russell et al. (2003)
postulated this high temperature parameter to be -3.2 £ 0.66 logio Pa s for the Adam Gibbs
theory. In a model from Giordano et al. (2008) the parameter is found to be -4.55 + 0.21 logio
Pa s as the optimal value. In more recent studies, Russell and Giordano (2017) set Ae =-3.51 +
0.25 logio Pa s for their model and Robert et al. (2019) compared modelling with Ae = -3.51
logio Pa s with a varying Ae. They conclude that a model with a variable Ae (-2.4 to -4.0 logio
Pa s) fits better to measured data. In this study, A is based on the Maxwell relation = = 70/G
(with 7 - relaxation time, 7o - time-indepentent Newtonian viscosity and G - elastic shear
modulus) with 1o = 10" s (1o is the vibration frequency at T-* = 0) (Martinez & Angell 2001;
Angell et al. 2003) and G, = 10 £ 0.5 GPa (G is the shear modulus at infinite frequency)
(Dingwell & Webb 1989) and is calculated to be -4.00 logio Pa s. This value lies in the range
of the parameter discussed above. Parameters Be and S° are fitted from the viscosity data
using the calculated C,*°" values after Giordano and Russell (2017) and the fixed A.. Fitting
the viscosity data to the Adam-Gibbs Equation allows the extrapolation of viscosity through
temperature space from the low temperatures of the measurements to the high temperatures of
geological processes.

A comparison of the fitted S by Eq. 5 and the calculated S after Russell and Giordano
(2017) is seen in Fig. 10.
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Fig. 10 Comparison of fitted S using the Adam Gibbs model (Eqg. 5) und the calculated ones after a correlation
from Russell and Giordano (2017)
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The greatest deviations occur for PR-Leu and PR-CaO. However, all fitted values for S (Eq.
5) are within the errors given by Russell and Giordano (2017). Hence, the correlation after
Russell and Giordano (2017) works quite well for the studied melts. For further modelling
processes, fitted S after Eq. 5 are used.

The value for S is lowest for the PR-0.7Fe composition (17.26 J mol™* K™) and highest for
PR-CaO (35.98 J mol™* K1) as it is shown in Fig.11 plotting S vs y.
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Fig. 11 S¢" fitted with Eq. 5 vs y

The ratio Be/S is an indicator for the value of the changes of the average potential energy
barrier to viscous flow (Richet 1984; Toplis 1998; Webb 2005) or the size of the smallest
moving structural unit in the melt (Toplis 1998). This ratio is plotted against y of the melts and
shown in Fig. 12.
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It is highest for the PN compositions (37.15 — 36.58 x10° K), followed by PR-CaO (36.25 x10°
K), WPVe (35.86 x10° K) and the PR series (35.64 — 34.99 x10° K) and the lowest B«/S®" ratio
occurs for PR-Leu (34.52 x10° K). This trend indicates that the size of the smallest structural
unit in the melt decreases with decreasing polymerisation as the bridging oxygens are replaced

by an increasing number of non-bridging oxygens.

Comparison with existing viscosity models

Several models exist for the prediction of the viscosity of silicate melts. Bottinga and Weill
(1972) developed a model applying to many low viscosity extrusive anhydrous melts that was
improved by Shaw (1972) to extend it to hydrous compositions. Giordano and Dingwell (2003)
developed the first model considering the non-Arrhenian behaviour of silicate melts over a wide
temperature range restricted to anhydrous melts. A model for anhydrous and hydrous silicate
melts was given by Hui and Zhang (2007) expanding the temperature range for modelled
viscosities. A further model was developed by Giordano et al. (2008) that encompasses most
compositions of naturally occurring volcanic rocks and includes H.O and F as volatile
components. However, this model does not differentiate between the iron species which affect
the melt structure — and viscosity — in different ways. A model considering the iron speciation
in common, iron-bearing melts was developed by Duan (2014) with a root-mean-square-error
of 0.23 log units. Sehlke and Whittington (2016) developed a specific model for the anhydrous
tholeiitic basalts taking into account the different iron species.

A comparison between measured and predicted viscosities in the range from 1082 to 10*° Pa
s, at temperatures from ~640 to ~840 °C, is done with the model from Hui and Zhang (2007)
and shown in Fig. 13. This model underestimates the viscosities of the investigated melts with
the highest iron content by approx. two and a half orders of magnitude (PR, PR-CaO, and PN
and PR-Leu with FeOxot of 9.46 wt%, 10.25 wt%, 7.28 wt% and 11.13 wt%, respectively,
ordered with decreasing deviation). The lower the iron content the smaller the deviation. Whilst
the viscosities of PN-0.5Fe and PR-0.5Fe are underestimated more than two orders in
magnitude with decreasing deviations with increasing temperature, PR-0.7Fe is underestimated
of approx. one order of magnitude at lower temperatures. When temperature rises the predicted
viscosities for the PR-0.7Fe composition reach the measured viscosities. The predicted
viscosity of the WPVe composition having the lowest iron content of all iron-bearing
compositions (2.72 wt%) in this study is one logio Pa s lower than that measured at ~680 °C.
At temperatures of ~720 °C and above, the measured viscosities of this melt are predicted quite
well. The viscosities of the iron-free compositions PN-Fe and PR-Fe are within the error of this
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model (26 = 0.61 logio Pa s) over the whole temperature range. This observation could be
founded on the fact that the model from Hui and Zhang (2007) does not consider the iron
speciation since it treats all iron as FeO. This is a very important criterion as ferrous and ferric
iron have different effects on melt viscosity. Whereas ferrous iron is considered to act as a
network modifier reducing the viscosity, ferric iron is assumed to behave like a network former
and thus increases viscosity (i.e. Kress and Carmichael 1991; Wilke 2005; Knipping et al.
2015). Hence, the viscosity increasing influence of the ferric iron is completely disregarded by
this model. Consequently, the higher the iron content of the studied melt (treated as FeO), the
higher the total amount of ferric iron, the higher the network forming effect and the greater the
underestimation of the prediction in viscosity as it is seen in Fig. 13. A second reason could be
the dataset supporting this model includes a few phonolitic and tephritic compositions but no

foiditic compositions.

14

B WPVe f,"
2 APN Lo N
m 13 F ’ If
‘5 A PN-0.5Fe i e
-~
T . 4
: o APN-Fe ,,’ /,f
i [@rr -
® N Ry
e ® PR-0.5Fe Pid £
S~ 1 .l‘ J’ |
3 Ed
w9 @ PR-0.7Fe e i © 0aa
= % OPR-Fe L %,é A4 ‘2
U , P
= 510 lerrLeu L’ Ag.re 0. A
23 .
8~ ©PR-Ca0 - [ g &Qﬂ‘
(=] - F
wn - s [ ]
R o o A#?
3 .’ - A
-t ,’ rd . .
L 8 - .7
o Pid -0
g .
[« .-
7 <
7 8 9 10 11 12 13 14

measured viscosities [log,g Pa s]

Fig. 13 Comparison of the measured viscosities in this study with those predicted by the model from Hui and
Zhang (2007). Exact agreement is marked by the continuous line and upper and lower errors are marked by the
dotted lines

The rheological data of this study are additionally compared with the model from Giordano et
al. (2008) (subsequently denominated as GRDO8) in Fig. 14. In the viscosity range from 108
to 1032 log Pa s, corresponding to temperatures of ~680 °C to ~840 °C, the Fe-free melt
compositions PN-Fe and PR-Fe and the WPVe melt composition (FeOrot <3 Wt%) are predicted
well by GRDO08. The largest deviation is 0.32 log Pa s, which is within its estimated error of
5%. In general, GRDO8 underestimates the viscosities of most of the melts in this study, with
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the viscosity of the melt with the highest FeOrot (>11 wt% for PR-Leu) underestimated by ~
1.25 logio Pa s. The viscosities for the PR-0.7Fe composition (FeOw: = 5.10 wt%) are
overestimated by up to one order in magnitude. In contrast, the viscosities for the PN-0.5Fe
composition with a similar FeOot content (5.82 wt%) are strongly underestimated by this model
with deviations of ~1.20 logio Pa s. The predicted viscosities of all other melt compositions are
strongly underestimated. In particular, the prediction of viscosities of PR-CaO (FeOxot >10 wt%)
is nearly 2 orders of magnitude lower than the measured ones. It is notable that the deviations
of the predicted from the measured viscosities get smaller with decreasing iron content. One
explanation could be that the GRD08 model does not take into account the iron speciation. The
GRDO08 model lists all iron as FeOyor assuming the same Fe?*/Fe3* ratio for all silicate melts,
probably resulting in the underestimation of the viscosity of melts with more Fe3* than that
assumed in the general range of melt compositions used for fitting the model parameters. The
model underestimates the viscosity of PR-0.5Fe with Fe**/Few: of 0.36 but overestimates the
viscosity of PR-0.7Fe with nearly the same Fe?*/Few: of 0.37. So it can not be simply the
Fe?*/Fe3* ratio which results in an underestimation of the measured viscosities. A further
possibility for the misfits of the GRD08 model could be that it is not calibrated for phonolitic
or foiditic compositions investigated in this study.

14

WWPVe e .’
= |am L [ )
8 13 A PN-0.5Fe e ’f'

.
% APN-Fe R L
—~ ®FPR ’9’ o,,«
p © PR-0.5Fe 4 e
L 12 e -®
© PR-0.7Fe .
g ] o7 A
@ OPR-Fe P A g ‘AO
:11 € PR-Leu ’1"9 ”’A‘
w0 s -
PR-Ca0 P
.'q_j < ’,e ’. L3 A‘
TR rd ”
3 e .6 Agh o
210 } g -
] L’ n’,f o
3 . - o
B BT o @
- 9F P P A
2 ) - A
o - - .
- . °
lll
8
8 9 10 11 12 13 14

measured viscosities [logyy Pa s]

Fig. 14 Comparison of measured viscosities in this study with the predicted ones from Giordano et al. (2008). The
continuous line represents exact agreement and dotted lines mark the upper and lower errors of the prediction
given by GRDO08

Fig. 15 shows a third comparison of the viscosities of the studied melt compositions with the

model from Duan (2014) in the viscosity range from 10° Pa s to 1014 Pa s. The viscosity of most
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of the investigated melts (PR-Leu, PN-Fe, PR-0.7Fe, PR-0.5Fe and PR-Fe) are overestimated
by this model up to 1.61 logio Pa s for PR-Leu at ~660 °C. The viscosity of the WPVe
composition is overestimated more than one order of magnitude at 680 °C by this model. This
overestimation decreases with increasing temperature to 0.23 logio Pa s at 820 °C. The predicted
viscosities of the PR composition are overestimated with deviations of 0.63 logio Pa s at 670
°C and 0.23 logio Pa s at 740 °C. The viscosity of the PR-CaO melt is quite well predicted
within the given error of 0.23 logio Pa s. The viscosity of the PN and PN-0.5Fe compositions
are underestimated over the whole viscosity range up to 0.73 logio Pa s and nearly one order in
magnitude, respectively. The viscosity of the iron-rich and foiditic composition of the PR-CaO
melt is the best prediction in this comparison although foiditic melt compositions are not
included in the database for the model from Duan. Within the PN series it is seen that the
predictions get worse with decreasing iron content. It is the same for PR, PR-0.5Fe and PR-
0.7Fe. The model calibration is based on compositions showing a decreased iron content with
increasing SiO2 content not including all of the iron-silica-range of the melts in this study.
Additionally, the model should not be used for iron-free compositions (Duan 2014). This point
could be an explanation for the predicted viscosities within the PN series and PR, PR-0.5Fe and

PR-0.7Fe getting worse with decreasing iron content but unchanged silica content.
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Fig. 15 Comparison of measured viscosities with predicted viscosities from the model from Duan (2014). The

continuous line marks exact agreement and dotted lines mark the upper and lower error of the viscosity prediction

Commonly, higher viscosities than expected would occur in melts which contain crystals. X-
ray diffraction of these glasses together with measurements of viscosity at alternating high and

low temperature show that the melts are crystal-free. However, the Raman spectra after
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measurements show an increase in the nanolite content and a reduced “hump” typical for glass
indicating a growth of nanolites (Fig. 4). Supposing a crystallisation of 2 vol% nano-magnetites,
modelling the relative viscosity after Klein et al. (2018) considering the degree of crystallinity
and the shape of crystals shows a viscosity increase of 0.03 logio Pa s. This influence is
negligible since this change in viscosity is within the error of measurements. Nonetheless, the
residual liquid melt changes its composition during crystallisation and consequently its
structure and rheological behaviour. The viscosity of the PN and PR composition in comparison
with those after crystallisation of 2 vol% magnetite (PN-2vol% magnetite and PR-2vol%
magnetite, respectively) is modelled using the GRD08 model. Due to the increased content of
the network forming SiO., the depletion of Fe3O4in the PN and PR melt increases the viscosity
of the pure liquid melt by approx. 0.5 logio Pa s and nearly 0.4 logio Pa s, respectively, as

demonstrated in Fig. 16.
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Fig. 16 Modelled liquid viscosities of the PN and PR composition and the PN and PR composition after the

removal of 2 vol% magnetite after GRDO08

Consequently, the measured viscosities of the PN and PR melt differ from the actual viscosities
since amounts of 1 to 2 vol% nano-magnetite are present in the melt. The viscosity increase due
to crystallisation reduces the discrepancies between measured and predicted viscosities by the
models of PN and PR melt. However, the viscosities are still underestimated by the model from
Hui and Zhang (2007) and the GRDO08 model. The predicted viscosity of the pure liquid PN
composition after Duan (2014) converges to the predicted one whereas the predicted viscosity
of the pure liquid PR compositions departs significantly from the predicted one. Furthermore,
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the modelled decrease in viscosity of the liquid PN melt of approx. 0.5 logio Pa s due to
crystallisation of nanolites reduces the differences between the presented data and that of

Campagnola et al. (2016).

Geology of the PN and PR eruptions

As mentioned above, the melt viscosity of the PR melt is lower than that of the PN melt (Fig.
5). Both melts have higher viscosities than expected based simply on the SiO2 and K20 contents
(Fig. 2). The present data illustrate that the assimilation of the carbonate wall rock leads to a
decrease in viscosity of the PR melt since the viscosities of PR-CaO are higher than those of
the PR whole rock composition. This is not considering the effect of CO, — that additionally
enters the melt — on the melt viscosity during carbonate wall rock assimilation. Furthermore,
the crystallisation of 4 mol% leucite from the PR whole rock composition leads to a decrease
in viscosity of the residual melt PR-Leu. Depending on the crystal content, their shape, the
connectivity between crystals in the melt, the resultant viscosity of a mixture of melt and
crystals is higher than that of a crystal-free liquid and thus affecting the eruptive style (i.e.
Stevenson et al. 1996; Caricchi et al. 2007; Vona et al. 2011). Caricchi et al. (2007) investigated
the rheology of crystal-bearing magmas with a crystal fraction up to 0.80. Vona et al. (2011)
studied the rheology of basaltic magmas with a crystal fraction up to approx. 0.30. Both studies
present a model for calculating the apparent viscosity as a function of the applied shear rate.
Following Kolzenburg et al. (2018), geological relevant shear rates range from approx. 70 s
to 10° sL. Calculations of the relative viscosities depending on shear rate after Caricchi et al.
(2007) and Vona et al. (2011) are presented in Fig. 17 with shear rates of 70 s, 0.1 s* and 10°
%51 as a function of different leucite contents. 4 mol% leucite from the whole rock composition
of PR correspond to ~14 vol% crystals in the melt. The volume of the melt was estimated after
Lange & Carmichael (1987). As shown in Fig. 17, depending on the applied shear rate, the
viscosity of the crystal bearing melt increases by 0.04 to 0.06 logio Pa s after Vonaet al. (2011),
which is negligible since it is within the error of the measurements but increases up to 0.22 logzo
Pa s after Caricchi et al. (2007). Freda et al. (2011) found some pyroclastic units from the PR
event to be highly porphyric with leucite phenocrysts up to 40 — 60 vol%. Therefore, the relative
viscosity of two further leucite contents are calculated for an approximation of the changes in
viscosities: one with 28 vol% and another one with 56 vol% leucite crystals. The calculation
after Vona et al. (2011) for a leucite fraction of 0.28 increases the viscosity by 0.13 logio Pa s
in comparison to the model from Caricchi et al. (2007) that results in an increase of nearly 0.60

logio Pa s. Both models demonstrate higher relative viscosities with decreasing shear rates but
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show significant differences in predicting the relative viscosity with respect to each other. A
leucite content of 56 vol% in the melt leads to a significant increase in viscosity up to nearly
two orders in magnitude at a shear rate of 10 s”*. However, these models do not consider the
effect of magma evolution during crystallisation resulting in a depletion of K,O-Al,03-SiO>
from the melt composition. As shown in Fig. 5, the viscosity of the residual melt PR-Leu after
4 mol% leucite crystallisation decreases by nearly one order in magnitude. Assuming this
behaviour continues during progressive crystallisation, the residual melt would become less
viscous and the relative viscosity would not be as high as predicted by the models from Caricchi
et al. (2007) and VVona et al. (2011).
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Fig. 17 Relative viscosity nrel VS leucite fraction. Two leucite fractions (0.14 and 0.28) are calculated after Caricchi
et al. (2007) and Vona et al. (2011) and a third leucite fraction of 0.56 is calculated after Caricchi et al. (2007).
Relative viscosities are calculated with three different shear rates (70 s, 0.1 s* and 10 s%) relevant for volcanic

implications

Freda et al. (2011) discussed the PR event by plotting DRE vs. SiO; (Fig. 1) and observed that
this low silica melt plots outside the cloud of data for large eruptions as a function of SiO>
content. However, as shown in Fig. 18 this comparison is between Na>O-K>O-rich and CaO-
MgO-FeO-rich melts.
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Fig. 18 Net diagram for the investigated PR, PN and WPVe compositions and other large-volume eruptions
worldwide. Compositions are in mol% ranging from 0 mol% up to 15 mol% at the outermost line. The
compositions analysed in this study are rich in potassium and the PR and PN compositions have much higher
contents in FeOyr, MgO and especially CaO in comparison with the other melts. The Laacher See composition is
enriched in Na,O. For detailed information of the compositions see Table 1 (for PR, PN and WPVe) or Takeuchi

(2011) and references therein (for the other eruptions)

As illustrated by the study of Webb et al. (2007), the viscosity of CaO-Al203-SiO> melts is 4
orders of magnitude greater than that of Na>O-Al203-SiO2 melts at 800 °C for y > 0.5, with this
difference decreasing with increasing temperature. Hess et al. (1995, 1996) also illustrate that
the addition of 5 mol% CaO to a haplo-granitic composition melt results in a viscosity an order
of magnitude higher than the composition with 5 mol% added Na.O. Increasing these additions
to 10 mol% produces a 2 order of magnitude difference between the Na.O and CaO enriched
melt viscosities. In contrast, the plot shown in Fig. 1 assumes the viscosities of the alkaline-
earth rich PN and PR melts are similar to the low viscosity alkali-rich melts of the other
eruptions in the graph. Fig. 19 plots (CaO + MgO)/(Na20 + K>0) vs SiO> content of several
large-volume eruptions (see also Fig. 1). The PR composition appears to be an exception in this
graph since it is the only melt with an alkaline-earth/alkali ratio higher than 1. However, it
follows an obvious trend of a decreasing (CaO + MgO)/(Na2O + K20) value with increasing
SiO2 content for all these events. Assuming that this correlation is valid for more complex
compositions, it illustrates that the viscosities of PR and PN compositions are higher than
expected since their enrichment in alkaline-earth is conventionally not considered in
discussions of the viscosities of these melts. Thus, only regarding the SiO2 content of a melt is

insufficient for an estimation of its viscosity and rheological behaviour.
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Fig. 19 Comparison of high-volume eruptions in the plot (CaO + MgO)/(Na2O + K;0) vs SiO,

Trolese et al. (2017) investigated the emplacement temperatures of magmatic ignimbrites of the
CAVD including the PN and PR eruptions. They found the emplacement temperature to be
between 600°C or 630°C and 710°C for PN and PR, respectively, and suggest that process of
magma fragmentation begins at temperatures approx. 100 °C higher than the emplacement one.
Takeuchi (2011) estimated pre-erupted temperatures for the other eruptions in Table 5 and Figs.
18 and 20. With the presumption that melt fragmentation is a syn-eruptive process the eruptive
temperatures for all compared melts range between 700 and 1070 °C. In this temperature range
the viscosity curves of the PR and PN compositions cross the viscosity curves of the other
Na20-Al203-SiO2 melts (Fig. 20) due to their different fragilities of ~31 and 24-28,
respectively.

