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Zusammenfassung

Das Hauptziel dieser Doktorarbeit ist die Untersuchung der komplexen
und nicht ausreichend beschriebenen physikalisch-chemischen Wechselwirkungen,
welche wahrend vulkanischer Aktivitat zwischen Asche und heilen Gasen auftreten.
Gas-Asche-Wechselwirkungen sind allgegenwartig in explosiven vulkanischen
Eruptionen. Abhangig von der Magmazusammensetzung und Grad der
Magmafragmentation werden verschiedene Mengen vulkanischer Gesteine und
fragmentierter Magma (Asche und Pyroklasten), zusammen mit einer Mischung von
heiBen Gasen (im wesentlichen H.0, CO,, SOz, HCI, H.S und HF), produziert und in
die Atmosphare ausgeworfen. Im allgemeinen werden die groSten Eruptionen, also
diejenigen, die potentiell groBskalige Auswirkungen auf die Umwelt hervorrufen,
von Magmen mit hohem Gehalt an volatilen Elementen und Silizium (>65 SiO2
Gew.%) erzeugt. SiO.-reiche Magmen verhindern das effiziente Ausgasen fluchtiger
Elemente. Dies fiihrt zu einem Uberdruck im iiber dem Magmareservoir liegenden

Pfropfens und somit zu explosiven Eruptionen nach ausreichendem Druckaufbau.

Die Dynamik dieser Eruptionen ist typischerweise sub-plinisch oder
plinisch und verbunden mit hochdifferenzierten kalk-alkalinen oder alkalinen
Magmen. Bei der Eruption wird das hochviskose Magma durch die entmischten
Gase rasch beschleunigt, was zu einer sehr effizienten Magmafragmentation (d.h.
grofRe Produktion feiner Asche) fuhrt. In weiterer Folge bildet sich eine Aschewolke,
welche, wenn sie zusammenfallt, pyroklastische Strome erzeugt. In beiden
Szenarien fuhrt konstanter Kontakt zwischen Asche (<2 mm) und Gasen zur
Entwicklung heterogener Reaktionen. Die entmischten Gase werden dabei von
Aschepartikeln in Form von loslichen Produkten (z.B. Sulfat-, Halid- und
Fluoridsalze) auf Ascheoberflachen "eingefangen”. Das Auftreten von Gasaufnahme
durch Aschepartikel ist ein bekanntes Phanomen und wird vorwiegend durch das
chemische Auslaugen von Tephraablagerungen nachgewiesen. Dies wird auch
haufig im vulkanischen Monitoring angewandt, jedoch sind die Mechanismen und
Ablaufe der Gasaufnahme ausreichend verstanden und es existieren keine

Vorhersagemethoden zur Bestimmung der Zeitabhangigkeit der Aufnahme von Gas.




Bisher hat sich die Forschung um das Auftreten von Gasaufnahme zu
untersuchen fast ausschlieBlich auf Asche-Gas-Wechselwirkungsprozesse bei
niedrigen Temperaturen fokussiert. In diesem Fall reagieren vulkanische Gase
zuerst mit atmospharischem Wasser unter Bildung von Sauren (z.B. H.S0.4), welche
wiederum auf die Oberflache der Asche kondensieren. Diese Sauren ldsen zuerst das
Silikatnetzwerk und Salze lagern sich nach der Evaporation des Wassers ab.
Dennoch haben neue Studien experimentell gezeigt, dall Asche-Gas-
Wechselwirkungen bei hohen Temperaturen (>200 °C) sehr effizient als Senke fur
Gase wirken konnen. Losliche Salze konnen sich hier an der Oberflache bilden ohne
Kondensation von Gasen und Auflosung von Asche. Stattdessen besteht eine direkte
Reaktion zwischen Festkorper und Gas. Eine weitere wesentliche Erkenntnis dieser
Studien war die Identifikation des Glases als wichtigste in die Gasaufnahme
involvierte reaktive Aschekomponente. Dies steht im Widerspruch zum allgemeinen
Glauben, dalR Mineralkomponenten der Asche hauptsachlich an der Gasaufnahme
beteiligt sind. Inspiriert durch diese Ergebnisse und mit dem Ziel, die Aufnahme
vulkanischer Gase durch Glas bei hohen Temperaturen zu untersuchen, habe ich
einen umfangreichen experimentellen Aufbau zum Test der Effizienz der
Abtrennung von zwei der wichtigsten vulkanischen Gase, SO. and HCI, an

rhyolitischer (SiO2-reicher) Glaser entwickelt.

Es wurden Experimente zum Test der Auswirkungen von Temperatur,
Einwirkungsdauer, KorngroBenverteilung, Luftfeuchtigkeit und chemischer
Zusammensetzung auf die Aufnahme von SO: und HCI entworfen und durchgefuhrt.
Insgesamt wurden zu diesem Zweck 563 Experimente durchgefuhrt, und die
gewonnenen Proben wurden mittels lonenchromatographie, Elektronenstrahl-
Mikrosonde, Rasterelektronenmikroskopie, Raman-Spektroskopie, Berechnung der
Eisenmenge und Analysen der Verteilung der TeilchengroBe charakterisiert. Die
Ergebnisse der SO2.-Experimente haben das Auftreten von Gasaufnahme bei hohen
Temperaturen bestatigt Es wurde festgestellt, daR diese durch Uberschreiten des
Glasluibergangs der hier getesteten Rhyolite verstarkt wird. Tatsachlich fuhrte die
hochste experimentelle Temperatur (800 °C) zur effizientesten SO.-Abtrennung. Es
wurde beobachtet, dall aufgrund direkter Reaktionen zwischen SO. und dem in der
Glasmatrix vorhandenem Kalzium die SO2-Aufnahme nahezu ausschlieBlich durch

die Bildung von CaS0. (Anhydrit) auf den Partikeloberflachen geschieht.




Die Ergebnisse der bei hohen Temperaturen durchgefihrten HCI-
Experimente haben gezeigt, dall nur eine geringe HCI-Aufnahme zu beobachten ist
und es daher nicht relevant scheint diesen Prozess fur diese spezielle
Glaszusammensetzung weiter zu untersuchen. Die Charakterisierung von SOa-
behandelten Rhyolitpartikeln wies klar darauf hin, daf Ca2*-Diffusion der
Mechanismus ist, durch den Kationen bereitgestellt werden und die Bildung von
CaSO0. aufrechterhalt. Die Zugabe von Wasserdampf zum Gasgemisch wirkt sich
nicht auf diesen Prozel aus. Auch die Bildung von Na.SO. und K:SOs wurde
festgestellt, aber im Vergleich zu CaS0. in vernachlassigbaren Mengen. Dies deutet
darauf hin, daR obwohl Nat und K* auch durch Diffusion mobilisiert werden, diese
Kationen nur eine untergeordnete Rolle bei der SO.-Aufnahme spielen, besonders

unter wasserfreien Bedingungen.

Die Zeit- und Temperaturserie der Experimente erlaubte die Berechnung
temperaturabhangiger Diffusionsgleichungen fur Ca, Na und K in rhyolitischen
Glasern. Dies kann weiter angewandt werden um die experimentellen Daten fur jede
Temperatur zu skalieren. AuBerdem wird hier vorgeschlagen, daR dieser Prozess
nicht auf vulkanische Wolken oder die Umgebung pyroklastischer Strome
beschrankt werden kann, sondern, daR das passive Ausgasen zerklufteter
vulkanischer Kuppeln auch eine mdgliche Umgebung fur eine praeruptive SO»-
Aufnahme bietet, aufgrund der Gas -Asche-Wechselwirkungen bei hohen
Temperaturen durch mit Asche gefullten Kluftnetzwerks des ausgasenden
magmatischen SO: und der relativ langen Verweildauern (Tage bis Jahre) von

Kuppeln, wahrend.

Die wesentlichen SchluBRfolgerungen dieser Doktorarbeit sind, (1) daR
Kalzium-Diffusion als der begrenzende ProzeB, der die SO:-Aufnahme durch
rhyolitisches Glas bei hohen Temperaturen kontrolliert, bestatigt wurde, (2) dal3 sich
die Auswirkungen steigender Luftfeuchtigkeit im Gasgemisch auf die Kalzium-
Diffusion als vernachlassigbar herausgestellt haben, und (3) dal8 die Beweglichkeit
einwertiger Kationen stark eingeschrankt ist, wenn Fe2*-Oxidation stattfindet.
Aufgrund des Vorkommens von Kalzium und Eisen in vulkanischer Asche und der
dampfreichen Natur vulkanischer Emissionen sind diese Erkenntnisse von groRer
Wichtigkeit, nicht nur weil sie zur Verbesserung unseres Verstandnisses von Asche-
Gas-Reaktionen bei hoher Temperatur beitragen, sondern auch weil sie die fur die

Entwicklung von Modellen zur Vorhersage der Gesamtmasse von Schwefel, der




wahrend vulkanischer Eruptionen effektiv abgetrennt werden kann, notwendigen
Eingabevariablen deutlich vereinfachen. Dies konnte fur die Beurteilung der
verschiedenen physikalischen, chemischen und biologischen Effekte, die
vulkanische Eruptionen auf verschiedene aufnehmende Umgebungen haben,
besonders nutzlich sein. Zuletzt konnen Abschatzungen des globalen Budgets des
geochemischen Schwefelkreislaufs moglicherweise von der Bericksichtigung der
Abtrennung von Schwefel bei hoher Temperatur, die in vergangener, aktueller oder

zukUnftiger groRer vulkanischer Eruptionen stattfindet, profitieren.




Abstract

The overarching aim of this thesis is to investigate the complex and
under-constrained physicochemical interactions that can occur between ash and hot
gas during volcanic activity. Gas-ash interactions are ubiquitous within explosive
volcanic eruptions where, depending on the magma composition and efficiency of
magma fragmentation, diverse quantities of volcanic rocks and fragmented magma
(ash and pyroclasts) are produced and ejected into the atmosphere, together with a
hot mixture of gases (principally H.0, COz, SOz, HCI, H.S and HF). In general, the
largest eruptions and therefore, those capable of inducing large-scale environmental
effects on earth, are generated by volatile-rich and silica-rich (>70 SiO> wt.%)
magmas. SiO:-rich magmas impede efficient volatile outgassing resulting in
overpressure of the overlying plug of the magma reservoir, which yields to very
explosive eruptions. The dynamics of these eruptions is typically sub-Plinian or
Plinian and is associated with highly differentiated calk-alkaline or alkaline magmas.
Upon eruption, the highly viscous magma is rapidly accelerated by the exolved
volatiles, resulting in very efficient magma fragmentation (i.e., large production of
fine ash), followed by formation of a volcanic plume, which upon collapse, generates

pyroclastic flows.

In both scenarios, constant contact between ash (D<2 mm) and gases,
results in the development of heterogeneous reactions, by which exolved gases are
“sequestrated” by ash particles and form soluble products (e.g., sulfate- halide- and
fluoride-salts) on ash surfaces. Occurrence of gas uptake by ash is a well-known
phenomenon, primarily detected by leaching of fallout ash and has been widely
employed as a volcanic monitoring tool. However, the mechanisms and kinetics by
which gas uptake occurs are not well understood, and no predictive tools exist to
solve for the time-dependent scavenging of gas. Furthermore, the research to date
that has investigated gas uptake occurrence, has almost exclusively been focused on
low temperature ash-gas interactions processes, where volcanic gases first react
with atmospheric water to form acids (e.g., H.S0.), which condense onto the ash
surface, dissolve the silicate network and deposit surficial salts upon water

evaporation.




Nevertheless, recent studies have experimentally shown, that high
temperature (>200 °C) ash-gas interactions can very efficiently act as a sink for
gases, by forming surficial soluble salts without condensation of gases and
dissolution of ash, but instead by direct solid-gas reactions. Another crucial finding
of these studies has been the recognition of the glass as the main reactive ash-
component involved in gas uptake, which contrasts with the common belief that, it
was the mineral component of ash that would mostly participate in gas uptake
reactions. Inspired by these results and aiming to contribute to investigate high
temperature volcanic gas uptake by glass, | developed an extensive experimental
campaign aimed to test the potential of rhyolitic (SiO2-rich) glasses to sequestrate
two of the main volcanic gases exolved upon eruptions, SO. and HCI. Here,
experiments were designed and performed to test the effects that temperature,
exposure time, grain size distribution, humidity, and chemical composition had on
SOz and HCI uptake.

A total of 563 experiments were conducted for this purpose and the
resulting samples were characterized by ion chromatography, electron probe micro-
analyzer, scanning electron microscopy, Raman spectrometry, bulk iron
determination, and particle size distribution analyses. Results the SOz experiments,
confirmed occurrence of gas uptake at high temperatures and was noticed to be
enhanced by crossing the glass transition of the rhyolites tested here. In fact, the
highest experimental temperature (800 °C) vyielded the most efficient SO:
sequestration. SO: uptake was observed to occur almost exclusively by formation of
CaSO0. (anhydrite) grown on the particle surfaces, due to direct reactions between

SO: and calcium present in the bulk glass network.

Results of the high temperature HCI experiments showed that only minor
HCI uptake occurs, and therefore it might not be relevant to further investigate this
process for this particular glass composition. Characterization of SO.-treated rhyolite
particles clearly indicated that Ca2* diffusion is the cation-supply mechanism that
sustains CaS0O4 formation and that addition of water vapour to the gas mixture does
not affect this process. Formation of Na.SO. and K.SO. were also detected, but only
in negligible quantities, when compared to CaSOa. This suggests that, although Na*
and K* are also mobilized by diffusion, these cations play only a minor role in SO-

uptake specially under anhydrous conditions.
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Under hydrous conditions however, mobilization of Na* and of K* was
observed to be higher than under anhydrous conditions, yet, still minor when
compared to Ca2*. Oxidation of iron Fe2* (to Fe3*) was observed to occur upon
increasing temperatures, which seemed to coincide with the decreased mobility of
both Na* and K* at T>600 °C and at T>700 °C under anhydrous and hydrous
conditions, respectively. This was interpreted as a change in the structural role of
monovalent cations above the glass transition from network modifiers to a charge
compensating cations required by Fe3* tetrahedra. The oxidation-limited mobility of
monovalent cations observed here is of relevance, given the fact that Fe is an intrinsic
component of volcanic ash. The time- and temperature-series of experiments,
allowed the determination of temperature-dependent diffusion laws for Ca, Na and
K in rhyolitic glasses, which can be further applied to scale the experimental data

for any temperature.

Here is also proposed that, fractured volcanic domes provide feasible
environments for pre-eruptive SOz uptake, given the high temperatures of degassed
magmatic SOz, and the relative long residence times of domes (from days to years),
which allows longer timescales for interactions between SO: and ash-filled fracture
networks. The main conclusions of this thesis are (1) that calcium diffusion was
confirmed to be the limiting-process controlling high temperature SO. uptake by
rhyolitic glass, (2) that the effect of increasing humidity in the gas mixture showed
to be negligible to calcium diffusion (thus, to SO: uptake) and (3) that mobility of

monovalent cations is strongly inhibited when Fe?2* oxidation takes place.

The ubiquity of calcium and iron in volcanic ash and the water vapour-
rich nature of volcanic gas emissions, make these findings of great importance, not
only because they contribute to the improvement of our understanding on high
temperature ash-gas reactions, but also because they considerably simplify the input
variables necessary for the development of models aimed to predict the total mass
of sulfur that can be effectively sequestrated by ash during volcanic eruptions. This
could be especially useful for better assessment of the various physical, chemical
and biological effects that volcanic eruptions have on diverse receiving
environments. Finally, estimations of the global budget of the geochemical sulfur
cycle can potentially benefit by considering high temperature sulfur sequestration

of past, current and future large volcanic eruptions.
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Preamble

Some components of this thesis appear in published or submitted journal articles,
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Chapter 1

Gas uptake by ash during eruptive
processes

1.1 Introduction

In this chapter, a review of the studies that first noticed the occurrence
of gas uptake by ash during explosive volcanic activity, will be presented. The
development of our understanding of volcanic gas uptake processes from qualitative
observations (e.g., Lacroix, 1907) to quantitative measurements (e.g., Witham et al.,
2005) will be analyzed. Finally, the relevance of investigating ash-gas interactions
will be stressed from the point of view of the various short- and long-term
environmental and climatic disturbances that volcanic gases and ash can induce

upon release into the atmosphere and further receiving environments.

1.2 Magma fragmentation and production of ash

Release of gases is a distinctive feature of terrestrial and planetary
volcanic activity (e.g., Wilson and Head, 1981; Oppenheimer et al., 2014; Wallace,
2003; Carlson et al., 1997; Renggli et al., 2017) in fact, the efficiency by which
magma degasses and vesiculates during ascent within the volcanic conduit, is a key
factor in determining the style of volcanic eruptions, thus, the characteristics of the
eruptive products. Magma degassing can be broadly classified as passive or
explosive. Passive degassing occurs mostly, but not exclusively, at Si-poor (low-
viscosity) magmas from which dissolved gases can easily be discharged into the
atmosphere or terrestrial environments. This type of volcanic activity generally
occurs as formation of lava flows, lava lakes, lava fountains or as lava domes

(Boudoire et al., 2018; Allard et al., 2016; Aiuppa et al., 2004; Sawyer et al., 2008).




1.2 MAGMA FRAGMENTATION AND PRODUCTION OF ASH

Conversely, explosive degassing is characteristic for Si-rich magmas
(dacite-rhyolite), whose high viscosity impedes efficient gas release, resulting in
pressure build-up and energetic gas and magma release (Papale et al., 1998;
Alidibirov, 1994; Klug and Cashman, 1996). Upon depressurization of the magma
chamber (e.g., due to dome collapse or physical disruption of a confining plug on
top of the conduit), Si-rich magma will ascend and accelerate as the exolved gas
bubbles expand, magma fragmentation, will then occur if: (1) the pressure rises to
the point, where the bubble growth rate exceeds the relaxation time of the melt
around the bubble, which causes bubbles to burst, i.e., breakage of magma
(Dingwell, 1996; Cashman et al., 2000), (2) the strain rate of magma column itself
exceeds its inverse relaxation time (Dingwell, 1996; Papale, 1999), above which it
will behave as a non-Newtonian fluid, leading to brittle fracture (Gonnermann &
Manga, 2003; Wadsworth et al., 2018) or if, (3) magma interacts with water or ice,
where conversion of thermal to kinetic energy results in magma fragmentation
(Morrisey et al., 2000).

Each fragmentation mechanism will determine the properties of the
produced material, however this can be broadly classified by its size as ‘ash’,
‘pyroclasts’ or ‘lithics’. Here, ‘ash’ is the fine fraction of P;< 2 mm (where Py,
represents particle diameter), ‘pyroclasts’ are often pumice, lapilli or scoria, and
range from 2 < P; < 64 mm , while ‘lithics’ are thought to represent country rock
material that is carried out of the conduit during explosive eruptions and have a size
P; > 64 mm (Rose and Durant, 2009; Fischer, 1961). The size of fragmented material
produced during explosive eruptions is of importance for high temperature ash-gas
reactions, because such reactions are believed to be only relevant for fine grained
fragments, which have larger surface area, and can thus can react more rapidly than

coarser particles.

Because of this, ash size-classification was expanded by Ayris and
Delmelle (2012), by introducing the terms ‘very fine' ( P; <63 pm), ‘fine’ (63 < P; <
100 pym), ‘coarse’ (100 < P; <2000 pm), and ‘very coarse’ (P;> 2,000 pm) ash. As
ash size decreases, its specific surface area (ag, m2 g™ ') increases, which provides
larger reactive surface area per unit of ash, available for ash-gas interactions to occur
(Delmelle et al. 2005). Due to the first-order control that particle size exerts on the
rate of gas-ash reactions, in the present work, three different grain size distributions

representative of fine and very fine and fine ash, i.e., <63, 63-90 and >90 pm, were
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used to test the gas uptake potential of rhyolitic glass. More detailed information
about the characterization of the experimental material particle size distribution will

be presented in Chapter 2.

13 Volcanic gases

The amount and speciation of gases released during volcanic eruptions
are controlled by their solubilities, the physicochemical properties of the magma
(i.e., chemical composition, rheology), storage temperature and pressure. In Table
1.1. a compilation of measurements of discharged gases for various volcanoes is
presented, and shows that the main components of volcanic emissions are: H.0, CO.,
H., and SO, followed by H-.S, HCI, HF, and minor amounts of He, NHa4, Ar, Oz, N,
CH4, CO and HBr (Giggenbach et al., 2001; 1996; Oppenheimer et al., 2006;2014;
Carn et al., 2016, and references therein; Johnson et al.,, 1993). Additional
information about gas emissions can be obtained from degassing crater lakes, where
magmatic gases, react with hydrothermal systems and dissociate (see Casas et al.,
2016, and references therein) nevertheless, here only gaseous emissions will be

considered.

As seen in Table 1.1, both SO2 and HCI are ubiquitous in magmatic gas
discharges, representing ~1-25 vol.% and ~1-10 vol.% of total volcanic gas
emissions, respectively (Textor et al., 2004; Symonds et al., 1988; Cadle, 1980). Upon
release to the atmosphere they can yield to short- and long-term atmospheric and
climatic disturbances. Release of SO, for instance can lead to cooling of the earth
surface (Robock et al.,, 2009). This occurs when SO molecules react with
atmospheric water to form sulfuric acid (H.S04) droplets, which can absorb or scatter
solar radiation, inducing cooling of the troposphere for variable time-scales (see
Robock, 2000).

In addition, release of volcanogenic HCl into the atmosphere can
promote destruction of ozone (Os) molecules, when CI~ radicals reach stratosphere
levels (Crutzen, 1974; Stolarski and Cicerone, 1974). Occurrence of ash-gas
interactions can, however, result in an effective reduction of volcanogenic SOz and
HCl emissions available for atmospheric interactions, thus investigating this
phenomenon is necessary in order to better assess the climate and environmental

impacts of large volcanic eruptions (thus, large gas emissions).
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Volcano Kilauea Kilauea Erta Ale  Usu Usu ‘IV:IZ:; Kudriavy
Location Hawaii Hawaii Ethiopia Japan  Japan Zealand Russia
Activity Lava Lava Lava Dome  Dome Crater  Crater
lake lake lake
Date Mar Jan Jan Sep Jun Feb Aug
1918 1983 1974 1954 1985 1972 1995
Tf;"c"')p' 1,170 1,010 1,30 800 336 620 920

H0 370,900 798,000 794,000 980,000 999,000 911,000 953,000
CO> 489,000 31,500 104,000 12,000 400 49,480 16,100

S0; 118,400 149,000 67,800 430 32 18,180 10,600
HCI 800 1,000 4,200 530 170 11,570 2,000
HF - 1,900 - 240 - 410 960
H2S 400 6,220 6,200 4 35 7,190 2,100
H2 4900 9,025 14,900 6,300 390 925 5,760
N2 - - 1,800 570 14 - 220
NH; - - - 1.7 - 17.9 -
He - - - - - - 0.13
Ar - - - 0.25 0.25 - 0.5
CH4 - - - 17 0.44 - 0.03
co 15,100 592 4,600 33 - - 11

Table 1. 1 Composition and temperature data of some volcanic gas discharges (pmol
mol™1). Modified from Delmelle and Stix (2000).

Previous estimations of the annual volcanogenic emissions of SO yielded
to discharges ranging from ~1-50 Tg yr ' (Textor et al., 2004, and references
therein) however, recent studies suggest more conservative discharges of ~1-2 Tg
yr-1 (Carn et al., 2016, and references therein). While, lack of monitoring in certain
active volcanic areas, and non-reproducibility of measurements or of data processing
procedures can lead to over- or under-estimations of the annual volcanogenic
emissions, occurrence of low-and high-temperature gas sequestration by ash could
also be potentially affecting estimations of gas budgets. Furthermore, as shown in
Table 1.1, measured temperatures of released magmatic gases are above the dew
point of both SO: and HCI acidic aerosols (190-200 °C), which implies that favorable

thermal conditions naturally exist for high temperature ash-gas interactions.
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Table 1.1. also shows the abundance of gas species for different magma
compositions, which could lead to question whether investigating SO:-uptake would
be more relevant for mafic magma compositions (basaltic-andesitic) rather than for

silicic magmas, given the fact that SOz is more abundant in mafic magmas.

Nevertheless, this work was focused on interactions between rhyolitic
glass and SO, because Si-rich (highly viscous) magmas, tend to generate significant
overpressure in the storage chamber over time (i.e., due to magma differentiation),
which results in highly energetic magma fragmentation, thus large production of
fine ash (Zimanowski et al., 2003), in comparison to more mafic magmas (Rose and
Durant, 2009). Fine ash, as discussed in section 1.2, has a higher reaction potential
due to its higher surface area, thus investigation of high temperature gas uptake by

rhyolite is appears to be more pertinent than for basalt or andesite.

1.4 Gas uptake: previous studies

SO: sequestration at high temperatures by solid materials was first
investigated given the industrial need to develop gas-solid interactions to mitigate
SO:2 pollution from fossil fuels burning by power plants (Low et al., 1971; Allen and
Hayhurst, 1996). The notion of volcanogenic gas sequestration by ash, however,
began to receive attention after characterization of the ash (mostly by leachate
analyses) collected from several erupting volcanoes during the 70s and 80s (i.e.,
Taylor and Stoiber, 1973; Rose et al., 1973; Rose ,1977;Varekamp et al., 1984,
Oskarsson, 1980).

These studies extensively characterized fresh ash samples, and
consistently noticed, that, not only large amounts of ionic species (CI", SO427, Na*,
Ca?*, F, Mg?*, K*, Mn?*, etc.) were released upon leaching, but also that the
concentration of anions (negatively charged ions) did not correspond to that of the
original bulk ash composition. For instance, Taylor and Stoiber (1973), observed that
the leached ash samples had concentrations of CI” and SO42” of 7 and 14 g L™
respectively, while the average volcanic rock composition was 0.06 and 0.25 g L™
for ClI- and SO427, respectively. Imaging characterization of ash surfaces (enabled by
the development of high-resolution microscopy) combined with leachate analyses

has meant that the surface products of gas-ash reactions can be more precisely
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b s Fuego, 1971
* Cerro Negro, 1968
° Cerro Negro, 1971

volcano, El Salvador. Taken from Rose et al. (1973). This was one of the first ash-
surface analysis ever made, and by combining a) SEM Imagery of ash particles and
b) their leachate data (note molar ratios of calcium and sulfate are 1:1), the idea that
ash-gas interactions were responsible for the formation of surface products began
to develop. Elongated CaS0Oa crystals are marked inside the red ellipses.

identified (see Figure 1.1), for which CaS0O: and NaCl were the most commonly found
surficial products. Acknowledgment of gas sequestration by ash became
increasingly evident and more studies focused on investigating the mechanism by
which this would occur. For instance, a careful study of the fluorine and chlorine
scavenged by ash, was performed by Oskarsson (1980), where they characterized

the deposits of ash from the 1970 eruption of Hekla volcano.

Through mass- and particle size distribution analysis of the deposits and
leachates analyses, they noticed that the salts formed on the ash were highly soluble
and that there was a positive correlation between the amount of gas sequestrated by
the particle surfaces (and leached as soluble salts) and the decrease of size
distribution of ash, i.e., the smaller the particle was, the greater the concentrations
of leached material. Moreover, they also performed some temperature-series of
experiments to evaluate the hydrogen fluoride (HF) uptake potential of collected ash.
Results of these experiments suggested that HF sequestration was temperature-
dependent; since leachate and X-Ray diffraction analyses of treated samples showed
marked differences in the amount and speciation of surficial products formed at

different temperatures.