In January 2002, foiditic lava was ejected by the Mt. Nyiragongo (Santo et al. 2002; Giordano
et al. 2007). The lava near the top of the volcano was highly fluid and moved quickly forward
whereas the lava at the bottom of Mt. Nyiragongo was more viscous moving with less speed.
Giordano et al. (2007) measured the dry liquid viscosity of remelted lava from this eruption to
be approx. two logio Pa s lower than that from the foiditic synthetic glasses from this study.
They conclude different eruptive temperatures at the different locations: the lava escaped in
higher altitudes erupted at higher temperatures than the lava at the base of the volcano resulting

in a lower viscous flow near the volcanic top. The eruptive temperatures for the Mt. Nyiragongo
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event are much higher than those for the PR event what results in higher eruptive viscosity for
PR.

explosive event composition references fragility
PR foidite Freda et al., 2011 31.13°
PN tephri-phonolite Campagnola et al,. 2016 30.96°
WPVe phonolite Balcone-Boissard et al., 2011 26.47°
lacono-Marziano et al., 2007
Laacher See phonolite Harms & Schmincke, 1999 26.02°
Taupo 1.8 ka rhyolitic Dunbar et al., 1989 24.58°
Campanian Ignimbrite trachytic Marianelli et al., 2006 28.21°
Krakatau mainly rhyodacitic Mandeville et al., 1996 27.84°
Pinatubo 1991 dacitic Westrich & Gerlach, 1992 24.32°
Usu 1663 rhyolitic Tomiya et al, 2010 25.31°
Aniakchak 3430 BP andesitic Larsen, 2006 34.95°
St. Helens 1980 rhyolitic Takeuchi, 2011 25.89°

2 fragility calculated after Eq. 4
b fragility calculated after GRDOS8 (Giordano et al. 2008)

Table 5 Chemical classification and fragilities from large-volume eruptions from all over the world

15 PR (31.13)
13 L > - = PN (30.95)
s P @ (26.47)

11 }
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Fig. 20 Viscosities of the PR, PN and WPVe compositions investigated in this study with measured and
extrapolated viscosities using Eq. 5 and further large-volume eruptions worldwide. Compositions for these events
are taken from Takeuchi and references therein (2011), viscosities are calculated with the GRD08 model.

Fragilities are written in parentheses
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Consequently, as an approximation of the rheology of an erupting magma controlls the
explosivity of an eruptive event, the viscosity at the eruptive temperature (n(Terupt)) Should be
regarded rather than the SiO2 content only. In Fig. 21, the viscosity at the temperature at
eruption is plotted vs the silica content for some of the major explosive eruptions with a high
DRE. The viscosities at eruptive temperature from the melts from literature are calculated with
the GRDO08 model ignoring any content of H.O. The PR, PN and WPVe compositions measured

in this study have eruptive viscosities of 8.58, 9.56 and 9.18 logio Pa s, respectively.
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Fig. 21 Viscosity at eruptive temperature as a function of SiO, content for some large-volume eruptions showing
that the eruptive viscosities for PR, PN and WPVe are in the middle of all these explosive events

It is seen that their eruptive viscosities are in the middle of all events in spite of their low SiO>
content. The explosivity of an eruption increases with increasing eruptive viscosity. By means
of this plot it can be estimated that at eruptive viscosities of 5-6 logio Pa s the eruptive style
changes from effusive to explosive considering a dry and crystal- and bubble-free magma. The
relationship between the DRE of all these explosive events and the eruptive temperature is
shown in Fig. 22, indicating that these eruptions fall together in the same area in this figure and
that the PR and PN events are also in the middle of all data points. Considering the melt
viscosity at the eruption of an event, the PR and PN eruptions are not as unusual as they appear
when plotted in the DRE vs SiOz diagram (Fig. 1).

52



2 Rheology of melts from the Colli Albani Volcanic District (Italy): a case study

1000
Campi Flegrei 39 ka
+
100 f
PR
®
+ Krakatau 1883
fn + PN
m L
c 10 Aniakchak 3430 BP A .
= Laacher See 12.9 ka+ Pinatubo 1991
. - ¥
(] WPVe +
1 +
Taupo Usu 1663
1.8 ka
0.1
4 5 6 7 8 9 10 11 12 13

log.o N {Terup‘[ ) [Pas]

Fig. 22 DRE from explosive eruptions as a function of the viscosity at eruptive temperature. PR, PN and WPVe

form a cloud with the other eruptions showing no anomalous position

However, natural magmas and lavas are a mixture of a liquid melt, solid particles and gas
bubbles (Lev et al. 2019). This, together with the species of volatiles, strain and shear-rates
generated by the geological setting of a volcano, results in a complex melt rheology (i.e.
Dingwell et al. 1996; Giordano et al. 2008; Robert et al. 2013; Sehlke and Whittington 2016)
not investigated in this study. Especially for the geological conditions of the CAVD, the
formation of a CO2-rich fluid and an enrichment of the CaO component in the melt even in syn-
eruptive processes are important features affecting the style of its eruptions.

Nevertheless, the plot in Fig. 19 constitutes a good first approximation of the explosivity of an

eruption including the alkaline-earth content as well as the SiO- content.

Conclusion

Considering the SiO> content only or together with the alkali content is a common way to
estimate the viscosity of a melt. This study illustrates that this is not sufficient. The viscosities
presented here are higher than expected using conventional approximations as these
compositions are not only silica undersaturated and rich in K but also rich in alkaline-earths.
The knowledge of the rheological features of a melt and especially the viscosity is fundamental
for understanding and evaluating the style in which a volcano erupts. Hence, it is proposed here
to estimate the explosivity of an eruption not only based on the silica content of a melt but
additionally on the ratio (CaO + MgO)/(Na2O + K>0).
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Fig. P1 Author contribution of the idea, measurements and discussion to this Chapter 3 from Christin Kleest and
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This Chapter was submitted on 3 May 2021 to “Contributions to Mineralogy and Petrology”,
accepted on 10 September 2021 and finally published online on 15 October 2021. In the online
version of this article supplementary material is provided consisting of 4 appendices A, B, C
and D. In the presented version, these appendices are attached at the end of this 3™ Chapter.

The abstract of this Chapter starts in the style of the published article whereas further contents

are continued in the style of this thesis.
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Abstract

In this study, the influence of CO, on the rheology of silica poor and K-rich melts from highly explosive eruptions from the
Colli Albani Volcanic District (Italy) (CAVD) is measured for the first time. The investigated melts range from foidite to
tephri-phonolite to tephrite from the CAVD to a phonolite from the Vesuvius (Italy) with CO, concentrations up to 0.50 wt%.
Viscosity and calorimetric measurements are performed in the glass transition range 7, between 600 and 780 °C. Although
nominally anhydrous, the investigated melts contain H,O concentrations up to 0.23 wt%. The data exhibit a decrease in vis-
cosity of approx. 10%4° Pa s for the phonolitic composition with ~0.07 wt% CO, and a T, reduced by approx. 14 °C. For the
tephritic composition, 7, is approx. 5 °C lower and has a viscosity reduced by 10%% Pa s for the sample containing ~0.5 wt%
CO,. Calorimetric measurements of the tephri-phonolite show lowered onset of 7, by approx. 6 °C for the melt with~0.11
wt% CO, and T, of the foidite appears not to be influenced by a CO, concentration of ~0.37 wt% CO,. However, these tephri-
phonolitic and foiditic melts foamed during calorimetric measurements preventing a reliable measurement. It would appear
that most of this overall drop in viscosity is caused by the small amounts of H,O in the melts with CO, slightly reducing the
viscosity or having no effect on viscosity. Additionally, it is shown that the reduction in viscosity decreases with an increas-
ing degree of the depolymerisation for the investigated melts. Consequently, the explosive style of the CAVD eruptions is
mainly caused by crystals and bubbles which form and rise during magma storage and ascent which increases the magma
viscosity whereas the CO, in the melt slightly reduces the viscosity.
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Introduction

Rheology of melts plays a key role in magmatic processes. It influences mass transfer,
crystallisation processes, nucleation, forming and exsolution of bubbles, the speed of ascent in
the volcanic vent and finally the eruptive style. Rheology is affected by melt composition and
its volatile content, temperature, pressure, crystal and bubble content as well as oxygen fugacity
(i.e. Webb et al. 2007; Chevrel et al. 2013; Di Genova et al. 2014; Campagnola et al. 2016;
Klein et al. 2018; Kolzenburg et al. 2018). Among the volatile components in magmatic
systems, CO: is the most important one after H,O (Nowak et al. 2003). In many geological
settings with mainly explosive volcanic eruptions, magmas get “flushed” with CO; by the
entrainment of a COz-rich gas from deeper levels of the magmatic systems or by the
assimilation of a CO2-rich host material, i.e. the Colli Albani Volcanic District, Italy (Freda et
al. 2011), Mt. Somma-Vesuvius, Italy (Bruno et al. 1998), Popocatépetl volcano, Mexico (Goff
et al. 2001) or Merapi volcano, Indonesia (Troll et al. 2012). An enrichment of CO2 in magma
results in changes in the rheological behaviour with a decrease in density, changes in chemistry
and mineral assemblage and the formation of bubbles and/or crystals. Hence, CO: is often
assumed to trigger volcanic eruptions (Blythe et al. 2015; Caricchi et al. 2018). Blythe et al.
(2015) pointed out that the viscosity of a melt strongly determines the carbonate assimilation
rate when a magma interacts with the carbonate wall rock. In contrast, the influence of CO, on
melt viscosity is poorly investigated as shown below.

Adding CO2 to polymerised liquids such as NaAlSisOg (Brearley and Montana 1989) or
KAISi3Og (White and Montana 1990) decreases the viscosity at high pressure. In contrast,
Brearley and Montana (1989) detected no influence of CO2 on the viscosity of the more
depolymerised liquid NaCaAlSi>Os. Viscosity studies on a K-rich silicate melt by Bourgue and
Richet (2001) exhibit a reducing effect of CO2 on the viscosity within the first 3 wt% CO-
added. They also measured a linearly decreasing density of the melt with increasing CO>
concentration at room temperature. Morizet et al. (2007) inferred viscosity from calorimetric
measurements of the glass transition temperature Ty of CO»-bearing jadeitic and phonolitic
melts. They concluded there is little or no influence of dissolved CO2 on viscosity at
temperatures near the glass transition because they saw no systematic variations in Tg. Seifert
etal. (2013) did experiments on the relaxation times for basaltic, phonolitic and rhyolitic glasses
and showed a reduction in relaxation time with increasing CO2 content for the basaltic melt but
no changes for the other compositions. As a consequence, they deduce CO2 decreases the

viscosity of basaltic melts but does not affect the other SiO> rich melts. Di Genova et al. (2014)
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investigated rheological features of natural hydrous and H>O-CO.-bearing trachybasaltic and
latitic compositions. They showed a decrease in viscosities for volatile bearing melts and found
a stronger decrease in H>O-CO»-bearing melts than for hydrous ones. The glass transition
temperature was reduced by ~25 K with the addition of any amount of CO3? up to 1900 ppm
COa.. In contrast, the heat capacities are not affected by those volatiles. A study by Robert et al.
(2015) on a remelted natural basalt confirms the effect of CO> slightly reducing viscosity in the
presence of up to 1 wt% H-O.

The present study investigates the influence of CO2 on rheological properties of three synthetic
equivalents of the Colli Albani Volcanic District (CAVD) and a fourth sample equivalent to the
“white pumice” phonolite from the Vesuvius AD 79 eruption (WPVe series) (lacono-Marziano
et al. 2007). To minimise crystallisation and structural changes during experimental runs, all
CAVD glasses are made with half the amount of Fe in the natural sample. Fe?* is replaced by
Mg?* and Fe®* by AI**. Glasses of the CAVD are of the foiditic composition from the Pozzolane
Rosse event after Freda et al. (2011) (PR-0.5Fe series) and a tephri-phonolitic one from the
Pozzolane Nere event after Campagnola et al. (2016) (PN-0.5Fe series). A further tephritic glass
is synthesised by subtracting 4 mol% KAISi2Os from the Pozzolane Rosse composition (PR-
Leu-0.5Fe series) to investigate the rheology of the residual PR-0.5Fe melt after crystallisation
of leucite which is a characteristic phenocryst in the pyroclastic products of the CAVD (i.e.
Giordano et al. 2006; Freda et al. 2011).

Methods

Sample preparation

Volatile-free base glasses were made of powdered and previously dried metal oxides and
carbonates. They were melted at 1600 °C at ambient pressure and atmosphere for 1 hour and
subsequently grinded and mixed for 20 min. This procedure was repeated before the glass was
finally melted for the third time for 4 hours. The glasses were quenched by dipping the crucible
with the melt in water at ambient temperature. The base glasses are than powdered and dried at
500°C for 20 hours to avoid adsorption of H20. The sample powder is filled into AuzsPd2s
capsules and welded at approx. 500°C. For the CO»-bearing melts, the powdered base glass is
mixed with silver oxalate Ag>C204 as the source of CO> loaded into the capsules and welded at
room temperature. The experiments are performed in an internally heated pressure vessel
(IHPV) with an intrinsic oxygen fugacity fO, = NNO + 3 at 1250 °C and approx. 250 MPa for
46 or 70 hours (for detailed description of the IHPV see Schanofski et al. 2019). The melts are
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quenched with a cooling rate of ~150 °C s previously determined in similar studies (Benne
and Behrens 2003).

Density
Based on Archimedes” principle, the sample is weighed in air and in distilled H.O with a
wetting agent to reduce the surface tension of H>O using a Mettler Toledo Excellence XP/XS

analyse balance. The calculation of the density p follows the equation
A
P ==X Pu,o )

with A — sample weight in air, B — sample weight in distilled H>,O and pr20 — density of the

H>0 at ambient temperature after Bigg (1967). The density of every glass is measured 10 times.

Fourier transform infrared spectroscopy (FTIR)

Contents of CO, and H2O are determined by FTIR spectroscopy in the mid-infrared (MIR)
range of 1200 — 4000 cm™ and in the near-infrared (NIR) range of 2000 — 6000 cm™,
respectively. Measurements are done with a Bruker Hyperion 3000 IR microscope and a
coupled Bruker Vertex 70 FTIR spectrometer. A tungsten lamp, a MCT detector cooled by
liquid nitrogen and a KBr beam splitter together with a Globar light source and a CaF, beam
splitter are used to collect the MIR and NIR spectra, respectively. 100 scans in transmission
with 4 cm™ spectral resolution are collected for each spectrum with a spot size of 50 x 50 um.
Samples are double polished and have a thickness of 100 — 190 um for the MIR spectra and
200 — 250 um for the NIR spectra.

Colorimetric micro-determination of the iron species

The colorimetric method of Wilson (1960) and Schuessler et al. (2008) was used to determine
the Fe speciation. Each sample is powdered and 5 — 15 mg are dissolved in hydrofluoric acid
(HF). Upon addition of 2:2 bipyridyl to the solution, a reddish Fe(ll)-bipyridyl-complex is built
by the Fe2*. This complex has an intensive absorption band at ~523 nm in an UV/VIS spectrum.
Hydroxylamine hydrochloride (HsNOCI) is then used to reduce Fe3* to Fe?* to measure the total
Fe content Fewt. Comparison of the intensities at ~523 nm of the unreduced and reduced
solutions provides the ratio of Fe?* to the total Fe content Fe?*/Fewt. The UV/VIS measurements
are performed at an AvaSpec-UV/VIS/NIR spectrometer from Avantes and the AvaSoft

software Version 8.3.
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Micropenetration technique

Viscosity 1 is measured using the micropenetration technique with a Netzsch TMA 402
dilatometer in the range 10%° — 10%3° Pa s. The calibration of the temperature is done with the
melting points of Bi (268.02 °C), Zn (417.02 °C), Al (659.02 °C), NaCl (800.05 °C) and Ag
(951.09 °C). The DGG1, a Na>0O-CaO-SiO- float glass from the Deutsche Glastechnische
Gesellschaft, is measured as a standard glass to determine the precision of the dilatometer. A
total error of £0.06 logio Pa s (1o) is assessed for the measurements. Samples with parallel
surfaces are double polished and have a thickness of 1.5 mm. A sphere of a single crystal of
Al>0O3 with a diameter of 1 mm is forced into the discs with 0.1 — 1.5 N. Depending on the
expected viscosity, the measurements are performed for 30 min up to 6 hours in a temperature
range of 600 — 780 °C. The penetration rate of the sphere into the glass disc is used for the

calculation of the viscosity by:

0.1875 Ft
= r0.5]1.5 (2)

with F — the applied force, t — time, r — radius of the indent sphere, | — distance of indent
(Pocklington 1940; Tobolsky and Taylor 1963; Dingwell et al. 1992). As this equation assumes
that both the thickness of the sample and the radius of the sphere is much greater than the

penetration distance, both F and t are chosen such that | <80 pum in all of the measurements.

Differential scanning calorimetry (DSC)

Heat capacities are measured with the Netzsch DSC 404C differential scanning calorimeter.
The samples are heated to the approximate temperature at which the viscosity is 10° Pa's (T,
which is in the temperature range of 730 — 800 °C, depending on the chemical composition.
Measurements are performed with a constant heating- and cooling-rate of 20 °C min*. To erase
the thermal history of the glasses, only the second calorimetric run of each sample is used for
the determination of the glass transition temperature T4. Measurements are done in a Pt crucible
against an empty Pt crucible and calibrated with a single sapphire crystal with the data of Robie
etal. (1978) from 20 to 1000 °C. Measured discs of the WPVe and PR-Leu-0.5Fe series as well
as the CO,-free samples of the PN-0.5Fe and PR-0.5Fe series were double polished with parallel
faces. During their first calorimetric runs, the discs of CO.-bearing samples of the PN-0.5Fe
and PR-0.5Fe series foamed and raised the lid of the crucible. Hence, these samples were

subsequently crushed to coarse fragments before their measurements.
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The configurational heat capacity Cp,°°" is determined from the scanning data and is the
difference between the relaxed heat capacity of the melt and that of the glass at the same
temperature just above the glass transition (C," = Cpi - Cpy).

The liquid heat capacity (Cp) is directly given by the heat capacity curve. To extrapolate the
heat capacity of the glass (Cpg) to a higher temperature, the unrelaxed glass data are fitted by
the Maier-Kelley equation:

Cpg =a+bT +cT™? ()

with a, b, ¢ as parameters and T — temperature in Kelvin (Maier and Kelley 1932). The
unrelaxed Cpyq is extrapolated to approx. 150 °C to the temperature at which the relaxed Cpi has

been determined.

Results

The results of the electron microprobe analysis of the chemical compositions of the investigated
melts are listed in Table 1 as well as the chemical compositions calculated with the atomic
analysis of the electron microprobe and the Fe ratio Fe?*/Fe received from the colorimetric
micro-determination. All melts are metaluminous by the definition: (Na.O + K>0) < Al>O3 <
(Ca0 + MgO + Na20 + K;0) in mole fraction (Shand 1927). Fe?*/Fert ranges from 0.33 (PR-
0.5Fe 0.2) to 0.51 (samples within the PN-0.5Fe series) (Table 1). The degree of
polymerisation of the melt structure is given by y = (Na20 + K20 + CaO + MgO + FeO)/(Na20
+ K20 + CaO + MgO + FeO + Al>03 +Fe203) in mole fraction (Toplis et al. 1997; Webb et al.
2007) and seen in Table 1. The most depolymerised melts are those of the PR-Leu-0.5Fe series
(y =0.72), followed by the PR-0.5F¢ series (y = 0.68 — 0.70) and the PN-0.5F¢ series (y = 0.59
—0.60). The melts of the WPVe series have the highest degree of polymerisation (y = 0.55). All
melts are nominally anhydrous (H20 < 0.50 wt%). The WPVe and PR-Leu-0.5Fe series are
crystal free. The PN- 0.5Fe and PR-0.5Fe series contain up to 4 vol% crystals with a mean
aspect ratio (= major axes/minor axes) of 1.29 and grain sizes from 2 to 4 um (Table 2) that
formed during the IHPV runs. All CO2-free glasses are bubble free. The CO»-bearing samples
of the WPVe and the PN-0.5Fe series contain up to 3 vol% spherical bubbles (Table 2). Raman
spectroscopy identified the gases in the bubbles as molecular CO2 with characteristic peaks at
1286 and 1390 cm™ (Schroétter and Klockner 1979) (for the Raman spectra see Fig. Al in
Appendix A).
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Electron microprobe analysis

[wt%] Sio, Al,03 Na,0 TiO, FeOiot MnO MgO Ca0o K,O total
WPVe series 55.91+0.16 21.47+0.10 5.29+0.07 0.30+0.03 2.72+0.05 0.13+0.02 0.41+0.01 3.25+0.05 9.48+0.08 98.96
PN-0.5Fe series 50.01+0.16 22.41+0.10 2.50+0.06 0.63+0.02 5.82+0.08 0.19+0.02 3.25+0.03 5.47+0.06 8.9210.08 99.20
PR-0.5Fe series 43.30+0.15 19.84+0.10 3.04+0.06 0.92+0.04 7.46+0.09 0.20+0.02 5.44+0.04 10.55+0.09 8.47+0.08 99.22
PR-Leu-0.5Fe series 45.20+0.16 18.65+0.10 3.68+0.06 1.14+0.03 5.88+0.08 0.25+0.02 6.16+0.06 13.05+0.09 4.77+0.06 98.78
Calculated compositions
[mol %] SiO; Al,03 Na;O TiO, FeO Fe;03 MnO MgO Cao K,O Fe?*[Fetot y? Mmb
WPVe_0.1 65.17+0.32 14.7540.12 5.98+0.16 0.26+0.03 1.14+0.03 0.76+0.02 0.12+0.05 0.71+0.06 4.0610.11 7.04+0.10 0.43+0.02 0.55 69.43
WPVe_0.2 65.13+0.32 14.74+0.12 5.98+0.15 0.26+0.03 1.25+0.05 0.70+0.02 0.12+0.05 0.71+0.06 4.06%0.11 7.04+0.10 0.47+0.03 0.55 69.38
WPVe_1.1 65.17+0.32 14.7540.12 5.98+0.16 0.26+0.03 1.14+0.03 0.76+0.02 0.12+0.05 0.71+0.06 4.0610.11 7.04+0.10 0.43+0.02 0.55 69.43
WPVe_1.2 65.15+0.32 14.75+0.12 5.98+0.16 0.26+0.03 1.19+0.03 0.73+0.02 0.12+0.05 0.71+0.06 4.06%0.11 7.04+0.10 0.45+0.02 0.55 69.40
PN-0.5Fe_0.1 58.06+0.31 15.34+0.12 2.81+0.09 0.55+0.04 2.37+0.05 1.64+0.04 0.18+0.03 5.62+0.09 6.81+0.13 6.61+0.10 0.42+0.02 0.59 69.47
PN-0.5Fe_0.2 57.91+0.31 15.3040.12 2.81+0.09 0.55+0.04 2.88+0.05 1.3840.04 0.18+0.03 5.61+0.09 6.79+0.13 6.59+0.10 0.51+0.02 0.60 69.40
PN-0.5Fe_1.1 57.91+0.31 15.3040.12 2.81+0.09 0.55+0.04 2.88+0.05 1.384+0.04 0.18+0.03 5.61+0.09 6.79+0.13 6.59+0.10 0.51+0.02 0.60 69.25
PN-0.5Fe_1.2 57.98+0.31 15.32+0.12 2.81+0.09 0.55+0.04 2.65+0.05 1.50+0.04 0.18+0.03 5.61+0.09 6.80+0.13 6.60+0.10 0.47+0.02 0.59 69.36
PN-0.5Fe_1.3 57.91+0.31 15.30+0.12 2.81+0.09 0.55+0.04 2.88+0.05 1.38+0.04 0.18+0.03 5.61+0.09 6.79+0.13 6.59+0.10 0.51+0.02 0.60 69.25
PR-0.5Fe_0.1 49.22+0.27 13.2940.10 3.35+0.10 0.78+0.04 2.84+0.04 2.13+0.04 0.19+0.03 9.22+0.11 12.84+0.17 6.14+0.09 0.40+0.02 0.69 68.31
PR-0.5Fe_0.2 49.34+0.27 13.334#0.10 3.36+0.10 0.79+0.04 2.35+0.04 2.38+0.04 0.19+0.03 9.24+0.11 12.87+0.17 6.16+0.09 0.33+0.01 0.68 68.10
PR-0.5Fe_1.1 49.11+0.27 13.2640.10 3.34+0.10 0.78+0.04 3.26+0.04 1.91+0.04 0.19+0.03 9.20+0.11 12.82+0.17 6.13+0.09 0.46+0.01 0.70 67.92
PR-0.5Fe_1.2 49.22+0.27 13.2940.10 3.35+0.10 0.78+0.04 2.84+0.04 2.13+0.04 0.19+0.03 9.22+0.11 12.84+0.17 6.14+0.09 0.40+0.01 0.69 68.10
PR-Leu-0.5Fe_0.1 49.85+0.27 12.12+0.10 3.93+0.10 0.94+0.04 2.60+0.06 1.41+0.03 0.23+0.03 10.13+0.15  15.42%0.16 3.36+0.06 0.48+0.01 0.72 65.68
PR-Leu-0.5Fe_0.2 49.87+0.27 12.12+0.10 3.94+0.10 0.94+0.04 2.55+0.06 1.44+0.03 0.23+0.03 10.13+0.15 15.42+0.16 3.36+0.06 0.47+0.02 0.72 65.70
PR-Leu-0.5Fe_1.1 49.88+0.27 12.1340.10 3.94+0.10 0.94+0.04 2.50+0.06 1.47+0.03 0.23+0.03 10.14+0.15 15.43+0.16 3.36+0.06 0.46+0.01 0.72 65.73
PR-Leu-0.5Fe_1.2 49.91+0.27 12.1340.10 3.94+0.10 0.94+0.04 2.39+0.04 1.52+0.03 0.23+0.03 10.14+0.15 15.4310.16 3.36+0.07 0.44+0.02 0.72 65.77
PR-Leu-0.5Fe_1.3 49.85+0.27 12.1240.10 3.93+0.10 0.94+0.04 2.60+0.06 1.41+0.03 0.23+0.03 10.13+0.15 15.4240.16 3.36+0.06 0.48+0.02 0.72 65.68
a Nay G +#;0+Ca0+Mgo+Fed b M = Molecular weight of the glass (g mol?)

=
} Naa0+Xz0+Ca0 +Mgo +Fe0+ Al 0z +Fe, 0z

Table 1 Chemical compositions of the investigated melts. Columns in wt% show the composition of the base glasses analysed by electron microprobe (JEOL JXA 8900 RL); acceleration voltage: 15 kV, current: 15
nA, beam diameter: 25 um. Data are the average of 10 single measurements with standard deviation of 1. Columns in mol% give the compositions of the melts after the IHPV runs. Data are calculated with the
atomic analysis of the electron microprobe and the Fe-ratio measured with the colorimetric micro-determination. Standard deviation is 2.
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3 Influence of CO2 on the rheology of melts from the Colli Albani VVolcanic District (Italy): foidite to phonolite
P [MPa] t [h] ¢(H20) [wt%] c(COs*) [ug gl c(CO2)tt [ug g1 p [gem3] comments
FTIR FTIR ()
WPVe_0.1 257 46 0.12 +0.01? - n.d 248 £0.01
WPVe_0.2 251 70 0.12 +0.01? - n.d 2.48 £0.02
WPVe_1.1 256 70 0.17 +0.02? 748 + 563 n.d. 2.47 £0.02 bubbles < 1 vol%
WPVe_1.2 256 70 0.18 + 0.02? 748 + 653 n.d 2.47+0.01 bubbles < 1 vol%
PN-0.5Fe_0.1 252 46 0.23 + 0.02? - n.d 2.60+0.01 crystals ~4vol%
PN-0.5Fe_0.2 254 70 0.20 £ 0.02? - n.d 2.60£0.01 crystals ~3vol%
PN-0.5Fe_1.1 254 70 0.22 +0.02? 1020 + 61° n.d 2.59+0.01 crystals ~3vol%, bubbles ~3 vol%
PN-0.5Fe_1.2 254 70 0.21 + 0.022 1090 + 67* n.d 2.58+0.01 crystals ~3vol%, bubbles ~3 vol%
PN-0.5Fe_1.3 254 70 0.22 +0.02? 1178 + 62° n.d 2.57+£0.01 crystals ~3vol%, bubbles ~3 vol%
PR-0.5Fe_0.1 247 70 0.18 + 0.02? - n.d 2.72+0.01 crystals ~3vol%
PR-0.5Fe_0.2 252 46 0.23 £0.02! - n.d 2.73+0.01 crystals ~4vol%
PR-0.5Fe_1.1 255 46 0.14 +0.01? 3122 +74° n.d 2.71+0.01 crystals ~2vol%
PR-0.5Fe_1.2 255 46 0.17 £0.02? 3672 +657° n.d 2.70+£0.02 crystals ~2vol%
PR-Leu-0.5Fe_0.1 253 46 0.16 + 0.012 - n.d 2.74+0.01
PR-Leu-0.5Fe_0.2 251 70 0.17 +0.012 - n.d 2.74+0.01
PR-Leu-0.5Fe_1.1 256 46 0.19 + 0.02? 2988 + 152°¢ 29077 2.73+0.02
PR-Leu-0.5Fe_1.2 254 46 0.20 + 0.02? 4083 + 138° 3966’ 2.72+0.01
PR-Leu-0.5Fe_1.3 256 46 0.18 + 0.022 5052 + 169° 50197 2.71+0.01

! g3550= 67.0 £ 6.7 | mol* cm* (Stolper 1982) 2 3550 = 63.9 + 5.4 | molt cm™ (Behrens et al. 2009)
4 1425 = 296 | mol™* cm™ (calculated after Dixon and Pan 1995) 5 g1405 = 334 | mol* cm™* (calculated after Dixon and Pan 1995)
8 £1425 = 324 £ 0.06 (1o) | mol* cm? (this study) " no error given for the PR-Leu-0.5Fe series since the CO,°? was determined once by CS analysis

3 £1425 =245 + 17 | mol** cm'* (Schanofski et al. 2019)

Table 2 Conditions during IHPV runs, water concentration c(H,0) determined by FTIR, concentration of the carbon ion ¢c(COs%) determined by FTIR, total carbon concentration
c(COy)™ measured by carbon sulphur (CS) analysis and density p. All errors are 1c for evaluations in this study, errors of absorptions coefficients of ezsso and s1425 from the literature
are 2o (see references). The crystals in the melts of the PN-0.5Fe and PR-0.5Fe series have grain sizes ranging from 2 to 4 pm and a mean aspect ratio (= major axes/minor axes) of
1.29.
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The crystals as well as the bubbles are unconnected in the crystal and bubble bearing glasses.
All glasses are checked for homogeneity by the FTIR. The CO2-bearing melts of the PR-0.5Fe
series showed little variations of the CO. concentration within the samples. Thus, the CO>
concentration of these melts are determined after their viscosity and heat capacity

measurements and given in Table 2.

Density

The densities are shown in Table 2. The WPVe series has the lowest densities with 2.47-2.48 g
cm3, followed by the PN-0.5Fe series with 2.57 — 2.60 g cm=. The PR-0.5Fe and the PR-Leu-
0.5Fe series have similar densities, ranging from 2.70 -2.73 and 2.71 — 2.74 g cm™, respectively.
Within each series of the investigated melts the density appears to decrease with increasing CO>
concentration (Fig. 1A). This decrease in density is, however, within the error of the density of

the volatile-free glasses.

g Fig. 1 A — Densities of the investigated melts as a
function of CO, concentration; B — T4'? vs CO;
concentration for the WPVe and PR-Leu-0.5Fe
series; C — Be/S®" vs CO; content for the WPVe and

PR-Leu-0.5Fe series. Symbols for the melt series are

2.64
# PR-Leu-0.5Fe series

® PR-0.5Fe series

A PN-0.5Fe series
B WPVe <eries the same for the three panels.

670 g :

p [g em?]

2.54

660

650
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640
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FTIR spectroscopy
The relation between the concentration of a species and the IR-absorbance is given by the

Lambert-Beer-law:

. MiXA]'

i = ol X 100 (4)

with c¢i — concentration of the species i in wt%, Mi — molar mass of the species i, Aj — peak
height of the absorbance of the band j, d — thickness of the sample in cm, p — density of the
sample in g IY, ¢ — absorption coefficient in | mol* cm™(i.e. Stolper 1982; Thibault and
Holloway 1994; Behrens et al. 2009).

The height of the FTIR-absorption bands related to the carbon species is determined by
subtracting the spectrum of the CO,-free glass from that of the CO»-bearing sample scaled to
the same thickness. As shown in Fig. 2A, the residual spectrum of the PR-Leu-0.5Fe series
shows a doublet at approx. 1510 and 1425 cm, caused by the asymmetric stretching vibration
of COs? (Blank and Brooker 1994; Botcharnikov et al. 2006). To quantify the concentration of
the CO3? species, the absorbance at approx. 1425 cm™ is used since the doublet is assumed to
be symmetric (Dixon and Pan 1995) and the absorbance at 1510 cm™ could be overlapped by a
vibration mode of H2O molecules (Botcharnikov et al. 2006) and hence falsify the evaluation
of the carbon concentration. For this PR-Leu-0.5Fe series, the composition dependent
absorption coefficient €1425 is calculated using the absorbance normalised by thickness of the
glass chip and density and the total carbon content determined by the carbon sulphur (CS)
analysis (Table 2). The value for 1425 is 324 + 12 (26) I mol™ cm™ (see Fig. B1 in Appendix B)
being in good agreement with that calculated for Ca-rich silicate glasses from Dixon and Pan
(1995) with 1425 = 335 I mol™* cm™,

The FTIR spectra of the WPVe and the PN-0.5Fe series show the doublet of CO3? and an extra
peak at approx. 2350 cm™ as shown in Fig. 2B. This extra peak is caused by the asymmetric
stretching vibration of CO2 molecules (Blank and Brooker 1994). Since the Raman spectrum
(Fig. Al in Appendix A) attests the presence of molecular CO> in the bubbles, it is assumed
that this extra peak arises from the substance in the bubbles. The CO; species in the presented
melts is assumed to be dissolved as CO3s? only since Fine and Stolper (1986), Thibault and
Holloway (1994), Behrens et al. (2009), Shishkina et al. (2014) as well as Schanofski et al.
(2019) detected no molecular CO: in their bubble free basaltic, Ca-rich leucititic, phono-
tephritic, mafic melts as well as phonolitic and foiditic melts, respectively. Therefore, the CS

analysis overestimates the total amount of CO: in these samples and is not reliable for the
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determination of €1425 for these melts (an example of the falsified determination of €145 is given
in Fig. B2 in Appendix B). Due to the underestimations of the absorption coefficients of the
bubble bearing melts and the inhomogeneity in CO> distribution of the CO.-bearing melts of
the PR-0.5Fe series, 1425 values of 245 | mol™ cm™ (Schanofski et al. 2019), 296 | mol™ cm™
and 334 | mol* cm™ (calculated after Dixon and Pan 1995) are used for the determination of
the CO3? content for the WPVe, PN-0.5Fe and the PR-0.5Fe series, respectively. Determined

concentrations of CO3? are listed in Table 2.