CHAPTER 1

Fallout of suspended
/ load

<—Salt formation

Ambient
— Temperature\
RN RN Suspended load
TS ~ 1+ Gases g“

2R ~ S S
< S o N
> — Fallout of suspended =~ . ¢
- > Codensation load+ Gases 2
< = ~100 °C g
& — . S
= Adsorbtion 172
s 338 °C g
&, ~ &
Z — =Y
S —>
= -

%

—

—

Figure 1. 2 Cross section of the three temperature-dependent zones of gas
scavenging. (1) Salt formation zone (red line), takes place at magmatic temperatures
in the vent and hottest core of the eruption column. HCI, SO. and HF are the primary
anion donors that react with the alkalis and earth alkaline elements, like Ca and Mg.
When the gases and volatiles are exsolved, they undergo an energy change; the
surrounding has lower temperature and will change the stability of the gas phase;
in which he surroundings have lower temperature exit the vent (Oskarsson et al.,
1980, Naughton et al., 1974). (2) Adsorption zone (orange line), occurs at
intermediate to high temperatures, where magmatic gases can be adsorbed onto
the particle-surface reactive sites. (3) Condensation (yellow line), gaseous SO:
oxidizes during atmospheric reactions and forms H.SO4, which can condense onto
the ash surface, leading to acid-dissolution reactions. Modified from Oskarsson
(1980).

For instance, at T > 700 °C, the most abundant compound formed was
calcium fluoride (CaF2), while at lower temperatures (T<600 °C), calcium fluosilicate
(CaSiFs) was predominantly formed. These results led Oskarsson (1980) to propose
three temperature-dependent plume-zones where gas scavenging can occur, shown
in Figure 1.2. From ash-leachates studies, it was further suggested that the

concentration of leached anions (mainly SO427, CI" and F’), could be used as proxy
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Figure 1. 3 Surface deposits on various glass compositions. Taken from Ayris et al.
(2013). SEM analysis showed the presence of sulfur-bearing crystals, mostly in the
form of CaSOs4, grown experimentally on the surfaces of a) tephrite, b) phonolite, c)
dacite and d) rhyolite.

for the magmatic gas phase composition and therefore, different eruptive phases
could be distinguished by analyzing changes in ash leachate concentrations
(Edmonds et al., 2003; Nehring and Johnston, 1981; Stoiber et al., 1981). The
converging explanation for this process was that ash could act as a “scavenger”
agent for volcanic gases, evidenced by presence of surface salts. The mechanisms

behind the gas uptake process, were however not well understood.

In the particular case of sulfur sequestration, the most accepted uptake
mechanism, was that at low-temperature, SO: readily reacts with atmospheric water
droplets, forming acid (H.S04) aerosols, which when in contact with ash surfaces,
condenses and causes dissolution of the bulk ash (minerals and glass network),
which, upon evaporation of the water, leads to deposition of surface products
observed, e.g., CaS04, MgS04, Na:S04, etc. (Rose, 1977). This mechanism has been
widely accepted and is believed to be the main sulfur uptake pathway for small- to
intermediate-size eruptions, where the eruptive plume can be cooled relatively

rapidly and SO: oxidation to H.SO4 takes place (Rose, 1977; Delmelle et al., 2007).
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Figure 1. 4 Depiction of SO- adsorption onto a glass surface. Adsorption is believed
to take place at alkalis- and alkali earth-oxides surface sites of the glass network, in
the figure adsorption on a Ca-O site is shown.

However, Ayris et al. (2013) suggested that, at high temperature
regimes, above the dew point of H.SO4 (~190-200 °C), sulfur sequestration could
directly occur by reactions between SO: and ash. To test their hypothesis, they chose
an experimental approach to evaluate the potential of glass to scavenge SO, by
melting and quenching volcanic rocks of relevant compositions (tephrite, phonolite,
dacite and rhyolite), and exposing them as grinded particles (P; < 63 pm) to SOz-air
mixtures at high temperatures (200-800 °C), in order to reproduce the formation of
soluble materials observed in volcanic ash (e.g., CaS0s, MgS0.4, Na.SO., etc.).
Indeed, the experiments performed by Ayris et al. (2013) resulted in formation of

surficial sulfate-bearing salts, seen in Figure 1.3a-d.

This findings led them to suggest that, (1) at temperatures above the dew
point of H2S04, sulfur uptake can directly occur in the form of SO: interactions with
ash, as depicted in Figure 1.4, without undergoing previous oxidation reactions with
water and that, (2) the glass present in ash, is potentially the most reactive
component of ash for high temperature (T> 200 °C) sulfur uptake, and not the
mineral components, as in the case of low-temperature sulfur uptake. Evidence of
the high reactivity of silicate glasses to SOz had been shown by industrial studies of

high temperature (1000 °C) SO. reactions with soda-lime silicate glass, which




1.4 GAS UPTAKE: PREVIOUS STUDIES

High

Temperature of
Gas Uptake

Predominat Reaction
H>S04-Ash
SO:2-Ash '

Small/medium  Pyroclastic Large Permeable Large
Plume Flow Plume Dome Conduit

2

o
—

Figure 1. 5 Summary of the volcanic environments where sulfur, as SO2 (gas) or
H.SO. (aerosol), uptake by ash can take place as a function of the temperature. At
small to medium-size plumes (< Mt. St. Helens-size), the rising plume rapidly mixes
with atmospheric air, prompting rich-H.S04 aerosol formation (Rose, 1977). During
pyroclastic flows, remobilization of ash and gases can also induce uptake reactions
(Ayris et al., 2013). At larger plumes, direct chemisorption of gas onto ash surface
occurs at the plume core, however at the umbrella region, acid aerosol formation
also takes place (Oskarsson, 1980). Permeable, fractured, degassing domes, allow
efficient high temperature ash-gas interactions, due by passing of magmatic SO:
through ash-filled fractures (Casas et al., 2019). For caldera-forming eruptions,
conduits can be large enough to allow high temperature SO.-ash interactions above
the fragmentation level, for reasonably long timescales (Ayris et al., 2013).

resulted in formation of surficial Na=SO4 on t glass surfaces (Douglas and lIsard,
1949). In large volcanic eruption plumes, similar thermal reaction regimes are
present and can be maintained long enough to impede SO.-water reactions (i.e.,
H.SO. aerosol formation) leading to direct gas-ash reactions. Furthermore, Ayris et
al. (2013) applied their experimental findings to suggest that, relevant sulfur uptake
by ash could also occur within the volcanic conduit, for large- to very large eruptions
such as the Tambora (1815) or Krakatau (1883) eruptions . In both cases, the depth
at which magma fragmentation takes place is large enough to almost reach the

magma chamber (Foden, 1986; Mandeville et al., 1996).
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At in-conduit scenarios, gas uptake could readily happen, once the
fragmentation threshold is crossed (thus, once fine ash is produced), due to
occurrence of energetic ash-gas mixing at magmatic temperatures (~ 1000 °C).
Estimations of in-conduit SO: uptake made by Ayris et al. (2013) suggested that, for
an eruption of the magnitude of the Krakatau (1883), where the conduit depth was
estimated to be 4-5 km (Mandeville et al., 1996), up to 45 % of the magmatic SO
could have been removed by ash, before reaching the atmosphere. This has the
implication that, in the case of large volcanic eruptions, to try to relate the
composition of volcanic gas released to the atmosphere with the pre-eruptive magma
composition, could lead to non-negligible underestimations of the initial magmatic

gas content.

Moreover, Ayris et al. (2013) proposed that, another high temperature
scenario for SOz uptake by ash could be during pyroclastic flows. These result from
the partial to total collapse of volcanic plumes, which generates turbulent
remobilization of ash and gases at relatively high temperatures (= 500 °C), which
could also lead to gas uptake. More recently, gas uptake was also suggested to occur
at permeable fractured degassing domes, (Casas et al., 2019) where, degassed
magmatic SO passing through fractures filled with fine grained pyroclastic material,
could be an ideal environment for gas uptake, given the high temperatures of
magmatic gases (Table 1.1) and the relatively long lifetimes of domes (from hours to
years), which allow longer ash-gas reaction times. A summary of the volcanic
environments where gas uptake, by reactions with ash, can occur is shown in Figure

1.5. In all scenarios, fine ash and high temperatures are present.

1.5 Environmental and climate implications of gas uptake

The need of understanding the fate of volcanic SO. and HCl emitted
during volcanic eruptions arises from the diverse impacts that these gases can have
on receiving environments. As mentioned in section 1.3, volcanogenic sulfur readily
reacts with atmospheric water to form sulfuric acid (H.SO.) aerosols, which can
affect the solar radiation budget at tropospheric levels (~ 10* m.a.s.l.) by causing
temporal cooling of the earth surface (Charlson et al., 1991;1992), but also by
inducing local warming, via reflecting the earth heat radiation (Robock, 2000, and

references therein).
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Figure 1. 6 Diagram of receiving environments of volcanic emissions (ash and
gases). Taken from Ayris and Delmelle (2012). (E) represents the volcanic plume
and cloud produced during a large volcanic eruption, where tephra is emitted to the
atmosphere (A), and will eventually be deposit onto vegetation surfaces (V), such as
forests (Vf), agriculture (Vc), and grassland (Vg), land surfaces (T), such as soil (Ts),
wetlands (Tw), or into snow/ice (S).Tephra can also reach diverse aquatic systems
(W), further reaching into ocean sediments (Wo), lakes and lake sediments (WI), and
river and river beds (Wr).

Cloud formation and evolution, can also be disturbed by the presence of
H.SO. aerosols in the atmosphere, since acid droplets can act as cloud condensation
nuclei (Twomey, 1974), enhancing cloud formation, thus cloud albedo, which can

ultimately alter the global dynamics of heat circulation (Nober et al., 2002).

Injection of HCl into the atmosphere can also pose serious environmental
hazards, being perhaps the most relevant, that Cl- radicals contribute to the
destruction of atmospheric ozone molecules (0Os), thus to the depletion of the earth
ozone layer (Molina and Rowland, 1974). Additionally, due to its high solubility, HCI
can readily be dissolved in atmospheric water, which upon precipitation, contributes
to the acidification of receiving terrestrial and aquatic environments, i.e., soil,

vegetation, and water bodies (Pallister et al., 2010a; Swanson et al., 2010).

12
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To improve our understanding of volcanic ash-gas reactions is therefore
of relevance, because they can alter the effective amount of gases injected into the
atmosphere, which can induce short- and large-scale climatic and environmental
perturbations. Ayris and Delmelle (2012) brought attention to the complexity of the
environmental effects of large volcanic eruptions, from the point of view of ash
deposition on diverse environments. They did so, by compiling and reviewing post-
eruptive data of 35 worldwide volcanic eruptions of diverse erupted volume (0.01 >
km3 >100) and reviewed the immediate physical, chemical and biological effects

reported upon ash release.

Their work stressed the need for more multidisciplinary approaches to
investigate and evaluate the diverse impacts of large volcanic eruptions. Figure 1.6
shows the various environments that are potentially affected by occurrence of
explosive volcanic eruptions. Current assessment of the effects of volcanic eruptions
are very complex to make, because of the many variables to be considered, i.e., the
characteristics of the eruption, geographical location of the volcano, properties of
the ash, composition of the gases emitted, weather conditions, etc. Assessment of
the impacts of large or very large volcanic eruptions are of particular interest, since

these eruptions produce considerable quantities of fragmented magma, such as

Toba eruption (74 ka) which produced an estimated volume of 2800 km3
of erupted material. Furthermore, the fraction of fine ash (P; < 100um) for these
eruptions is larger (0.3-0.5) than that of small- to medium-eruptions (Rose and
Durant 2009). Occurrence of ash-gas interactions in large volcanic eruptions, is not
only relevant because they can affect the gas budget injected to the atmosphere, but
also because they change the chemistry of ash particle surfaces, thus its reactivity
(Delmelle et al., 2007). The presence of soluble salts on ash surfaces, can exert
important effects on ash transport within the volcanic plume, its dispersion dynamic
within the cloud, and its overall residence time in the atmosphere (Carey and
Sigurdsson, 1982; Sorem, 1982; Lane et al., 1993).

Ash aggregation is a primary mechanism that significantly affects the
dispersal dynamics of volcanic ash (Brown et al., 2000, and references therein). The
main agents that drive aggregation of volcanic ash are humidity (Sparks et al., 1997),
electrostatic forces (James et al., 2003) and the presence of surficial salts produced

during gas uptake (Gilbert and Lane, 1994 and Mueller et al., 2016).
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Figure 1. 7 Effect of surficial salts on particle aggregation. Experimental results of
particle aggregation enhanced by NaCl deposits on soda-lime glass beads. SEM-
EDX analysis showed that NaCl as the bridging agent for particles to aggregate.
Taken from Mueller et al. (2017).

Once these soluble salts form, they act as bonding agents, cementing
particles together and stabilizing aggregates, which results in higher removal rates
of fine particles from the atmosphere (Lane et al., 1993; Mueller et al., 2017; Tomita
et al., 1985). Figure 1.7 shows the results of aggregation experiments of particles
doped with NaCl-loads, described in Mueller et al. (2017), where SEM-EDS images
clearly show that NaCl surface deposits act like “bridges” among particles. When
these particles interact with water bodies or atmospheric water droplets, the surface
products can be readily leached, releasing a diverse array of species, mostly Ca2*,
Mg?2*, Na*, K*, Fe2*, Fe3*, ClI, SO42~ and F.

Finally, Figure 1.8 shows the relative concentrations of S0.427, Cl- and F,
leached from ash from various eruptions. Here, it is clear that formation of soluble
material is ubiquitous during volcanic eruptions. Interestingly, Figure 1.8b also
shows that Si-rich ash has typically higher SO42~ concentrations (see the data for
dacite) than Si-poor ash. In order to improve our assessment of large volcanic
eruption impacts, it is necessary to constrain the mechanisms by ash-gas reactions
occur at high temperatures. Experimental data is crucial for this purpose, given
natural ash-gas interactions cannot be directly observed, yet, they can be simplified,
scaled and safely reproduced in the laboratory. The present work applied previous
findings and hypothesis regarding high temperature gas uptake by ash, to design
relevant series of experiments to help constrain the parameters by which SO. and

HCl uptake occurs by rhyolite.
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Figure 1. 8 Ternary diagram of relative SO,*", CI” and F~ sequestrated by ash from
various volcanoes. Modified from Witham et al. (2005). a) a total of 21 ash leachates
(relative) compositions are plotted. Two main groups are shown in the diagram,
based on their S/Cl ratio: for S/Cl = 1 (yellow area), S/CI<1 (red area). Interestingly,
in b), when the ash composition is also plotted, similar trends of the leachates can
be observed; being the most S-rich samples (relative to Cl) those of the more silicic
composition, i.e., andesite and dacite (red and blue squares, respectively.
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Chapter 2

Experimental and Analytical Methods

2.1 Introduction

In this chapter the first studies aiming to reproduce ash-gas reactions
observed in nature will be reviewed, along with the evolution of experimental
techniques for this research. Next, the experimental apparatus used for this work
(Advanced Gas-Ash Reactor) will be described (Ayris et al., 2015). Experimental
conditions applied to sample preparation and treatment (i.e., gas mixtures,
temperatures, exposure times, etc.), as well as the diverse characterization

techniques will be described in detail.

The two sets of samples used to perform the gas uptake experiments,
consisting in natural and synthetic rhyolitic glasses, will be described in terms of
their origin, composition and preparation to make these materials suitable for
experiments. Additionally, in the case of the synthetic glasses, the procedure and
conditions by which these glasses where made will be shown. Finally, the analytical
techniques through which samples (prior and after experiments), were

characterized, will be also described.

2.2 Development of experimental techniques

One of the first attempts to experimentally replicate the formation the
observed surface products produced during volcanogenic gas-ash interactions, was
made by Oskarsson (1980). By analyzing ash leachates from the 1970 eruption of
Hekla volcano, they observed very high concentrations of fluorine (F7) and chlorine
(CI") and diverse cations (mainly calcium, Ca2* aluminum, Al3* and silicon, Si*"), and
suggested that these soluble compounds were formed during the eruption, as a
result of reactions between the ash and the hot magmatic gases, particular HF. To

test his hypothesis, they used washed and dried ash from the 1970 eruption, passed
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2.2 DEVELOPMENT OF EXPERIMENTAL TECHNIQUES

a constant boiling flow of HF-H:0 over it at temperatures 150-1100 °C and analyzed
leachates of the treated samples. Results of this simple test did not just succeed in
replicating the soluble species found in the original ash, but also showed a
temperature dependence of the soluble salts formed. The combined results and
interpretation of the work of Oskarsson (1980) and observations made by Rose
(1997) and Naughton et al. (1974), pointed out the relevance of experimental
approaches to investigate gas sequestration mechanisms by ash. The work of
Delmelle et al. (2005) provided new insights on the relevance of physicochemical
properties of ash for interactions with gases, as well as on adsorption mechanisms
of gases (including water vapor) at ash interfaces, by conducting several tests with

natural ash samples.

In addition, Delmelle et al. (2007) further investigated the occurrence of
dissolution of ash, mainly by fluorine, and its implications on later deposition of
sulfate and halide salts also tested by using natural ash. These studies undoubtedly
increased our understanding of the process by which ash and gases interact, by
addressing many of the complexities of the mechanisms involved. More recently
Ayris et al. (2013), focused their work on gas-glass reactions, instead of gas-ash
reactions, proposing that the main cation source for the formation of the soluble salts

was the glassy component of the ash.

They evaluated the SO:-sequestration potential of four glasses made from
melted volcanic rocks of relevant compositions (phonolite, tephrite, dacite and
rhyolite). A strong correlation between the glass compositions and their reactivity
with SOz under high temperatures, was observed as to occur by formation of surficial
sulfate-bearing products. Most of such sulfates corresponded to CaSO4, which was
suggested to be formed by heterogeneous reactions between SO. molecules and

surficial calcium reaction sites of aluminosilicates.

Nucleation and growth of CaS0. was also suggested to be controlled and
limited by Ca diffusion from the bulk glass to the surface, and that this process, as
also observed by Oskarsson (1980), was strongly temperature-dependent, and shows
enhanced efficiency at temperatures above 600 °C. Following the previous findings
pointing out the important role that glasses can play as cation donors for gas uptake
processes, and aiming to constrain more factors relevant to gas-ash interactions, the
effect of grain size distribution, humidity in the gas atmosphere were tested in this

work.

17



CHAPTER 2

For this, two sets of powdered rhyolitic glasses were treated with SO,
S02-H20 mixtures using the AGAR (Advanced Gas-Ash Reactor) apparatus developed
by Ayris et al. (2015) illustrated in Figure 2.1. The post-treated material was
extensively characterized and analyzed by various techniques prior and after SO--
exposure. Sample characterization comprised analyses by ion chromatography,
electron probe micro-analyzer, scanning electron microscopy, Raman spectrometry,

bulk iron determination, and of particle size distribution.

2.3 Experimental apparatus

All gas-glass experiments were performed with the Advanced Gas-Ash
Reactor device described in Ayris et al. (2015). A depiction of the components of the
reactor is shown in Figure 2.1a. The AGAR reactor is a customized apparatus
consisting of a horizontal three-zone furnace, containing a quartz tube in which a
quartz bulb is inserted. The right side of the reactor has a narrow opening to let the
gases into the reactor. Each gas is flowed into the reactor separately, to avoid
interactions between them, prior to contact with the sample. Once the reactor bulb
is loaded with the sample, it is inserted from the left side of the reactor into the
quartz tube. The left end of the reactor is then sealed, leaving only the outlet of gases
open, which is directed to the upper part of the fume hood. The temperature in the
bulb and each of the heating zones was monitored using a K-type thermocouple

accurate to within 2 K.

This device was exclusively design to perform experimental simulations
of solid-gas reactions by providing mixing conditions similar to those occurring in
volcanic eruptive environments. This device provides a unique method to
experimentally evaluate the gas-uptake potential of ash, or in the case of this study,
of glass, under high temperatures. The range of variables that can be tested in AGAR
is wide; from the nature of the sample (composition, morphology, etc.), to the
thermal treatments (room temperature to 800 °C), gas mixtures (the current set up
allows usage of SOz, HCI, H20, CO-, air) and exposure times. In Figure 2.1b, a picture
of the AGAR device is shown, together with the external components consisting in
the gas bottles containing SOz and HCI (1, 2), the flow controllers of each gas (3) and

the peristaltic pump used to control the flow of water entering the reactor (5).
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a) /Caso. depos{s

Nebuliser
assembly
Exhaust .
Reactor Bulb Inlet
Bearings Drivebelt
Low [ High
Calcium

Concentration

Figure 2. 1 Advanced Ash-Gas Reactor. a) Schematic of the experimental apparatus,
modified from Ayris et al. (2015). 1) The apparatus consists of a split three-heating
element tube furnace with a reactor tube inserted into it. At the end of the reactor
tube is a bulbous sample holding head which is open at both ends to allow the flux
of gas. The whole reactor tube rotates, tumbling particulate samples. Through the
furnace assembly, SO:-Ar gas mixtures and nebulized H:0 droplets are flushed at
known concentrations. 2) A schematic approximation of the process examined in
this study showing a spherical rhyolitic glass particle with radius R (radial position
r) that has developed a strong concentration gradient of calcium as CaSOa crystals
grow on the surface. b) Picture of then elements of AGAR used to perform gas-glass
high temperature experiments. 1) and 2) Are the HCI-Ar and SO»-Ar (1Tmol.% and
99 mol.% each) gas bottles, 3) the gas flowmeters, 4) the inlet of gases and/or water
vapor to the reactor, 5) the peristaltic pump used to pump water into the reactor in
the form of vapor aerosol (flown through a quartz nebulizer connected to the gas
inlet), 6) the horizontal tube furnace, where the quartz reactor bulb containing the
sample is inserted, and where the gas-glass reactions take place and 7) the gas
outlet; let the gases leave the reactor directly to the top of the fume hood.
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Figure 2. 2 Geological map of Hrafntinnuhryggur-ridge. The eruptive features are
mostly lava flows and dome-like bodies, taken from Tuffen and Castro (2009). The
sampling location “AQ” of the rhyolite used in this work is indicated with a red
hollow circle.

24 Sample material

In this work, the experimental evaluation of high temperature gas uptake,
required a homogeneous, well characterized and isotropic material. Accordingly, a
natural silicate glass was chosen, not only because it fits these requirements, but
also due the important role that glass can play as cation donor to gas uptake-
reactions, as experimentally determined by Ayris et al. (2013), Renggli et al. (2019),
and Douglas and Isard (1949). Glass is a ubiquitous component of volcanic ash
(Heiken and Wohletz, 1985; Heiken, 1972; Rogers and Hawkesworth, 2000).
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2.4 SAMPLE MATERIAL

Figure 2. 3 Picture of the natural calc-alkaline Krafla Obsidian. a) As the original
blocks collected, and b) as milled, sieved powder used to perform the SO,-uptake
experiments in AGAR.

The isotropic nature of silicate glasses, provides the further advantage
that behavior of cations by diffusion and the oxidative changes in iron upon
experimental exposure to gas, can be predicted using previous constraints (i.e.
diffusivity of cations; see for example Mungall et al., 1997). Although the amount of
glass within ash varies with the eruptive style and magma composition, it is well
documented that ash invariably contains a glassy percentage, ranging from 50-
100% (Heiken and Wohletz, 1992). The sample materials used for this work
consisted in two sets of glasses: (1) a natural tholeittic rhyolitic glass and (2)
synthesized haplogranitic glasses doped with excess CaO and FeO. The natural
rhyolitic obsidian was collected from a dyke emplaced at Hrafntinnuhryggur, Iceland
(taken at the sampling site known as “AQ"” in Tuffen and Castro (2009) as shown in

Figure 2.2.

2.4.1 Sample preparation

2.4.1.1 Krafla obsidian

In order to make the sample material suitable for the subsequent
experimental treatment, milling and sieving of the samples was done. Originally, the
obsidian material was collected (from Hrafntinnuhryggur, Iceland) in the form of
blocks of glass (dimensions of about 15x15x20 cm), as seen in Figure 2.3a. The
blocks were then hammered to obtain smaller-size glass pieces which were then

milled.
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Figure 2. 4 Particle size distributions of the three sieved populations of the Krafla
obsidian. In shades of green, orange and blue are, respectively, the size distribution
ranges <63, 63-90, and >90 pm, referred to in the text.

The latter was done by using a centrifugal ball mill (Retsch GmbH,
model S1000), where both, the milling container and balls, were made of zirconium
dioxide (ZrO.). The milling was done in batches of ~100 g each, by using three
milling balls and a rotating speed of 40 revolutions per minute (rpm) for 3 minutes
followed by a 5 minute-pause and repeating this until the glass powder had a fine-
powder texture. The latter was done in order to avoid overheating of the powdered
glass, which could affect its Fe redox state (more oxidized). All the milling was done
under dry conditions, i.e., neither acetone nor water were used during the milling.
This was to avoid alteration of the surface physicochemical properties, hence its

reactivity and performance during the gas-uptake potential experiments.

Milling was followed by sieving the powdered glass to three grain size
distributions: smaller than 63, between 63 and 90, and larger than 90 micrometers
(i.e., <63, 63-90 and >90 pm), an example of the sieved glass powder can be seen in
Figure 2.3b. After manual sieving, the powdered glasses were weighted (2 g per
experiment), stored in sealed glass vials until the experiments were performed and
labeled. Particle size distributions of the sieved powders were obtained by analyzing
the samples with a Bettersizer S3 Plus laser particle size analyzer. For these
analyses, a small amount of sample (~60 mg) was dissolved into ~4 mL of distilled
water and manually injected into the instrument port. E ach sample was measured 9
times. Particle size distributions of the three sets of sieved samples are shown in

Figure 2.4.
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2.4 SAMPLE MATERIAL

Sample Fe;0s3(g) CaCOs(g) HPG8 mixture (g)
HPG8 + 1% Ca0 + 0% FeOiotal 0 0.89 495
HPG8 + 1% Ca0 + 0.1% FeOotal 0.05 0.89 49.45
HPG8 + 1% Ca0 + 1% FeOiotal 0.25 0.89 49.25
HPG8 + 1% Ca0 + 1.5% FeOotal 0.75 0.89 48.75
HPG8 + 1% Ca0 + 2% FeOiotal 1 0.89 48.5
HPG8 + 1% Ca0 + 2.5% FeOotal 1.25 0.89 48.25
HPG8 + 2% Ca0 + 0% FeOctal 0 1.78 49
HPGS8 + 2% Ca0 + 0.1% FeOqotal 0.05 1.78 48.95
HPG8 + 2% Ca0 + 1% FeOctal 0.25 1.78 48.5
HPGS8 + 2% Ca0 + 1.5% FeOqotal 0.75 1.78 48.25
HPG8 + 2% Ca0 + 2% FeOqptal 1 1.78 48
HPG8 + 2% Ca0 + 2.5% FeOotal 1.25 1.78 47.75

Table 2. 1 Composition of HPG8 samples doped with CaO and FeOtotal. Amounts
of CaCOs; and Fe:0s to be added to the HPG8 oxide mixture, to achieve the
theoretical compositions HPG8 + 1,2 wt.% CaO + 0, 0.1, 1, 1.5, 2 and 2.5
wt.% FeOtotal.