A €0, bearing spectrum

\

.-
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CO, free spectrum

Absorbance units
o
-
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Fig. 2 A — MIR spectra of the CO-bearing melt PR-Leu-0.5Fe_1.3 (continuous line) and the corresponding CO»-
free spectra normalised to the thickness of the CO2-bearing one (dashed line). The residual spectrum is the result
of the subtraction of the CO,-bearing minus the CO,-free spectra whose absorbance at ~1425 cm™ is used for the
determination of the concentration of CO3?; B — MIR spectra of the CO,-bearing melt WPVe_1.1 (continuous
line) and the corresponding CO--free spectra normalised to the thickness of the CO2-bearing one (dashed line).
The residual spectrum is the result of the subtraction of the CO-bearing minus the CO,-free spectra. Besides the
COs* doublet at 1425 and 1510 cm™ a peak at 2350 cm® exists indicating the presence of molecular CO; in this

melt.
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In the NIR spectra, weak absorbances at approx. 3550 cm™ are caused by the fundamental OH
stretching mode (Stolper 1982; Ohlhorst et al. 2001; Behrens et al. 2009). A two-tangent
baseline is used to determine the peak height at 3550 cm™. There is no evidence of molecular
H.0 in the glasses, since there is no absorbance peak at approx. 5200 cm™ which is in agreement
with previous studies (i.e. Stolper 1982; Behrens et al. 2009) who observed the OH" groups to
be the predominant H2O species in H2O bearing glasses with total H>O content < 0.5 wt%. For
the calculation of the total amount of H.O, values for the absorption coefficients e3ss0 are taken
from other surveys since they strongly depend on melt composition. Stolper (1982) calibrated
an absorption coefficient ess50 for variable compositions ranging from basaltic to albitic to
rhyolitic and found it to be the same within error and is 67.0 + 6.7 | mol™ cm™. Behrens et al
(2009) found e3s50 for a phono-tephritic glass to be 63.9 + 5.4 I mol™ cm™. For the measurements
of the H20 contents of the melts in this study, esss0 = 67.0 + 6.7 | mol™ cm™ and e3ss0 = 63.9 *
5.4 1 mol™ cm™ are used for the WPVe and PR-0.5Fe series as well as for the PN-0.5Fe and
PR-Leu-0.5Fe series, respectively. The melts contain H>O concentrations up to 0.23 wt% (Table
2) due to the reduction of Fe3* in the samples by hydrogen following the reaction Fe;O3 + H;
— 2FeO + H20 (Brearley and Montana 1989; Botcharnikov et al. 2006; Behrens et al. 2009)
during sample preparation in the IHPV. An additional possibility for H>O entry into the samples
could be adsorbed H20 on the Ag>C204 dissolved during the experimental run in the IHPV.

Viscosity

The measured viscosities at a given temperature of all melts are given in the supplementary
material (Appendix C). Due to the narrow temperature range applied in this study the statistical
analysis needs to fit a straight line through the measured viscosity data which is given by the
Arrhenian Equation

Bx10%

T ()

logion=A+

with » — viscosity in Pa s, A and B as — fit parameters and T — temperature in Kelvin. All fit

parameters are listed in Table 3.
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A [logio Pa s] B [K] T2 [°C] m
WPVe_0.1 -16.50 + 0.04 2.67 £0.01 663.5 28.5
WPVe_0.2 -15.01 £ 0.09 2.53+0.01 662.5 27.0
WPVe_1.1 -15.27 £ 0.05 2.52+0.01 650.2 27.3
WPVe_1.2 -13.46 £ 0.05 2.35+0.01 648.5 25.5
PN-0.5Fe_0.1 -16.65 + 0.04 2.71+0.01 674.5 28.6
PN-0.5Fe_0.2 -16.16 + 0.05 2.66 +0.01 670.1 28.2
PN-0.5Fe_1.1 n.d. n.d. n.d. n.d
PN-0.5Fe_1.2 n.d. n.d. n.d. n.d
PN-0.5Fe_1.3 n.d. n.d. n.d. n.d
PR-0.5Fe_0.1 -16.67 £0.13 2.61+0.02 638.4 28.7
PR-0.5Fe_0.2 -16.19+0.18 2.56+0.03 634.8 28.2
PR-0.5Fe_1.1 n.d. n.d. n.d. n.d.
PR-0.5Fe_1.2 n.d. n.d. n.d. n.d.
PR-Leu-0.5Fe_0.1 -29.23 £ 0.06 3.76 £0.01 637.9 41.2
PR-Leu-0.5Fe_0.2 -26.71+£0.05 3.52+0.01 635.4 38.7
PR-Leu-0.5Fe_1.1 -28.20+£0.03 3.64+0.01 631.8 40.2
PR-Leu-0.5Fe_1.2 -28.61+0.04 3.67+£0.01 631.0 40.6
PR-Leu-0.5Fe_1.3 -28.87 £ 0.04 3.69+0.01 630.6 40.9

Table 3 Fit parameter for the Arrhenian Equation (Eq. 5), T¢* and fragility m (Eq. 7) calculated with the
viscosity data

The CO»-bearing samples WPVe_1.1 and WPVe_1.2 contain < 1 vol % spherical bubbles and
show bubble growth and rise at temperatures > 700°C, and therefore these data are not shown.

Einstein (1906) developed a formula for the effect of suspended isolated spheres on melt

viscosity:
Nret = 1ol = 1+f g (6)
Nmelt

with nrel — relative viscosity, 7ert — effective viscosity of the dilute suspension in Pa s, #7meit —
viscosity of the pure suspending liquid in Pa s, f — constant that is 1 for spherical bubbles (Taylor
1932) and ¢ — bubble fraction.

For the CO»-bearing samples, the influence of the present bubbles on viscosity is < 0.01 logio
Pa s and hence negligible. As seen in Fig. 3A, the viscosities of the CO»-free melts of the WPVe
series agree with each other within the measurement error of 0.06 logio Pa s. At a temperature
of 650°C, the viscosities of the samples WPVe_0.1 and WPVe_0.2 are 12.42 and 12.37 log1o
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Pa s, respectively. The viscosities of the CO2-bearing samples, having the same CO> content,
are about 0.4 logio Pa s lower at this temperature, namely 12.01 log:o Pa s for WPVe_1.1 and
11.96 logio Pa's for WPVe_1.2. The glass transition temperature T4!? for the CO,-bearing melts
is approx. 14 °C lower with respect to that of the CO»-free samples of this series (see Fig. 1B
and Table 3).

838 T[°q 596
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Fig. 3 Viscosity data of all melts investigated in this study as a function of inverse temperature for: A — the CO,-
free and CO,-bearing melts of the WPVe series, B — the CO,-free PN-0.5Fe and PR-0.5Fe melts and C — the CO,-
free and CO»-bearing melts of the PR-Leu-0.5Fe series. The measured temperature range in °C is given at the top

of the figure.
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The CO»-bearing melts of the PN-0.5Fe and the PR-0.5Fe series disintegrated during heating
before reaching the temperature of measurement. It is assumed, that gases in existing or forming
bubbles in the PN-0.5Fe series and PR-0.5Fe series, respectively, expand and lead to the
fragmentation of these melts. Therefore, only the viscosities of the CO.-free melts are
investigated.

As illustrated in Fig. 3B, the viscosity of PN-0.5Fe_0.1 is approx. 0.1 logio Pa s higher than
those of PN-0.5Fe_0.2 over the whole temperature range i.e. at 700 °C the viscosity is 11.25
logioPasand 11.13 logio Pa s, respectively. The viscosities of the CO,-free samples of the PR-
0.5Fe series are additionally shown in Fig. 3B. At a temperature of 700 °C, the viscosity of PR-
0.5Fe_0.1is 10.18 logio Pa s and that from PR-0.5Fe_0.2 is 10.11 logio Pa s differing by 0.07
logio Pas.

Fig. 3C shows the viscosities of the PR-Leu-0.5Fe series. The viscosity data of the CO,-free
samples agree with each other, i.e. at 650°C the viscosities for PR-Leu-0.5Fe_0.1 and PR-Leu-
0.5Fe_0.2are 11.41 and 11.39 logio Pas, respectively, what is within the error of measurements.
The viscosities of the samples with a CO2 concentration of ~0.30 wt% (PR-Leu-0.5Fe_1.1),
~0.40 wt% (PR-Leu-0.5Fe_1.2) and ~0.50 wt% (PR-Leu-0.5Fe_1.3) are 0.18, 0.22 and 0.25
logio Pa s lower, respectively, compared to the CO»-free PR-Leu-0.5Fe_0.2. The glass transition
temperature T4'2 of the CO.-bearing melts decreases by approx. 5 °C with respect to PR-Leu-
0.5Fe_0.2 (see Fig. 1B and Table 3).

Fragility
Using the viscosity data, the fragility m is calculated by

__ Bx10*

TR (7

with B — fit parameter from the Arrhenian fit (Eq. 5) and T4'? — temperature at which the
viscosity is 10'? Pa s in Kelvin (Toplis et al. 1997; Webb 2011).

As demonstrated in Table 3, the PR-Leu-0.5Fe series has the highest fragilities (38.7 — 41.2)
whereas the fragilities of all other melts for which viscosity measurements are possible, are
nearly the same (25.5 — 28.7).

The Vogel-Fulcher-Tammann Equation (VFT Equation)
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B
log1on = Aypr + - (8)

T—-Cyrr

with Avrr — constant, Bvrer and Cver — parameters and T — temperature in Kelvin (i.e. Toplis et
al. 1997), can be used to force a curve in the fit to the viscosity data. This requires setting the
constant Avrr to -4 (see Kleest et al. (2020) for a discussion). Corresponding to the VFT
Equation (Eq. 8), the fragility myer is then:

ByFr 9)

Mypr =
Tg?(1-Cypr/Tg%)?

The constant Avrr, the parameters Bvrr and Cvrr as well as the fragilities using Eq. 9 are given

in the supplemental material (Appendix D).

Differential scanning calorimetry (DSC)

The extrapolated parameters of the Maier-Kelley-Fit (Eq. 3) of the studied melts are listed in
Table 4 together with the heat capacities of the glasses (cpg) and liquids (cp) and the
configurational heat capacity Cp%". C,°" is lowest for the WPVe series (10.35 — 12.42 J mol-
1 K1), followed by the PN-0.5Fe series (13.76 — 16.38 J mol* K1). The PR-0.5Fe series has
similar C,®"" (20.70 — 26.3 J mol™* K'%) to the PR-Leu-0.5Fe series (25.31 — 26.93 J mol™ K1),
Fig. 4 shows a positive correlation between C,*°" and the degree of depolymerisation expressed
by y which is in agreement with previous studies from Giordano and Russell (2017) and Russell
and Giordano (2017) who demonstrated that C,*°" diminishes with increasing SiO2 content. An
increase of SiO: increases the degree of polymerisation and hence a lower re-ordering of the

structure in the melt is required at the glass transition range resulting in lower Cp®",

30 Fig. 4 Configurational heat capacity C,°" as a
p - WPV series function of y: the higher the degree of polymerisati
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The fragmentation of the CO»-bearing glasses of the PN-0.5Fe and PR-0.5Fe series prevented
viscosity measurements, however, the calorimetric data can be used to estimate the viscosities.
Scherer (1984) postulated a relation between viscosity in the glass transition range and the

cooling-rate during calorimetric measurements:

loglon(Tgonset) = Konset — longl (10)

with # — viscosity in Pa s, T¢°"** — temperature at the beginning of the glass transition range,
defined by the extrapolated glassy heat capacity via the Maier-Kelley fit (Eg. 3) and the rapid
increase in heat capacity, Konset — shift factor of 11.3 and q — cooling rate in °C s™.

Konset is calculated for each sample for which viscosity data are available. The average of Konset
(oKonset) for each melt series is used for further investigations of the CO»-bearing melts and is
listed in Table 4 as well as TOm,

Konset Varies from 11.56 + 0.05 for the PR-0.5Fe series to 11.86 + 0.10 for the WPVe series.
Konset 1S assumed to be independent of the chemical composition (Stevenson et al. 1995).
However, Stevenson et al. (1995) argued that Konset slightly decreases with increasing agpaitic
index ((Na20 + K20)/Al>O3 in mol. fraction). As seen in Fig. 5 showing gKonset Of each series
vs SiO2 concentration, @Konset slightly increases with increasing SiO2 content. Conventionally
implicating a more polymerised melt with increasing SiO> content, this observation agrees with
that from Stevenson et al. (1995) treating the agpaitic index as an indication of the degree of
polymerisation of a melt.

The CO2-bearing melts of the WPVe and PN-0.5Fe series contain bubbles of < 1 vol% and 3
vol%, respectively. Based on Eq. 6, the influence of bubbles on viscosity is < 0.01 logioPa s
for the WPVe melts and 0.01 logio Pa s for the PN-0.5Fe melts which is within the measurement
error of 0.06 logyo Pa s.

The calorimetrically determined viscosities are shown in Fig. 6, presented as the difference in
logio n at T¢®™* between the CO,-free and the CO,-bearing samples of each series vs CO;
concentration. For the WPVe, the PN-0.5Fe as well as for the PR-Leu-0.5Fe series, the CO»-
bearing melts have lower viscosities at T,°"* than the CO-free melts.

The viscosity of the WPVe_1.1 sample decreases by 0.39 logio Pa s and the WPVe_1.2 sample
has a viscosity drop of 0.60 logio Pa s with respect to the CO»-free WPVe_0.1 melt. In contrast
to the results of the viscosity measurements, the viscosities of the CO2-bearing melts of the
WPVe series differ by 0.21 logio Pa s at T¢O™,
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Maier-Kelley parameters

a b c*103 Cpg Col Coeonf geon Be TOnset DKonset
gtk DgtK?] DKgh Dg*K' [mol*K' [Jmol?K?] [J mol* K] [kJ mol?] [°C]
WPVe_0.1 1.310 + 0.006 93.61+6.28 -53.57+0.92 1.16 91.16 10.35 12.49 £ 0.64 430.18 £21.65 657.3 11.86+0.10
WPVe_0.2 1.298 + 0.004 -82.21+4.33 -60.89 +0.60 1.16 92.62 12.42 16.38 £ 0.96 563.78 +32.28 651.0
WPVe_1.1 1.266 + 0.005 -95.76 +4.84 -52.59 +0.69 1.12 88.38 10.76 14.99 £ 0.62 509.60 +20.79 640.3
WPVe_1.2 1.187 £ 0.003 -39.84+2.62 -50.80%*0.35 1.10 88.14 12.01 19.86 £ 0.98 673.98 +33.16  633.8
PN-0.5Fe_0.1 1.132 £ 0.003 101.68 +3.11 -48.60 + 0.45 1.19 96.35 13.76 16.27+£0.71 567.64 +24.28 667.5 11.71+0.03
PN-0.5Fe_0.2 1.324+0.003 -121.52+3.17 -71.34%0.45 113 94.94 16.38 19.07 £ 0.69 663.15+23.06 665.0
PN-0.5Fe_1.1 1.089 + 0.002 -42.65+2.03 -48.66 +0.29 1.00 82.96 13.85 n.d. n.d. 659.8
PN-0.5Fe_1.2 1.040 +£0.003 147.49 £2.57 -42.08 £0.37 1.15 93.98 14.15 n.d. n.d. 659.5
PN-0.5Fe_1.3 1.060 + 0.002 80.80+1.67 -44.14+0.23 1.10 90.51 14.40 n.d. n.d. 659.0
PR-0.5Fe_0.1 1.183 +0.005 -23.50+4.89 -53.81+0.65 1.10 101.65 26.30 29.27 £ 2.06 983.97 £66.08 636.8 11.56+0.05
PR-0.5Fe_0.2 1.327£0.007 -120.77+7.32 -63.27+1.03 1.14 102.56 24.72 29.07+2.42 973.08 £77.64 636.5
PR-0.5Fe_1.1 1.232+0.013 -79.63+12.73 -50.71+1.79 1.10 98.08 23.30 n.d. n.d. 637.3
PR-0.5Fe_1.2 1.190+0.018 -36.12+17.92 -45.13+2.59 111 96.23 20.70 n.d. n.d. 636.3
PR-Leu-0.5Fe_0.1 1.128 + 0.004 186.12 +3.71 -51.74+0.50 1.25 108.70 26.47 15.15+0.31 507.37£10.10 634.8 11.61+0.09
PR-Leu-0.5Fe_0.2 1.253 + 0.005 -0.19+4.76 -61.90 + 0.65 1.19 104.13 26.08 16.53+0.48 552.46+1535 635.3
PR-Leu-0.5Fe_1.1 1.264 +0.003 -15.91+3.16 -57.93+0.43 1.19 103.33 25.31 15.38+0.36 511.47+11.72 630.3
PR-Leu-0.5Fe_1.2 1.304 + 0.003 -95.46 +3.50 -65.37+0.47 1.14 100.63 25.45 14.85+0.38 493.12+12.24 626.8
PR-Leu-0.5Fe_1.3 1.332+0.004 -106.70+3.67 -64.79+0.49 1.16 103.05 26.93 15.92+0.47 528.55+15.09 626.0

Table 4 All values measured or derived from the DSC data: fit parameters a, b and ¢ from the Maier-Kelley fit (Eq. 3), glassy and liquid heat capacities cpg and cp, respectively,

configurational heat capacity C,®", configurational entropy S, the B, parameter (Eq. 11), T,°™¢ and the mean value for the shift factor Konset of each melt series (Eq. 10)
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Fig. 6 The viscosity differences of the CO,-bearing and CO--free melts of each series at T¢°™* from DSC
measurements vs CO, concentration. Numbers in rectangles next to the intrapolated lines of each melt series are y
as a value of the degree of polymerisation. The viscosity drop decreases with increasing y and hence with
increasing degree of depolymerisation.
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The viscosity of the CO»-bearing melts with approx. 0.10 to 0.12 wt% CO> of the PN-0.5Fe
series decreases by approx. 0.27 logio Pa s in comparison to PN-0.5Fe_0.1 at T°™e!,

The PR-Leu-0.5Fe_1.1 sample with a CO2 concentration of ~0.30 wt% has a viscosity
diminished by 0.26 logio Pa s and the viscosities of PR-Leu-0.5Fe_1.2 and PR-Leu-0.5Fe_1.3
with an increased CO2 content up to ~0.50 wt% CO, are reduced up to 0.46 logio Pa's at T
with respect to the PR-Leu-0.5Fe_0.1 sample.