2.4.1.2 HPGS8 glasses

The synthetic glasses were produced to have a similar composition to the
natural Krafla calc-alkaline obsidian but different contents of CaO and total Fe-
bearing oxides. For this, the haplogranitic composition designated as HPG8 by Holtz
et al. (1992) were synthesized from reagent-grade oxides to have the following
composition: 79.1 wt.% SiO2, 12.07 wt.% Al.Os, 4.23 wt.% K.0 and 4.6 wt.% of
Na:20, and additionally doped with 1 and 2 wt.% Ca0, and 0, 0.1, 1, 1.5, 2, 2.5 wt.%
total FeO each. The powder preparation to make the glasses, was done first by
making a 1 kg-batch of pure HPG8 composition. This batch of pristine HPGS8
composition, was later mixed with the CaO and FeO to obtain the compositions
mentioned above. The HPG8 batch was prepared by weighing 791 g of SiO2, 120.7
g of Al20s, 62.06 g of K2CO:s (i.e., K20) and 78.66 g of Na=CO:s (i.e., Na20). The oxides
were mixed and also milled with the method described in section 2.3.1.2. Once the
1 kg-batch of oxides mixture with HPG8 composition was milled, a sub-set of HPG8

+ Ca0 + FeO was weighted with the amounts shown in Table 2.1.
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Figure 2. 6 Furnaces used to synthesize the HPGS8 set of glasses. a) The box-furnace
used to melt the oxide powders and b) The stirring-furnace to ensure that the glasses

were homogeneous and bubble-free.

2) e s S
| 0%FeO [10.1%FeO | 11%FeO | 1.5%FeO | 1[2%FeO |12.5%FeO |
i T

Figure 2. 5 Synthesized HPG8 glasses. a) Quenched HPG8 glasses doped with 1
wt.% CaO (lower row) and 2 wt.% of CaO (upper row) and 0, 0.1, 1, 1.5, 2 and 2.5
wt%. FeO (form left to right) each. Approximate mass of each sample was 50 g. b)
HPG8 glasses after milling pictured in the same order as in a).
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Figure 2. 7 Particle size distribution of the HPG8 glasses sieved for the particle
diameter of 63-90 pym, this was obtained from a total of 9 measurements.

Doping of the samples with FeO and CaO was made in the form of ferric
oxide (Fe203) and calcium carbonate (CaCOs). All oxides were dried, at T=110 °C,
overnight prior to weighing. The dried Fe:0s and CaCOs were then weighted
according to Table 2.1, to have the aimed HPG8 + Ca0O + FeOital cOmpositions,
afterwards the oxide mixture was manually mixed in plastic bottles. The samples
were milled under the same procedure as for the Krafla obsidian (see section
2.3.1.2), placed in a thin-walled platinum crucible and melted stepwise at 1550 °C in

an electrical MoSi; muffle furnace pictured in Figure 2.5a, at atmospheric pressure.

After the initial melting, each sample was taken to a concentric furnace
to be stirred with a Ptso Rh2o spindle 1600 °C, at atmospheric pressure (Figure 2.5b).
This had as main purpose to ensure chemical homogeneity of the glasses, as well as
to remove any bubbles contained in the melts, remained from the initial melting.
Absence of bubbles was confirmed by constantly checking the tip of the spindle,
quickly removing it from the melt, quenching it and visually inspecting if the glass
had any bubbles. Once the melts were bubble-free, the melts were taken out of the
furnace and quenched rapidly by immersion of the crucible containing the melt, in
deionized water. The resulting glasses where removed from the crucible by drilling
and gently hammering out the glass rests. Figure 2.6a shows the two sets of HPG8
glasses (doped with 1 and 2 wt.% CaO and doped with different amounts of FeO
wt. %).
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The glasses were then milled, sieved to only one particle diameter size
(63-90 pm), weighted and stored in sealed plastic vials (Figure 2.6b) until
experiments were carried out. The powdered and sieved HPG8 glasses were also
analyzed with the Bettersizer S3 Plus laser particle size analyzer, to constrain its

grain size distribution (see Figure 2.7).

2.5 Experimental design

2.5.1 Krafla obsidian

Experiments were planned to assess the potential of the rhyolitic glasses
(both the natural calc-alkaline and the synthetic HPGS8) to uptake SO. at high
temperatures, and to constrain the cation-diffusion kinetics of the process. This was
done by exposing 2 g of each sample to SO2-Ar, SO2>-H:0-Ar mixtures for various
time- and temperature-series of experiments in the AGAR apparatus at the Ludwig-
Maximilians-Universitat, pictured in Figure 2.1b. Each one of the particle size
distributions (<63, 63-90 and >90 pm) to an isothermal range of temperatures 200,
300, 400, 500, 600, 700 and 800 °C, for the exposure times of 1, 3, 5, 15, 30 and 60

min.

The sample material was placed inside the reactor bulb in a split three-
zone Carbolite HZS-12/-/900/E301 horizontal tube furnace (Figure 2.1b-6). For the
hydrous experiments, a SPETEC Perimax-12 low-flow peristaltic pump (Figure 2.1b-
5) connected to a Meinhard Glass Products Q-HEN-150-A quartz nebulizer, fed water
into the reactor as an aerosol. The gas mixture used for anhydrous conditions
consisted in a 100 standard cubic centimeter per minute (sccm) gas stream
consisting of 99 mol.% Ar and 1 mol.% SO: (see SO: bottle in Figure 2.1b-2), plus a
225 sccm CP grade Ar flow as carrier gas. To also test the behavior of monovalent
cations (i.e., Na*, K*) diffusion under more oxidizing conditions, an experiment was
conducted with pre-oxidized material. This is of relevance, given the fact that,
diffusion of monovalent cations strongly depends on their role in the melt (e.g., as
charge compensating cations or network modifiers), which is in turn also influenced
by the redox state of network former cations like iron (Mysen et al., 1980).
Consequently, an experiment where the redox state of iron, expressed as Fe3*/ZFe

of the initial material, was higher, than its original value 0.153, was designed.
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This was achieved by pre-heating 2 g of original powdered glass, of the
grain size distribution 63-90 pm at 700 °C for 1 h. Following the pre-heating, the
sample was treated under anhydrous conditions (SO2-Ar) at 600 °C for 1 h. For the
hydrous conditions, only the grain size distribution of 63-90 um was used. This is
justified because the underlying mechanisms of gas scavenging were elucidated in
the anhydrous experiments, and the hydrous experiments are simply designed to
test the difference that results from the addition of water. The temperature-series
experiments were performed at 400-800 °C for 60 minutes. Eleven different flow
rates of H,0 were used, ranging from 0.05 to 7 ml min™" using the constant 1 mol.%
S0z and 99 mol.% Ar.

Under the conditions tested, this resulted in a mol. % of water vapour of
0.01-96.41, these were selected by taking the flow rate range available of the
peristatic pump used to nebulize water flow. At one flow rate of water (0.4 ml min™")
time-series experiments (1-60 min.) at 600-800 °C were conducted. An additional
set of HCI, and HCI-H.0 experiments was conducted, using the same material
described above. Analogous to the SOz anhydrous experiments, the HCI experiments
were conducted in a 100 sccm gas stream of 99 mol.% Ar and 1 mol.% HCI (see
HCI bottle in Figure 2.1b-1), an additional 225 sccm CP grade Ar stream was used
as carrier gas. For the anhydrous experiments, the HCI uptake of the material was
tested for the three grain size distributions (<63, 63-90, >90 um), also 2 g of each
grain size distribution were exposed to the HCI-Ar gas mixture for between 1 and 60
minutes, at between 200 and 800 °C. For the hydrous experiments, additional to the
above-mentioned gas mixture, eleven water vapor mol.% (0.01-96.41) were added.
As in the case of the S0.-H.0 experiments, only a single grain between 63 and 90

pm chosen to be tested at hydrous conditions.

2.5.2 HPGS8 glasses

For the HPG8 set of samples, the same experimental protocol, to test its
SO2-sequestration potential at high temperatures, was done as for the Krafla
obsidian, but the number of experiments was slightly reduced. This is because the
Krafla-set of experiments were done previous to the HPG8 and the result | got

showed clear experimental trends where SO, uptake efficiency was higher, so the
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number of experiments were reduced to focus on the most relevant ranges of time
and temperature for the HPG8 samples. For this, only one grain size distribution was
used (63-90 pm), the temperature range was reduced to 600, 700 and 800 °C as well
as the the exposure time, to only 5, 15 and 30 min. Also, only anhydrous experiments
were conducted for this set of glasses. All experiments were terminated by rapid
quenching in air by removing the sample bulb quickly from the AGAR. After each
experiment, the samples were taken out of the reactor and left to cool to room

temperature. The quenched samples were collected and stored in glass vials.

2.6 Analytical techniques

After the experiments were performed, various analytical techniques
were used to characterize surficial changes of the material (e.g., nature, shape and
abundance of surface products, changes in the surface morphology) as well as bulk

changes (e.g., cation diffusion, redox state of iron, glass network).

2.6.1 lon-exchange chromatography

This is an analytical technique, that allows physicochemical separation
and identification of analytes (chemical species of interest) dissolved in a liquid
sample. The basic elements of ion-chromatography are the liquid sample, the mobile
phase (or eluent), a stationary phase (or separation column) and a detector. The
mobile phase, is a liquid solution that flows together with the sample though the
stationary phase. The separation occurs when the surface of the stationary phase,
containing radical groups that have affinity with the ions in the sample, interacts and
forms short-lived bonds with the analyte. These bonds result in retention of the ions
at the stationary phase surface. The mobile phase however, continues to flow and
has also an affinity to the stationary phase material, so that after a time lapse, called
“retention time”, the analyte species retained at the stationary phase will be
released, replaced by the affine species from the mobile phase, and will leave the
stationary phase, flow into the detector (in the case of ion chromatography, a
conductivity detector is used) and the detector will send a signal proportional to the
concentration of the ion. A depiction of cation ion-exchange is shown in Figure 2.8a.
Each ion will have a distinctive retention time, at which it leaves the stationary phase,

which allows a precise qualitative identification of the ion.
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Figure 2. 8 lon Chromatography system. a) Stages of ion-exchange (in this case,
cation) chromatography. The green column represents the stationary phase, which
surface consists in sulfite (SO3) radicals with affinity to positive charges. The
protons (H*, in purple), represent the dissociated mobile phase, which originally
consisted in HNOs. The potassium cation (K* in red) represents the cation of interest
dissolved in the sample. The orange dotted arrow shows the flow of the sample-
mobile phase solution. At t=0, the sample is flown to the stationary phase and some
potassium cations are retained, as well as some H*. At t=1/2 retention time, all
potassium cations have been retained, and as the mobile phase continues to flow,
the cation exchange starts (black curved arrows). At t=retention time, all the
potassium cations have been released and start flowing to the detector. b) Picture of
the elements of the lon Chromatography system: 1) 706 IC Sample Processor, 2)
Eluent, 3) 762 IC Interface, 4) 732 Conductivity Detector, 5) 709 IC Pump, 6) 733
Separation Center and 7) the separation column.
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lon Analysis

Analytical Conditions Anions Cations
Separation Column Metrosep A Supp 5- Metrosep C4-
(Stationary Phase) 150/4.0 150/4.0

Pre-column Metrosep A SUPP 4/5 Metrosep C4
Guard/4.0 Guard/4.0
Eluent solution Na2C033.2 mM + HNO3 34mM +
(Mobile Phase) NaHCO3 1 mM C7HsNO4 14 mM
Flow Rate (mL min) 0.7 0.9
Temperature (°C) 25
Sample Size (pL) 20

Table 2. 2 Analytical conditions for the ion-chromatography determinations.
Leached samples were analyzed for anions and cations

To quantify the amount (concentration of each ion), analysis of known
concentrations of ions are flown into the system and though a conductivity detector,
the concentration can be directly linked to an electrical conductivity signal, thus

calibration curves can be created to develop a quantitation method.

All samples were leached at room temperature with deionized water
(conductivity =4.3 uyS cm™) for 1 h at a 1:250 solid:water ratio, followed by vacuum
filtration through a 0.22 pm mixed cellulose ester membrane. lon analysis for anions
(F-, ClI5, SO427, NOs?) and cations (Li*, K* Na*, NH4*, Ca?* and Mg?*, Mn2%), were
performed with a Metrohm lon Chromatography system. The later consisted in a 706
IC Sample Processor, 762 IC Interface, 732 Conductivity Detector, 709 IC Pump, 733
Separation Center, as seen in figure 2.8b-1-6, respectively at the Ludwig-

Maximilians-Universitat. Detailed analytical conditions are shown in Table 2.2

2.6.2 Bulk FeO determination (K:Cr.0; potentiometric
titration)

The redox state of iron, was determined as FeO wt.% by potentiometric
titration based on the method described by Shapiro and Brannock (1956), using a
665 Metrohm Titroprocessor, a 685 Dosimat automatic titrator connected to an 649
Magnetic Swing-out Stirrer with an electrode holder and a platinum reference

(silver-silver) electrode, pictured in Figure 2.9b-1,3,6,4 respectively.
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Figure 2. 9 Picture of the potentiometric titration system. The pre-step of dissolving
the sample takes place in the set up showed in a) which is composed of : 1) is the
hose connected to the Teflon crucible that feeds CO: into the crucible in order to
avoid oxidation of the sample by contact with air during the dissolution, 2) is the
Teflon crucible containing the sample, and the acid mixture (HF+ H2S0.4+ HsBOs), 3)
is the hot plate to heat the crucible, i.e., the sample, and 4) is the output-hose for
the CO: flux. Once the sample is dissolved, the titration takes place in the system
showed in b), which is composed of 1) The data processing system
(686Titroprocessor), 2) the K.Cr.07 0.01N solution, 3) the automatic titrator (665
Dosimat), 4) the reference electrode, 5) the crucible with the dissolved sample and
a magnetic stirrer inside, and 6) the magnetic stirrer plate.

The analysis consisted in acid dissolution of approximately 25 mg of
sample, by placing the weighted sample in a Teflon crucible, adding ~5 mL of
deionized water (to bring the sample in solution) and 10 mL of a solution containing
hydrofluoric acid (HF), sulfuric acid (H.S0.) and deionized water in a in proportion
of 0.8:1:3. The Teflon crucible was then covered with a Teflon cap with two Teflon
hoses on top. One of the hoses lets CO; flow into the crucible (the black hose shown
in Figure 2.9a-1), to avoid additional oxidation of the solution, to the interior of the
crucible (without contact with the sample-solution), while the other serves as output

for the gas (white hose Figure 2.9a-4).

The crucible was brought to ~100 °C and the sample was let to boil for
approximately 30 minutes, after which, the crucible was partially immersed into a
container filled with cold water, and left to cool for ~20 min. Once the Teflon crucible
was cooled to room temperature, the sample crucible was disconnected from the
CO: flux, 15 mL of boric acid (HsBOs) were immediately added, a small magnetic

stirring bar was put into the crucible, the electrode was put in contact with the
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solution and the titration was started (Figure 2.9b-5). The titration solution was
K2Cr207 0.01N (Figure 2.9b-2), when in contact with the dissolved ferrous iron, the

following redox reaction occurs:

6Fe2* + Cr.0,2" + 14H* = 2Cr3* + 6Fe3* + 7H0 Equation 2. 1

The dichromate ion (Cr.0,2") acts as the oxidizing agent for the ferrous
iron (Fe2*). When the all Cr.0-,2" has reduced to Cr3* (i.e., all Fe2* has oxidized to
Fe37), the sample-solution will change its color, from an initial translucid color to
light yellow, when the oxidation is complete. The electrical voltage measured with
the electrode, increases accordingly with the change of color and records an
“endpoint” when the color no longer changes. At this point the titration stops and
the mL of the K2Cr.070.0TN solution consumed are calculated in wt.% of FeO. Next,

the concentration of ferrous iron, Fe2", can be obtained as shown in Equation 2.2:

(wt.% FeOtitrated)*0.77 = wt. % Fe2* Equation 2. 2

where, 0.77 is the ratio between the molecular weights of ferrous iron
and ferrous oxide, i.e., Fe2*/FeO. The concentration of ferric oxide, Fe-0s, can also
be obtained from the ferrous oxide value obtained by titration (wt.% FeO), and
knowing the amount of total iron (FeOwta = FeO + Fe20s3, in wt.%), as seen in

Equation 2.3:

(wt.% FeOtotal - Wt.% FeOtitrated)*1.111342 = wt.% Fe203 Equation 2. 3

where, FeOuortal is the total iron oxide content, obtained by electron probe
micro analyzer (EPMA) analysis, FeOrtitrated IS, as for the previous equations, the value
directly obtained by the potentiometric titration and 1.111342 is the molecular
weight ratio Fe:0s/2Fe0. Once the concentration of ferric oxide has been calculated,
according to Equation 2.3, the concentration of ferric iron, Fe3*, can be obtained by

applying Equation 2.4, as follows:

(wt.% Fe20:)*0.69=wt.%Fe3* Equation 2. 4
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where, wt.% Fe:0s is the concentration obtained from Equation 2.3 and
0.69 is the molecular weight ratio between ferric iron and ferric oxide, i.e.,
2Fe3*/Fe20s. Once the ferrous and ferric iron concentrations were calculated, from
Equations 2.2 and 2.4, respectively, the bulk redox state iron of the samples could
be expressed as the ferric iron, relative to the abundance of the sum of both cations,
i.e., Fe3*/(Fe3"+Fe?*) or Fe3"/LFe. Determination of FeO of a synthetic reference
material containing 18.8 wt.% FeO, was used to evaluate the accuracy of the

method. The standard deviation of the measurements was less than 0.2.

2.6.3 Field-emission scanning electron microscope

This method allows the determination of mineral structures and micro-
scale imaging of samples. The scanning electron microscope works with a focused
beam of high-energy electrons directed to the sample surface. The impact (kinetic)
energy is dissipated in the form of emission of secondary electrons (resulting in
surface imaging), backscattered electrons and diffracted backscattered electrons,
which give information about in mineral structures and orientation), among others,

which are detected by mass spectrometers.

Approximate spot-analyses of particle glass chemistry and images of pre-
and post-treated samples, as polished thick sections and powder, were determined
using the back-scattered electron detector (BSED) on a Hitachi field-emission
scanning electron microscope (FE-SEM) SU5000 equipped with energy dispersive

spectrometers, at the Ludwig-Maximilians-Universitat.

2.6.4 Electron probe micro-analyzer (EPMA)

This device operates under the same fundamental principles as the field-
emission scanning electron microprobe, with the difference that it additionally
allows the acquisition of chemical data by spot-size analysis (1-2 pm), which was
useful to determine chemical diffusion profiles in our samples. The bulk chemical
composition of the glasses, prepared as carbon-coated thick polished sections, was
measured with a Cameca SX-100 electron probe micro-analyzer at the Ludwig-

Maximilians-Universitat, with a LaBé cathode and five spectrometers.
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HPG8 + 1% Ca0

Sample +0%FeO +0.1%FeO + 1%FeQ +1.5%Fe0 + 2%Fe0Q +2.5%Fe0
Mean St Mean St Mean StDev Mean St Mean StDev Mean StDev
Dev Dev Dev

Si0p 78.28 036 7741 048 7819 034 7688 054 7747 053 77.08 0.31
TiO2 002 002 002 0.03 0.02 0.02 002 002 0.03 0.03 0.03 0.03
AlOs 1176 013 117 015 1166 025 1142 036 1145 0.17 1135 0.13
FeOr 009 006 0.15 0.04 1.04 0.06 157 0.14 2.04 0.06 2.59 0.16
MgO  0.02 001 002 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01
Ca0 1.14 006 111 0.05 1.12 0.03 1.1 0.04 1.11 0.04 1.14 0.04
Na:O 458 011 458 0.07 443 011 429 0.6 4.23 0.1 4.1 0.1

K20 407 006 4.04 0.05 4.01 005 398 008 3.93 0.06 3.96 0.04

502 0.01  0.01 0 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
P20s 0.04 002 0.05 002 0.04 0.02 0.04 0.01 0.04 0.01 0.03 0.01
Total 100 99.07 100.55 99.32 100.31 100.29

HPG8 + 2% Ca0

Sample + 0%FeO + 0.1%FeQ + 1%FeQ + 1.5%Fe0 + 2%Fe0 +2.5%Fe0
Mean DSt Mean St Mean StDev Mean St Mean StDev Mean StDev
ev Dev Dev

Si0; 7634 0.64 7648 045 7538 055 755 026 7632 0.4 7436  0.79
TiO> 003 003 002 003 0.04 003 002 002 0.01 0.02 0.04 0.04
AlbO3 1178 0.22 1202 017 1144 011 1125 015 1089 0.09 11.44 0.07
FeOr 004 002 015 0.02 1.02 0.02 151 0.04 2 0.07 2.45 0.08
MgO 001 001 002 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01
Ca0 219 006 219 0.03 2.14 0.05 217 0.05 2.18 0.04 2.15 0.05
Na:0  4.43 0.1 4.69 0.04 4.36 0.06 427 0.07 3.94 0.05 4.2 0.1
Kz:0 422 005 415 0.04 3.99 0.06 3.8 0.05 3.93 0.03 3.95 0.06
S0z 0.01 0.01 0.01 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01
P0s  0.04 002 004 0.02 0.05 0.02 004 0.02 0.03 0.02 0.02 0.02

Total  99.11 99.77 98.45 98.59 99.32 98.63
Sample Krafla natural calc-alkaline obsidian
Mean St Dev
Si0z 75.95 0.61
TiO2 0.22 0.03
Al>Os 11.91 0.12
FeOr 3.26 0.08
MgO 0.09 0.01
Ca0 17 0.04
Naz:0 3.74 0.5
K:0 2.65 0.04
S0z 0 0
P20s 0.02 0.01
Total 99.54 0.14

Table 2. 3 Bulk chemical composition of the experimental glasses as determined by
electron probe micro-analyzer spot-analysis. Mean composition values were obtained
by measuring 10-15 spots per sample. The upper and middle tables show the HPGS8
sub-set of samples containing 1 and 2 wt.% CaO, respectively, each one with different
wt.% FeOtotal amounts (0-2.5). The lower part of the table shows the Krafla obsidian
composition.
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Measurements for were carried out with a 15 kV acceleration voltage and
a 10 ym diameter defocused beam with 5 nA beam current. In the case of the HPGS8
glasses the beam has a diameter of 5 ym. The defocused beam was used for all
elements to minimize alkali loss. The standards used to calibrate the measurements
were: synthetic wollastonite (for calcium and silicium), periclase (for magnesium),
hematite (for total iron 'Fewta), natural orthoclase (for potassium und aluminum),

and albite (for sodium).

Chemical homogeneity was confirmed for all HPG8 and for the natural
calc-alkaline rhyolitic obsidian, by performing 20 spot analysis on each glass; in the
case of the set of HPG8 glasses each one of the twelve samples (doped with 1 and 2
wt.% CaO and 0, 0.1, 1, 1.5, 2 and 2.5 wt.% FeO each) were measured. Bulk
chemistry results of each glass are shown in Table 2.3. Measured compositions of
HPG8 glasses agree with the desired compositions (calcium and iron oxide
contents), while the measured composition for the calc-alkaline rhyolite is also in

agreement with the bulk composition reported by Tuffen and Castro (2009).

2.6.5 Raman spectroscopy

This method allows the detection of vibrations associated with structural
features of materials, due the Raman scattering phenomenon. In the particular case
of silicate glasses, this analytical technique can be applied to identify compositional
and structural features by analyzing the obtained glass spectra. The principle of this
technique is that, when a radiation source (photons), in this case a laser
(monochromatic radiation), is contact with a material, most of the energy will pass
through the system, i.e., will be transmitted, exactly as it was emitted, while some of

this energy will not be conserved and will instead be adsorbed or scattered.

Scattering of photons by a material, can occur elastically, if the scattered
photons conserve the energy of the incident photons, and only their direction
changes (Rayleigh scattering), but if the photons also change their direction, the
scattering is said to be inelastic. Scattering of inelastic photons produces a shift in
energy, called Raman shift, which is expressed as wavenumber (cm~1). The Raman
spectra of a material, consists of Raman “peaks” or bands, which are related to the

vibrations of the constituents of the material (atoms, molecules, ions).
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Figure 2. 10 Example of a Raman spectra. Four distinctive regions for
structural/compositional glass features can be seen, the orange band corresponds to
the Boson region (BR), the yellow band corresponds to the low wavenumber region
(LWR), the blue band corresponds to the Intermediate wavenumber region (IWR)
and the green band corresponds to the high wavenumber region (HWR). In a) the
Raman spectra of the pristine obsidian can be seen. At the LWR, a peak at ~500 cm™?
indicated the presence of bonding oxygen bonds. In b), the spectra of the Silicon
standard used as reference material to corroborate the accuracy of the
measurements, can be seen. It displays a high-intensity peak (note the difference on
the axis scale, with respect to that of the glass chip), at the wavenumber of 521 cm™1,
i.e., in the LWR.

As each material interacts distinctively to the incident radiation, this
effect is used to “finger print” their structures, since each spectrum reflects specific
chemical bond vibrations of a material. This technique has been applied to study the
structure of silicate glasses (e.g., McMillan and Piriou, 1983; Mysen and Toplis,
2007; Bell and Dean, 1972; Furukawa et al., 1981; McMillan, 1984; Neuville et al.,
2014; Rossano and Mysen, 2012), and have recognized recurrent features in silicate

glasses spectra.

In general, four regions can be distinguished for silicate glasses spectra
that correspond to vibrations caused by differences in the glass network structure:
(1) The Boson Region, from 10-250 cm™', comprises the region dominated by a
scattering continuum and the Rayleigh tail of the excitation source (Bell et al., 1968;
McMillan et al., 1994), this region is however, not related to the glass structure and
will be dismissed in the following figures, (2) the low wavenumber region (LWR),
from ~250-600 cm™', which is associated with vibration modes of bridging oxygen
atoms (BO) with poly-membered rings of tetrahedra (i.e., 4+ cations), that forms

silicate networks, (3) the intermediate wavenumber region (IWR) located at ~600-
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Parameter Value
Laser Wavelength (mm) 532
Laser Filter (%) 50
Grating 1800T
Confocal Hole 500
Spectral slit 100
Central Position 3085.62
Spectral Range (cm™) 50-400
Exposure Time (sec) 8
Accumulation Number 2
Spike Removal Multi
Objective x100

Table 2. 4 Analytical parameters used for Raman spectroscopy measurements of
HPG8 glasses and the Krafla obsidian.

850 cm™", represents the structural contribution of the Si-O bond stretching;
specifically, the vibrations in the Si-O-Si plane or vibrations of the encaged Si-atom
in the tetrahedra (McMillan et al., 1994) and finally, (4) the high wavenumber region
(HWR), seen at ~850-1300 cm™7, its related to the vibration modes of bonds between
non-bridging oxygens (NBO) and fourfold-coordinated cations, i.e, Si**, Al*, Ti*,
Fe3*, (McMillan, 1984; Mysen, 2003).

Additionally, some spectra of hydrous glasses display a water region
(WR) in the range ~2800-3800 cm™", which relates to vibrations of the O-H bond. In
Figure 2.10a, an example of a Raman spectra acquired for the pristine Krafla
Obsidian used in this work is shown. The vertical axis represents the intensity counts
(arbitrary units) of the signal, and the horizontal axis the wavenumber (cm™'). Raman
spectra were acquired for both thick polished sections and glasses with a for which
a green argon ion laser (532 nm) was used. The laser provided a power at the sample
surface of ~2.5 mW, was focused through the 100x objective to a ~1 pm spot. A
silicon standard was used as reference material to ensure the reproducibility of the
measurements (Figure 2.10b). In all cases, the standard deviation of the
measurements was less than 0.4. Specific measuring parameters are listed in Table

2.4.
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Chapter 3

Results of SO: and HCI uptake by rhyolitic
glasses

3.1 Introduction

In this chapter, the results of the gas (i.e., gas mixtures of SO2-Ar, SO--
Ar-H.0, HCI-Ar and HCI-Ar-H.0) uptake experiments by rhyolitic glasses will be
presented. These results were obtained by analyzing both the pristine glasses (the
initial untreated glasses) and treated samples by a wide range of techniques. High
temperature SO: uptake potential of rhyolitic glasses was tested for two sets of
glasses: the first one consisted of a natural calc-alkaline obsidian, while the second
one consisted of a set of synthesized haplogranitic glasses, doped with diverse
amounts of CaO and FeO (wt.%). HCI uptake potential was only tested for the calc-
alkaline rhyolitic glass. The gas uptake experiments consisted of exposing powdered
glass samples to SO2-Ar and HCI-Ar gas mixtures (under hydrous and anhydrous
conditions) in the AGAR device (described in section 2.2, Chapter 2,) for diverse

time- and temperature-series (1-60 minutes and 200-800 °C, respectively).

Assessment of the uptake potential of all glasses was based, to a great
extent on results obtained from ion chromatography analysis of leachates of treated
samples, which provided precise information about the chemistry of the soluble
products formed on the surface of the sample-particles treated under the various
variables tested here. Further characterization of non-treated and treated samples,
consisted on scanning electron microscope analysis with back-scattered electrons
(SEM-BSE) and energy- dispersive X-rays (SEM-EDS), bulk iron redox state
measurements (wt.% FeO determinations), Raman spectroscopy and electron probe

micro-analyzer (EPMA) analyses.
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Figure 3. 1 SEM-BSE images of non-treated and treated samples. a) Surface of a
non-treated sample grain of the sieved grain size distribution >90 pm is pictured.
Small surficial particles are simply fragments of the material. On the top right of the
picture, the EDS signals are shown for the surface of the grain, confirming no sulfur
is present on the surface of the untreated material. b) surface of a treated sample
grain of the grain size distribution >90 ym, with SO2-Ar mixture at 800 °C for 60
min. on top right of this figure, the EDS spectra can also be seen and shows both
the appearance of the sulfur peak, as well as an increase in the surficial calcium
signal.

3.2 SO: uptake by natural calc-alkaline rhyolitic obsidian

3.2.1 SO:-anhydrous experiments

The first set of SO uptake experiments consisted in exposing powdered
calc-alkaline rhyolite particles to a gas mixture of SO2-Ar (1 mol.% SO. and 99
mol.% Ar), at diverse temperatures and exposure times (see section 2.4.1 in Chapter
2).

3.2.1.1 Scanning electron microscope (SEM) analysis

Formation of surficial products resulting from the SO.-glass particles
reactions was visually and qualitatively evaluated with the SEM. Visual evaluation
of the surficial products formed on the glass particles was done by acquiring images
of non-treated and treated samples, both analyzed as without any sample

preparation.

39



CHAPTER 3

- 10 pm

e
10.0pm

Figure 3. 2 SEM-BSE images of the morphology of surficial sulfate-bearing salts.
Surfaces of samples of the grain size distribution 63-90 pm, treated at 800 °C for 60
min. The surface products have mostly sharp angular cubic-like shapes and seem to
cover the surface of the glass particles uniformly. The two upper images were made
with an increased zoom with respect to the lower pictures, to show more closely the
characteristics of the surficial grown salts.

Also, to qualitatively assess the chemistry of the non-treated glass
particles and of the surficial products formed during the experiments, samples were
analyzed with energy-dispersive X-rays (SEM-EDS). Treated samples were mounted
in epoxy as thick sections and polished to be also analyzed with SEM-EDS. The thick
sections had a diameter of 2.5 cm and a height of 0.7 cm. This was done because
previous studies on SO:-glass reactions (i.e., Ayris et al., 2013) have suggested that
the main mechanisms for high temperature SO. uptake by glass is cation (mainly
calcium) which react with SO molecules at the particle surface interface to form
surficial S-bearing products. Therefore, occurrence of cation diffusion would be
evidenced for the treated samples if internal bulk chemistry is also analyzed. Results
of the SEM-BSE images of non-treated and treated samples- can be seen in Figure
3.1.
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Here, non-treated sample-grain (Figure 3.1a) showed nominally
featureless glassy surfaces, while the grain shown in panel b, corresponding to a
sample treated at 800 °C for 60 minutes, displays on its surface multiple small
angular crystals. Energy dispersive (EDS) X-ray spectra are shown in an inset in
both images, which show absence of volatiles S, Cl, on the surface for the non-treated
sample, while for the treated sample, the signal of sulfur appears along with an
increase of the calcium signal. Further SEM-BSE images of treated samples can be
seen in Figure 3.2a-d, where four sample-grains images were taken with different
magnifications. The products appear to be angular cubic-like crystals of different
sizes in the order of tenths of nanometers, and be uniformly distributed on the glass

surface, without any preferential formation sites.

SEM-BSE and -EDS analyses of polished thick sections were done also
for the non-treated and treated glass powders to gain insights into internal particle
bulk chemistry changes resulting from the formation of surficial products. Figure 3.3
shows images of elemental maps of S, Ca, Na, and K obtained for polished surfaces
of non-treated and treated samples. In the case of the non-treated surfaces (Figure
3.3a-e) a homogeneous distribution of the analyzed alkali and alkaline-earth
elements can be observed, as well as negligible presence of sulfur. For the treated

sample surfaces (Figure 3.3f-j), an overall increase of the signal of Ca and S.

In the case of sulfur, its presence in the sample appears only in the
treated samples, and seems to be notably high at the edges of the particles (Figure
3.39), whereas the presence of calcium noticed both in the non-treated and treated
samples, shows an increased spatial distribution at the edges of the particles.
Regarding the spatial distribution of sodium and potassium (Figure 3.3i,j), both non-
treated and treated samples, do not show a noticeable increased signal on the
particle edges (as observed for calcium and sodium), suggesting preferential

formation of sulfur bearing Ca products, e.g., CaSO..

Another interesting feature is that, in the case of the calcium mapping,
dark zonings are seen on the polished surfaces, just below of the enriched calcium
layer of the polished particles (see Figure 3.3h). In panels k,I and m of Figure 3.3,
this is further shown with magnified images of calcium elemental maps. This

observation could only be made for calcium, and was not seen for any other cation.
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Figure 3. 3 Energy dispersive X-ray spectroscopy maps for S, Ca, Na and K of
polished particle surfaces. Elemental maps showing the spatial distribution of S, Ca,
Na and K of polished sample surfaces were obtained for a non-treated sample (a-e),
and a sample treated with SO. at 800 for 60 minutes (f-j). Both samples are of the
particle size distribution of 63-90 um. In panels k, | and m, show elemental maps of
calcium of treated samples.

Apparent spatial depletion of calcium for treated samples, (not observed
for the untreated samples) suggests migration towards the surface (edges of

particles in Figure 3.3), due to diffusion.

3.2.1.2 Leachate analysis

SEM-BSE analysis visually confirmed the presence of multiple surficial
products grown on sample surfaces after the time- and temperature-series of
experiments, and SEM-EDS analysis provided me with preliminary qualitatively
information about the bulk chemistry of such surficial products and the particle bulk

element distribution.
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Figure 3. 4 Concentrations of leached cations from the anhydrous SO:
experiments. Concentrations of leached Ca?*, Na* and K* from treated samples
are plotted against the exposure times (1-60 min.), for the three grain size
distributions, <63 (a,d,g), 63-90 (b,e,h) and >90 pm (c,f,i). Treatment temperature
of the experiments (200-800 °C) is indicated by the color -coding shown in the
inset of plots ¢,f,l, where the colder colors represent the lower temperatures and
the warmer colors, represent the highest temperatures. Also note that, the scale
for the Y-axis, i.e., concentration of leached cation (mg kg™") is the same for Na*
and K*, and different for Ca2*. This aimed to show more clearly the evolution of
concentrations of each cation, since concentrations of leached calcium were up to
one order of magnitude greater than those of the leached monovalent cations.

However, quantitatively analysis of the surficial products was still to be
determined. For this, | also analyzed the treated samples leachates with the ion
chromatography analytical technique described in Chapter 2, section 2.5.1. Analyses
of leachates were performed for of all time- and temperature- series of experiments,

of the three grain size distributions <63, 63-90, >90 pm, in order to gain precise

43



CHAPTER 3

information about the chemistry of the soluble surficial products formed during high
temperature SO2-glass interactions. Results of the ion chromatography analyses for
calcium, sodium and potassium (CaZ2*, Na* and K*, respectively) are shown in Figure
3.4. Only these three cations were detected in the leachates and could therefore be
measured. Concentration of leached cations are expressed as mg kg™', i.e., mg of

the leached cation per kg of sample.

The concentrations of leached cations show good agreement with the
SEM-EDS element spectra, where calcium was the only cation with significant
presence on the edges that hinted at predominant surficial calcium bearing-products
formed (see Figure 3.3h). Indeed, the main leached cation in all samples of all grain
size distributions, exposure times and treatment temperatures tested (see Figure
3.4a,b,c), was calcium, reaching a maximum leached concentration of 9,488 mg
kg™1) for the experiment performed with the grain size distribution of 63-90 pm, at
800 °C for 60 min (Figure 3.4b). This concentration accounts for ~80% (79.97%,
precisely) of the total bulk Ca in the particle, which was 11,864 mg kg™* (i.e., 1.7

wt.% Ca0, as seen in Chapter 2, section 2.5.4).

Behavior of leached calcium concentrations (Figure 3.4a-c¢) can lead to
the general observation that leached calcium concentrations show higher values
upon increasing temperatures, looking at the a-c plots, is clear that temperatures of
700 and 800 °C, were two to three times greater than for example, those obtained at
600 °C, while temperatures lower than 600 °C displayed rather negligible
concentrations (see the filled blue and dark green circles). Increasing of the
exposure time of the experiments also show a positive correlation with the
concentrations obtained, since samples treated for short exposure times, i.e., 1, 3
and 5 minutes consistently showed the lowest concentrations of leached cations,
while exposures times of 15, 30 and 60 minutes resulted in overall high cation

concentrations.

The effect of grain size distribution of the samples showed to play also a
strong role on concentrations of leached calcium, although the highest concentration
value was obtained for the grain size distribution 63-90 pm, an overall enhancement
of concentrations is seen, as the particle size distribution of the samples decreases.
For instance, leached calcium concentrations of the grain size distribution <63 pm
(Figure 3.4a) able to reach higher values in less time than those for 63-90 pm, while

the grain size distribution >90 pm leads to the overall lowest concentration values.
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Concentrations of leached sodium and potassium were minor when
compared to those obtained for calcium (see the concentration scale in Figure 3.4d-
i). This is noteworthy, given the fact that the bulk concentration of both sodium and
potassium in the glass were 30,782 (3.74 wt.% Naz0) and 23,273 (2.65 wt.% K.0)
mg kg', thus greater than that of calcium, which was 11,864 mg kg™' (1.7 wt.%
Ca0). In the case of Na* concentration, the maximum value obtained was 2430 mg
kg™?, for the sample of grain size distribution <63 pm exposed at 600°C for 30
minutes (see the yellow-filled circles in Figure 3.4d), which accounts for only 7.8 %
of the bulk Na content in the glass. Leached concentrations of potassium were even
lower when compared to the those of calcium or even with those of sodium, being
the maximum leached concentration 1,020 mg kg™, for the sample of the grain size
distribution <63 pm, exposed at 600°C for 30 minutes (see the yellow series in Figure

3.49), which represents only 4.38 % of the total potassium in the glass.

Concentrations of leached monovalent cations Na* and K* clearly differ
to those obtained for calcium, being the firsts much lower than the latter. Their
concentrations display, however, noteworthy trends regarding the effect of the
tested variables (exposure time, temperature and grain size distribution) on the
obtained concentrations, and even share some similarities with some trends
observed for calcium. A similar trend between monovalent cations and calcium
concentrations, is that, both Na* and K* leached concentrations increase with
decreasing grain size distribution of the samples, as for calcium concentrations,
being the highest Na* and K* concentrations those obtained for samples of the grain

size distribution <63 pm (see Figure 3.4d and qg).

In addition, the effect of increasing exposure time also seems to have a
positive effect on the concentrations of leached sodium (Figure 3.4d-f) and
potassium (Figure 3.4g-i), as in the case of calcium (Figure 3.4da-c). The effect of
temperature on leached sodium and potassium concentrations, initially seems to be
similar to that observed for calcium, in that higher exposure temperatures led to
higher concentrations, and increasing temperatures resulted in higher
concentrations of both monovalent cations, however, this observation is only true for
the temperature range 200-600 °C, unlike in the case of calcium, where this trend
was consistent from 200 to 800 °C. At higher temperatures, i.e., 700 and 800 °C,
both sodium and potassium concentrations decrease up to values of concentrations

obtained at lower temperatures (i.e., 200-400 °C).
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This consistently negative effect of temperature treatments of 700 and
800 °C on the leached monovalent cations concentrations, might be an indication
that, formation of surficial Na- and K- bearing surficial products is less favorable at
T> 600 °C. Besides analyzing the leachates for cations, analyses for a wide range of
anions (F~, Cl5, SO427, NOs?) were also carried out by the ion chromatographic
technique described in Chapter 2, section 2.5.1. Analyses for anions were performed,
as in the case of cations, for all time- and temperature series of experiments of the
three grain size distributions (<63, 63-90, >90 ym). As expected, the only detectable
and measurable anion was sulfate (50427), since the samples were exposed only to
SO..

Concentrations of leached sulfate are plotted in Figure 3.5, and
expressed as molal concentrations (mmol kg=') against the molal concentrations of
each cation. This way of plotting leached sulfate and cations served the purpose to
evaluate the molal ratios between cations and sulfate and be able to precisely
determine which chemical compound (formed during the SO. exposure and leached
afterwards) was formed. Molal ratios of CaSO. require a 1:1 behavior between
calcium and sulfate, given the fact that one mole of leached calcium sulfate, requires
one mole of calcium and one mole of sulfate, while both sodium and potassium
should display 2:1 molar ratio, given the fact that one mole of either Na2SO4 or K.SO4

would require two moles of sodium or potassium and one mole of sulfate.

From previous results of characterization of treated samples, it was clear
that calcium was the most reactive cation involved in SO.-glass interactions;
considering, for example, the high calcium concentrations obtained from the
leached samples, in comparison with the other cations, its increased spatial
distribution at the edges of treated samples, as seen with the SEM-EDS in Figure
3.3h, and the enhancement of the Ca spectra shown for treated samples in Figure
3.1b. Consequently, the most abundant surficial product formed during the SO:-glass
experiments was expected to be calcium sulfate. This seems indeed to be the case,
by looking at the molal concentration graphics of Ca2* and SO42-, as seen in Figure
3.5a-c, which show strongest linear behavior among all cations and sulfate, strongly
indicating predominant CaSO. formation as a result of the SO:-glass high
temperature interactions. The linear relationship between Ca2* and S0O.2~ becomes
even more linear for the samples treated with the temperatures i.e., 700 and 800 °C.

Interestingly, at T<600 °C, this linear behavior seems to show a slight decline.
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Figure 3. 5 Molal concentrations of leached cations and sulfate from the anhydrous
SO:2 experiments. Molal concentrations (mmol kg=') of leached cations, Ca2* (a-c),
Na* (d-f) and K* (g-i) are plotted against concentrations of leached sulfate for the
three grain size distributions. To simplify the graphics, time-series of experiments
are not distincted, and only temperature-series are color coded, according to the
legend of seen in plots ¢, f and i. For Na* and K", the molal relation with SO42"- is
2:1, i.e., two moles of Na* or K* react each with one mole of SO42-, therefore the y-
and x-axis are different. Ca2* molal reaction with SO42~ is 1:1, thus the y- and x-axis
are identical, in each case the molal ratios 1:1 and 2:1 are shown with a black line.

Coefficient of correlation R
<63 6390 >90

PSD
(um)
T
Q)
Ca 0007 0413 0982 0993 0999 0984 0973  0.607 0.041 0981 0981 0993 0978 0975 0919 0497 0962 097 099 0999 0.986
Na 0197 04 0993 09924 0992 0189 0538 0315 0042 0638 0905 0964 0.007 0.002 0429 0.199 0334 0758 0912 015 0.1

K 0084 0001 0912 0962 099 0612 049 0008 0205 0.092 0929 0961 0.04 0428 0043 009 087 0414 0221 0168 0136

200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800

Table 3. 1 Correlation coefficient values for molal ratios of leachates of the calc-
alkaline rhyolite samples treated with SO.. R2values of the molal ratios obtained for
concentrations of each cation versus sulfate were calculated for all three grain size
distributions, temperatures and exposure times (these values are integrated
indistinctively in the temperature data), i.e., from the plots in Figure 3.5.
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Moreover, molar ratios of sodium show the most linear behavior for
samples treated at 600 °C, which is also in agreement with the high concentrations
of leached sodium obtained at this temperature (see in Figure 3.4d-f). This could be
an indication that at T= 600 °C, formation of Na:S04 is not negligible. Finally, molal
ratios of potassium did not show any strong trend, when compared to those observed
of sodium or calcium (see Figure 3.5g-i). This was not surprising, considering that
the negligible concentrations obtained for this cation, as seen in Figure 3.4g-i.This
strongly suggests that K.SO. is the less favorable product formed due SO:-glass

reactions at high temperatures, amongst the cations tested.

In addition to plotting the molal ratios between cations and sulfate, the
coefficient of correlation, R2, was calculated for the molal ratio (cation/sulfate) of
each temperature and grain size distribution, and can be seen in Table 3.1. The best
correlation was continuously that of calcium (i.e., Ca2%/S0427), being for all three
grain size distributions and at T= 400 °C, always greater than 0.9. For sodium
(2Na*/S0427), and potassium (2K*/S0427), the strongest correlations are obtained
inconsistently for distinct grain size distributions and temperatures. For example,
R2 values greater than 0.9 obtained for both Na and K of the grain size distribution
<63 pm, were obtained only in the temperature range of 400-600 °C. Similarly, for
the grain size distribution 63-90 pm, R? values are greater than 0.9 only for the
temperature range of 500 and 600 °C for both monovalent cations, while for the grain
size distribution >90 pm, the only R? value greater than 0.9 is obtained for sodium
at 600 °C.

3.2.1.3 Bulk FeO determination (iron redox state)

One observation made after performing the time- and temperature-series
of experiments, was that most of the samples would display changes in their color.
To exemplify this phenomenon, a comparison of a non-treated sample and several
treated samples is seen in Figure 3.6. The observed change in color of samples was
systematic upon longer exposure times, and especially upon higher treatment
temperatures. An increase of both experimental variables, would cause the sample
acquiring a more reddish tonality (Figure 3.6b), when compared with the non-

treated sample powder. This bulk change in the sample color can be clearly seen in

48



3.2 SO UPTAKE BY NATURAL CALC-ALKALINE RHYOLITIC OBSIDIAN

=il L i“"

Figure 3. 6 Color change of the treated samples. Upon performing the experiments
with a) the powdered glass and b) collecting the samples, visible variations in the
color of the powders were observed, in comparison with the original powder.
Different sample treatments produced different sample tonalities; the enhanced
reddish tone was obtained for the samples exposed for longer times, and higher
temperatures.

Figure 3.6, where diverse treated samples are pictured in panel b, while
the initial powdered material is also shown in panel b for comparison. This led me
to think that the post-experimental change in color of the samples, could hint at
changes in the redox state of iron in the glass, given the fact that the experimental
material had a rather high amount of total iron, i.e., 3.26 wt.%, as reported in Table
2.3 (see Chapter 2).

In order to identify if the redox state of iron present in the treated
samples was changing upon preforming high temperature experiments, the bulk
redox state of iron was measured for the treated samples of all time- and
temperature- series of experiments, of the three grain size distributions <63, 63-90,
>90 ym and for the non-treated materials (as glass and powder) to have an initial
redox state of iron value and of the initial redox state of iron. The bulk iron oxidation
was obtained as wt.% FeO, by the potassium dichromate (K:Cr.07) potentiometric

titration method described in Chapter 2, section 2.5.2.

Once the wt.% FeO was determined, and knowing the total iron content
in the sample (expressed as FeOtotal wt.%), Fe.0s could be calculated using
Equation 2.3, in section 2.5.2 of Chapter 2. Once the bulk concentrations of ferrous
oxide, FeO, the ferric oxide, Fe.0s were known, simple calculations were made to
obtain the ferric iron to total iron ratio i.e., Fe3*/ZFe of the samples, which was then

used to express the bulk redox state of the samples.
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Figure 3. 7 Bulk iron redox state of the initial material and the treated samples.
Measured bulk iron redox state is expressed as the ratio of ferric iron (Fe3*) over
total iron (XFe), for the initial material, analyzed as a fragment of the pristine
obsidian and as powdered glass, referred in the legend as ‘Glass Chip” and
‘Powdered Glass’, respectively. Treated samples, of all three grain size distributions,
exposure times and temperatures are also plotted. All Fe3*/ZFe data points are
plotted against temperature (°C). For all treated samples, exposure times (min.) are
represented by the diverse marker types, as shown in the legend.

Figure 3.7 shows the results of the iron redox state determinations
obtained for all time- and temperature- series of experiments of all three grain size
distributions, and for the starting material, analyzed both as glass and as powdered
glass. The Fe3*/XFe values obtained are plotted against the treatment temperature,
and the exposure times of each series of experiments are shown with different types
of markers (see the legend on the right side of Figure 3.7). Iron redox state of the
starting material was determined for the pristine obsidian (referred as "Glass Chip’
in Figure 3.7), for which a small chip of glass was analyzed, and for the powdered,

sieved glass (referred as 'Powdered Glass” in Figure 3.7).

Results for the redox state of the initial materials (glass and powder)
showed to be different, as the measured redox state of the glass chip was
Fe3*/2XFe=0.023 and 0.219 for the powdered glass, thus the powdered sample was
more oxidized than the original glass. Results of the bulk redox state of iron of the
pristine glass (Fe3*/ZFe=0.023), indicates that the original material was initially very
reduced when quenched, since the ferrous iron (Fe2"), accounts for 97% of the total
iron. The discrepancy between the redox state of the starting material measured as
glass and as powdered glass, was most likely due to heating caused by milling of the

material, despite caution taken to prevent sample overheating.
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Iron redox state results presented in Figure 3.7 seem to confirm the
occurrence of changes in the redox state of iron of the samples, indeed towards
increased Fe3*/XFe values; i.e., more oxidized redox states, since most Fe3*/ZFe
ratios display an increase upon increasing temperature. The change in the bulk
redox state of iron is more evident for the grain size distributions of <63 and 63-90
pm, and almost negligible for samples of the >90 pm particle size distribution. This
behavior shares similarities with that of the leached calcium concentrations, in that
higher concentrations of leached calcium were consistently obtained upon

increasing temperature treatments.

Increase of the redox state of iron can be observed for the grain size
distribution of <63 pm (Figure 3.7a), where a rather parabolic curve seems to rise at
T= 600 °C, and significantly increase at T=700 °C. A similar behavior can be seen for
the measured redox state of samples of the grain size distribution of 63-90 pm
(Figure 3.7b). Finally, treated samples of the particle size distribution of >90 pm
(Figure 3.7¢) display no appreciable increase of the iron redox state. The extent of
iron redox sate changes of the treated samples, when considering the initial redox

state of the experimental material, is also noteworthy.

The non-treated powdered glass ('Powdered Glass” in Figure 3.7) has a
Fe3*/ZFe value of 0.219, meaning that ferric iron, Fe3*, accounts for ~22% of the
total iron. For treated samples, this value shows little to no variation in the range of
200-500 °C, for all exposure times, and all grain size distributions (Figure 3.7a-c). At
T= 600 °C, the Fe3"/ZFe started to increase, especially for the samples treated for
the highest exposure times (i.e., 30 and 60 min.) and for the grain size distributions

of <63 and 63-90 ym, while for those >90 pm, the increase in redox state is minor.

The maximum Fe3*/ZFe value obtained at T=600 °C was 0.312 for the
grain size distribution 63-90 pm of the sample treated during 60 minutes. At T=700
°C, a maximum value of 0.384 was obtained for the grain size distribution <63 pm,
for the experimental time of 30 min., while at T=800 °C, the highest value amongst
all treated samples was 0.507 for the grain size distribution <63 pym for the
experimental time of 60 min. To further test the effect of experimental temperature
on iron oxidation during SO:-glass interactions, and to assess if an even higher
oxidation state of a treated sample could be achieved than the maximum value
obtained so far (i.e., Fe3*/XFe > 0.507), an additional experiment was design, in that

a powdered glass sample of the grain size distribution 63-90 pm was treated for 60
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Figure 3. 8 Average Raman spectra of the initial material. Average spectrum for the
initial material was acquired by measuring each material 5 times. a) The pristine
obsidian, analyzed as small glass chip, showed a low intensity signal for all
wavenumber regions low wavenumber region (LWR, 250-600 cm™"), intermediate
wavenumber region (IWR, 600-850 cm™") and the high wavenumber region (HWR,
850-1300 cm™"). In the case of the milled obsidian, i.e. b) the non-treated powdered
glass, the spectrum showed a general increase of the signal intensity in all regions,
especially in the LWR.

minutes under the previously used SO. atmosphere, with the difference that the
treatment temperature was increased to 900 °C. The measured iron redox state of
the sample was, higher than that of the non-treated powdered glass, being Fe3*/2Fe
=0.517, which was similar than values obtained at T=800 °C. By looking at the data
pointat 900 °C (in Figure 3.7b), it is obvious that the parabolic behavior of the plotted
data becomes flat and displays a plateau. This might be an indication that, for this
material, at T=800 °C, iron oxidation state higher than Fe3*/ZFe ~ 0.5 are not possible

to achieve.

3.2.1.4 Raman spectroscopy

Raman spectra was acquired for both non-treated material (pristine
obsidian and powdered glass), and treated samples (as only treated powders and as
polished thick sections of these powders) using the analytical Raman spectroscopic
system and measuring conditions (see Table 2.4), described in section 2.5.5, in
Chapter 2. This had the aim to gain insights into the sample structure and to assess
if changes in the spectra of treated samples could be correlated to the experimental
parameters. Furthermore, after identifying occurrence of changes in the redox state
of treated samples, Raman spectroscopy was also used to assess if iron oxidation

would have a distinctive signal in the Raman spectra acquired for treated samples.

52



3.2 SO UPTAKE BY NATURAL CALC-ALKALINE RHYOLITIC OBSIDIAN

Besides performing single 'spot” analysis of the samples, for the polished
thick sections, transect measurements were also carried out (see Figure 3.11).
Transect spot-analysis were acquired to have profile measurements of the interior of
the particles and to try to correlate spectra changes, with the experimental variables.
Additionally, Raman spectra were also performed to determine the mineralogy of the

surficial products grown on the treated particles.