A difference in viscosity of the PR-0.5Fe series is not detectable since the decrease in viscosity
is 0.01 and 0.03 logio Pa s for PR-0.5Fe_1.1 and PR-0.5Fe_1.2 compared to the CO»-free PR-
0.5Fe_0.1 melt which is within the error. However, the CO.-bearing melts of the PR-0.5Fe
series foamed during DSC measurements resulting in an incorrect evaluation of T¢°™¢ and
consequently to an incorrect calculated viscosity at T°™¢, Since the formation of bubbles due
to exsolution of volatiles in the melt already occurs during the first calorimetric run, it shifts the
glass transition range in the second run to higher temperatures and hence an increased T Ot

and diminishes the resulting differences in viscosity of the CO»-free and CO»-bearing melts.

The Adam-Gibbs theory combines the data from viscosity and DSC measurements and enables

the calculation of the configurational entropy S¢:

Be
loglon = Ae + conf (11)

C
In 10 |S€ONS (T32)+ [11,-E—aT |T
g

with Ae and Be as constants, Ty — temperature at which the viscosity is 10'? Pa s in Kelvin
(calculated using the Arrhenian Fit Eq. 5), T — temperature in Kelvin and C,®" —
configurational heat capacity (Cp®" = Cpi - Cpg; Cpi is directly measured by DSC and Cpyg is
extrapolated via Eq. 3) (Adam and Gibbs 1965; Richet 1984; Toplis et al. 1997; Webb 2008)
which is valid with the assumption of no variations in S at temperatures below T4'2. The
parameter Ae defines the viscosity at infinite temperature and is assumed to be constant for all
compositions (i.e. Toplis et al. 1997; Toplis 1998; Giordano et al. 2008). In the present study,
Ae is chosen to be - 4.00 logio Pa s following the Maxwell relation 7 = #0/G (with 7 — relaxation
time, 70 = time-independent Newtonian viscosity and G = elastic shear modulus) with 1o = 10°
14 5 (10 = vibration frequency at infinite temperature) (Martinez and Angell 2001; Angell et al.
2003) and G« =10 + 0.5 GPa (G« = shear modulus at infinite frequency) (Dingwell and Webb

1989). For a detailed discussion of Ae see Kleest et al. (2020) and references therein.
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Eq. 11 fits both, the parameter Be and the configurational entropy S and the results are shown
in Table 4. S of the WPVe series, the PN-0.5Fe series and the PR-Leu-0.5Fe series are in a
similar range (12.49 — 19.86 J mol™* K1), and the PR-0.5Fe series has the highest S (29.07
and 29.27 J mol* K1), The ratio B«/S" indicates the changes of the potential energy barrier to
viscous flow (Richet 1984; Toplis 1998; Webb 2005) and the smallest unit moving in a melt
structure (Toplis 1998). Fig. 1C shows Be/S®" as a function of the CO, concentration and it is
seen that the CO,-bearing melts have a lower Be/S than the CO-free melts which is more
pronounced for the WPVe series than for the PR-Leu-0.5Fe series with a drop of of 0.51x103
and 0.29x10° K, respectively. Hence, the CO-bearing melts needs to overcome a lower energy

barrier to viscous flow.

Discussion

As shown in Figs. 1B, 3A and 6, the viscosity of the WPVe series apparently decreases by the
addition of CO2. The H20 content of 0.12wt% in the CO>-free samples rises to 0.17 and 0.18
wt% for WPVe 1.1 and WPVe_1.2, respectively (see Table 2). It is well studied that H20O
reduces the viscosity of a melt as discussed below. Giordano et al. (2008) developed a model
to predict the melt viscosity at given temperatures depending on melt composition including
the H>O concentration (subsequently denominated as GRD08). GRDO08 is applied to the
phonolitic WPVe series to estimate the effect of H>O on the viscosity. Corresponding to
GRDO08, an addition of 0.05 and 0.06 wt% H>0O lowers the viscosity by approx. 0.4 logio Pa s
in the low temperature — high viscosity range as investigated in this study. For the WPVe_ 1.1
melt, the viscosity decrease determined by the micropenetration technique and the viscosity at
T4O™¢t agree with each other and is approx. 0.4 logio Pa s (Figs. 3A and 6). The viscosities of
the WPVe_1.2 melt determined with the micropenetration method plots nearly on those for the
WPVe_ 1.1 melt (Fig. 3A). Corresponding to GRDO08, the viscosity drop for WPVe 1.1 and
WPVe_1.2 results from the H.O content wherefore the CO> influence appears to vanish. On the
other hand, the viscosity difference at T,°™ (Fig. 6) is approx. 0.6 logio Pa s for WPVe 1.2
contrasting to 0.4 logio Pa s based on GRDO8 indicating a combined viscosity reducing effect
of both volatiles H,O and COz. This influence of H2O seems to be more pronounced at lower
temperatures demonstrated by the comparison of the micropenetration viscosity data and the
viscosity at T,°™* (Figs. 3A and 6).

All CO2-free samples of the PN-0.5Fe series and PR-0.5Fe series contain microcrystals (Table

2), thus the viscosity of the pure liquid should be less than that measured (i.e. Einstein 1906;
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Roscoe 1952; Vetere et al. 2010). Klein et al. (2018) established a model for the calculation of
the relative viscosity nrel Of crystal-bearing melts considering crystal fraction, crystal volume
and shape. By means of the model, the decrease in viscosities of the pure liquid for both series
is up to 0.06 logio Pa s for the maximum crystal fraction of 0.04 in this study, what is within the
measurement error.

However, the CO2-free melts of both series show differences in their HO concentrations (Table
2). As mentioned above, H>O affects the viscosity noticeably. Previous studies pointed out a
viscosity decreasing effect of H>O that is larger in the low temperature — high viscosity range
than in the high temperature — low viscosity range. This viscosity reducing effect decreases
with increasing amounts of H>O and is more pronounced for more polymerised melts than for
less polymerised melts. At 700 °C and in the range of H>O concentration as presented in this
study for the PN-0.5Fe and PR-0.5Fe series, the drop in viscosity is approx. 0.1 logio Pa s for a
shoshonitic melt (Vetere et al. 2007) or up to approx. 0.4 logio Pa s for melts of the Campi
Flegrei (Misiti et al. 2011). Whittington et al. (2000) observed a viscosity decrease of 0.20 logio
Pa s for an anhydrous tephrite (0.01 wt% H20O) by the addition of 0.12 wt% H>O. Robert et al.
(2013) observed a viscosity decrease of approx. 3 logio Pa s from a “dry” (0.01 wt% H20) to a
0.56 wt% H>0 bearing basaltic andesite at 700 °C.

For the CO,-free melts of the PN-0.5Fe series, the H,O contents are approx. the same within
the error (Table 2) resulting in similar viscosities (Fig. 3) differing at the very limit of the
measurement error. Fig. 6 suggests a CO-driven viscosity drop for this series at T,°™¢, Taking
into account the strong viscosity reducing effect of H20O, it is not clearly predictable how CO-
affects these melts.

The differences in viscosity of the CO-bearing melts of the PR-0.5Fe series appear to be
negligible at T, (Fig. 6). As mentioned above, the foaming of the CO,-bearing melts of the
PR-0.5Fe series falsify the results of the calorimetric experiments and consequently, it is not
possible to state the effect of the influence of CO2 on this melt composition.

The viscosities of the CO,-free melts of the PR-Leu-0.5Fe series agree with each other (Fig.
3C). As a consequence, an increased amount of 0.01 wt% H>O (Table 2) has no detectable
influence on the viscosity of this melt series. A further addition of approx. 0.02 wt% H20 as
found in the CO,-bearing melts of the PR-Leu-0.5Fe series (Table 2) is assumed also to have a
negligible (within the + 0.06 logio Pa s error in measurement) effect on viscosity (Table 2). The
viscosities of the CO-bearing melts with different CO, concentrations are within the error of

each other (Figs. 3C and 6). The presented data indicate a viscosity decreasing effect by the
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addition of CO; as seen in Figs. 1B, 3C and 6. However, this apparent viscosity drop grazes the
extreme end of the precision of the measurements.

Based on the presented data, CO> concentrations up to ~0.50 wt% result in a slight to negligible
decrease in viscosity. The overall observed viscosity drop of the phonolitic, tephri-phonolitic
and tephritic melts is mainly caused by their H2O content with this decrease in viscosity

increasing when the degree of polymerisation (y) increases (Fig. 6).

Geological importance for the PR and PN eruptions

Kleest et al. (2020) showed that the viscosities of the volatile-free melts of the Pozzolane Rosse
and Pozzolane Nere event are higher than expected. They also demonstrated a viscosity
decrease for the PR melt caused by assimilation of carbonate wall rock due to an enrichment in
Ca?*, and an additional reduction in melt viscosity following leucite crystallisation.

Based on the results of the present study, an incorporation of small amounts of CO, do not
affect the melt viscosity to a great extent. In contrast, even a small H>O content in the melt
results in a detectable decrease in viscosity and hence, is more effective.

During the storage of the parental PR and PN magmas, crystal formation reaches contents up
to 60 vol% documented by pyroclastic products (Freda et al. 2011). Kleest et al. (2020)
calculated a resulting viscosity increase up to two orders in magnitude for a leucite content of
56 vol% after a model from Caricchi et al. (2007). Additionally, carbonate assimilation reaches
values of 15 wt% (lacono-Marziano et al. 2007) which clearly exceeds the solubility of CO2in
the PR melt (Schanofski et al. 2019). Consequently, the melt becomes oversaturated in CO>
resulting in the formation of bubbles as recorded in scoria layers with a vesicularity up to 50%
(Giordano et al. 2006). Trolese et al. (2017) found emplacement temperatures of ignimbrites
from the PR and PN eruptions of approx. 710 °C and 600 - 630 °C, respectively, and inferred
that magma fragmentation starts at temperatures being approx. 100 °C higher. Since these
fragmentation temperatures are near the glass transition for the CO,-free PR-0.5Fe and PN-
0.5Fe melts, the magma on the top of the vent is highly viscous or nearly rigid due to the large
crystal content. It is suggested, that a sudden release of bubbles as a consequence of carbonate
assimilation or depressurisation in the subjacent less viscous magma forces the magma plug out
of the vent leading to magma fragmentation during the eruption and results in a highly explosive
eruptive style. Similar findings are discussed by Freda et al. (2011) and Marra et al. (2009) for
the PR and PN event and by Cross et al. (2014) for the Albano Maar volcanism, postulating
free CO. triggering explosive eruptions at the CAVD.
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Conclusion

The presented study concerns the viscosities of CO»-bearing phonolitic, tephri-phonolitic,
tephritic and foiditic melt compositions. The carbon is incorporated as COs% in the melts. With
the exception for the foiditic melt, for which no data are reliable, the viscosity apparently
decreases with the addition of CO2. However, this drop in viscosity is overshadowed by the
decrease in viscosity caused by small HO concentrations in the melts. This effect is more
pronounced in the more polymerised melts. Although it is difficult to separate the effect of H.0
and CO- on the viscosity of theses melts, it would appear that CO> results in a small to negligible

decrease in viscosity at these high viscosity conditions.
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Appendix A
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Fig. A1 Raman spectrum of a filled bubble from WPVe_1.1. The sharp peaks at 1286 and 1390 cm™ are caused
by molecular CO; indicating that the bubbles in the melts are filled with molecular COs.
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Fig. B1 Plot for the calibration of the absorption coefficient 1425 for the PR-Leu-0.5Fe series. The CO.-free
spectrum of this series is subtracted from the CO.-bearing ones. The absorbances of the CO,-bearing melts are
normalised by thickness and density and are plotted vs the total amount of CO; determined by the CS analysis.
The slope of the regression line corresponds to €145 for this melt series.

20

Yy =90x

15

o
o
-
*
a
*
=z
= 1w
2
1
<
*
n
8
2 s
OWPVe_1.1
BWPVe_1.2
0
o 0.1 0.2

o, [wts]

Fig. B2 Density and thickness normalised absorbance at 1425 cm™ vs CO, concentration determined by the CS
analysis for the CO-bearing melts WPVe_1.1 and WPVe_1.2 to calculate the absorption coefficient &1425 for the
WHPVe series (continuous lines). Both samples contain bubbles filled with molecular CO; falsifying the value of
€1425. the normalised absorbances of these samples are equal but have different amounts of total CO, measured by
CS analysis what results in an underestimation of €1425. For comparison, the dashed line shows the theoretical line

with €1425 from Schanofski et al. (2019) who determined £1425 for the same composition.
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Appendix C
WPVe_0.1 WPVe_0.2 WPVe_1.1 WPVe_1.2 PN-0.5Fe_0.1 PN-0.5Fe_0.2 PR-0.5Fe_0.1
T logion T logion T logion T logion T logion T logion T logion
[°C] [Pas] [°C] [Pas] [°C] [Pas] [°C] [Pas] [°c] [Pas] [°C] [Pa s] [°C] [Pas]
622.1 13.37 622.0 13.38 612.0 13.28 612.0 13.15 642.2 13.06 657.2 12.41 632.1 1231
642.2 12.57 642.2 12.65 622.1 12.84 622.1 12.73 662.3 12.31 672.3 12.01 652.2 11.42
662.3 11.99 662.3 11.85 632.1 12.56 632.1 12.46 677.3 11.91 682.3 11.64 667.3 11.17
682.4 11.52 682.3 11.29 642.2 12.20 642.2 12.10 692.4 11.46 702.4 10.99 682.4  10.56
692.4 11.22 702.5 10.84 652.2 11.92 652.2 11.85 702.4 11.13 712.5 10.78 692.4 10.43
702.5 10.82 722.5 10.34 662.3 11.57 662.3 11.60 712.5 10.96 722.5 10.45 702.5 10.15
712.5 10.61 742.7 10.02 672.3 11.35 672.3 11.36 732.6 10.42 742.7 9.93 712.5 9.88
732.6 9.96 762.8 9.39 687.4 11.00 682.4 11.09 742.7 10.01 762.8 9.55 722.6 9.55
762.7 9.29 782.9 8.95 692.4 10.83 692.5 10.89 762.8 9.56 772.9 9.28 732.7 9.33
702.5 10.59 702.5 10.62
PR-0.5Fe_0.2 PR-Leu-0.5Fe_0.1 PR-Leu-0.5Fe_0.2 PR-Leu-0.5Fe_1.1 PR-Leu-0.5Fe_1.2 PR-Leu-0.5Fe_1.3
T logion T logion T logion T logion T logion T logion
[°cl [Pas] [°cl [Pas] [°c] [Pas] [°c] [Pas] [°cl [Pas] [°c] [Pas]
622.3 12.45 612.0 13.20 612.0 12.98 602.0 13.38 602.3 13.28 602.3 13.38
652.2 11.60 622.1 12.78 627.1 12.45 622.1 12.51 612.4 12.94 612.4 12.82
667.3 10.86 632.1 12.34 642.2 11.74 632.5 11.92 622.4 12.45 632.5 11.89
672.3 10.75 642.2 11.80 652.2 11.30 642.2 11.48 632.5 11.90 642.5 11.35
682.4 10.62 652.2 11.34 662.3 10.84 652.6 11.11 642.5 11.50 652.6 11.07
692.4 10.30 662.3 10.82 672.4 10.41 662.3 10.68 652.6 10.99 662.6 10.63
702.5 10.04 672.4 10.42 682.4 10.08 672.4 10.24 672.7 10.11 672.7 10.19
712.5 9.84 682.4 10.01 692.4 9.69 682.4 9.87 682.6 9.85 682.7 9.80
722.6 9.57 692.4 9.65 702.5 9.32 692.4 9.51 692.8 9.38 692.8 9.42
702.6 9.34 712.5 9.06 702.5 9.10 702.8 9.03 702.9 8.92
712.6 8.96 712.9 8.68

Table C1 Measured viscosity data of all melts (error = + 0.06 logio Pa s) at given temperature (error = + 0.5 °C)
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Appendix D

The parameters Bvrr and Cver of the Vogel-Fulcher-Tammann Equation (VFT Eq., Eq. 8) are
listed in Table D1. The pre-coeffecient Avrr is a constant and defines the viscosity at infinite
temperature. For the presented calculation, Avrr is assumed to be -4.00 logio Pa s, since it is
the same value for Ae in the Adam-Gibbs Equation (Eq. 11) and is discussed in the text and in
more detail in Kleest et al. (2020). Forcing a curvature via the Vogel-Fulcher-Tammann
Equation (Eqg. 8) through the viscosity data in the narrow temperature range as investigated in
this study results in VFT fragility (Eq. 9) being ~10% higher than that calculated using the
Arrhenian equation (Eg. 5) as seen in Fig. D1. It is mentionable, that the more fragil a melt, the
greater is the difference between the calculation of m via Eq. 5 and Eq. 8: the fragility of the
melt WPVe_1.2 with the lowest value differ of 0.2 (Marrhenian = 25.5 compared to myer = 25.7)
while the difference in fragility for the melt PR-Leu-0.5Fe_0.1 with the highest value is 3.2

(MArrhenian = 41.2 compared to myer = 44.4).
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Fig. D1 Comparison of the fragilities calculated based on the Arrhenian plot (Eq. 5) and based on the VFT Equation

(Eq. 8). The line represents exact agreement of the values.
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Bver [K] Cvrr [K] Myer
WPVe_0.1 8112.8 +198.5 428.5+12.8 29.4
WPVe_0.2 8376.6 £ 191.6 411.2+12.5 28.5
WPVe_1.1 8572.8 +132.8 387.2+ 8.3 27.5
WPVe_1.2 9156.9 + 156.2 3489+ 9.8 25.7
PN-0.5Fe_0.1 8123.6 + 166.4 439.2 +10.8 29.8
PN-0.5Fe_0.2 7964.5+117.4 4459+ 7.8 30.4
PR-0.5Fe_0.1 7531.1+228.8 441.5+15.5 311
PR-0.5Fe_0.2 7719.8 £ 266.9 4259+ 18.0 30.2
PR-Leu-0.5Fe_0.1 52249+ 723 583.5+ 4.7 44.4
PR-Leu-0.5Fe_0.2 5549.8 + 403.7 561.0+ 6.8 41.8
PR-Leu-0.5Fe_1.1 5402.0+ 90.3 566.3+ 5.9 42.6
PR-Leu-0.5Fe_1.2 52389+ 934 575.4+ 6.0 43.8

PR-Leu-0.5Fe_1.3 5298.6 + 105.2 5714+ 6.8 43.3

Table D1 Fitted parameters Byver and Cyer after the Vogel-Fulcher-Tammann Equation (Eq. 8) and the resulting
fragility myer after Eq. 9 for all investigated melts. The Aver constant is -4.00 logio Pa s for all samples. For
detailed discussion see text.
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4 Influence of Fe?*/Fetwt on the viscosity of melts from the Colli
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Abstract

Viscosity of a melt strongly depends on melt composition and the ratio of network modifiers to
network former. In silicate melts, Fe exists as Fe** and Fe**, both affecting the viscosity in
different manners: Fe?* acts as a network modifier and lowers the viscosity whereas Fe3*
behaves as a network former and increases the viscosity. The Fe speciation strongly depends
on the oxygen fugacity fO,.