This was done by acquiring spectra of reference materials of anhydrite,
(CaS04) and gypsum, (CalS04]-2H20), and later comparing them with the spectra of
the surface of treated samples. Figure 3.8 shows the spectra acquired for the original
(non-treated material) in the form of obsidian glass and the powdered glass.
Spectrum of the glass chip (Figure 3.8a) displays a low signal at both low- and high-
wavenumber regions (LWR and HWR), whereas for the non-treated powdered glass,
at the LWR, two peaks seem to appear or be more visible than for the glass chip; at
200-300 and 500-600 cm™".

At the HWR, an increased signal is also observed, and also two peaks
seem to appear; at 900-1000 and 1100-1200 cm~'. The low wavenumber region
(LWR) in silicate glasses is associated to vibrations of bridging oxygens (BO),
specifically with three- or higher-membered rings of tetrahedra forming silicate
networks. Lastly, the high wavenumber region (HWR) represents the vibrations of

tetrahedra of tetra or trivalent cations) with non-bridging oxygens (NBO).

3.2.1.4.1 Raman spectra of reference materials and surficial

products formed

Raman spectra were acquired for the reference materials anhydrite and
gypsum and of the surficial products formed on the samples after SO2- and SO2+H-0
high temperature treatments (see Figure 3.2), to gain certainty on the mineralogy of
the surficial salts. These minerals were used as reference materials to determine
more precisely the mineralogy of the surficial products. Whereas results of previous
analysis consistently showed that the surficial products formed on the treated
samples, were mainly calcium sulfate, the specific mineralogy was not clear, i.e., if
the products were formed as anhydrite or gypsum. For this, reference materials of
both minerals were directly analyzed as powders without any preparation, under the

same analytical conditions described in section 2.5.5, Chapter 2.
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Figure 3. 9 Average Raman spectra of anhydrite and gypsum. The relevant peaks
are emphasized with color bands in both cases and described in the inset. Each
color band represents a characteristic bond-vibration of the constituents of each
material. Sulfate (S0427), displays four distinctive vibration modes: symmetric
stretching (V1, in red), symmetric bending (V2, in pink), asymmetric stretching (V3,
in orange) and asymmetric bending (V4, in yellow); the metal-oxygen bond (M-0),
in this case the bond between calcium and one of the sulfate-oxygens; and the water
molecule shows the vibration modes V1 (light blue) and V3 (dark blue), this was
only shown in gypsum spectra.

Raman peak wavenumber (cm1)

Material Specie As.soaa!ted . Buzgar et .
Vibration This work White, 2008
al., 2009
Ca-0 242 235 -
V1 1,019 1,017 -
Anhydrite S0O.2- V2 424-501 419-503 -
V3 1,129-1,163 1,129-1,160 -
V4 630-680 630-678 -
Ca-0 323 316 Not reported
V1 1,005 1,010 1,008
S0.2- V2 416-495 416-495 415-494
Gypsum V3 1,137 1,143 1,136
V4 620-673 622-674 624-671
H.0 V1 3,403 Not reported 3,406
V3 3,490 Not reported 3,949

Table 3. 2 Comparison of reported values of anhydrite and gypsum spectra with this
work. The spectra of anhydrite (taken from Buzgar et al., 2009) and gypsum (taken
from Buzgar et al., 2009 and White, 2009) are described as Raman peak wavenumber
(cm™1) of the characteristic vibration modes of the mineral components. The
reported wavenumber of the relevant peaks show strongly agreement with those
obtained by analyzing the reference materials in this work.
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In Figure 3.9 the spectra of anhydrite and gypsum are shown with the
description and location of each characteristic peak, also described in Table 2.3.
Unsurprisingly, the wavenumber of the peaks appearing in both spectra are very
similar. Previous studies of Raman spectrum of sulfate, have identified four
characteristic vibration modes for this specie; V1 and V2, are the symmetrical
stretching and symmetrical bending, respectively, and V4 are the asymmetric

stretching and asymmetric bending, respectively.

The anhydrite spectrum also shows these vibration modes, being V1 at
1017 cm™", the peak with the highest intensity of all, followed by V3, represented by
two peaks at 1131 and 1162 cm™', and V2 and V4 are also described by two peaks
at 424 and 501 cm™", and 630 and 680 cm™", respectively. The spectra show the Ca-
0 (M-0) peak, at a much lower intensity at 247 cm~'. Gypsum spectra appears to be
very similar to that of anhydrite, despite the noticeable lower intensity of the peak
signals (see the y-axis in Figure 3.9a-b). Location of the peaks in both spectra is,
however comparable. The main peak is again that related to the vibration mode V1
at 1005 cm™", followed again by V3, which in this case consists of only one peak at
1137 cm™', while V2 and V4 consist of 2 peaks each, as in the case of anhydrite, at
416 and 495 cm™" and 622 and 673 cm™ ', respectively.

The M-0 peak is in this case, slightly shifted to the right at 323 cm~" but
much less intense than the other peaks, as in the case of anhydrite. Yet, the most
notorious difference is the appearance of the water-region at the right side of the
gypsum spectra. The water region displays two peaks at 3403 and 3490 cm™, which
represent the vibration modes V1 and V3, respectively, of the O-H bonds. These
water-related signals were clearly absent in the anhydrite spectrum, and provide a
powerful tool to differentiate the spectra between the two minerals. Once the
reference materials were characterized, a thoroughly comparison of previously

reported wavenumbers of anhydrite and gypsum was done, as seen in Table 3.2.

The reported location of peaks representing each one of the
characteristic vibration modes related to anhydrite or gypsum bonding structure
show great agreement with those obtained in this work for these reference materials.
After characterizing the reference materials, acquisition of Raman spectra was
carried out for surface products of samples treated under both anhydrous and

hydrous SO atmospheres
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Figure 3. 10 Average Raman spectra of the surficial products formed on the samples
after high temperature SO.- and SO: + H.O-treatments with the characteristic
vibration modes of anhydrite and gypsum are high lightened and the location of the
peaks described in the inset. While the spectra of treated samples appear noisier
that than of the reference materials, no normalizing or correction to the spectra was
done to avoid losing resolution on relevant peaks. Shown in a) is the averaged
spectra of samples of three grain size distributions, treated at 600, 700 and 800 °C
for 60 minutes each, under anhydrous SO conditions. In b) averaged spectra of the
S02-H-0 experiments of the grain size distribution 63-90 pm treated at 600, 700 and
800 °C for 60 min is shown. In both cases, the spectra show peaks observed in the
reference materials, attributed to the vibration modes of sulfate, and Ca-O bonds.
The vibration modes V1,2,3 and V4, at the expected wavenumbers, corresponding
to the sulfate signal are featured in the spectra along with the Ca-O peak. Absence
of the peaks related to vibration of water molecules in both spectra, indicates that
gypsum was neither formed under anhydrous nor in hydrous conditions.

For the SO anhydrous experiments, samples treated at 600, 700 and 800
°C, of the three grain size distributions; <63, 63-90 and >90 pm, were analyzed. For
the hydrous experiments, only the 63-90 pm grain size was analyzed, of samples
treated at 600, 700 and 800 °C. For both (anhydrous and hydrous conditions, all
analyzed samples where those treated for 60 minutes, in order to guarantee that
there was enough material formed at the particles surfaces, to acquire a detectable
signal. Results of are presented in Figure 3.10, which shows the average spectra
obtained for each treatment, anhydrous and hydrous SO: atmospheres. To average
the spectra obtained for samples of each SO. experimental condition (anhydrous and
hydrous) served to reduce the amount of data presented and visually simplify the
graphic, given the fact that, in each case (anhydrous and hydrous treated samples),

the signals obtained for all analyzed samples were corresponding with each other.
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In both spectra, most of the peaks observed previously from the
reference materials (see Figure 3.9) are also observed for the spectra acquired for
the treated samples, with the exception of the peaks attributed to water, seen for the
gypsum average spectra (Figure 3.9b). The increased signal obtained at the
beginning of the spectra (Figure 3.10a,b), relates to the underlaying glass surface,
as seen in Figure 3.8b. The spectra of the samples treated under anhydrous SO-
atmospheres were expected to be similar to that of anhydrite, since there was no
water vapor added to the gas mixture and therefore the most likely product to have

formed on the surface would be anhydrite.

However, post-treatment hydration of samples could have occurred, as
water from the air could have been adsorbed and leading to formation of gypsum,
even under anhydrous experimental conditions. Yet, spectra acquired for all samples
treated under anhydrous conditions, shown in Figure 3.10a, lacked any signal of the
water peaks seen for gypsum in Figure 3.9b. The spectra of samples treated under
S0z anhydrous conditions, did however, display all the sulfate- and Ca-related peaks
seen for anhydrite, seemingly confirming that, the mineralogy of the surficial
deposits was indeed anhydrite-dominated. In the case of the SO2 + H.0-experiments,
spectra of treated samples were expected to feature the water-related peaks, since

under hydrous condition, at least to some extent, gypsum could have formed.

However, when inspecting the resulting spectra, presented in Figure
3.10b, no peak could be distinguished in the water region for any of the analyzed
samples, and the acquired spectra appears to be almost identical to those of samples
treated with SO. under anhydrous conditions. This led to the preliminary
observation, that the products formed during the experiments consisted, in both
cases (anhydrous and hydrous SO: atmospheres), of anhydrite, and that no

detectable post-experimental hydration of the surface products occurred.

3.2.1.4.2 Raman spectra of the transect measurements of the
treated and untreated samples

Once the characterization of the mineralogy of the surface products was
done, | preformed also Raman spectroscopy on the polished surfaces of treated
samples, to study the effects of SO: treatments on the internal glass structure and

try to profile the extent of their occurrence.
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Figure 3. 11 Polished thick sections of treated samples. a) a polished epoxy-mount
with treated samples is pictured. The change in color of treated samples mentioned
before, from grey to diverse red tones, is also evident here. On the bottom of the
mount, a small SnO: particle was placed, as a reference spot to locate better each
sample. b), ¢) and d) are pictures taken with an Electron Probe Micro-Analyzer, and
show grains of the grain size distributions <63, 63-90 and >90 pm, respectively. The
dotted red lines show the trajectory of the transect analysis.

This was achieved by applying the same analytical conditions used in the
previous Raman analysis (see Table 2.4), with the difference that, in order to expose
the interior of treated particles, samples were embedded in epoxy within a mold and
prepared as the polished thick section shown in Figure 3.11a. The samples chosen
to be analyzed were those that would, most likely, show noticeable internal changes,
based on previous characterization of treated samples, i.e., samples that showed the
strongest evidence of reaction with SO, i.e., samples of the grain size distributions
(<63, 63-90 and >90pm), treated with SO at 600, 700 and 800 °C, all treated for 60
minutes. The measurements were done by analyzing approximately 13 spots along
perpendicular transects of grain surfaces of each sample, as is depicted with red

dotted lines in Figure 3.11b,c,d.

The resulting spectra is shown in Figure 3.12, where, for each plot,
spectra of transect measurements are shown as well as the spectrum of the non-
treated material (seen in Figure 3.8a as ‘Glass chip’), for compassion purposes. The
spectrum of the non-treated glass is shown simply with a black line, while spectra of
treated samples are shown with two different colors, to describe their spatial location
within one transect, being the blue spectra that of measurements performed at
center-, and close to the center-distances and the red spectra that of edge-, close to
the edge-distances, see legend at the right side of Figure 3.12. Spectra of treated
samples of all grain size distributions treated at 600, 700 and 800 °C, clearly differ

from the spectrum of the non-treated glass.
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Figure 3. 12 Raman spectra of polished particle surfaces. Raman spectroscopy
measurements performed along transects of particle surfaces embedded in a
polished thick section are shown. Raw spectra for particles of the three grain size
distributions <63 (a,d,g), 63-90 (b,e,h) and >90 pm (c,f,i) also arranged by the
treatment temperature can be seen as the horizontal images for 600 (a.c), 700 (d-f)
and 800 °C (g-i). The spectra acquired for each transect (consisting in at least 12
points each) is plotted in each case as blue spectra (far from the particle edges) and
red spectra (near the edges), as well as the spectra of the non-treated (initial)
material. The most distinctive change among the spectra, the peak located at ~ 670
cm™, is highlighted with a violet band in each spectrum. In silicate glasses, this peak
is associated vibrations of Fe-bearing nanolitic structures.

The non-treated glass displays a rather simple spectra, featuring a
prominent peak located at ~430 cm™", within the low wavenumber region (LWR, 250-
600 cm™). This signal arises from the vibrations of bonding oxygens with tetravalent
cations and indicates a polymerized glass structure, which agrees with the rhyolitic

composition of the glass (~76 wt.% SiO2).

Spectra of treated samples display, on the other hand, several other
more complex features located within the intermediate- and high wavenumber
regions, located at ~600-850 and ~850-1300 cm™", respectively. While spectra of
treated samples initially appear to display a rather random arrangement of peaks, as
seen for example, for the spectra of samples of all grain size distributions treated at

600 °C (Figure 3.12a-c), when Figure 3.12 is carefully inspected, there is one
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changing feature shared by all samples, that differs from that of the non-treated
glass, namely the peak found at ~670 cm~" and high lightened for all spectra with a
translucid purple band. This peak appears to be completely absent from the
spectrum of the non-treated glass (see the black line spectra), while spectra of
treated samples tend to display, in greater or lesser degree, a peak at ~670 cm™7;
samples treated at 600 °C, appear to display this peak only for the grain size
distribution of 63-90 pm (see Figure 3.12b), while the grain size distributions of <63

and >90 pm show rather absence of this peak or a very week signal.

Furthermore, the intensity of the peak seems to consistently increase for
all grain size distributions upon increasing temperature, as the 670 cm™' peak
becomes more intense and broader, becoming particularly evident in spectra of
samples treated at 800 °C, (as seen in Figure 3.12g-i), than for samples treated at
600, 700 °C. Previous studies focused on structural and chemical characterization of
silicate glasses using Raman spectroscopy, have also detected this peak and have
associated it with structural features of Fe-bearing nanolites (DiGenova et al.
2017b;2018 and references therein). Nanolites, are nanoscale mineral phases
present in some quenched products of volcanic eruptions (e.g., Mujin and
Nakamura, 2014, Sharp et al.,, 1996, Zellmer et al., 2016; Barone et al., 2016;
Schlinger et al., 1986;1988a,b).

They were first characterized by Sharp et al. (1996) as crystals smaller
than microlites (0.6-1.2 pm), i.e., <0.6 pm wide size crystals. Further classification
of nanolites was made by Mujin et al. (2017) who then designated nanolites, as
crystals of width between 30 nm up to 1 pm. Another relevant peak found in Fe-
bearing silicate glasses, is that linked to ferric iron (Fe3"), dissolved in the silicate
glass structure, located at ~970 cm™' an is emphasized with a green band in the

spectra of Figure 3.12.

This peak has been observed to correspond to the signals of an
asymmetric coupled mode of Fe3* vibrations in four-coordination state (Di Genova
et al., 2016a; Di Muro et al., 2009). Detection and analysis of the behavior of both
the Fe3*- and nanolite-related peaks is of relevance for Fe-bearing glasses, since
nucleation of Fe-bearing nanolites, incorporate mostly ferric iron, Fe3*, in their
structure. By inspecting spectra shown in Figure 3.12, the ferric iron peak seems to
be absent from the non-treated glass spectrum, which is in is a congruent result,

when considering the measured iron redox state (Fe3*/ZFe) of the non-treated glass,
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0.023, which (see section 3.1.1.3), which showed that the bulk iron of the initial
material was nominally ferrous iron (Fe?”), i.e., reduced iron, which upon milling
and high temperature SO: treatments, would consistently show higher redox values
(see Figure 3.7). Yet, this peak seems to appear for some treated samples, in
particular those of the smallest and intermediate grain size distributions, i.e., <63
and 63-90 pm, for the treatment temperatures of 600 and 700 °C (seen in Figure 3.12
a,b,d,e). Spectra of samples treated at 800 °C however, do not seem display the ferric
iron peak, (see Figure 3.12g-i). Interestingly, these spectra display the most intense
and broader nanolite-related peaks (see purple band on spectra of Figure 3.12g-i)

amongst all spectra.

This might be an indication that, when the ferrous iron of the samples
oxidizes, it does not remain dissolved in the glass structure, but rather incorporates
into a Fe3*-bearing nanolite crystal phase. The latter seems to be increase at T = 600
°C, and appears to be especially clear for T=800 °C. This range of temperatures, was
also, that at which formation of surficial CaSO4 appeared to be more efficient than at
T<600 °C (see Figure 3.4a-c, section 3.1.1.2). This led to the possibility that the two
processes, Ca2* diffusion and Fe2* oxidation could be linked in a cause/effect-like

dynamic.

3.2.1.5 Electron probe micro-analyzer (EPMA) transect
measurements

Transect measurements of treated samples were also performed with the
Cameca SX-100 electron probe micro-analyzer (described in section 2.5.4 of Chapter
2) to obtain quantitative information about cation diffusion occurring during high
temperature SO2 uptake. Of particular interest was the diffusion of calcium, since it
was clear from previous analysis and chemical characterization of treated samples,
that this was the main cation present in the surficial products formed after the high
temperature SO.-treatments. Whereas evidence of calcium diffusion (and, in a minor
degree sodium and potassium diffusion) was expected to be shown with EPMA
analyses, the extent to which this occurred, was unknown, and therefore precise
spot-measurements along perpendicular pathways were performed on polished

surfaces.
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Figure 3. 13 Transect EPMA spot-measurements for Ca, Na and K of treated
samples. Spot-measurements of samples of the three grain size distributions treated
at 600, 700 and 800 °C each, under SOz-anhydrous atmospheres, are shown as wt.%
of the measured calcium (a-c), sodium (d-f) and potassium (g-i), measured as
oxides, and plotted against the normalised distance of the transects. The latter is an
arbitrary parameter, used to dismiss the difference between the length of the
different transect measurements of all grain sizes, by dividing the spot-
measurements distance by the total transect distance. Thereby, the normalised
transect distance values of 0 and 1 represent the edges of the particles, and 0.5
represents the middle. Spot-measurements are also color coded to represent the
treatment temperature of the sample, (see the legend panel). Additionally, and for
comparison purposes, the average value of Ca, Na and K (wt.%, as oxides) of the
untreated material is plotted as a horizontal green line.

The samples chosen to be analyzed by this technique, were again those
that, by previous analysis, showed to have formed the highest amount of salts for
each grain size distribution, this is, samples treated at 600, 700 and 800 °C for 60
minutes each. For each grain size distribution, ten grains were analyzed, and,
depending on the gain size, each perpendicular transect consisted in ~ 10, ~ 15 and
~ 30 spot analysis, for the grain size distributions of <63, 63-90 and >90 pm,
respectively. Analysis were carried out according to the measuring conditions

described in section 2.5.4 of Chapter 2.
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The plots shown in Figure 3.13 correspond to transect analysis results of
calcium (a-c), sodium (d-f) and potassium (g-i), obtained for the ten grains analyzed
for each one of the three-grain size distributions, each treated at 600, 700 and 800
°C. The spot analyses are color-coded to indicate the temperature at which the
samples were treated and exposed to the SO. atmosphere, as in the previous plots.
Additionally, in order to clearly distinguish the degree of depletion of each cation,
the average value measured (wt.% of the oxide) each element of the untreated
powdered glass (i.e., initial concentration of each element) is expressed as a constant
green line with the value of 1.21, 2.73 and 2.2 wt.% for Ca0O, Na:0 and KO,

respectively.

The graphics are plotted in weight percent of the cation (expressed as
oxide), versus what | called a ‘normalised transect distance’, this is, an adjusted that
expresses the distance of each spot-analysis of each perpendicular transect of in a
zero to one-scale, where ‘zero’, corresponds to the value measured on the first spot
of a transect and ‘one’, to the last of each transects. This was done by dividing the

distance of each spot analysis by the total distance of the complete transect.

This had the purpose to be able to better compare the extent of diffusion
amongst the analyzed samples, regardless of the particle size distribution or the
number and distances of the spot analysis. By looking at the plots of calcium in
Figure 3.13a-c, depletion is evident, and seems to systematically increase from the
center of the particle (normalised transect distance of 0.5) to the particle edges (i.e.
surface), represented by the vertical axis values of 0 and 1. This near edge-depletion
also appears to occur to a greater extent within decreasing particle size (Figure 3.13a

and b), as well as within increasing of the treatment temperatures.

Maximum depletion of calcium reaches a value of 0.27 wt.% for the grain
size distribution 63-90 pm grains treated at 800 °C for 60 minutes, meaning that a
fraction of 0.77 of the original calcium content has migrated from the bulk glass
structure to the particle surface. Interestingly, a strikingly similar result was
observed for the leached calcium data of this same sample, where the amount of
calcium leached accounted for 0.79 of the total bulk calcium in the particle (see
Figure 3.4b, in section 3.1.1.2). This behavior was consistently observed for calcium
spot-measurements for the three gain size distributions, and will be further

addressed in Chapter 4.
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Figure 3. 14 Energy dispersive X-ray spectroscopy maps for Ca, Na and K of polished
particle surfaces of samples previously analyzed with EPMA. SEM-EDS Element
mapping was done for grains previously analyzed with the EPMA to examine if this
analysis was responsible for the unexpected depletion of Na observed for the
transect EPMA measurements. Three grains were mapped for Ca (a-c), Na (d-f) and
K (g-i). Each grain of interest is highlighted with a yellow contour. Sodium loss is
indeed evident when observing the corresponding element map images (d-f), where
the spot-measurements of the transects can only be seen for sodium, seemingly
agreeing with the inward Na depletion observed in Figure 3.13.

Conversely, interpretation of sodium EPMA transect measurement
results, requires a rather more careful reading. As mentioned before, calcium was
by far, the cation that showed to be primarily responsible for surficial products
formation, upon high temperature SO: treatments, while sodium and potassium did

not show to be as reactive to the SO: high temperature treatments.

In view of this, no dramatic depletion of sodium was expected, according
to the minor concentrations of Na obtained from the leachate data (see Figure 3.4d-
f). Yet, by observing Figure 3.13d-f, depletion of Na seems to indeed occur, but

shows an opposite depletion behavior than that of calcium.
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While calcium depletion was seen to occur at near-edge distances,
depletion of sodium appears to occur at near-center distances. Furthermore, the
observed depletion appears to occur regardless of the grain size distributions and
treatment temperatures, unlike in the case of calcium, where both increasing
temperatures and decreasing of the grain size distribution would lead to higher near-
edge depletion (see Figure 3.13a-c). If in fact, the sodium depletion observed in
Figure 3.13d-f, was due to diffusion triggered by the high temperature SO.
treatments of the sample, this behavior would contradict our proposed high-
temperature SO. uptake mechanism which implies cation diffusion form the bulk
glass network towards the surface of the particle. This result, was later observed to
be an artefact of the EPMA measurements, which, despite the care taken in the

setting the measuring parameters, caused loss of sodium.

The latter became clear by acquiring SEM-EDS element distribution
maps for Ca, Na and K of polished particle surfaces of samples previously analyzed
with the EPMA. Figure 3.14 shows the resulting element maps for Ca (a-c), Na (d-f)
and K (g-i) of three grains (enclosed in hollow yellow outlines) on which EPMA
analyzed were performed. In the case of calcium (a-c) and potassium (g-i), transect
spot-analysis show no significant evidence of absence or reduction of the element
signal, however, in the case of Na (d-f), the element map shows clear signs of surface
alteration (i.e., element loss), on the three different grains, for which the EPMA
transects can easily be seen. Nevertheless, the robust set of leachate data (time- and
temperature-series) helped to outweigh this result, in terms of determining the

amounts of Na present in the surface, thus diffused.

3.2.2 SO:-anhydrous experiments

The first set of high temperature SO. uptake, performed under hydrous
conditions, provided me with relevant information about SO: uptake by powdered
natural rhyolitic glass, in terms of the effect of the tested variables (temperature,
grain size distribution and exposure time). Consequently, to perform the next set of
SO: uptake experiments under hydrous conditions, the experimental design was
changed and optimized based on the observations made from the results obtained

from the anhydrous set of experiments.
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For instance, since the effect of the grain size distribution of the samples
showed to play an important role on the SO. uptake experiments, being the samples
of largest grain size distribution (i.e., >90 pm) the ones that, upon SO: treatments,
produced the lowest amounts of surficial sulfur-bearing products (see Figure
3.4c¢,f,i), | chose to only test samples of the intermediate grain size distribution 63-
90 ym to perform the time- and temperature-series of SO.- uptake experiments
under hydrous conditions. The exposure temperature range was also adjusted to a
more efficient range, given the fact that experiments performed at 200-300 °C,
resulted in low to negligible sulfur uptake, as reflected in the leachate data shown in
Figure 3.4, and therefore experiments under hydrous conditions were only tested
for 400, 500, 600, 700, and 800 °C.

Regarding the exposure time, it was initially reduced to only that of 60
minutes, in order to have an overview of the behavior of the samples under hydrous
SOz-atmospheres. Upon analysis of the samples a second subset of experiments were
also performed with the original exposure times, i.e., 1, 3, 5, 15, 30 and 60 minutes,
so that total of two sets of SO: uptake experiments under hydrous conditions were
performed; the first set aimed to test the effect of addition of humidity to the SO2-Ar
mixture (1 mol.% SO and 99 mol.% Ar) on the SO: uptake by the samples, and
consisted in humidity- and temperature-series of experiments performed all for 60

minutes.

To test the effect of humidity on SO uptake, a wide range of water vapour
was let into the reactor, together with the SO2-Ar gas mixture, namely 0.01, 24.32,
38.16, 47.72, 62.3, 82.17, 90.04, 93.09, 94.71 and 96.41 mol.% H.0O, at the
temperature range of 400-800 °C for 60 minutes each. The second set aimed,
however, to test the temporal variation of the effect of adding humidity to the SO--
atmosphere. This was done by performing time-series of experiments with the
original exposure times: 1, 3, 5, 15, 30 and 60 minutes, however, only for the most
relevant ranges of temperature; 600-800 °C and only for a single water vapour value
(62.29 mol.% H.0), selected after inspecting the results of the first set of hydrous

experiments.

Addition of water vapour to the AGAR reactor to perform both sets of
hydrous experiments was done by coupling a quartz nebulizer to the gas inlet of the
reactor, which was fed by deionized water pumped from a peristaltic pump

(described in detail in Chapter 2, section 2.4.1).
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After performing the experiments, samples where left to cool to room

temperature within the reactor bulb, then placed in sealed glass vials.

3.2.2.1 Scanning electron microscope (SEM) analysis

SEM-analysis of treated samples was done to evaluate if formation of
surficial products occurred, as for samples treated under anhydrous conditions, and
to detect if, increasing humidity in the gas mixture would influence the morphology,
shape or size of the surficial products formed. Images obtained with the SEM-BSE
are shown in Figure 3.15a-k, of samples exposed to each one of the water vapour
contents (mol.% H:0), treated at 600 °C for 60 minutes each. Furthermore, an image
showing the surface of a sample treated under SOz-anhydrous conditions for the

same exposure time and temperature is shown in panel | for visual comparison.

Addition of humidity to the SO. atmosphere does seem to exert an
influence on the morphology of the surficial products, as seen in the images shown
in Figure 3.15a-k. To highlight some of the features observed on the particle
surfaces, yellow lines were drawn around them. Samples treated with the lowest
amount of water vapour (0.01 mol.% H-0), seen in Figure 3.15a, already show a
different arrangement of the surficial products than that observed for samples

treated under anhydrous conditions (see panel |).

u_n

For the sample shown in panel “a” the surficial products, display a ring-
network arrangement that seems to incorporate most of the surficial products. An
average diameter of the rings was found to be ~1 pm. The pattern of surficial product
arrangement shown in Figure 3.15a, strongly differs from that observed for the
surficial products formed under anhydrous SO.- experiments, which showed overall
bigger and blockier minerals, grown seemingly detached from each other (see panel
I 'and Figures 3.1 and 3.2). Upon further increase of humidity (see panel b), surficial
products start to also display round-shaped morphologies, in addition to the initially

observed ring-network arrangement.

Moreover, these round-shaped products seem to have formed as single
products, instead of being formed within connected a network. Occurrence of round-
shaped and ring-network arranged products are emphasized with yellow lines on the

left and right side of panel b, respectively.
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Figure 3. 15 Effect of hydrous SOz-atmospheres on formation of surficial products
on treated samples. SEM-BSE images were taken for samples treated with the SO:-
hydrous gas mixtures for all water vapour amounts tested, i.e., 0.01-96.41 (mol.%
H-0). All shown hydrous-treated samples were treated at 600 °C for 60 min (a-k).
Furthermore, in panel |, a sample surface treated under anhydrous conditions (i.e.,
0 mol.% H20 added) is pictured to compare the morphology, size abundance etc. of
surficial products formed under both gas mixtures. Noteworthy features are
emphasized with yellow contours, as in the case of panels b, g-k.
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Within the range of 38.16-82.17 mol.% H.0 added to the SO
atmospheres (panels c-f), the round-shapes appear to be the predominant
morphology of all surficial products, since no further ring-network arrangements
could be observed. Regarding the size of these products, it seems to show a general
increase, in comparison to that of products formed under lower water content
(<38.16 mol.% H:0), with widths of the products ranging from 1-2 pm to a few

hundred nanometers.

At even higher humidity conditions (=90.04 mol.% H-0), an interesting
feature could be observed for most of the treated samples (see panels g-k), namely,
the occurrence of delimited pathways, along which surficial products seem to be
absent from the surface, despite the fact that, these product-free pathways are

surrounded by surficial products.

This feature can be seen specially clearly for the surfaces displayed in
panels g, i, and j, (90.04, 94.71 and 95.72 mol.% H.0) where lined-shaped pathways
(within covered surfaces), appear to be lacking of any surficial product. Careful
observation of these images leads to hypothesize that the absence of surficial
products along some linear pathways was an indication of super saturation of water
in the gas mixture during the experiments, which perhaps led to rapid condensation
of water microdroplets on the particle surfaces once the samples were taken out of

the reactor, which could have caused some leaching of surficial products.

Another interesting observation made for the samples treated with high
humidity (panels g-k), is that the shape of the surficial products becomes less
rounded and more angular. Increasing of humidity in the SO. atmospheres, also
seems to exert an influence on the size of the surficial products, since the general
size of the products formed appear to decrease proportionally to increasing water

vapour contents.

See for example the size difference shown for surficial products treated
with 38.16 mol.% (panel c), where the average size of the surficial products was
~2.5 pm, and those treated with the highest amount of water vapour, 96.41 mol.%
(panel k), where all products had a size smaller than one micrometer. The decrease
in the size of the surficial products formed under high amount of water vapour added

to the gas mixture, will be further addressed in Chapter 4.
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Figure 3. 16 Concentration of leached cations from the water vapour- and
temperature-series of hydrous SO. experiments. Leachate data for the first set of
hydrous experiments is shown, i.e., of samples treated at 400-800 °C, for 60 minutes
each under SO:-hydrous gas mixtures are plotted for Ca2* (a-e), Na* (f-j) and K* (k-
o) as a function of the range of water vapour tested (0.01-96.41 mol.% H-0). For
each temperature, leachate data of both hydrous and anhydrous conditions are
plotted. Hydrous data are plotted as filled (filling colors represent the treatment
temperatures) triangles and represent the concentration of a leached cation
obtained for each water vapour amount (mol.%) tested, while anhydrous data is
plotted as a constant concentration value (no water vapour was added), described
by a colored line (color of the line also represents treatment temperatures). The
legend inset in each graph shows the hydrous data as the temperature value plus an
“H" and the anhydrous data as only the temperature value.

3.2.2.2 Leachate analyses

After observing how distinct the surficial products formed of SO.-
hydrous experiments were, compared to the results obtained under anhydrous
conditions, samples leachates were analyzed. Results of the leachate analysis are
shown in Figure 3.16. Concentrations of calcium, sodium and potassium are plotted
against each water content tested, for all treatment temperatures (400-800 °C) of the

first set of hydrous experiments, i.e., the set of water vapour- and temperature-series

70



3.2 SO UPTAKE BY NATURAL CALC-ALKALINE RHYOLITIC OBSIDIAN

of experiments, which were performed for the only the experimental time of 60 min.
Concentrations of leached calcium (a-e), sodium (f-j) and potassium (k-0) are
expressed as mg of the leached cation over kg of the glass (mg kg™"). Leachate data
points of the hydrous experiments are shown as filled triangles to difference this
data points from those of the SOz anhydrous experiments, which were filled circles.
The filling of the triangles corresponds to the treatment temperature, according to
the color-coding of temperature previously used (see legend in Figure 3.4), also
shown in the upper left insets on the plots. Additionally, in order to make a direct
comparison between the leachate data obtained under anhydrous conditions, a
prolonged colored line is plotted in each graphic, which represents the
concentration value of the cation obtained for the same sample treatment

(temperature and experimental time of 60 minutes) but under anhydrous conditions.

For example, in the panel a, each filled triangle represents the
concentration of calcium obtained for at each water vapour content (mol.%), treated
at 400 °C for 60 minutes each, while the green colored line represents the value of
leached calcium obtained also at 400 °C and for 60 minutes, but under anhydrous
conditions (i.e., only SO:-Ar). Inspection of Figure 3.16 leads to the several
noteworthy observations; for instance, that for leached calcium concentrations
(panel a-e), the effect of addition and increase of humidity to the SO2-Ar gas mixture,
appears to be negligible for temperatures, given the fact that, for each temperature,
the data points of the hydrous experiments seem to match to almost the exact values

of the concentration obtained under anhydrous conditions.

Despite the fact that, some hydrous experiments preformed at 800 °C
(e.g., panel e) showed calcium concentrations values lower than that obtained under
anhydrous conditions, nearly all concentrations of leached calcium exhibited values
close to those obtained under anhydrous conditions, suggesting that surficial Ca-
bearing product formation occurs apparently independently of humidity present in
the SO: atmosphere, during high temperature experiments. Leached concentrations
of monovalent cations obtained from samples treated under hydrous conditions
showed, a different behavior than that observed for calcium. Conversely to the latter,
addition of certain amounts of water vapor considerably increased concentrations of
leached sodium (see panels f-j) and potassium (see panels k-0), in comparison to

concentrations obtained under anhydrous conditions.
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For instance, under hydrous conditions, concentrations of leached
sodium from samples treated at 400, 500, 600, 700 and 800 °C (panels f-j), yielded
to values of 1563, 651, 476, 4746 mg kg7, respectively, were up to 232 % higher
than those obtained under anhydrous conditions. Similarly, concentrations of
leached potassium, were up to 1017, 442, 300, 4458 and 134 % greater under
hydrous conditions than under anhydrous conditions, for temperature treatments of
400, 500, 600, 700 and 800 °C (panels k-0), respectively.

The enhanced concentrations of monovalent cations seem to occur only
for a range of water vapour amounts, namely: 0.01-82.17 wt.% H:0, whereas at
higher humidity values (=90.04 mol.% H:0), concentrations of sodium (panels h-i)
and potassium (panels m-n), start to decrease towards the values obtained under
anhydrous conditions, or even below these, as in the case of potassium (see panels
m and n). The increased concentrations of leached Na and K show another
interesting feature; namely that samples treated at 700 and 800 °C under hydrous
conditions, seem to have overcome the negative effect that these temperatures
previously had on formation of Na- and K-bearing products (see Figure 3.4, panels
d-f and g-i).

Concentrations of leached Na and K from samples of the same grain size
distribution (63-90 pm) treated at 700 °C for 60 minutes, but under anhydrous SO2
atmospheres, were minor to negligible, when compared to concentrations obtained
at lower temperatures (T<700 °C). While for samples treated under anhydrous
conditions at 700 °C, concentrations of leached Na and K represented only 0.6 and
0.03 % of the total bulk Na and K present in the glass, respectively, under hydrous
conditions, leachate concentrations obtained also at 700 °C, accounted for up to 28

and 1.3 % of the initial bulk concentrations of Na and K, respectively.

Yet, the leachate data of Na and K of samples treated at 800 °C (Figure
3.16j,0), seems to be similar under both hydrous and anhydrous conditions. despite
the fact that some concentrations of Na and K do show a slight increase under
hydrous conditions, namely 1.12 and 0.06 % of the total Na and K, in comparison to
the 0.48 and 0.5 % obtained under anhydrous conditions. In both cases, however,
the amounts of leached monovalent cations for treatments of 800° C can be

considered to be negligible under hydrous and anhydrous SO: atmospheres.
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Figure 3. 17 Concentrations of leached cations from the time- and temperature-
series of hydrous SO. experiments. Concentrations of leached calcium (a-c), sodium
(d-f) and potassium (g-i) from the second set of hydrous experiments are shown,
i.e., for the time- and temperature series of experiments conducted at the constant
water vapour amount of 62.29 mol.%. Concentration data is plotted against the
exposure times (1-60 min.). Data points of the samples treated under SO:-hydrous
conditions are symbolized again as filled triangles and the anhydrous data points
are represented by the filled circles, as described in the legend inset for each plot.

Leachate data of the second set of hydrous experiments consisting of
time- and temperature-series (1-60 minutes and 600-800 °C, respectively), tested
only under one amount of water vapour (62.29 mol.% H:0), are shown in Figure
3.17. Concentration of calcium (a-c), sodium (d-f) and potassium (g-i) are plotted
against the exposure time for the three temperatures tested. The leachate data of the
samples treated under hydrous experiments are symbolized with filled triangles (as
in Figure 3.16), while the data points of samples treated with anhydrous SO.-Ar

mixtures are symbolized with filled circles.
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The filling color of both circles and triangles indicate the temperature of
the sample treatment, which is also shown as insets on the upper left side of each
plot. The set of time- and temperature-series of experiments exhibited very similar
trends than those observed for the first set of hydrous experiments (humidity- and
temperature series). First, that the concentrations of leached calcium, seem to be
broadly unaffected by addition of water vapor to the SO.-Ar atmosphere, and show
to be rather strongly dependent on temperature and exposure times (see panels a-

c), as previously noticed for the anhydrous set of experiments (see Figure 3.4a-c).

Second, that concentrations of leached sodium and potassium show a
considerable increase upon addition of water (in this case 62.29 mol.% H.0), even
for experiments performed at T=700 °C, which, in the previous anhydrous
experiments, led to minor amounts of leached sodium (panels d and e) and
potassium (panels g and h), when compared to concentrations of both cations
obtained at T>600 °C (see Figure 3.4f-0 in section 3.1.1.2). Lastly, that samples
treated at 800 °C, produced minor concentrations of leached sodium (panel f) and
potassium (panel i), when compared to concentrations obtained at lower

temperatures, as was also the case of anhydrous experiments.

Additionally, the time-dependency of concentrations of leached cations
upon high temperature treatments displays the same parabolic behavior for both
hydrous and anhydrous SO: sets of experiments. Both sets of SO. uptake
experiments under hydrous conditions yielded to very interesting leachate results,
being perhaps the most relevant, the enhancing effect that addition of certain water
vapour contents had on concentrations of sodium and potassium (see Figure 3.16f-
0, and Figure 3.17d-i), even at T=700 °C, at which anhydrous experiments led to
negligible concentrations of both monovalent cations (see Figure 3.4 d-I in section
3.1.1.2).

Considering that, leached cation concentrations result from dissolution
of soluble surficial salts (i.e., CaSOs, Na:SO4, and K.SO.), formed during high
temperature SO: exposure of samples, a concentration increase of any cation,
implies that more surficial salts were formed, thus, mobilization of this cation within
the silicate network of the samples occurred more efficiently. This could be an
indication that upon presence of water vapour, a different mechanism for Na and K
mobilization within the glass network takes place, which might no longer be cation

diffusion, as it was previously suggested.
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Furthermore, the fact that, at T=800 °C, under both hydrous and
anhydrous exposure to SO atmospheres, no significant amounts of Na and K could
be leached, i.e., no significant Na-, K-bearing surface products were formed,
suggests the occurrence of a strong internal mechanism by which monovalent cation
mobility is effectively reduced, impeding further Na and K reactions with SOz, hence
Na- and K- surficial products formation. Finally, as calcium concentrations showed
to be broadly unaffected by addition of humidity to the SOz atmospheres, it can be
assumed that the controlling mechanism that drives calcium outward motion to react
with SO, is the same under both hydrous and anhydrous conditions. These results

will be further addressed in Chapter 4.

3.2.2.3 Bulk FeO determination (iron redox state)

Considering that, changes in the bulk redox state of iron were observed
for samples treated with SO2 under anhydrous conditions (see Figure 3.7 in section
3.1.1.3), | also measured this parameter for treated samples treated of the two sets
of SOz-hydrous experiments, i.e., those performed at a constant exposure time,
varying the temperature and amount of water vapour (mol.%) and those performed

at a constant water vapour amount, varying the exposure times and temperatures.

For the first set of SO2-hydrous treated samples, | chose to measure the
redox state of iron of samples treated with six amounts of water instead of the whole
range of eleven water vapour mo.% tested, since the six amounts (0.01, 47.72,
62.29, 82.17, 93.09 and 96.41 mol.% H:0) seemed to be representative enough of
the variety of effects observed for the eleven amounts of water vapour. In Figure
3.18, the results iron redox state determinations are shown, for this first set of

samples.

Redox state of iron is expressed as Fe3*/XFe, versus the water vapour
amounts tested (mol.%), for the temperatures of 600, 700 and 800 °C. Exposure time
for all treated samples was 60 minutes. The data points corresponding to the results
obtained under hydrous conditions are represented by filled triangles color-coded
according to the experimental temperature, and the prolonged horizontal lines
correspond to the single redox state value of the experiments performed at each

temperature (600, 700, 800 °C), for 60 minutes, under SOz-anhydrous atmospheres.
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Figure 3. 18 Bulk iron redox state of iron of samples treated with the water
vapour- and temperature-series of experiments. For the first set of SO.-hydrous
experiments (i.e., water vapour- and temperature series), FeO was determined
and the redox state of iron, expressed as Fe3*/ZFe, is plotted against the water
vapour amounts (mol.%) for samples treated with at 600, 700 and 800 °C, for
the constant exposure time of 60 min. As reference values of comparison, the
Fe3*/LFe values from samples treated under anhydrous conditions are also
plotted. Data points of samples treated under hydrous experiments are
represented by filled triangles, and the values obtained under anhydrous
conditions are shown as constant colored lines.

Interestingly, the data points of hydrous experiments display a higher
Fe3*/ZFe ratio (i.e., more oxidized iron) for all treatment temperatures, than the data
points of the experiments performed at anhydrous conditions. Also, the increase of
redox state of iron for the hydrous experiment data points, appears to be rather
constant for all data points, for each temperature, independently of the water vapor

(mol.%) added.

For example, the Fe3*/ZFe values obtained for the hydrous experiments
of the samples treated with 0.01 and 96.41 mol.% H:O (i.e., the lowest and highest
humidity tested) are 0.223 and 0.228, 0.419 and 0.478, 0.523 and 0.565, for the
samples treated at 600, 700 and 800 °C, respectively. Indeed, when the standard
deviation of the Fe3*/ZFe values was calculated for all the water vapour mol.%, very
small values were obtained; 0.003, 0.041 and 0.029, for the data obtained at 600,
700 and 800 °C, accordingly. The fact that, the hydrous treatment of the samples for
all temperatures, produced a higher bulk oxidation of the iron present in the sample,
points towards the occurrence of an enhanced redox dynamics of the iron in the

glass particles.
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Figure 3. 19 Bulk iron redox state of samples treated with time- and temperature-
series of hydrous SO: experiments. Fe3*/ZFe data is plotted of samples treated
under hydrous conditions (represented by filled triangles), at 600 (a), 700 (b) and
800 °C (c), for 1-60 minutes with the constant added water vapour amount of 62.29
mol.%. Fe3*/ZFe data of the anhydrous experiments is also plotted, as filled circles,
as well as the value corresponding to the initial (no-treated powdered glass),
symbolized by a black filled circle.

Measured Relative
Fe3*/EFe increase (%)
T(°C) 600 700 800 600 700 800
Anhydrous 0.293 0.325 0.455 134 148 208
Hydrous 0.350 0.386 0.544 160 176 248
Initial Fe3*/ZFe 0.219

Table 3. 3 Maximum iron redox states obtained under hydrous and anhydrous
conditions. The maximum Fe3*/ ZFe values of samples treated at 600, 700 and 800
°C under hydrous and anhydrous SOz atmospheres are shown, along with the relative
increase (in percentage) that these values represent, considering the initial Fe3*/ ZFe
value of the non-treated powdered material. For all temperatures the highest Fe3*/
XFe value was obtained for the samples treated under hydrous conditions.

Bulk oxidation of the hydrous-treated samples, is apparently unaffected
by the increase of humidity in the gas-atmosphere, which might indicate that redox
reactions of this material requires only a certain amount of water vapour to proceed
above which, the effect of increased humidity on Fe oxidation can be neglected.
Moreover, redox state of iron was also measured for the second set of hydrous
experiments, as seen in Figure 3.19. Here, the redox state of iron (Fe3*/ZFe) is
plotted against the exposure times (1-60 minutes) for hydrous (62.29 mol.% H.0)
and anhydrous data points. Furthermore, the Fe3*/XFe value of the pre-treated
material (powdered glass) is also plotted (0.219) as a black filled circle, for a better

comparison of the data.
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At T=600 and 700 °C (Figure 3.19a,b) the results obtained for time-series
of experiments under both hydrous and anhydrous gas-mixtures seems to be similar,
although the Fe3*/ZFe values of samples treated under hydrous conditions are
slightly higher than those of anhydrous experiments for the exposure times of 30
and 60 minutes; 20 and 28% higher for T=600 °C and 20 and 18 % for T=700 °C. In
both cases the highest Fe3*/ZFe values were obtained for samples treated under
hydrous atmospheres for the longest exposure time, 0.35 and 0.38 for T=600 and
700 °C, respectively. At T=800 °C (Figure 3.19c), the deviation of Fe3*/ZFe values

obtained under hydrous and anhydrous conditions is more evident.

The data point of the hydrous experiments is clearly higher for the
exposure times of 1-30 minutes, and at t= 60 minutes, the values of both conditions
show less variation from each other. The highest Fe3*/ZFe values of samples treated
under hydrous and anhydrous conditions for all three temperatures were obtained
at T=800 °C, namely 0.544 at t=30 min under hydrous conditions and 0.455 at t=60
minutes, for the anhydrous conditions. Both values represent a significant change in
the bulk iron redox state of the samples, when considering the original iron redox

state of the pre-treated material (Fe3*/ZFe=0.219).

Table 3.3 summarizes the maximum Fe3*/ZFe values obtained for
samples treated a 600, 700 ad 800 °C, under hydrous and anhydrous conditions. The
increase in the redox state of iron in Table 3.3, is also expressed as percentages
relative to the Fe3"/ZFe value of the initial (non-treated material). For all
temperatures, the highest Fe3*/ZFe values (higher Fe oxidation), were obtained for
samples treated under hydrous conditions, although, as mentioned before, the
difference between among values obtain under hydrous and anhydrous conditions

is overly high.

3.3 SO: uptake by synthetic haplogranitic glasses (HPG8)

Based on the results obtained from the first set of high temperature SO.-
uptake experiments by natural calk-alkaline obsidian, some preliminary premises
could be made. The most concise and relevant was that, the role of calcium seemed
to be essential for the glass-sulfur reactions responsible for SO. uptake by the calc-
alkaline rhyolite used, since CaS0O4 was, by far, the most abundant product formed

on the surfaces of the glass particles, for both hydrous and anhydrous SO. gas
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atmospheres, for all time- and temperature-series of experiments. This conclusion
was consistently reached upon extensive characterization of both surficial products
(from leachate, SEM-BSE data) and internal glass chemical/structural changes
(EPMA and SEM-EDS).

Furthermore, another very interesting result of the calk-alkaline obsidian
set of experiments was the observed change in the iron redox state of the samples
upon high temperature SO:-treatments (both hydrous and anhydrous). Iron
oxidation observed for the time- and temperature-series of experiments seemed to
share the same trends observed for mobility of calcium (seen from the leachate data),
since it increased also with exposure time and temperature, especially at T= 600 °C

(like concentrations of leached calcium).

This led me to think that maybe mobility of calcium and iron oxidation
are processes that might be linked. Is calcium outward diffusion causing iron
oxidation, is iron oxidation instead calcium diffusion, or are the two processes not
liked at all?. In order to bring insights into this issue, | decided to design a new set
of SO:-glass experiments, by making synthetic rhyolitic glasses, with the
haplogranitic composition termed 'HPG8" by Holz et al. (1992) described in section
2.3.1.2 of Chapter 2.

A total of twelve HPGS8 glasses were synthesized, consisting of two sets
doped with 1 and 2 wt.% CaO, each doped with 0, 0.1, 1, 1.5, 2, and 2.5 wt.% of
FeO. After the glasses were synthesized, they were also milled and sieved to have a
controlled grain size distribution of 63-90 um. The time- and temperature series of
SO2-uptake experiments were designed similarly those of the calc-alkaline rhyolite,
with some modifications, however, due to the large number of samples and the need
to prioritize the number of experiments, thus the analytical characterization of

samples.

In favor of prioritizing the number of experiments, the exposure times
and temperatures tested were reduced, by choosing to only test the conditions at
which SOz-uptake showed to be more efficient for the calc-alkaline rhyolite, i.e., only
the exposure times of 5, 15, and 30 minutes were chosen. Regarding the
temperatures, only 600, 700 and 800 °C were tested, since they showed to strongly
enhance formation of surficial products (see Figure 3.4), when compared with lower

temperatures (T<600 °C).
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The gas mixture remained the same: 1 mol.% SO: and 99 mol.% Ar. For
this set of samples, experiments were only performed under anhydrous conditions,
since leachate data results for the calc-alkaline rhyolite showed that the effect of
adding water vapour to the gas-mixture was practically negligible for formation of

surficial CaS0Os, thus the main product of high temperature SO.-uptake.

3.3.1 Scanning electron microscope (SEM) analysis

SEM-BSE images were taken for samples of the two sets of HPGS8 + 1
wt.%Ca0 and HPG8 + 2 wt.%Ca0, each doped with 0, 1 and 2.5 wt.% FeO and
treated at 600, 700 and 800 °C, for the exposure time of 30 minutes (i.e., the
maximum exposure time). Only samples treated at 30 minutes were analyzed with
the SEM, in order to ensure that enough surficial products were formed, and could

be therefore detected and observed.

The obtained images are organized by composition and treatment
temperature in Figure 3.20, where the three vertical sections from left to right can
be seen, showing the samples treated at 600 °C (a-p), 700 °C (b-q) and 800 °C (c-r).
The composition of the samples can be seen at the two horizontal sections
corresponding to the two sets of HPG8 samples 1 and 2 wt.% CaO, and their
corresponding content of wt.% of FeO. Several observations can be done regarding
the shape, size, morphology and abundance of the surficial products formed on the

treated HPGS8 particles shown in Figure 3.20.

For instance, the effect of high temperature seems to be, as in was int
the case of the calc-alkaline rhyolite, to enhance formation of larger and more
abundant surface products. At T=800 °C, for both sets of HPGS8 glasses, particle
surfaces appear to be almost entirely occupied with surficial products of relatively
large sizes (~1 pm in width) as those formed at 700 and 600 °C. For example, in
panels c,f and i, corresponding to HPG8 samples doped with 1 wt.% CaO and 0, 1
and 2.5 wt.% FeO, respectively and treated at 800 °C, the surface products are
consistently of larger size (~1 pm in width) and appear to have larger coverage areas
than samples treated at 600 ° C, i.e., panels a, d and g or at 700°C, i.e., panels b, e
and h.
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0 wt.% FeO

1 wt.% CaO
2.5 wt.% FeO 1 wt.% FeO

0 wt.% FeO

2 wt.% CaO

Figure 3. 20 SEM images of the SO:-treated HPG8 samples. Samples of the two sets
of HPG8 samples treated under SOz-anhydrous conditions are shown and grouped
according to the treatment temperature and composition. The sub set of HPG8
samples doped with 1 wt.% of CaO are shown in the first block (a-i), and grouped
according to the iron oxide contents; 0 (a-c), 1 (d-f) and 2.5 (g-i) wt.% FeO,
respectively. Analogously, HPG8 samples doped with 2 wt.% of CaO and 0 (j-1), 1
(m-0) and 2.5 (p-r) wt.% of FeO are shown. Treatment temperatures are color coded
and shown as vertical sections; 600 (a,d,g,j,m,p), 700 (b,e,h,k,n,q) and 800 °C
(c,f,i,l,0,r).
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The same observation can be made for HPG8 samples doped with 2 wt.%
Ca0, where temperature treatments of 800 °C resulted in formation of larger and
more abundant surface products as seen in panels |, oand r (0, 1 and 2.5 wt.% FeO),
when compared to the same samples treated at 600 °C (see panels j, m and p) and
700 °C (panels k, n and q). Regarding the effect of the sample composition on the
surficial products (addition of CaO and FeO) formed on the surface of samples, some

noteworthy features were observed.

First, that the iron-free samples, from both sets of HPGS8 glasses (doped
with 1 and 2 wt.% of Ca0), treated at 600 and 700 °C (see panels a,b and jk
respectively), appear to display surficial products with greater aspect ratios than the
iron-bearing samples (doped with 1 and 2.5 wt.% FeO), and have a rather spike-like
morphology (up to ~1 pym in length). This is especially evident for samples doped
with only 1T wt.% CaO, treated at 600 and 700 °C (see panels a and b), for which
several spike-shaped products appear on the particle surfaces, together with other

surficial products of smaller aspect ratios and sizes (up to ~200 nm).

Samples doped with 2 wt.% of Ca0 show a similar behavior, in that, the
products formed at 600 and 700 °C (see panels j and k), also appear to be spike-
shaped, however these products seem to be slightly wider than those formed on
samples doped with 1 wt.% Ca0. Addition of 1 and 2.5 wt.% FeO in samples doped
with 1T wt.% CaO appears to result in formation of surface products with a smaller
aspect ratio (see panels d and g), showing a clearly different morphology than that
observed for samples with 0 wt.% FeO. This is also the case for samples doped with
2 wt.% CaO0, where addition of 1 and 2.5 wt.% of FeO results in a change of the
morphology of the surficial products towards more cubic/angular shapes, as seen in
panels m and p for samples treated at 600 °C and panels n and g, for samples treated
at 700 °C.