In this study, the viscosities of Fe-rich synthesised tephri-phonolitic, foiditic and tephritic melts
from the Colli Albani Volcanic District (Italy) are investigated as a function of Fe?*/Fei in the
glass transition range. Base glasses made in air at 1600 °C at log10fO2 =-0.68 are re-equilibrated
at logio fO2 = -4 and -7 in a gas mixing furnace at mainly 1250 °C. Melts made in air and at
logio fO2 = -4 have nearly identical Fe**/Few due to the different experimental temperatures.
T4*2 of these melts drops by ~50 °C, ~30 °C and ~5 °C with an increase of Fe?*/Feit from ~0.45,
~0.39 and ~0.44 to ~0.76 for the tephri-phonolite, the foidite and the tephrite, respectively.
These melts have H2O concentrations up to 0.03 wt% and it is additionally shown that an
increase up to 0.23 wt% H,O overruns the viscosity reducing effect of the elevation in Fe?*/Fet.
In addition, the viscosities of a phonolite from the Vesuvius are studied with Fe?*/Fei from
~0.41 to 0.87. In contrast to the other melts of this study, T4'? increases by 15 °C. However,
this change in T4'? results from a depletion of ~14 mol% in Fe and network modifying alkali
and alkaline-earth elements affecting the viscosity of this melt stronger than the increase in
Fe?*/Feot.

Keywords: Viscosity, iron ratio, Colli Albani, glass transition, foidite, anhydrous melts

Introduction

The viscosity of a melt is the main property controlling magmatic processes like nucleation and
forming of crystals and bubbles as well as the mass transfer in a melt and consequently the
explosivity of an eruptive event. On the other hand, viscosity itself depends on composition,
temperature, pressure and oxygen fugacity fO- (i.e. Webb et al 2007; Di Genova et al. 2014;
Klein et al. 2018). In natural melts, there are multivalent components affecting viscosity.
Among them, iron is the most abundant element existing as ferrous iron Fe?* and ferric iron

Fe3* in silicate melts following the equilibrium reaction:
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2FeQ™e!t 4 -0J% 2 Fe,0Fe!t (1)

(i.e. Kress and Carmichael 1991; Gaillard et al. 2003; Borisov et al. 2017). The iron speciation
is strongly controlled by the oxygen fugacity fO, as a proxy for the activity of oxygen in a
system and is given by the equilibrium:

~0, +2e” 2 0% )

(Ottonello et al. 2001). The free oxygen ion O% can be consumed or released to form metal
oxides corresponding to Eq. 1. Previous studies observed an increasing Fe3*/Few ratio and
accordingly a decrease of Fe?*/Few with increasing fO, for basaltic, andesitic and dacitic
compositions (i.e. Cottrell and Kelley 2011; Dauphas et al. 2014; Kolzenburg et al. 2018). It is
conventionally assumed that Fe®* acts as a network former whereas Fe?* is considered to be a
network modifier in silicate melts. Consequently, the iron speciation affects the structure of a
melt and the degree of polymerisation and hence its viscosity (i.e. Kress and Carmichael 1991,
Liebske et al. 2003; Bouhifd et al. 2004; Knipping et al. 2015). Therefore, the knowledge of the
Fe speciation in a silicate melt is important when regarding viscosity. Studies concerning the
influence of the Fe ratio on viscosity exist and a few are presented here. Dingwell (1991)
measured the viscosities of alkali- and alkaline-earth ferrosilicate liquids at high temperatures
and observed a nonlinear decrease in viscosity at more reduced conditions accompanied with
an increased Fe?*/Feqr. Liebske et al. (2003) investigated the influence of the iron speciation on
the viscosity of andesitic melts in the low temperature range and found a decrease in viscosity
of ~1.6 logio units with Fe?*/Few: increasing from 0.42 to 0.66 for 8.17 wt% FeOrt. The
viscosities of melts with iron- and alkali rich rhyolitic compositions studied by Stabile et al.
(2016) and Di Genova et al. (2017) generally decrease with increasing Fe?*/Fet from 0.18 to
0.84 by ~0.7 logao units or by ~0.5 logio units with Fe?*/Fer increasing from 0.26 to 0.65 for
5.25 wt% FeOrot and ~8 wt% FeOxot, respectively. Kolzenburg et al. (2018) investigated basaltic
and trachybasaltic melts that have been exposed to oxidised and reduced atmospheres. The
viscosities of both compositions are higher at oxidised conditions with concomitant lower
Fe?*/Fewt With respect to the analogue melts produced at reduced conditions. A drop of
Fe?*/Fewt from 0.75 to 0.56 results in a viscosity increase of 0.04 — 0.07 logso units for 12.01
wt% FeOror and a decrease in Fe?*/Feq: from 0.63 to 0.39 increases the viscosity by 0.08 — 0.11
logio units for 10.94 wt% FeOxot for the basaltic and trachybasaltic composition, respectively.
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Additionally, the decrease in viscosity with increasing Fe?*/Fe: depends on the total Fe content
in the melt.

Pyroclastic products of the Pozzolane Rosse event of the Colli Albani Volcanic District
(CAVD) close to Rome (Italy) characterised by a silica-poor and K-rich composition rich in
leucite have Fe contents up to nearly 10 wt% FeOxot (Freda et al. 2011). Despite the silica
undersaturation of the magma implying a low viscous lava flow, the eruptions are mostly highly
explosive (Freda et al. 2011). Kleest et al (2020) showed that the viscosities of the Pozzolane
Rosse composition (PR) and Pozzolane Nere composition (PN) of the CAVD are not that low
as expected due to their enrichment in Ca?* as a result of magma contamination caused by the
assimilation of the carbonate wall rock (i.e. lacono-Marziano et al. 2007a; Gaeta et al. 2009;
Freda et al. 2011). The fO> for differentiated magmas of the youngest eruption cycle of the
CAVD range from Ni-NiO to magnetite-haematite buffer (Freda et al. 2006).

In this study, the viscosities of synthetic equivalents of the PR and PN melts with different Fe
ratios are investigated in the glass transition range. Original compositions are taken from Freda
et al. (2011) and Campagnola et al. (2016), respectively, and a further composition by
subtracting 4 mol% KAISi>Os from the PR melt is synthesised to study the residual PR melt
after leucite crystallisation. All melts are made with the half amount of Fe to avoid
crystallisation effects during measurements where Fe?* is replaced by Mg?* and Fe** by AI*.
The studied melt compositions of the CAVD span from the tephri-phonolitic PN-0.5Fe series
to a tephritic PR-Leu-0.5Fe series and finally to the foiditic PR-0.5Fe series. To represent the
potassic end member of the Italian volcanism, the viscosity of a fourth synthetic equivalent of
the phonolitic “white pumice” from the Vesuvius AD 79 eruption (WPVe series) after [acona-
Marziano et al. (2007b) is investigated. All melts are re-equilibrated at fO, = 104% and 107
bar corresponding to approx. NNO+3 and NNO at 1250 °C, respectively, involving an increase

in Fe?*/Feror With decreasing fO..

Methods

Starting materials and sample preparation

The base glasses WPVe, PN-0.5Fe and PR-0.5Fe are taken from Kleest et al. (2020) and the
basic PR-Leu-0.5Fe melt is from Kleest and Webb (2021). These melts are made of previously
dried powdered metal oxides and carbonates. This mixture was decarbonated at 1000 °C
overnight and subsequently melted two times for 1h and finally for 4h in air (logio fO2 = -0.68)

at 1600 °C. For homogeneity, the melts are crushed and ground and mixed for 20 min between
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the melting steps. Further experiments are done in a vertical gas mixing furnace with hydrogen
H2 and carbon dioxide CO2 determining fO: at one total atmospheric pressure with logio fO2 =
-4 and logi1o fO2 = -7 corresponding to approx. NNO+3 and NNO at 1250 °C, respectively. The
H2/CO> ratio for the fO> are taken from Deines et al. (1974). For the runs in the gas mixing
furnace, the wire loop method of wrapping the sample with a platinum Pt wire is used. The Pt
loop is pre-saturated in iron with a Fe-rich melt at the experimental conditions to avoid iron
loss of the studied melt during the experiments. Previous investigations using a gas mixing
furnace as used in the present study found the iron redox equilibrated after 8 hours at
temperatures from 1275 °C to 1460 °C (Presnall and Brenner 1974; Kress and Carmichael
1988). To ensure complete redox equilibrium, all runs in the H2/CO: furnace with logio fO2 = -
4 at 1250°C held for 20 hours. The experiments performed at logio fO2 = -7 in the gas mixing
furnace are also done for 20 hours at 1250°C for the PN-0.5Fe_NNO, PR-0.5Fe_NNO and PR-
Leu-0.5Fe_NNO melts. Since the iron equilibrium for the WPVe_NNO sample is not reached
under these conditions, this melt is synthesised at 1350°C for 120 hours at logio fO2 = -7. All
samples are quenched rapidly by dropping them down from the hot part of the furnace into
water at ambient temperature. The re-equilibrated Fe ratio within the melt was determined for

the inner and outer part of the sample and was found to be equal after the experimental runs.

Density

The determination of the density is based on the Archimedes” Principle. The sample is weighted
10 times in air and in distilled water with a wetting agent that reduces the surface tension of
water with a Mettler Toledo Excellence XP/XS analyse balance and is calculated by:

A
P =75 *PH0 (3)

with A —sample weight in air, B — sample weight in distilled water and p,, — water density at

ambient temperature after Bigg (1967).

Fourier transform infrared spectroscopy (FTIR)

FTIR measurements are performed with a Bruker Hyperion 3000 IR microscope, coupled with
Bruker Vertex 70 FTIR spectrometer. For the determination on the H>O concentrations, spectra
are collected in the near-infrared range (NIR) from 2000 — 6000 cm™ with a MCT detector
cooled by liquid N2, a W lamp and a CaF> beam splitter. Each spectrum consists of 100 scans
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with a spatial resolution of 4 cm™ and a spot size of 50 x 50 um. The samples have parallel
faces, are double polished and have a thickness of 200 — 300 pm.

Colorimetric micro-determination of the iron speciation

Wilson (1960) first developed this method for the determination of the iron speciation in silicate
glasses that was modified by Schuessler et al. (2008). Approx. 6 — 16 mg powdered sample is
dissolved in hydrofluoric acid HF. In solution, Fe?* forms a reddish Fe(I1)-bipyridyl-complex
with the added 2:2°bipyridyl. In the UV/VIS spectroscopy, the reddish Fe(ll)-bipyridyl-
complex has an intensive absorption band at ~523 nm. This band is used for the determination
of the Fe?* content. Afterwards, Fe®" is reduced to Fe?* by hydroxylamine hydrochloride
H4NOCI to determine the total iron concentration. The iron ratio Fe?*/Feq is directly given by
the ratio of the absorbances at ~523 nm. The UV/VIS measurements are performed with a

AvaSpec-UV/VIS/NIR spectrometer and the software AvaSoft Version 8.3 from Avantes.

Viscometry

For viscosity measurements, the micropenetration technique is used with a Netzsch TMA 402
dilatometer. Samples are double polished with parallel faces. The base PR-Leu-0.5Fe melt has
a thickness of 3 mm and a 2mm diameter spherical single sapphire crystal is used as the
indenter. The melts that are re-equilibrated in the gas mixing furnace in more reduced
atmospheres have thicknesses of 1.5 mm and the penetrating spherical single sapphire crystal
is 1 mm in diameter. The measured viscosities range from 108> Pa s to 10*%! Pa s and are
measured at temperatures from 620 to 800 °C in air for durations of 30 min up to 12 hours with
applied forces of 0.05 to 10 N depending upon the melt viscosity. The viscosity is calculated

from the penetration rate of the sapphire into the sample by:

_ 0.1875 Ft

~ 05715 (4)

with F — the applied force, t — time, r — radius of the indent sphere, | — distance of indent
(Pocklington 1940; Tobolsky and Taylor 1963; Dingwell et al. 1992). The temperature of the
dilatometer is calibrated with the melting points of Bi (268.02 °C), Zn (417.02 °C), Al (659.02
°C), NaCl (800.05 °C) and Ag (951.09 °C) and the DDG1, a Na,O-CaO-SiO float glass from
the Deutsche Glastechnische Gesellschaft, is used for standard measurements to get the
precision of the dilatometer. The total error of the viscosity measurements is £ 0.06 logio Pa s
(1o).
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Results

Experimental conditions of the base glasses synthesised in air with WPVe, PN-0.5Fe and PR-
0.5Fe from Kleest et al. (2020) as well as PR-Leu-0.5Fe from Kleest and Webb (2021) and the
runs in the H2/CO- gas mixing furnace are given in Table 1.

The chemical compositions of all base glasses analysed by the electron microprobe and the
calculated chemical compositions of all melts are shown in Table 2 together with Fe?*/Fet
determined by the colorimetric micro-determination and the resulting vy. y is defined as (Na;O
+ K20 + CaO + MgO +FeO)/(Na20 + K20 + CaO + MgO + FeO + Al203 + Fe20z) (Toplis et
al. 1997; Webb et al. 2007) and represents the degree of polymerisation and consequently the
structure of a melt. Within each series, Fe?*/Fe: of the melts equilibrated in air and at logio fO>
= -4 are nearly the same within the error due to the higher temperatures at which the samples
in air are synthesised (Table 1). Fe?*/Feiwt of PR-Leu-0.5Fe and PR-Leu-0.5Fe_NNO+3 differ
slightly, however, this does not influence y and hence the melt structure (Table 2). Kress and
Carmichael (1991) developed a model for the prediction of the Fe ratio as a function of melt
composition, fO, temperature and pressure. Fig. 1 gives a comparison of Fe?*/Fer calculated
by this model and the measured one with the colorimetric micro-determination.

It is seen that the model of Kress and Carmichael (1991) fits the Fe ratio of the investigated
melts well. Fe?*/Fert for the CAVD melts equilibrated at logio fO2 = -4 and -7 increases from
0.45 to 0.77 for the PN-0.5Fe series, from 0.39 to 0.75 for the PR-0.5Fe series and from 0.44
to 0.76 for the PR-Leu-0.5Fe series. This increase of the amount of the network modifying Fe?*
results in a decreased polymerisation of the melt structure which is shown by the 0.03 increase
in y for the PN-0.5Fe and PR-0.5Fe melts as well as an increase of 0.02 in y for the PR-Leu-
0.5Fe series. Contrary to the equivalents of the CAVD, the structure of the WPVe NNO

becomes more polymerised while Fe?*/Fey increases from ~0.40 to 0.87 (Table 2).
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logiofO: [bar] T[°C] t[h] ¢(H20) [wt%] p [g cm?] comments
WPVel -0.68 1600 2x1hand 1x 4h? 0.02 £+<0.013 2.48 £ 0.01
WPVe_NNO+3 -4.00 1250 20 <0.01+<0.013 2.48 £0.02
WPVe_NNO -7.00 1350 120 0.04 £<0.013 2.451+0.01
PN-0.5Fe?! -0.68 1600 2x1hand 1x 4h? 0.01 +<0.01% 2.58 £0.01
PN-0.5Fe_NNO+3 -4.00 1250 20 0.01 +<0.01% 2.60+0.03  crystals ~ 2vol%
PN-0.5Fe_ NNO -7.00 1250 20 0.03 +<0.01% 2.61+£0.02
PR-0.5Fe!? -0.68 1600 2x1hand 1x 4h? 0.01 +<0.013 2.70+£0.01
PR-0.5Fe_ NNO+3 -4.00 1250 20 <0.01+<0.013 2.70+£0.01 crystals < 1vol%
PR-0.5Fe_ NNO -7.00 1250 20 0.01 +<0.013 2.71+£0.01
PR-Leu-0.5Fe? -0.68 1600 2x 1h and 1x 4h? 0.01 +<0.01% 2.72 £0.01
PR-Leu-0.5Fe_ NNO+3 -4.00 1250 20 0.01+ 0.01% 2.78 £0.02
PR-Leu-0.5Fe_ NNO -7.00 1250 20 0.02 +<0.01* 2.74 £0.01

! Between the melting steps, the glasses are ground for 20 min (Kleest et al. 2020)
2 Between the melting steps, the glass is ground for 20 min (Kleest and Webb 2021)
3 £3550 = 67.0 £ 6.7 I*mol™*cm™ (Stolper 1982)

# €3550 = 63.9 £ 5.4 [*mol™cm™ (Behrens et al. 2009)

Table 1 Experimental conditions of the synthesis of the investigated melts: logio fO2, temperature T, duration of the run as well as H,O concentrations ¢(H20) determined by
the FTIR and densities p for the melts. Errors of p and c(H20) are 1c. All melts are made at 1 atm. The crystals in the melts of the PN-0.5Fe_NNO+3 and PR-0.5Fe_NNO+3
have grain sizes ranging from 7 to 20 um and 3 to 7 um, respectively, and a mean aspect ratio (= major axes/minor axes) of 1.30.
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Electron microprobe analysis