Also, abundance of surficial products upon addition of FeO seems to
increase, as formation of surficial products appears to be more extensive for samples
with 1 and 2.5 wt.% FeO than those without FeO, despite being treated at the same
temperature. For example, at T= 600 °C for the sample doped with 1 wt.% CaO,
surficial products formed for samples doped with 2.5 and 1 wt.% FeO (panels g and
d, respectively), display a more extensive coverage, than those formed for the sample

without added FeO (panel a).
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Based on the surficial products formed from HPG8 glasses of different
compositions treated at 600-800 °C, the following broad observations can be done:
1) the treatment temperature of 800 °C seems to be, as in the case of the calc-alkaline
rhyolite experiments, the most efficient temperature for formation of sulfur-bearing
products (thus for SO.-uptake) by rhyolitic glass, given the fact that a larger areas of
the particles surfaces were covered by reaction products, hinting at higher reactivity
of cations (specially Ca) with SO, 2) addition of FeO appears to increase formation
of surficial products as well as to yield formation of more angular morphologies 3)
addition of CaO also seems to enhance formation of surficial products upon SO:
treatments, and 4) exposure temperature appears to be a controlling factor for SO-

uptake.

3.3.2 Leachate analyses

After SEM-BSE analyses showed presence of extensive surficial products
formed on the HPG8 samples surfaces upon performing high temperature SO.-
uptake experiments, as seen for the calc-alkaline rhyolite, the nature of the surface
products was also determined. This was done by analyzing leachates of the samples,
with ion chromatography (described in section 2.5.1, Chapter 2), for all the time-and
temperature series of experiments of samples doped with 1 and 2 wt.% CaO and 0,
0.1, 1, 1.5, 2 and 2.5 wt.% FeO.

Results of leachate analysis are displayed in Figure 3.21, which shows,
for each leached cation (Ca2, Na* and K%), its concentration obtained from each set
of HPG8 samples, i.e., doped with 1 and 2 wt.% CaO, as upper and lower graphics,
respectively. The treatment temperature of experiments is symbolized by the color
of the outlines enclosing each data set, i.e.,, concentrations obtained from
experiments performed at 600, 700 and 800 °C, are enclosed within a yellow, red

and dark red outlines, respectively.

Concentration data points of the HPGS8 set of experiments are shown as
filled circles. The filling colors of the concentration data are blue, orange and grey
and represent the experiment exposure times of 5, 15 and 30 min, accordingly.
Furthermore, data points of the previous set of experiments, performed with the
natural calc-alkaline rhyolite are also plotted within the HPG8 graphics, for

comparison purposes, and are shown as filled squares.

83



CHAPTER 3

o 0 o
600 °C 700 °C 800 °C
10000 10000 b ® 5 min
% 8000 a) 8000 ) @ 15 min
@] 6000 6000 @ 30 min
O\D 4000 4000 [ | ®5min CAR
) o .
[ g 2000 g 2000 g g ° L] llSnu_nC.A‘R.
IQD — 0 u 0 i s o o ® 830 mmn CAR.
~ 0051 15225335 005115225335
%D 10000 10000
— 8000 d) 8000 A e)
& % 6000 6000 -
2] O 2
U 4000 4000 - 8
N ° m
SN 2000 B 2000 - g8 ¢ e
|
z 0 0 L—?—!—?—?—.—
IS 005115225335 005115225335
FeO [wt.%] FeO [wt.%]
3000 3000 3000 1— o5 min
% 2300 g) 2500 h) 2500 1) .15111i[l
O | 2000 B 2000 A 2000 ”6 .
X 1o = 1500 1500 oo
% 1000 . - ®5min CAR
-z - 1000 3 = 1000 ®15min CAR
\ 300 PP 500 500 s 2 min®A R
an — 0 e 8¢ 8 g p e e O #30 min C.AR.
~ 0051 15225335 0
a0 005115225335 005115225335
= 3000 1= 3000 3000
=y | 25001 1) 2500 { k) 2500 {1)
T S 2000 A - 2000 4 2000
Z. O is00 e 1500 1500
X
SN 11000 - . 1000 - - 1000
500
§ 00 i o 6 o @ 500 ? o 0 88 5 ] 9 §
o 0 e 0 +———— 0
0051 15225335 005115225335 005115225335
FeO [wt.%] FeO [wt.%] FeO [wt.%]
300 300 300 ‘
@5 mn
o 250 4 m) 250 4 n) 250 A 0) 15 min
8 200 A 200 4 200 A © 30 min
° 150 1 150 150 1 =5 mn C AR
— = 100 a 100 1 100 4 ®15min CAR
[ 1 ] <0 - AR
oy 2 e 8., " 30 ‘g o 30 min C.AR.
LA — 0 ;’—'—Q—Q—y—gﬁ— 0 L_?_Q_Li B .a_,_| n o @ o
o) 005115225335 005115225335 005115225335
= 300 300 300
— o 207 p) 20 {q) 250 {T)
gd = 200 200 200
[—; 150 - 150 150 4
SN 100 . 100 100
= 501 o N 50 o 50 1
« 0@ 2088 0P8 8 o 0P 2998 =
005115225335 005115225335 005115225335
FeO [wt.%] FeO [wt.%] FeO [wt.%)]

Figure 3. 21 Concentrations of leached cations from the HPG8 samples doped with
1, 2 wt. % CaO and 0, 0.1, 1, 1.5, 2 and 2.5 wt.%FeO. Concentrations of leached
Caz?* (a-f), Na* (g-I), and K* (m-r), from HPGS8 samples treated with SO.-Ar gas
mixtures, for time and temperature-series of experiments are shown. Leachate data
of temperature-series of experiments are displayed as vertical columns; from left to
right, the data obtained at 600 (a,d,g,j,m,p), 700 (b,e,h,k,n,q), and 800 °C (c,f,i,l,0,r),
while data of the time series of experiments, 5, 15 and 30 min., are plotted as blue,
orange and gray circles, respectively. Additionally, as a comparison element, the
data obtained under the same sample treatment but for the natural calc-alkaline
rhyolite (denoted C.A.R. in the plot legend), is also shown for each graphic as
squares, following this same time-color coding.
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All concentration data points are expressed as mg kg™', and plotted
against the amount of total iron, expressed as FeO (wt.%) of the sample. In the case
of the HPGS8 samples, this refers to the amounts of FeO added to each sample (0,
0.1, 1, 1.5, 2 and 2.5 wt.%), whereas in the case of the calc-alkaline rhyolite, this
value represents its natural content of 3.26 wt.% FeO. Leachate data of the HPGS8
samples seemed to broadly display similar trends to those observed for the calc

alkaline leachate data.

For instance, that for all time- and temperature-series of experiments of
both sets of HPG8 samples (doped with 1 and 2 wt.% Ca0), concentrations of
leached calcium were the highest obtained amongst all three cations, indicating
formation of mainly Ca-bearing sulfur surficial products (i.e., CaSQ0a4). Also, that
concentrations of leached calcium increased with increasing exposure time and
temperature, as the highest concentrations of calcium were obtained at T=800 °C for
the exposure time of 30 minutes of the samples doped with 1 and 2 wt.% of CaO,

and correspond to 4357 mg kg™ (panel ¢) and 7178 mg kg™" (panel f), respectively.

Interestingly, the combined effect of adding CaO and FeO, appears to
result in increasing leached calcium concentrations obtained for the HPG8 samples.
This effect is perhaps clearer at T= 800°C for samples doped with 1 (panel ¢) and 2
wt.% CaO (panel f), where addition of FeO (0-2.5 wt.%) consistently results in
increasing concentrations of leached calcium, indicating enhanced formation of
CaS0.. Addition of Ca0, also results in enhanced formation of Ca-bearing surficial
products, since concentrations of calcium leached at T=800 °C, are clearly higher

than those obtained for samples doped with 1T wt.% CaO.

By comparing the natural calc alkaline calcium-data points with the
doped Ca0O- and FeO-doped HPG8 samples, interesting observations can be done.
Fist, concentrations of leached calcium of the HPG8 samples doped with 1 wt.%
CaO, for all time- and temperature-series of experiments and all added FeO amounts,
are much lower than the calcium concentrations obtained for the natural rhyolite, at
the same temperature treatments and exposure times. This observation becomes
more interesting, when the composition of the natural calc-alkaline rhyolite is
considered. As described in Chapter 2, section 2.5.4, this material was Ca- and Fe-
rich, 1.7 and 3.26 wt.% respectively, thereby, all concentrations of calcium leached
from the HPG8 samples doped with Twt.% CaO have less FeO and Ca0 than the calc-

alkaline rhyolite, which seems to lead to lower Ca concentrations (i.e., lower Ca-
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bearing surficial products formation), than for the natural rhyolite. For example,
HPG8 samples containing 1 wt.% Ca0 and 2.5 wt.% FeO treated at 600, 700 and
800 °C for 30 minutes, had calcium concentrations 47, 36 and 39 % lower than those
obtained under the same time- and temperature experiments of calc-alkaline
samples. In the case of the HPG8 samples doped with 2 wt.% CaO, concentrations
of calcium leached, appear to be similar to those obtained for samples doped with 1
wt.% CaO, at 600 and 700 °C, however at T=800°C, calcium concentrations of HPG8

samples (panel f) are noticeable higher than in panel c.

Furthermore, the data point obtained for the HPG8 + 2wt.% CaO0, treated
at 800°C for 30 minutes seems to match the result obtained for the calc-alkaline
sample (30 min C.A.R.) treated under the same conditions, being the first only 1.1
% lower than the HPG8 sample. For the same the same temperature (800 °C), the
HPG8 sample treated for 15 minutes also shows a calcium concentration similar to
that of the calc-alkaline rhyolite treated also for 15 minutes (15 min C.A.R.), only
17% lower, while for the exposure time of 5 min, calcium concentrations of the

HPG8 sample is 46 %lower than that of the calc alkaline rhyolite (5 min C.A.R.).

These results might suggest that, although bulk iron content in the glass
appears to enhance calcium mobility (thus, formation of leachable surficial CaS0.),
the amount of bulk Ca content in the particles is the strongest parameter controlling
Ca-bearing surface products. Moreover, the temperature of 800 °C, seems to be, as
for the calc-alkaline rhyolite-experiments, the temperature at which the highest Ca
concentrations were obtained, thus formation of Ca-bearing soluble products, has

the highest efficiency among the temperatures tested.

Concentrations of leached sodium and potassium of treated HPGS8
samples also show some interesting features, although addition of CaO does not
appear to have any effect on the leachate results. For all treated samples (HPG8 and
natural calc-alkaline), sodium concentrations obtained are much less than those
obtained for calcium (see y-axis scale), however at 600 °C, concentrations of sodium
leached of HPG8 samples (doped with both 1 and 2 wt.% CaO) seem to be even
lesser than those of the natural calc alkaline rhyolite (panels g and j), at 700 and 800
°C, this difference appears to decline, as sodium concentrations of calc-alkaline
rhyolite decrease with increasing treatment temperature of the samples (see Figure
3.4).
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3.3 SO UPTAKE BY SYNTHETIC HAPLOGRANITIC GLASSES (HPGS)

However, for the HPG8 samples with no FeO added (i.e., Owt.%FeO),
this trend does not seem to occur, as seen in panels g-I, where concentrations of
leached Na (of samples with 0 wt.%FeO) shows a slight increase upon increasing
treatment temperature, unlike the case of the C.A.R. This result might indicate that
absence of Fe positively influences mobility of Na, (thus Na-bearing surficial
products formation). Leachate data for potassium does not display this trend, and in
general concentration of potassium are even lesser than those of sodium (see y-axis

scale), as previously seen for the calc-alkaline leachate results.

At 600 °C, concentrations of leached potassium show the greatest
discrepancy among concentrations obtained by the other treatment temperatures,
where HPG8 (doped with 1 and 2 wt.% Ca0) samples experiments resulted in much
less leached potassium than the calc alkaline rhyolite samples for all exposure times.
Nevertheless, leachate results of HPG8 samples treated at 700 and 800 °C, seem to
agree with those of the calc-alkaline rhyolite samples, i.e., negligible concentrations

were obtained for all exposure times.

This shows (as in the case of the natural rhyolite), that K-bearing surficial
product formation (e.g., K.SQ.) is a rather inefficient reaction resulting of SO:-glass
particles interactions. After observing that, for all HPG8 treated samples, the main
leached cation was calcium, | also proceeded to determine sulfate (S0427)
concentrations and plot the molal ratios of Ca2¥/5042-, 2Na*/S042- and 2K*/S042", in
order to confirm that CaSO4 was the main product of high temperature SO:-uptake

reactions, as for the experiments performed with natural rhyolite.

Figure 3.22 shows the resulting plots of HPG8 samples doped with 1 and
2 wt.%CaO0, expressed as molal concentrations (mmol kg~') of leached Ca (panels a
and b), Na (panels ¢ and d) and K (panels e and f), are plotted against molar
concentrations of leached S0.42~. Each plot includes leachate data of all HPGS8 treated
samples, doped with the rage of 0-2.5 wt.% FeO and treated for the experimental
exposure times (5, 15 and 30 min.), but no special symbol/color was used to distinct
the FeO content or exposure time, only the treatment temperature is shown with the

color-coding used before and explained in the plot-legends (as in Figure 3.5).

This was done to simplify the interpretation of the graphics, since the
purpose of this figure was to confirm CaSO. formation, as a result of SO:-uptake by
HPGS8 particles.
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Figure 3. 22 Molal concentrations of leached cations and sulfate. Molal
concentrations (mmol kg=") of leached cations, Ca2* (a,b), Na* (c,d) and K* (e,f) are
plotted against concentrations of leached sulfate for the two sets of HPG8 samples
(doped with 1 and 2 wt.% CaO) treated with SO, at 600, 700 and 800 °C. All the time-
and temperature-series of experiments are plotted, but in order to simplify the
graphic, only the temperature-series are distinguished with the color code scale used
previously, i.e., yellow (600 °C), red (700 °C and dark red (800 °C). The black lines
show the molal relations for CaS0a4 (1:1), Na.SO4 and K.SQO4 (both 2:1).

Coefficient of correlation R2
1 wt.% CaO 2 wt.% Ca0
T

©C) 600 700 800 600 700 800

Ca 0.942 0.955 0.959 0.978 0.972 0.989
Na 0.107 0.205 0.007 0.149 0.019 0.012
K 0.048 0.092 0.054 0.005 0.109 0.024

Table 3. 4 Correlation coefficient values for molal ratios of leached HPG8 samples
treated with SO.. Correlation coefficients obtained from molal ratios of Ca, Na and K
and of sulfate were obtain for HPG8 samples doped with 1 and 2 wt.% CaO for all
treatment temperatures, from the plots in Figure 3.22.
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Indeed, this was the case for all HPG8 treated samples, as implied by the
previous leachate data of cations (Figure 3.21), where concentrations of leached
calcium were the highest obtained among the other cations. By looking at the molar
ratios of calcium and sulfate (panels a and b) a striking 1:1 behavior can be seen for
all samples, indicating that the high concentrations of Ca obtained, resulted from

dissolution of CaSOa4 surficial products formed on the HPG8 particles.

To better evaluate the correlation between molar concentrations of
cations and sulfate, the coefficient of correlation, R2, was calculated (as for the molar
concentrations of the natural rhyolite experiments), and the results are shown in
Table 3.4. For calcium data of samples treated at 600, 700 and 800 °C, values of
0.942, 0.955 and 0.959 are obtained for samples doped with 1 wt.% CaO, while for
samples doped with 2 wt.% CaO are slightly higher; 0.978, 0.972 and 0.989,
respectively, in both cases the strongest 1:1 relation between calcium and sulfate

were obtained for samples treated at 800 °C.

This result is in strong agreement with the previous leachate results, of
both HPG8 samples and natural calc-alkaline rhyolite experiments, for which,
samples treated at 800 °C for all exposure times, CaO and FeO added amounts,
showed to produce the highest amounts of surficial products, specifically CaS0O4. R2
values obtained for Na, were lower than 0.3, for samples doped with 1 and 2 wt.%
CaO0 treated at 600, 700 and 800 °C. The lowest R2 values were obtained at 800 °C,

which agrees with R2 values obtained for the natural rhyolite treated samples.

Lastly potassium molar concentrations show even lower correlation with
sulfate molar concentrations values for all temperatures, being R2 for all
temperatures <0.2. Results of molar ratios of monovalent cations vs sulfate, clearly
show a less preferential reaction pathway between SO: and Na and K, to form
surficial products, and in general, increasing of temperature results in even lower
formation of these products, as also seen for the natural rhyolite leachate data (see
Figure 3.5d-1).

3.3.3 Bulk FeO determination (iron redox state)

The bulk redox state of HPGS8 iron-bearing samples (i.e., 0.1, 1, 1.5, 2

and 2.5) was also determined for the non-treated material and for some treated

samples.
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Figure 3. 23 Bulk iron redox state of the treated and non-treated HPG8 samples.
Expressed as the ratio of ferric iron (Fe3*) over the total iron (XFe). Initial
Fe3*/ZFe values of the two non-treated sets of HPG8 samples are plotted against
the bulk FeO content (wt.%). a) shows iron redox state of samples doped with
1T wt.% CaO and b) shows redox values of samples doped with 2 wt.% CaO. In
both cases a gray scale of colors is used to symbolize different the FeO (wt.%)
content. Plots ¢) and d) show redox values of samples doped with 1 and 2 wt.%
CaO0, respectively, and treated at 600, 700 and 800 °C, all for 30 minutes. Due
to the large number of samples, only those containing 1 and 2.5 wt.% FeO were
plotted. Plots ¢) and d) also show the initial values of each sample, distinguished
by the gray colors to compare changes of the redox state of treated samples vs
the non-treated samples, also the initial redox state of the calc-alkaline rhyolite
(labeled C.A.R. in the legend) is plotted as a black filled square in each case.
Plots e) and f) show the variation of redox state for the time-series of
experiments performed at 800 °C for the samples doped with 1 and 2 wt.% Ca0,
respectively. In these graphics, also Fe3*/ZFe values of time-series experiments
of the calc-alkaline rhyolite (C.A.R) are plotted as filled squares.

Figure 3.23 shows the results obtained for the Fe redox state
determinations of non-treated HPG8 samples (i.e., only powdered and sieved
glasses) doped with 1 and 2 wt.% CaO in panels a and b, accordingly. For
comparison purposes, also the corresponding data of calc-alkaline rhyolite samples

treated for the same exposure time and temperatures, and of the same grain size
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distribution (63-90 pym) are plotted together with the HPGS8 data, the latter being
represented by filled circles and the first by filled squares, as for Figure 3.21. Each
non-treated sample is color coded according to the amount of iron, with a gray scale;
increasing iron contents have darker-gray colors (see legend). The results of the
treated samples doped with 1 and 2.5 FeO wt.% FeO, doped with 1 and 2 wt.% CaO,
showed in panels c and d respectively. These samples were treated with SO: for 30
minutes each, at 600, 700 and 800 °C (see legend), furthermore, as a reference data
point, por each plot of treated samples, the initial redox state of iron of the untreated
sample is also plotted. For example, in panel ¢, data points of the treated samples
HPG8 + 1T wt.% CaO0, doped with 1 and 2.5 wt.%FeO, treated at 600, 700 and 800
°C, can be seen as yellow, red and dark red filled circles, accordingly, while the
corresponding initial redox state values of are shown as filled circles of pale gray
(i.e., non-treated HPG8 + 1%FeO) and dark gray (i.e., non-treated HPG8 +
2.5%Fe0), respectively. In all plots, redox state of iron is expressed as Fe3*/XFe and

plotted against the amount of total iron in the sample (wt.% FeO).

Generally high Fe3*/XFe values obtained for the non-treated samples,
HPGS8 + 1 and 2 wt.%CaO0, indicate that they were initially highly oxidized (panels a
and b), with the exception of samples containing 0.1 wt.% FeO, which in both cases
display rather reduced Fe3*/ZFe values of 0.08 and 0.23 in panels a and b,
accordingly. Excluding these values, the other samples (HPG8+ 1, 1.5, 2 and 2.5
wt.% FeO), display Fe3*/ZFe values ranging from 0.62-0.77 and 0.4-0.8 for HPG8
samples doped with 1 and 2 wt.% CaO, respectively. Apart from the Fe3*/ZFe
reduced values of samples with 0.1 wt.%FeO, samples with higher FeO contents
show a broadly good agreement with each other, as standard deviation values are
0.06 for the Twt.% CaO doped samples and 0.1 for those doped with 2 wt.%. Low
Fe3*/LFe values obtained for the 0.1 wt.%FeO-doped samples, could be due the
analytical K:Cr.0s potentiometric titration method, since repetition of the
measurements for these samples yielded to varying results and high standard
deviations, within the same samples (0.1 wt.% FeO + 1, 2 wt.% CaO0), which was not

the case when measurements of samples of higher FeO contents were repeated.

This might suggest that, this analytical method to determine iron redox
state of samples might not be suitable for samples with FeO < 1 wt.%. Regarding
the values obtained for the treated samples (HPG8 + 1 and 2 wt.% Ca0), these show

some differences than for the natural rhyolite.
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For the latter, the increase in treatment temperatures, consistently
resulted in increasing of the Fe3*/XFe values, i.e., the higher the treatment
temperature the more oxidized became the iron in the sample. However, in the case
of the analyzed HPGS8 treated samples, this behavior seems to apply only for the
samples with the highest FeO content i.e., 2.5 wt.% FeO, where samples treated at
600-800 °C display higher Fe3*/XFe values for both 1 and 2wt.% doped HPGS8
samples (panels ¢ and), than the initial values of the corresponding untreated 2.5

wt.% FeO samples.

Yet, the iron redox state of the samples, does increase according to the
treatment temperature, i.e., higher temperatures did not systematically yield higher
Fe3*/LFe values, for example in panel c, where the non-treated sample of 2.5
wt.%FeO had an initial Fe3*/ZFe value of 0.71, the most oxidized result of the treated
samples was 0.87, obtained at 600 °C, followed 0.82 at 700 °C and 0.78 at 600 °C.
From panel d, similar results can be seen for the treated samples containing 2.5
wt.% FeO, where the most oxidized Fe values (amongst the two 1 and 2 wt.% CaO
doped set of samples) were obtained at 600°C, i.e., 0.92, followed by 0.83 at 700 °C
and 0.77 at 800 °C.

Thus, for treated samples containing 2.5 wt.% FeO, lower treatment
temperatures resulted in increasing iron oxidation of the sample. This was a
contrasting result obtained for the treated HPG8 samples, when compared to those
obtained for the natural rhyolite (see Figure 3.7). The discrepancy in the redox
behavior of treated samples with that of the natural rhyolite, becomes even more
evident when observing Fe3*/ZFe values obtained for the samples containing only 1
wt.% of FeO. For these samples, increase of treatment temperatures (700 and 800
°C) proportionally resulted in a decrease of the iron redox sate (Fe3*/ZFe values), for
both 1 and 2 wt.% doped samples, for which the lowest values were obtained at
800°C; 0.26 and 0.39, followed by 700 °C; 0.65 and 0.57, respectively.

Only samples treated at 600 °C, resulted in slightly increased Fe3*/ZFe
values (with respect to their initial redox state), of 0.72 and 0.73, for samples doped
with 1 and 2 wt.% CaO, respectively. To also test the effect of exposure time upon
changes in the iron redox state of treated samples, Fe3*/EZFe values of HPG8 samples
doped with 1T and 2 wt.%CaO and 2.5 wt.% FeO each, treated at 800 °C for 5, 15

and 30 minutes are plotted in panels e and f, respectively.
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As in the previous plots, s calc-alkaline rhyolite treated under the same
conditions, and the initial iron redox state values of each material, are also plotted.
In both cases, HPG8 samples doped with 2.5 wt.%FeO and 1 and 2 wt.% Ca0, panels
e and f, accordingly, the redox state of iron does seem to increase upon increasing

exposure time, in the same manner as for the natural rhyolite treated samples.

Although, the Fe3*/ZFe values obtained for the time-series of
experiments, display an analogous behavior to that of the natural rhyolite samples,
discrepancies in the Fe3*/XFe values obtained for the temperature-series of HPG8
samples point towards a more complex redox dynamic. HPG8 samples doped with
Tand 2.5wt.%FeO (and 1 and 2 wt.% CaO each), displayed more oxidized and more
reduced values, accordingly upon increasing temperature. This behavior and its

implications for Ca mobility, will be further discussed in Chapter 4.

3.3.4 Raman spectroscopy

Characterization of the structural properties of both non-treated and
treated HPG8 glasses was also done with Raman spectroscopy, to gain insights on
the chemical dependence of the glass structure and the mineralogy of the surficial
products formed. Spectroscopic analytical parameters were the same as those used
for the calc-alkaline rhyolite, described in Chapter 2, section 2.5.5. Both analysis of

non- and treated samples was done for samples as powders.

3.3.4.1 Raman spectra of the non-treated samples

Results of the Raman spectroscopy analysis of all initial HPGS8 glasses,
doped with 1 and 2 wt.%Ca0 and 0, 0.1, 1, 1.5, 2 and 2.5 wt.% FeO each is shown
in Figure 3.24. Peaks relevant to glass structure, are high lightened for each one of
the three regions characteristic of silicate glasses, i.e., low-, intermediate- and high-
wavenumber regions (~200-300, ~300-900 and >900 cm~"), and are distinguished
with yellow, blue and green colored bands, respectively for each spectrum. Spectra
of both set of samples containing 1 wt.% CaO (shown in panels a,c,e,g,i,k) and 2
wt.% CaO (panels b,d,f,h,j,), display similar features characteristic of highly

polymerized glasses (i.e., Si-rich).
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Figure 3. 24 Average Raman spectra of the non-treated HPG8 powdered glasses.
Raman spectra were acquired for the two sets of HPG8 samples, doped with 1
(panels a,c,e,g,l and k) and 2 (b,d,f,h,j and 1) wt.% CaO (each doped with 0, 0.1,
1, 1.5, 2 and 2.5 wt.% FeO). Relevant features related to the glass structure are
high lightened with color bars, corresponding to the characteristic wavenumber
regions of silicate glasses; yellow, blue and green bands represent the low-
intermediate and high wavenumber regions, respectively.

94



3.3 SO UPTAKE BY SYNTHETIC HAPLOGRANITIC GLASSES (HPGS)

At the low-waver region a prominent peak at ~470 cm™' (yellow band),
can be seen for the acquired spectra of all samples (panels a-1), which has been
consistently linked in previous studies (e.g. McMillan 1982,1988; Neuville et al.
2014) to symmetric bending (V2) of bridging oxygens in the three-dimensional
network structure. The peaks at ~980, ~1050 cm™", seem to decrease in intensity as
FeO is added for both sets of samples. For instance, only spectra of samples doped
with FeO = 1 wt.%, all three peaks display distinguishable signals, while spectra of
samples doped with FeO =1.5 wt.%, the only distinguishable peak is that of ~1120

cm™' (see panels g-I).

3.3.4.2 Raman spectra of the surficial products formed

Mineralogy of the surface products was also determined by Raman
spectrometry, to complement characterization of the products resulting from the
high temperature SO.-HPGS8 glass reactions, as done for the calc-alkaline rhyolite
treated samples (see section 3.1.1.4.1). Both sets of treated HPG8 samples, doped
with 1 and 2 wt.% CaO were analyzed, but only the samples doped with 0, 1 and 2.5
wt.% FeO each, all treated at 800 °C for 30 minutes. The resulting acquired spectra

is shown in Figure 3.25.