[wt %] Sio: Al203 Na:0 TiO2 FeOrot MnO MgO CaO K0 total

WPVe series! 55.91+0.16 21.47+0.10 5.2940.07 0.30+0.03  2.72+0.05 0.13+0.02 0.41+0.01  3.25+#0.05 9.48+0.08 98.96

PN-0.5Fe series? 50.01+0.16 22.41+0.10 2.50+0.06 0.63+0.02  5.82+0.08 0.1940.02 3.25#0.03  5.47+0.06 8.92+0.08 99.20

PR-0.5Fe series? 43.30+0.15 19.84+0.10 3.04+0.06 0.92+0.04  7.46+0.09 0.20+0.02  5.44+0.04 10.55+0.09 8.47+0.08 99.22
PR-Leu-0.5Fe series?>  45.20+0.16 18.65+0.10 3.68+0.06 1.14+0.03  5.88:0.08 0.25+0.02  6.16%0.06 13.05+0.09 4.77+0.06 98.78
Calculated compositions

[mol %] SiO: Al.03 Na.0 TiO: FeO Fe20s MnO MgO CaO K20 Fe?/Fewo y?
WPVe!? 65.18+0.32 14.75%#0.12 5.98+0.16 0.26+0.05 1.11+0.07 0.77+0.01 0.12#0.03 0.71#0.03  4.06+0.11 7.05+0.10  0.42#0.02 0.55
WPVe_NNO+3 65.11+0.40 14.75+0.14 5.99+0.20 0.24%0.02 1.08+0.02 0.81+0.02 0.16+0.02 0.73+0.01 4.07+0.07 7.05%0.12 0.40+0.02  0.55
WPVe NNO3 67.9910.44 15.25+0.16 4.35%+0.17 0.26%0.02 1.10+0.02 0.08+0.01 0.11+0.02 0.65+0.01 3.81+0.07 6.40%0.11 0.87+0.08 0.51
PN-0.5Fe? 58.03+0.32 15.33#0.12 2.81%0.15 0.55+0.03  2.49+0.05  1.58+0.02 0.18+0.05 5.62#0.06  6.80+0.11 6.61+0.10  0.44+0.03 0.59
PN-0.5Fe_NNO+3 58.01+0.31 15.32+#0.12 2.81%+0.09 0.55+0.04  2.54+0.05  1.55+0.04 0.18+0.03 5.61+0.09  6.80+0.13 6.60+0.10  0.45%0.01 0.59
PN-0.5Fe_NNO 57.49+0.30 15.19+0.11 2.79+0.09 0.55%0.04 4.31+0.10 0.64+0.01 0.18+0.03 5.56+0.09 6.74+0.12 6.54%0.10 0.77+0.02  0.62
PR-0.5Fe!? 49.29+0.31 13.31+0.12 3.35+0.09 0.79+0.04  2.56+0.05  2.27+0.04 0.19+0.03 9.23+0.09 12.86+0.13 6.15+0.10 0.36+0.03 0.69
PR-0.5Fe_NNO+3 49.24+0.26 13.30+0.10 3.35+0.10 0.78+0.05 2.77#0.04  2.16+0.04 0.19+0.03 9.22+0.10 12.85+0.17 6.14+0.09  0.39+0.01 0.69
PR-0.5Fe_NNO 48.61+0.26 13.13+0.10 3.31+0.10 0.77+0.05  5.25#0.10  0.88+0.01 0.19+0.03 9.11+0.10 12.69+0.17 6.07£0.09  0.75%+0.02 0.72
PR-Leu-0.5Fe 49.97+0.22 12.15+0.10 3.94+0.10 0.94+0.05 2.12+0.04  1.66+0.04 0.24+0.03 10.16+0.10 15.45+0.17 3.36+0.09  0.39+0.02 0.72

PR-Leu-0.5Fe_NNO+3 49.91+0.27 12.13+0.10 3.94+0.10 0.94+0.04  2.39+0.04 1.52+0.03 0.23+0.03 10.14+0.15 15.43+0.16 3.36%0.06  0.44+0.01 0.72
PR-Leu-0.5Fe_NNO 49.48+0.27 12.03+0.10 3.91+0.10 0.94+0.04 4.09+0.08  0.65+0.01 0.23+0.03 10.05#0.15 15.30+0.16 3.33+0.06 0.76+0.02 0.74

1 Reference: Kleest et al. (2020) 2 Reference: Kleest and Webb (2021)
3 Calculated with atomic data from the p-RFA corrected by means of a type calibration based on the analysis of approx. 50 glasses of known composition (in house standards)
a Nap0+Ez0 +Cat+Mgo +Feo

;o=
} Nao0+E0+C00 +Mgo+Fe0 +Al; 0z +Fe;0;

Table 2 Chemical compositions of the base glasses in wt% are determined by the electron microprobe analysis from Kleest et al. (2020) and Kleest and Webb (2021) with standard
deviation of 16. Compositions in mol% are calculated on the basis of atomic data after the determination of the Fe ratio Fe?*/Fe via the colorimetric micro-determination with standard

deviation of 1. Additionally, y as an indicator of the degree of polymerisation is shown.
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Fig. 1 Calculated Fe?*/Fe after Kress and Carmichael (1991) vs measured Fe?*/Feyt with the 1:1 line for the melts

of this study and the melts of the investigated series from Kleest et al. (2020)

Although the wire loop was Fe-saturated before the experimental run in the gas mixing furnace,
the WPVe_NNO sample lost ~50% of its original iron content. Moreover, this melt lost ~14
mol% alkali and alkaline-earth elements and this overall loss in network modifying components
leads to the observed increase in the degree of polymerisation with y reduced from 0.55 to 0.51.
All melts are free of crystals and bubbles with the exception of the melts PN-0.5Fe_NNO+3
and PR-0.5Fe_NNO+3 containing ~2 vol% and < 1 vol% crystals with grain sizes from 7 - 20

pm and 3 - 7 um, respectively, and a mean aspect ratio (= major axes/minor axes) of 1.30.

Density

The densities p of the glasses at room temperature are shown in Fig. 2 and listed in Table 1.
The lowest density glasses are those from the WPVe series (p = 2.45 — 2.48 g cm™), followed
by the PN-0.5Fe series (p = 2.58 — 2.61 g cm™®), the PR-0.5Fe series (p = 2.70 — 2.71 g cm™®)
and the PR-Leu-0.5Fe series (p = 2.72 — 2.78 g cm®). The densities of the PR-Leu-0.5Fe glasses
differ slightly with various Fe?*/Few: without noticeable trend. However, altogether, there are

no significant changes in the density as function of Fe?*/Fet.
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Fig. 2 Measured densities of the melts of this study and those from the study from Kleest et al. (2020) as a function
of Fe?*/Fer

p[gcm]

FTIR spectroscopy
The Lambert-Beer-law describes the relation between the concentration of a species and the

absorbance of the IR spectrum:

_ Mix4;
€= Gt 100 (5)

with ci — concentration of the species i in wt%, M; — molar mass of the species i, Aj — peak height
of the absorbance of the band j, d — thickness of the sample in cm, p — density of the sample in
g It, e — absorption coefficient in | mol™* cm™ (i.e. Stolper 1982; Thibault and Holloway 1994;
Behrens et al. 2009).

For the investigation of the H.O concentration, the absorbance at ~3550 cm™ representing the
fundamental OH stretching vibration is used (i.e. Stolper 1982; Ohlhorst et al. 2001; Behrens
et al. 2009). The peak height is determined by subtracting a two-tangent baseline. The
absorption coefficient e3ss0 strongly depends on the chemical composition and is taken from
previous studies: it is 67.0 + 6.7 | mol™t cm™ for the phonolitic WPVe and foiditic PR-0.5Fe
melt series (Stolper 1982) and 63.9 + 5.4 | mol™* cm™ for the tephri-phonolitic PN-0.5Fe and
tephritic PR-Leu-0.5Fe melt series (Behrens et al. 2009). Absorbances at 5200 cm™ indicating
the presence of H.O molecules are not found in the spectra. Hence, H>O is dissolved as OH"

only which is in agreement with previous studies that found H-O to be dissolved as OH™ only
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for total c(H20) < 0.5 wt% (i.e. Stolper 1982; Behrens et al. 2009; Schanofski et al. 2019). The
melts of this study contain up to 0.04 wt% H»O and are listed in Table 1.

Viscosity
The viscosity data of PR-Leu-0.5Fe and those of the investigated melts equilibrated at logio fO2
=-4 and -7 are given in Table 3.

The Arrhenius equation

Bx10%

. (6)

logion=4+

with n — viscosity in Pa s, A and B as — fit parameters and T — temperature in Kelvin, is the best
fit for the viscosity data in the studied temperature range and parameters are given in Table 4.
Measured viscosities are displayed in Fig. 3 and data from Kleest et al. (2020) for the WPVe,
PN-0.5Fe and PR-0.5Fe samples melted in air atmosphere are also shown. Fig. 3A shows the
viscosities of the WPVe series. At 700 °C, the melt WPVe_NNO has the highest viscosity of
12.55 logio Pa s, followed by WPVe_NNO+3 with a viscosity of 12.20 logio Pa s and the WPVe
has the lowest one with 12.01 logio Pa s.

PN-0.5Fe_ NNO+3 contains ~2 vol% crystals. The viscosity increasing effect of crystals in a
melt is well studied (i.e. Einstein 1906; Roscoe 1952; Klein et al. 2018). After the model of
Klein et al. (2018), calculating the relative viscosity as a function of crystallinity of a melt and
the shape and the size of crystals, this crystal content increases the viscosity by < 0.03 logio Pa
s which is within the error of measurement and therefore not further discussed. PN-0.5Fe, PN-
0.5Fe_NNO+3 and PN-0.5Fe_NNO have viscosities of 13.18, 12.27 and 11.15 logio Pa s,
respectively, at 700 °C (Fig. 3B).

PR-0.5Fe_NNO+3 has a crystal content of < 1 vol% increasing the viscosity negligibly by <
0.01 logio Pa s after the model from Klein et al. (2018). The viscosities of the PR-0.5Fe series
are shown in Fig. 3C: at 700 °C, PR-0.5Fe has a viscosity of 11.80 logio Pa s, the viscosity of
PR-0.5Fe_NNO+3 is 11.10 logio Pa s and PR-0.5Fe_NNO is lowest at 10.39 logio Pa s. Fig.
3D demonstrates the viscosities of PR-Leu-0.5Fe, PR-Leu-0.5Fe_ NNO+3 and PR-Leu-
0.5Fe_NNO with viscosities of 10.61, 10.33 and 10.18 logio Pa s at 700 °C, respectively. With
the exception of the WPVe series, a viscosity reducing trend is observed with a distinctly

increased Fe?*/Fer.
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WPVe_NNO+3 WPVe_NNO PN-0.5Fe_NNO+3 PN-0.5Fe_NNO
T[°C] logion [Pa s] T[°C] logion [Pa s] T[°C] logion [Pas] T[°C] logion [Pas]
662.3 13.30 682.4 13.12 682.3 12.71 642.2 13.27
682.3 12.73 702.5 12.42 702.4 12.24 652.2 12.90
702.4 12.21 712.5 12.19 722.5 11.77 662.3 12.45
722.5 11.59 722.5 11.91 742.6 11.33 677.3 12.01
747.6 10.94 742.6 11.35 752.7 10.80 682.4 11.78
762.7 10.35 752.7 11.16 762.7 10.34 692.4 11.42
782.8 9.39 767.7 10.81 782.8 10.15 702.4 11.04
802.7 9.46 772.8 10.48 802.9 9.81 712.5 10.74
792.9 10.10 717.5 10.52
727.6 10.21
737.6 9.94
PR-0.5Fe_NNO+3 PR-0.5Fe_NNO PR-Leu-0.5Fe PR-Leu-0.5Fe_NNO+3 PR-Leu-0.5Fe_NNO
T[°C] logion [Pa s] T[°C] logion [Pa s] T[°C] logion [Pas] T[°C] logion [Pas] T[°C] logion [Pa s]
662.3 12.14 622.1 13.29 643.2 13.21 632.1 13.51 622.1 13.34
682.3 11.62 632.1 12.64 652.9 12.81 642.2 12.84 652.2 12.51
692.4 11.30 652.2 12.01 663.3 12.06 662.2 11.84 662.3 11.92
712.5 10.92 662.3 11.81 673.3 11.72 672.3 11.68 672.3 11.56
732.6 10.28 672.3 11.50 683.4 11.34 682.3 11.10 682.4 10.89
752.7 9.61 692.4 10.66 693.1 10.83 692.4 10.69 692.4 10.32
762.8 9.34 702.5 10.33 703.2 10.49 702.5 10.10 702.5 9.86
712.5 10.13 713.2 9.98 712.5 9.88 712.5 9.64
722.6 9.57 723.6 9.67 722.6 9.37 722.6 9.35
732.6 9.35 733.4 9.33 732.6 9.06 732.7 8.88
742.7 8.83 743.8 8.89 742.7 8.54

Table 3 Viscosity data of all melts re-equilibrated in the gas mixing furnace at log.0fO, = -4 and -7 and data for PR-Leu-0.5Fe synthesised in air (error = + 0.06 logio Pa s) at given
temperature (error = + 0.5 °C)
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A [logio Pa s] B [K] T2 [°C] m
WPVel -14.80 + 0.06 2.61+0.01 700.4 +2.7 26.8
WPVe_NNO+3 -16.71 £ 0.04 2.81+£0.01 706.9+2.7 28.7
WPVe_NNO -15.68 £ 0.06 2.75+0.01 7195+2.4 27.7
PN-0.5Fel! -19.58 £ 0.19 3.19+0.03 736.3+3.5 31.6
PN-0.5Fe_NNO+3 -14.72 £ 0.32 2.63 +£0.06 709.9+59 26.7
PN-0.5Fe_NNO -22.37 £ 0.06 3.26 £0.01 676.0+1.1 34.4
PR-0.5Fe! -22.52+0.14 3.34+£0.02 694.2+39 34.5
PR-0.5Fe_NNO+3 -16.68 £ 0.13 2.70£0.02 669.6 + 3.4 28.7
PR-0.5Fe_NNO -22.42 +0.16 3.19+0.02 653.4+34 34.4
PR-Leu-0.5Fe -30.16 £ 0.10 3.97+£0.01 668.0+1.8 42.2
PR-Leu-0.5Fe_NNO+3 -30.87 £0.11 4.01+0.01 662.0+2.1 42.9
PR-Leu-0.5Fe_NNO -29.49 + 0.39 3.86 £ 0.05 657.2+4.0 41.5

! from Kleest et al. (2020)

Table 4 Fit parameter for the Arrhenius Equation (Eq. 6), T4*2 and fragility m (Eg. 7)

Fragility

The fragility m is calculated by:

__ Bx10*
12
Tg

()

with B — parameter of the Arrhenius fit (Eq. 6) and T4'2 — the temperature at which the viscosity

is 10'2 Pa s in Kelvin and represents the deviation of a melt viscosity from the Arrhenian

behaviour over wide ranging temperatures involving low and high viscosities (Toplis et al.
1997; Webb 2011). Determined fragilities are given in Table 4. It is lowest for the WPVe series
(26.8 — 28.7) and highest for the PR-Leu-0.5Fe series (41.5 — 42.9). The PN-0.5Fe and PR-
0.5Fe series have similar fragilities (26.7 — 34.5).
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Fig. 3 Viscosities of the melts investigated in this study and those measured by Kleest et al. (2020) of A — the
WPVe series, B — the PN-0.5Fe series, C — the PR-0.5Fe series and D — the PR-Leu-0.5Fe series. Fe?*/Fe: of each
melt is given in parenthesis. The overall effect of an increased Fe?*/Fey is a decrease in viscosity as seen in B, C
and D. Note the deviation of this trend in the WPVe series (panel A), whose most reduced melt experienced loss

of Fe and alkali and alkaline-earth elements.
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Discussion

T4*2 (the temperature at which the viscosity is 102 Pa s) for each melt are given in Table 4.
Within each melt series, samples made in air and at logio fO2 = -4 have nearly the same Fe?*/Feto
within error as a consequence of the higher experimental temperatures at ambient atmosphere
(Table 1). For these more oxidised melts of the WPVe series and PR-Leu-0.5Fe series, T4
differs by ~6 °C which is roughly within the error of ~3 °C. T4'2 of the more oxidised melts of
the PN-0.5Fe series and PR-0.5F¢ series equilibrated in air and at logio fO2 = -4, both differ by
~25 °C despite identical Fe?*/Fewr (Table 2) and same H2O contents of < 0.01 wt% (Table 1)
within the series. ~2 vol% nanolites are formed in these melts during viscosity measurements.
The measurements are performed by alternating high and low temperatures in order to observe
possible increases in viscosity due to crystal growth in the melts. This process of nanolite
growth is more pronounced in the melts made at log10fO2 = -4 which would explain the different
slopes of the Arrhenian fits (Fig. 3). This increase in crystallinity of these melts is calculated to
increase viscosity by ~0.03 logio Pa s (after Klein et al. 2018) and is therefore not further
regarded since this value is within the £0.06 logio Pa s error of measurement. Hence, the
differences in T4'2 for the oxidised melts of the PN-0.5Fe and PR-0.5Fe series are not clearly
explainable.

The viscosity measurements were made in air, based on the assumption that the iron speciation
would not change over the period of up to 8 hours at relatively low temperatures above T4'2 for
the viscosity determination (Bouhifd et al. 2004; Stabile et al. 2016). During the measurements,
Fe?*/Fewt of the most reduced melts of each series slightly decreases by 0.03, 0.07, 0.06 and
0.08 for WPVe NNO, PN-0.5Fe NNO, PR-0.5Fe NNO and PR-Leu-0.5Fe NNO,
respectively, indicating some oxidation occurred. However, this small decrease in Fe?*/Fetot
does not appear to affect the measured data as they do not alternate about or deviate from the
straight line of the Arrhenian fit (Fig. 3).

Fig. 4 shows T4 vs Fe?*/Fei for all melts. Since Fe?*/Fey is mostly the same for the more

oxidised melts, the average of T4*2 of these melts is used for comparison.
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Fig. 4 T4 as a function of Fe?*/Fewt. The lines represent the trend of the changes in T4? for the melts investigated
in this study. The melt series are given at the lines and y indicating the degree of polymerisation is given in
parenthesis for each melt series in the order of more oxidised to the most reduced melts. The WPVe series gets
more polymerised as a consequence of the loss of network modifiers although Fe?*/Fey increases. The CAVD
melts get more depolymerised with elevated Fe?*/Fey. Furthermore, nominally anhydrous (< 0.5 wt% H,0) melts
of the same compositions from Kleest and Webb (2021) are added and H>O concentrations are written in
parenthesis in the legend. Note that symbols of the melts from Kleest and Webb (2021) do not plot on the trend

line of the melt series to what they belong due to the elevated water contents.

The lines represent the changes in T4'? between the more oxidised and the most reduced melts
within each series. The decrease of T4*2 of ~50 °C is strongest for the PN-0.5Fe series with an
increase of Fe?*/Few from ~0.45 to 0.77. PR-0.5Fe has a T4'? reduced by ~30 °C with an
increase in Fe?*/Feyor from ~0.38 to 0.75. An increase in Fe?*/Feq: from 0.44 to 0.76 does not
sufficiently affect T4'? of the PR-Leu-0.5Fe melts since the difference of ~5 °C is within the +4
°C error of T¢'2. An increased amount of Fe?* results in an elevated Fe?*/Few: which is
accompanied with a drop in T¢*2. These results are in agreement with the conventional
assumption that Fe?* behaves as a network modifier and hence, an increase in Fe?*/Fey includes
an increased amount of network modifiers consequently increasing the degree of
depolymerisation and hence decreases the viscosity of a melt (i.e. Dingwell 1991; Liebske et
al. 2003; Stabile et al. 2016; Di Genova et al. 2017; Kolzenburg et al. 2018). The degree of
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depolymerisation expressed by y increases from 0.59 to 0.62, 0.69 to 0.72 and from 0.72 t0 0.74
for the PN-0.5Fe series, the PR-0.5Fe series and the PR-Leu-0.5Fe series (Table 2),
respectively, and consequently the viscosity decreases represented by T4'2 for these series (Fig.
4 and Table 4).

In contrast to the viscosity reducing effect of an elevated Fe?*/Fe for the PN-0.5Fe and PR-
0.5Fe series, an increase of Fe?*/Fer: from ~0.41 to 0.87 for the WPVe melts appears to increase
T4*2 by ~15°C. This observation, indeed, is caused by structural changes due to the significant
loss of Fe and network modifying alkalis and alkaline-earth elements resulting in a higher
degree of polymerisation shown by a decrease in y from 0.55 to 0.51 (Table 2). This overall
decrease in network modifying elements affects the viscosity of the WPVe melts stronger than
the relative increase of the network modifying Fe?*.

As the total FeO content of the CAVD melts varies from ~6 wt% for the PN-0.5Fe and PR-
Leu-0.5Fe series to ~7.5 wt% for the PR-0.5Fe series, the largest influence of Fe?*/Fei on Tq'?
is expected for the PR-0.5Fe series with the highest Fe concentration. However, as pointed out
in Fig. 4, the viscosity reducing effect introduced by an increase in Fe?*/Fe: (illustrated by the
slope of the lines) is most pronounced for the most polymerised melts of the PN-0.5Fe series
followed by the less polymerised melts of the PR-0.5Fe series and minimises or even vanishes
for the most depolymerised PR-Leu-0.5Fe melts (see y in Table 2). Hence, the influence of the
degree of polymerisation of the investigated melts on T4!2 is larger than the total FeO content.
The original PR and PN melts contain ~9.5 wt% and ~7.3 wt% total FeO, respectively. The
Fe?*/Fewt determined for the synthetic melts with reduced Fe content in this study would lead
to a further depolymerisation of the structure of the original melts with an increase in y of 0.04
- instead of an increase in y of 0.03 for the investigated equivalents having a lower Fe
concentration. Consequently, the decrease in viscosity of the original melts due to an increase
in Fe?*/Fewt should be slightly larger than presented in this study.

The straight lines in Fig. 4 suggest a linear viscosity drop with increasing Fe?*/Fert. However,
Dingwell (1991) and Liebske et al. (2003) demonstrated a nonlinear relation between viscosity
reduction and increasing Fe**/Fewt. In the present study, it is not possible to state such a
correlation since there are not enough data available.
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Fe?*/Fetwr Vs H20 affecting viscosity

It is well known that H>O in a melt reduces the viscosity. This effect is strongest within the first
few amounts of H>O and is more effective at low temperatures at which melts have high
viscosities. Furthermore, this viscosity reducing effect is more intensive for more polymerised
melts (i.e. Vetere et al. 2007; Misiti et al. 2011; Di Genova et al. 2013). Giordano et al. (2008)
developed a model for the prediction of the temperature dependent viscosity of a melt as a
function of the melt composition and volatiles including H2O. However, this model does not
consider the Fe ratio. Since the investigated melts of this study slightly vary in their H.O
contents the model from Giordano et al. (2008) (denoted GRDO8 hereinafter) is used to estimate
the influence of the H.O concentrations of the melts to specify the sole influence of the
increased Fe?*/Feior on the viscosity reduction.

After GRDO08, an increase in the H.O content from 0.01 to 0.03 wt% for the PN-0.5Fe melts
(Table 1) decreases Tq'? by ~7 °C. The variations in H,O concentrations from ~0.00 to 0.01
wt% as found in the PR-0.5Fe series and from 0.01 to 0.02 wt% within the PR-Leu-0.5Fe series,
would lower T¢!2 by ~3 °C which is within the error of T4'? measurements and hence negligible.
As a result, the observed drops in T¢2 of ~50 and ~30 °C for the PN-0.5Fe and PR-0.5Fe melt
series, respectively, are mainly induced by the increases in Fe?*/Fert from ~0.40 to ~0.76.

The H20 concentrations in the WPVe series differ between < 0.01 to 0.04 wt% (Table 1). After
GRDO08, this increase in H20 would result in a decrease of T¢*2 by ~10 °C. As discussed above,
the measured increase in T4'2 is the consequence of changes to a more polymerised melt
structure due to the loss of network modifiers which affects the viscosity more than the
oppositional viscosity reducing influence of the increases in H20.

Kleest and Webb (2021) investigated the viscosities of melts of the same composition as in the
present study with H2O concentration up to 0.23 wt% and Fe?*/Fe: ranging from 0.33 to 0.51
which are additionally shown in Fig. 4. These variations in the Fe ratio are not considered since
the influence of H20 clearly overruns the effects of these small differences in Fe?*/Ferr. As
obviously seen in Fig. 4, higher H,O contents drastically reduce Tq4'? of all melts. H20
concentrations of 0.12 wt% in the WPVe_series decreases viscosity by ~40°C with respect to
WPVe and WPVe_NNO+3. An addition of up to 0.22 wt% H-O as given for the PN-0.5Fe and
PR-0.5Fe melts from Kleest and Webb (2021) decreases T4'? by ~50 and ~40 °C, respectively,
in comparison with the melts made in air and at logio fO2 = -4. This drop in T4'2 is slightly more
as that caused by the increased Fe?*/Feq: present in this study. Although the increase in H20 is
approximately the same for both melt series, the drop in T4*2 is more pronounced for the more

polymerised melts of the PN-0.5Fe series than for the PR-0.5Fe melts (see y in Table 2). The
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PR-Leu-0.5Fe melts solely have a noticeable reduction in T4'? of ~30 °C caused by H.0
concentrations up to 0.17 wt% whereas the increase in Fe?*/Fer has an insignificant influence
on T4'% As a consequence, H-0 concentrations in the investigated melts are a crucial parameter
when regarding viscosity. It is shown that even small amounts of H20 up to 0.23 wt % reduce

the viscosity more effectively than increases in Fe?*/Fe from ~0.41 to 0.76.

Conclusion

In the present study it has be shown that an increase in Fe?*/Fer: decreases the viscosity of the
tephri-phonolitic PN-0.5Fe and the foiditic PR-0.5Fe melts. An elevated Fe?*/Fei of the
tephritic PR-Leu-0.5Fe series does not influence the viscosities of these samples significantly.
Consequently, this viscosity reducing effect of increased Fe?*/Fer is more pronounced for the
more polymerised PN-0.5Fe melts and appears to vanish for the least polymerised PR-Leu-
0.5Fe melts. Samples of the WPVe series show an increase in Tg4*2. This changes, however, are
caused by the loss of Fe and network modifying alkalis and alkaline earth elements. Although
the melts are nominally anhydrous, it is additionally pointed out that amounts of H20 up to 0.23

wt% decrease the viscosity more effectively than an increase in Fe?*/Fert of these melts.
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5  Concluding remarks

To summarise the results presented in the previous Chapters, it is assumed that the CAVD melts
PN-0.5Fe, PR-0.5Fe as well as PR-Leu-0.5Fe — whose viscosities are determined as a function
of CO2 concentration and Fe speciation — are representative for the melt compositions with the
original Fe content PN, PR and PR-Leu, respectively, and are discussed to behave as the original

compositions.
Findings
To address the previously emerged questions, the main findings made in the present studies are:

» the viscosities of the PN and PR melts are not as low as assumed only based on the
estimations from the TAS diagram due to their high content of the alkaline-earth
elements,

» the enrichment of CaO as a consequence of the wall rock assimilation results in a
decrease in melt viscosity,

> the CO; dissolved as COs? in the melts has a negligible to slightly reducing effect on
the viscosity,

» the viscosity of the residual liquid melt PR-Leu decreases when leucite crystallises,

> a decrease in Fe?*/Few of the melt as it rises from the magma chamber to the surface
leads to an increase of the viscosity of the CAVD melts and

» even small amounts of H>O drop the viscosity of the melts noticeably.

The studied PR melts demonstrate different stages of its magmatic evolution and the
investigations of their rheological behaviour give the possibility to present a basic model of the
processes causing the high explosivity of this event. In contrast, the compositions of the PN and
WPVe melts represent one magmatic stage of these eruptions only and therefore, it is not

possible to give a model of magma evolution of these volcanic events.
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Evolution of the PR melt viscosity

Based on the data presented here, the viscosity continuously decreases during the magma
evolution from the composition of the uncontaminated magma — without any assimilation of
the carbonate wall rock (PR-CaO) — to the melt composition after contamination by the
carbonate host rock in which the magma chamber is embedded (PR) to the residual liquid after
the crystallisation of 4 mol% leucite (PR-Leu): as a consequence of the enrichment in the
network modifying component CaO due to the assimilation of the carbonate wall rock, the
viscosity of the PR melt decreases. Since CaO is not that effective in reducing the contaminated
melt viscosity as alkalis, the viscosities are not that low as assumed based on the TAS diagram
only, without considering alkaline-earth elements. A further critical feature for an estimation of
the melt viscosity is the Fe speciation especially for Fe-rich melt compositions as investigated
in the present study since the Fe speciation changes during magma ascent with detectable
influence on the melt viscosity as briefly discussed below.

The viscosity of the residual melt PR-Leu decreases additionally due to the depletion of the
network forming components SiO2 and Al.O3 caused by leucite crystallisation resulting in a
more depolymerised melt structure. As shown by the determined viscosities, these reduced SiO>
and Al>Os concentrations of PR-Leu affect the viscosity stronger than the depletion of the
network modifying K20 also consumed by the formation of leucite crystals.

The given CO: concentrations of this study appear to decrease the viscosity of these melts
minimal or even negligibly. In contrast, the increased fraction of the network forming ferric
iron due to (some) oxidation of ferrous iron as the consequence of an increasing fO2 during
magma ascent results in an increase of the viscosity of the PR melt.

Hence, the addition of a CO2-rich fluid with a concomitant decrease of Fe?*/Feq affect the melt
oppositely during magma ascent. However, since the CO> effect on the viscosity of the PR melt
seems to be small to negligible, the Fe oxidation due to increasing fO, affects the viscosity
stronger than the incorporated CO. for Fe?'/Few: investigated in this study resulting in an
increased viscosity at the eruptive temperature what needs additionally to be considered for an
estimation of the explosive style of a volcanic event.

On the other hand, as soon as H2O is incorporated into the melt, its viscosity is reduced
noticeably. Although there are no indications for magmatic or meteorological H,O that could
drive the explosivity of the PR event during eruptive conditions (Marra et al. 2009 and
references therein; Freda et al. 2011), even small amounts of H»O affect the viscosity of the

melts stronger than CO; or varying Fe?*/Feq.
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The residual PR liquid after leucite crystallisation (PR-Leu) is the most depolymerised melt
among the investigated ones and its viscosity is less affected by changes in the CO:

concentration and Fe speciation.

PR melt viscosity vs PR eruption

Fig. 1 demonstrates a simplified scheme of the proposed processes within the magma during
storage and ascent and possible reasons driving the explosivity of the PR eruption.

Assuming that progressive crystallisation of the magma leads to successive depolymerisation
of the residual liquid, its viscosity continues to decrease what promotes uprising of bubbles and
degassing. So, an early effusive emission of the low viscous melt is comprehensible
documented by a thin and poorly vesiculated lava flow unit underlying the leucite-rich
pyroclastic flow deposits emitted explosively during the following eruption (i.e. Marra et al
2009; Freda et al. 2011). The beginning lava effusion leads to a depressuration in the magma
resulting in significant bubble formation since the CO: solubility decreases with decreasing
pressure (i.e. Thibault and Holloway 1994; Schanofski et al. 2019). However, it can be assumed
that bubbles already formed during magma storage over a long pre-eruptive period since the
input of the CO2-rich fluid by the assimilation of up to 15 wt% carbonate wall rock (lacono-
Marziano et al. 2007) exceeds the CO; solubility in a leucitic melt, i.e. ~0.85 wt% at 300 MPa
(Schanofski et al. 2019).

The pyroclastic flow deposits of the explosive phase show leucite contents up to 60 vol% with
euhedral and skeletal habit (Marra et al. 2009; Freda et al. 2011) demonstrating crystal growth
during magma storage as well as syn-eruptive leucite formation, respectively. A crystallinity of
0.6 is the critical value (at least for spherical crystals) at which a melt changes its rheological
“viscous state” to a “rigid solid state” (i.e. Marsh 1981). Consequently, it can be assumed that
this crystal-rich melt acts like a highly viscous to an even solid plug at the top of the magma
chamber preventing further magma emission. The extensive bubble formation due to the sudden
depressuration after the first lava emission induces an overpressure within the magma body
accompanied by an increase of the magma volume and an upward movement of the bubbles

due to its lower density.
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Fig. 1 Simplified scheme of possible processes within the PR magma leading to an explosive eruption. The heights
and lengths of geological sequences and magmatic edifice are roughly shown without spatial scaling to emphasise
the suggested processes causing the explosivity of this eruption! The presence of bubbles (light circles), crystals
(dark symbols) and lava fragments (reddish to red symbols) and their locations are not complete and the exact
temporal and spatial conditions are not given. At the surface - above the sediments -, two magmatic stages are
demonstrated: 1% the solid plug at the top of the conduit after the first lava emission that hinders further effusive
lava emission and, 2": the failure of this solid plug due to the pressure in the magma caused by upward moving
bubbles and its explosive shooting out of the vent (red arrow in the middle of the conduit and the volcanic column).
The column on the right sight shows effects on viscosity during magmatic processes in meaning of “increase” or
“decrease” with the highest viscosity at the arrowhead. The eruption column is redrawn after Science History

Images/Alamy Stock Foto, Fig.-ID: G157EW from the photograph Spencer Sutton.
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Consequently, the plug formed by the crystal-rich magma was shot out explosively of the vent
by the escaping bubbles fragmentating the lava during the eruption. Since the assimilation and
decarbonation of the wall rock takes place even during the eruption (Freda et al. 2008; Freda et
al. 2011), the magma is continuously supplied with free CO2, forming bubbles and building up
pressure within the melt feeding the explosive style of the eruption.

Consequently, the magma of the PR eruption is a three-phase-system consisting of solid crystals
(i.e. leucite), a liquid residual melt (i.e. PR-Leu) and a gaseous CO2-rich fluid. The interaction
of these three components with a low viscous residual liquid, a dramatic viscosity increase by
the crystals and the overpressure induced by the volatile phase climaxes in a highly violent

explosion erupting a large volume of pyroclastic material.

Outlook

During the research of the presented study, some questions could not be answered completely
while others came up. For a better understanding of the sources causing the explosive style of

the PN and PR eruptions, more detailed studies are necessary:

% how do greater amounts of CO, affect the viscosity up to the maximal soluble
concentration of COz in these tephri-phonolitic and foiditic melts, respectively?

«+ however, what is the CO> solubility in the residual melt after leucite crystallisation (PR-
Leu) and how does this CO, content influence the residual melt viscosity?

+«+ how large is the viscosity increasing effect of the crystal content that is found in the
pyroclastic flow deposits of the PN and PR melts?

% how does the crystallisation of further solid phases besides leucite found in the
pyroclastic flow deposits (i.e. clinopyroxene (Freda et al. 2011)) influence the viscosity
of the PN and PR magmas?

«+ what is the influence of the latent heat induced by the extensive crystallisation on the
melt viscosity,

+« how do further Fe ratios caused by changing fO> affect the viscosity of the melts during
magma ascent?

+«+ what is the Fe ratio and its influence of the melt viscosity at the eruptive temperatures?

¢+ and, in particular, how do different amounts of bubbles influence the viscosity of these

melts and what is their effect on the eruption styles of the volcanic PN and PR events?

131



But not only geological demands remain, also experimental and methodological questions
appeared during the research that need to be clarified.

1) Some glasses whose viscosity should be measured as a function of CO2 concentration
contained bubbles. To determine the influence of CO2 on the viscosities of these melts
only — without estimating the bubble effect by the means of models — it is necessary to
synthesise them bubble free.

2) Other CO2 bearing but bubble free glasses disintegrated during viscosity measurements
or foamed during DSC measurements before reaching the temperature of interest
preventing determination of the viscosity or heat capacities in the Tq range, respectively.
It is a challenge to avoid these effects during these measurements to get reliable data.

3) The re-equilibrated Fe ratio of the more depolymerised melts PN-0.5Fe, PR-0.5Fe and
PR-Leu-0.5Fe was observed after 20 h in the gas mixing furnace at the given conditions
within the whole sample. In contrast, the same conditions were not sufficient to reach a
homogeneous re-equilibrium of the Fe speciation within the most polymerised melt
WPVe. Hence, an experimental series of varying experimental conditions could

improve the recent understanding of the kinetics of those melts.
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