In all cases, the peaks corresponding to spectra of anhydrite determined
in section 3.1.1.4.1 (see Figure 3.18 and Table 3.3) are seen for the HPGS8 treated
samples; the peaks corresponding to the SO+ molecule vibrations modes V1, V2, V3
and V4 are seen at average values for the six spectra at 1015 cm=" (V1), 412 and 501
cm™ (V2), 1129 and 1167 cm™' (V3), 623 and 686 (V4) and the peak attributed to
the vibration of the bond between calcium an sulfate (M-0), a peak at an average

value of 261 cm™" is found for all spectra.

When comparing the position of these peaks with those of the reference
material of anhydrite (see Table 3.3) a great agreement is found, strongly indicating
that the main surficial product formed as a consequence of SO uptake, is anhydrite
(CaS04). This result agrees with that obtained for the natural rhyolite (see section
3.2), where also anhydrite was the main reaction product formed during high
temperature SOz experiments. The implication of this is that for rhyolitic glasses, SO:

uptake is limited by calcium mobility within the glass (i.e., diffusion).
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Figure 3. 25 Average Raman spectra of surficial products of treated HPG8 samples.
Raman spectra acquired for treated HPG8 samples doped with 1 and 2 wt.% of CaO
and 0, Tand 2.5 wt.% FeO, treated at 800 °C for 30 minutes each are shown. Samples
were analyzed as powders and for each spectrum, the location of peaks present in
the anhydrite and gypsum spectra are high lightened with color bars. For anhydrite,
the vibrations corresponding to the sulfate molecule V1 (1005 cm~"), V2 (416 and
cm ") V3 (1137 cm™1) and V4 (622 and 673 cm™") are symbolized by the pink, yellow,
orange and pale orange bars, while the peak corresponding to vibrations of the bond
Ca-S04 located at 323 cm™' is represented by a gray bar. To also test the presence
of gypsum (CaS0.-2H.0), in addition to the above-mentioned peaks, the peaks
corresponding to vibrations of water molecules V1 (3403 cm™") and V3 (3490 cm™")
are highlighted by blue and dark blue bars.

This was also confirmed by the absence of peaks related to vibration of
water molecules at wavenumber ~3403, 3490 cm~', symbolized by blue bars in

Figure 3.25, which would have implied presence of gypsum (CaS04-2H-0).

3.3.5 Electron probe micro-analyzer (EPMA) transect

measurements

EPMA analyses were then conducted for treated samples prepared as
polished thick sections, in order to detect cation depletion within the sample-

particles.
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For this, several spot-analysis were made for samples of diverse time-
and temperature-series of experiments, along perpendicular transects of grain
polished surfaces, as for the calc-alkaline rhyolite (transects depicted in Figure
3.11b-d), according to the analytical parameters described in Chapter 2, section
2.5.4. Due to the considerable amount of time that it would have taken to analyze
all treated HPG8 samples, (doped with 1 and 2 wt.%Ca0 and 0, 0.1, 1, 1.5, 2 and 2.5
wt.% FeO each), EPMA analyses were done only for the treated samples doped with
1 and 2 wt.% CaO and 0, 1 and 2.5 wt.% FeO each, treated for 5, 15 and 30 minutes
at 600, 700 and 800 °C.

Results of Ca0, Na:0 and K:0 wt.% measured for transect spot-analysis
can be seen in Figure 3.26, where data points are showed as circles filled with the
color corresponding to the treatment temperature, and no distinction was made to
differentiate the exposure times. All data in plotted against a ‘Normalised transect
distance” which was an adjustment done to disregard differences in the distances of
the transect measurements and be able to plot them all in a scale of 0 to 1, which
represent the edges of the particle surface and 0.5 represents the middle. In each
plot, the initial values of Ca0, Na:0 and K0, (i.e., 1.19, 3.99, and 4.36, for samples
doped with 1T wt.% CaO, and 2.17, 4, and 4.31, for samples doped with 2 wt.%,
respectively), described as ‘non-treated material” in the plot legend, are plotted as a

green constant line.

Data obtained of wt.% CaO treated samples doped with 1 wt.% CaO
(panels a-c), seem to mimic those of the calc-alkaline samples (see Figure 3.13), in
that near-edge depletion of calcium (expressed as wt.% CaO) can be seen for the
three samples (doped with 0, 1 and 2.5 wt.%FeO), they behave however differently
in each case; as the temperature dependence of Ca depletion appears to be
influenced by the amount of Fe present in each sample. For example, for samples
containing no Fe (0 wt.%FeO), most of the near-edge depletion seems to occur for
those treated at 600 °C (see panel a), for samples doped with T wt.% FeO, near-edge
depletion seems to occur mostly for higher temperatures, 700 and 800, whereas for
the samples doped with 2.5 wt.% FeO, Ca depletion seem to occur mostly for
samples treated at 800 °C. For the same set of samples (doped with 1T wt.% CaO0),
results of Na and K, also show interesting trends, when compared to the results

obtained for the calc alkaline rhyolite.
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Figure 3. 26 Transect EPMA spot-measurements for Ca, Na and K of HPGS8 treated
samples. Spot-measurements performed along perpendicular transects of polished
HPG8 samples doped with 1 and 2 wt.% CaO (a-i, and j-r, respectively) and 0, 1
and 2.5 wt.% FeO each, treated at temperatures of 600 (yellow filled circles), 700
(red filled circles) and 800 °C (dark red filled circles), all for 30 min. Bulk
concentration of CaO, Na:0O and K:O (wt.%) are plotted against a normalised
transect distance. This was an arbitrary parameter used to dismiss the difference
between the length of the transect measurements for all grain sizes, by dividing
the spot-measurements distance by the total transect distance. Thus, the values of
0 and 1, represent the beginning and end of each transect, i.e., the edges of the
particles. As a comparison reference, the initial bulk value of CaO, Na:0 and K0
is shown in each plot as a horizontal green line.
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3.3 SO UPTAKE BY SYNTHETIC HAPLOGRANITIC GLASSES (HPGS)

For instance, previous results EPMA results for Na and K showed little
to no near-edge depletion (see Figure 3.13, panels e and h), specially at high
temperatures (at 700 and 800 °C), and in the case of Na, most depletion was due to
scatter of data in the middle distances of the particle surfaces, due loss during
measurements, whereas HPG8 treated samples do display near-edge depletion in
both Na (panels d-f) and K (panels g-i). Interestingly, as in the case of calcium (panels
a-c), depletion of both Na and K, seems to depend on both the treatment temperature

and on the FeO content in each sample.

For samples with no added FeO, depletion of Na at near-edge distances
is more notorious for samples treated at 600 °C (panel d), when 1 wt.% FeO is added,
slightly less depletion is observed and appears to occur mostly for samples treated
at higher temperatures of 700 and 800 °C (panel e), finally, the sample with 2.5 wt.%
FeO added, shows less near-edge depletion (panel f), and also displays the most
scatter. Results of K (panels g-i) display a similar behavior as Na results; where near-
edge depletion decreases with increasing FeO content, and that T= 600 results in
high depletion for samples with 0 wt.% FeO (panel g), whereas T= 700 and 800 °C
produced most of the depletion for samples with 1 wt.% FeO added (h), and that the

lowest near-edge depletion is seen for samples doped with 2.5 wt.% FeO (panel i).

The observed increased near-edge depletion of Na and K for samples
with decreasing FeO content shows good agreement with the leachate data of these
cations for the same samples (i.e., Twt.%Ca0O + 0, 1 and 2.5 wt.% FeO), where
generally, the highest concentrations of leached Na and K where obtained for the
free-FeO samples (see Figure 3.21 panels g-i for sodium and m-o for potassium).
Depletion trends observed for HPG8 samples doped with 2 wt.% CaO are similar
than those obtained for samples doped with 1 wt.% CaO, they apear however, to be

less clear.

Results for calcium for example, show highest near-edge depletion for
samples containing no FeO (panel j), followed by samples doped with 2.5 wt.% FeO
(panel k), while samples doped with 1 wt.%FeO showed the lowest near-edge
depletion (panel I). Effect of temperature on calcium mobility seems to show that
near-edge depletion occurs preferentially at T=800°C (see panels j and ). This might
be attributed to the measurements and not to the real behavior of calcium for this

set of samples.
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Behavior of Na and K for this second set of samples (2 wt.% Ca0), show
more agreement with their counterparts of samples doped with 1 wt.% CaO, than
Ca, especially for the enhancement of near-edge depletion observed for samples
containing no FeO, as seen in panels m and p, accordingly. For the samples doped
with 1 and 2.5 wt.% FeO, negligible near-edge depletion of Na and K can be seen
in panels n-o, and q-r, respectively, which is also in agreement with the
corresponding leachate data for Na and K (see Figure 3.21 panels j-I for sodium and

p-r for potassium).
3.4 HCI uptake by natural calc-alkaline rhyolitic obsidian

3.4.1 HCl-anhydrous experiments

Additional to evaluating high temperature SO.-uptake potential by
natural and synthetic rhyolitic glasses, a set of time- and temperature-series of
experiments was carried out to also test the potential of rhyolitic glasses to uptake
HCI at high temperatures. This was done under both hydrous and anhydrous HCI-
atmospheres, as described in Chapter 2, section 2.4.1, however only for the natural
glass (calc-alkaline rhyolitic obsidian) and not for the set of HPG8 glasses doped with
Ca0 and FeO. Experiments performed under anhydrous conditions, were performed
analogously to the SOz anhydrous experiments, i.e., they consisted in treating 2 g of
each grain size distribution (<63, 63-90 and >90 pm) with a gas mixture of 1 mol.%
HCl and 99 mol.% Ar, for the whole range of temperatures 200, 300, 400, 500, 600,
700 and 800°C, for 1, 3, 5 15, 30 and 60 minutes each.

3.4.1.1 Scanning electron microscope (SEM) analyses

SEM images of treated particles were taken, to evaluate the morphology
of surficial products formed during high temperature interactions between HCIl and
the natural calc-alkaline glass. Figure 3.27 shows several images obtained from
particles treated with HCI. All pictures taken correspond to samples of the grain size
distribution of 63-90 ym, treated at 400 and 600 °C for 60 minutes. A few interesting
features can be seen in Figure 3.27, first, that the morphology of the surficial
products appears to be more diverse in terms of shape, size and aspect ratio, in

comparison with that seen for the samples treated with SO..
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Flgure 3 27 SEM BSE images of the morphology of surficial chloride-bearing salts
SEM-images of sample surfaces of the grain size distribution 63-90 pm, treated at
400 and 600 °C with a gas mixture HCI-Ar for 60 min. each, treated with the HCI-Ar
mixture. The reaction products seem to display more heterogeneous shapes and
morphologies (e.g., cubic, elongated prisms, elongated polyhedra and what appears
to be elongated crystals or spikes), in comparison with the products formed after the
SO:z-experiments. Figures ¢) to h show several cubic, rhomboidal and elongated Cl-
bearing products. The later show no apparent preferential growth orientation. Panel
i) shows one of the largest (diameter approx. 2 pm) grown surficial product formed
during either SO2- or HCl-experiments.

Whereas images taken of samples treated with SO. mostly showed
angular surficial products of small sizes (from a few hundreds of nanometers to one
or two micrometers) and low aspect ratios (close to 1:1), the surficial products
formed during high temperature HCI experiments, show mixed morphologies, such
as cubic geometries (c,d,f,g), rectangular prisms of diverse heights (a,d,g), very

elongated polyhedral or even tube-like products (a,b,d,e,f,g,h).
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The overall size of these products also seems to be larger than that

observed for the surficial products of samples treated with SO..

3.4.1.2 Leachate analyses

Treated samples were leached and analyzed with ion chromatography,
as for previous samples, to quantitatively evaluate the surficial products chemistry,
formed during reactions between the HCI gas mixture and the surface of the glass
particles. The expected surficial products to have formed were chloride-bearing
products (CI7), such as NaCl, KCI and CaCl.. Results of cations leached for these set
of experiments, presented in Figure 3.28, showed that both calcium (a-c) and sodium
(d-f), were leached in similar concentrations, while, potassium concentrations were,
as in the case of SO:-treated samples, negligible, when compared with the calcium

and sodium.

Leachate results of samples of the smallest grain size distribution, <63
pm showed the highest concentrations for all cations, being the highest 3054 mg
kg™ for sodium (sample treated at 400 °C for 60 min), accounting for ~10 % of the
total bulk sodium concentration of the glass (30782 mg kg~'), followed by calcium
with 2460 mg kg™ (for the sample treated at 600 °C for 60 min.), accounting for ~20
%of the total bulk calcium in the glass (11863 mg kg™ ') and 109 mg kg™ for
potassium, that represented only 0.47 % (for the sample treated at 200 °C for 30

min.) of the total bulk potassium concentration in the glass (23272 mg kg™ ).

Cation concentrations of leached treated samples of the grain size
distribution, 63-90 ym, were 30, 20 and 35% lower, for sodium, calcium and
potassium, respectively, than the concentrations obtained for the smallest grain size.
While the difference between leached sodium and calcium concentrations was not
overly high as for the grain size distribution <63 pm sodium concentrations remained
broadly highest than those of calcium, i.e., ~10 % higher, being sodium maximum
concentration 2160 mg kg ' (for the sample treated at 400 °C for 60 min) that
represented 7% of the glass bulk sodium, calcium maximum concentration of 1919
mg kg~ (for the sample treated at 700 °C for 60 min) and accounted for 16 % of the
glass bulk calcium concentration), and a maximum concentration of potassium of 70
mg kg~ (from the sample treated at 200°C for 5 minutes), which represented 0.3 %

of the total bulk potassium concentration in the glass.
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Figure 3. 28 Concentration of leached cation from the anhydrous HCI experiments.
Concentrations (mg kg™") of Ca2* (a-c), Na* (d-f) and K* (g-i) leached from samples
treated at high temperatures (200-800 °C) under HCI atmospheres are plotted, for
the three grain size distributions <63, 63-90 and >90 pm, as a function of time (1-
60 min.). Data points are color-coded according to the legends.

Lastly, leachate results of the grain size distribution of >90 pm showed
the lowest concentration values for all cations, with a maximum sodium
concentration of 1770 mg kg~ (for a sample treated at 300 °C for 30 min.), accounting
for only 0.55% of the bulk sodium, a maximum calcium concentration of 687 mg
kg~ '(for a sample treated at 400 °C for 1 minute), accounting for 5% of the bulk
calcium) and maximum potassium concentrations of 22 mg kg='(for the sample
treated at 300°C for 3 minutes), which represents for 0.1% of the glass bulk
potassium. These results showed similar trends in what the effect of grain size
distribution had on the formation of surficial products for the set of SO2-experiments,
i.e., decreasing particle size, consistently increases concentrations of leached

cations Ca, Na, and K, thus higher formation of surficial products.
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The effect of the exposure time on the amount of leached cations, was
similar to that observed for the SOz-experiments in that, increasing exposure times
proportionally increased concentrations of all leached cations, as an expected result
for longer reaction times, as seen in Figure 3.28. The effect of temperature on the
leachate results for each cation also shared similarities with that observed for the
SO2-experiments, namely that there were two distinct trends that described the
behavior of monovalent cations and calcium concentrations upon temperature

treatments.

Previous leachate results of the SOz-experiments, showed that increasing
temperatures resulted in higher concentrations of leached sodium and potassium
(see figure 3.4d-f), being the highest sodium and potassium concentrations obtained
for the 600 °C treatments, however at 700 °C, concentrations of leached Na and K
for all grain size distributions displayed a significant decrease of up to 70 and 43 %,
respectively, while at 800 °C the decrease was even higher for sodium, namely 83
% and slightly higher 47 % for potassium, again, when compared to concentrations

of both cations obtained for samples treated at 600 °C.

In the case of leached sodium from the HCl-experiments, concentration
of this cation showed a constant increase in the range of 200-400 °C, being the
samples treated at 400 °C, those with the highest sodium concentrations (i.e.,
therefore, those that produce the most surficial products upon temperature
treatments) for the grain size distributions of <63 and 63-90 pm, while for samples
>90 pm, however the maximum concentrations were obtained at 300 °C. For
potassium, the temperature-dependence of the leachate concentrations showed a
rather unclear agreement for all three grain size distributions, being the highest
concentration obtained at 200 °C, for the samples of <63 and 63-90 um, while
samples of the grain size >90 pym, the highest concentration was obtained for the

temperature of 300 °C.

Leachate concentrations of calcium for the SO:-experiments displayed
an uninterrupted concentration increase with increasing temperature, which was
more evident at 700 and 800 °C (see figure 3.4a-c), for which leached concentrations
for the three grain size distributions increased up to 260 and 270 %, respectively,
with respect to those obtained at 600 °C. In the case of HCl-experiments, leachate
concentrations of calcium displayed a similar trend in that higher temperatures

resulted in higher concentrations.
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Figure 3. 29 Molal concentrations of leached cations and chloride. Molal
concentrations (mmol kg=") of leached cations, Ca2* (a-c), Na* (d-f) and K* (g-i) are
plotted against concentrations of leached chloride for the three grain size
distributions. To simplify the graphics, all time-series of experiments are symbolized
with filled circles, and only the temperature of each experiment is showed with
different colors, according to the temperature color-coding seen in the legends. The
molal ratios of CaCl. (1:2), and NaCl and KCI (both 1:1) are shown with black lines.

Coefficient of correlation R2

PSD

(um) <63 6390 >90

T
(c

Ca 0291 0.05 0948 0951 0.99 0992 0998 0.293 0197 0.113 0.945 0.988 0.988 099  0.981 0.896 0989 0972 0.995 0972 0973
Na 098 098 099 0818 0166 0278 0108 0949 0963 0984 0.945 0.271 0.398 0.042 0424 054 0334 0.235 015 0.013 026
K 0782 0.254 098 0303 011 0961 0.146 059 0.016 0209 0.164 0416 0.828 0525 0.009 0331 0366 0.037 0.246 0.486 0.716

200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800

Table 3. 5 Correlation coefficient values for molar ratios of leached calc-alkaline
rhyolite samples treated with HCI. R2values of the molal ratios obtained for
concentrations of each cation versus chloride were calculated for all three grain size
distributions, temperatures and exposure times (these values are integrated
indistinctively in the temperature data), i.e., from the plots in Figure 3.29.
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This can be clearly seen for samples of <63 and 63-90 um, for which the
highest concentrations were obtained at 600 and 700 °C respectively, while the
temperature of 400 °C produced the most leached calcium for the grain size
distribution of >90 pm. Concentrations of leached cations were also calculated as
molal (mmol kg~") and plotted against molal chloride (CI") concentrations, as shown
in Figure 3.29, in order to confirm 1:1 behavior among monovalent cations and
chloride concentrations, hence formation of NaCl, KCI, and 1:2 behavior in the case
of CaCl.. The correlation coefficient, R2, was also calculated for each temperature-

series of experiments of all grain size distributions and is shown in Table 3.5.

Plots for sodium vs chloride seen in Figure 3.29d-f, display a strong
linear behavior for samples treated at 200, 300 and 400 °C, strongly indicating
preferential formation of NaCl, especially for the grain size distributions of <63
(panel d) and 63-90 um (panel e). Indeed, correlation coefficient values, R? (Table
3.5) of the leached samples treated at 200, 300 and 400 °C, are all greater than 0.9,
being the R? value of samples treated at 400°C, 0.99, i.e., the highest value obtained

for sodium among all temperature treatments, and grain sizes distributions.

Molal ratios of leached sodium and chloride of samples treated at higher
temperatures, =500 °C, consistently result in lower R2 values, especially at 700 and
800 °C., as seen also in Figure 3.28d-f, where temperatures above 500 °C, result in
less linear molal ratios (lower slope of the plotted series), for all grain size
distributions. In contrast, molar ratios of leached calcium and chloride display the
most linear behavior at temperatures higher than 400 °C, for all grain size
distributions (Figure 3.29a-c), note that in the case of calcium, the linear behavior
represents a 1:2 ratio, since one mole of calcium reacts with two moles of chloride

to form CaCl: (see the scale in the calcium graphics of Figure 3.29a-c).

This trend can also be seen for the R2 values of calcium in Table 3.5,
where all samples of the grain size distribution <63 pm treated at T =400 °C display
high values (>0.9), being the highest value among all grain size distributions, 0.998,
obtained at 800 °C. A similar behavior can be seen for the molal ratios of calcium for
samples of the grain size distribution 63-90 pm, for which T= 500 °C show the most
linear trends (see Figure 3.29b). This is consistent with the R? values calculated for
this grain size, where all molal ratios of samples treated at T= 500 °C display R2

values >0.94, being the highest value obtained again for T=800 °C (0.99).
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Lastly, Figure 3.29, shows generally linear molal ratios for all
temperatures, but also the lowest calcium concentrations among all grain size
distributions (see panel c). Accordingly, fairly high R2 values (>0.8) were obtained
for this grain size distribution for all treatment-temperatures, being the highest,
unlike in the previous grain size distributions, that obtained at 400 °C (0.989). Molal
ratios of potassium showed the least agreement among all leached cations and
chloride (see Figure 3.29g-i), as expected from the low concentrations previously
observed seen in Figure 3.29g-i. By inspecting R? values presented in Table 3.5, is
clear that, there are not consistent trends as those observed for calcium or sodium,

where increasing temperatures resulted in higher and lower R2 values, respectively.

There was, however, an overall positive increase of the R2 values
obtained with decreasing particle size, since the highest R2 values, were 0.985,
0.828 and 0.716, corresponding to the grain size distributions of <63, 63-90 and >90
pum and for the temperatures of 400, 700 and 800 °C respectively. Although the
leachate results for the set of anhydrous HCl-experiments showed a clear
preferential formation of Na-bearing chloride surficial products, namely NaCl, unlike
the SO:-experiments (where the main cation found in the sulfate-bearing surficial
products was calcium), there were noteworthy similarities between the two sets of

experiments.

The first was that there was a general positive correlation between
decreasing particle size and increasing leached cation concentrations, as the highest
concentrations of cations were obtained for the grain size distribution <63, followed
by 63-90 and >90 pm, analogously to the results observed in the SO.-experiments.
Second, that the temperature-dependences of leached Na and Ca, appeared to be
comparable to those observed for the SOz-experiments, i.e., that samples treated
temperatures in the range of 500-800 °C resulted in increased concentrations of
leached calcium, while concentrations of sodium also showed a positive correlation
with increasing temperatures, up to 500 °C, temperature above which the leached
concentrations of sodium sharply drop, although for the set of SO.-experiments

sodium and potassium concentrations decreased at T=700 °C.

Finally, for both set of experiments, concentrations of leached cations
were the lowest among the three cations analyzed, although, its behavior broadly

followed the previous temperature-dependence trend displayed by sodium.
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3.4.2 HCI-hydrous experiments

The influence of addition of water to the HCI-Ar gas mixture (1 mol.%
HCl and 99 mol.% Ar, respectively) on formation of surficial chloride products (thus
HCI uptake) was also tested, as done for the SO:-set of experiments (see section
3.1.2). Water vapour was added to the HCI-gas mixture entering the AGAR reactor,
as a nebulized flow, by coupling a quartz nebulizer to the reactor gas inlet, fed with

deionized water by a peristaltic pump (see details in Chapter 2 section 2.4.1).

The amounts of water vapour added to the HCI-Ar mixture were the same
as for the SO:-experiments, namely: 0.01, 24.32, 38.16, 47.72, 62.3, 82.17, 90.04,
93.09, 94.71 and 96.41 mol.% H-0, which were flown in the reactor to treat 2 g of
sample at 400, 500, 600, 700 and 800 °C. All samples were treated for the longest
exposure time, 60 minutes, and only the grain size distribution 63-90 ym was tested,
this set of experiments had the purpose to test if addition of water to the gas mixture
had a positive influence on high temperature HCl uptake by the calc-alkaline rhyolite,
as there was a clear increase of concentrations of monovalent cations (specially
sodium) for the range 0.01-82.17 mol.% H-0 added (see section 3.1.2.2 and Figure
3.16f-0).

3.4.2.1 Leachate analysis

Results of leached cations of the set of HCI hydrous experiments are
shown in Figure 3.30, where the filled triangles symbolize the data point of leached
calcium (panels a-e), sodium (panels f-j) and potassium (panels k-o0) obtained for
hydrous experiments and the prolonged colored line represents the value of the
leachate result of experiments conducted at the same temperature, and time (60

minutes), but under anhydrous conditions.

The color coding for all data points is described in the inset legend for
each plot. Some interesting trends can be seen for the leachate results of the hydrous
HCI experiments. First, that concentrations of leached sodium appear to be
ineffectively enhanced upon addition of water vapor (mol.%), and are rather very
similar to those obtained under anhydrous conditions, as enhanced concentrations
can only be seen for some mol.% of water vapour at temperatures of 400, 600 and
700 °C (panels f,h,i).
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Figure 3. 30 Concentrations of leached cations from the water vapour- and
temperature-series of hydrous HCI experiments. Leachate data for samples treated
at 400-800 °C, for 60 minutes each under HCl-hydrous gas mixtures are plotted for
Ca2?* (a-e), Na* (f-)) and K* (k-0) as a function of the range of water vapour tested
(0.01-96.41 mol.% H:0). For each temperature, leachate data of both hydrous and
anhydrous conditions are plotted. Hydrous data are plotted as filled (filling colors
represent the treatment temperatures) triangles and represent the concentration of
a leached cation obtained for each water vapour amount (mol.%) tested, while
anhydrous data is plotted as a constant value (no water vapour was added),
described by a colored line (color of the line also represents treatment
temperatures). The legend inset in each graph shows the hydrous data as the
temperature value plus an “H” and the anhydrous data as only the temperature
value.

These increased concentrations of leached sodium appear however to
not follow a clear pattern but rather an ambiguous trend, unlike the clear trends
observed for the leachate results of sodium of the hydrous SO:-experiments (see
Figure 3.16f-)). Concentrations of leached potassium also showed only a few
scattered data points that were higher than the concentration obtained under
anhydrous conditions for experiments treated at 500, 600 and 800 °C (panels I, m
and o), but in general, the concentrations of potassium obtained under hydrous

atmospheres appear to be lower than those obtained under anhydrous conditions.

109



CHAPTER 3

In the case of calcium, leached concentrations under hydrous conditions
also exhibit overall lower values than those obtained under anhydrous conditions
(see panels a-e), except for a few data points corresponding to experiments
performed with intermediate water vapour contents (38-90mol.% H:0), only for
experiments conducted at 800 °C (see panel ). Leachate results of hydrous HCI
experiments showed that addition of water had a rather negative effect on leachate
concentrations of cations (thus, surficial Cl-bearing products), and only in a few
cases some water vapor amounts and temperatures inconsistently resulted in

increased sodium, calcium and potassium concentrations.

These results strongly contrast with those obtained for the hydrous SO--
experiments, where addition of certain amounts of water vapour, resulted in higher
concentrations of leached sodium and potassium, while concentrations of calcium
appear to remain unaffected by addition of humidity to the SO.-Ar mixture (see
Figure 3.16). Based on these results, a second set of time- and temperature-series
of experiments aimed to track the time-dependence of enhanced leachate
concentrations, was not conducted since the latter was not observed consistently

enough to perform a second set of HCI hydrous experiments.

In what follows, the discussion of the results of this work will focus only
on high temperature SO, uptake, given the minor relevance of HCI uptake observed
by the rhyolites tested here, in comparison to that of SO,. Nevertheless, previous

studies have shown that HCI uptake could be more relevant for per alkaline magmas
(e.g., Ayris et al., 2014).
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Discussion

4.1 Introduction

The results obtained from performing high temperature SO. uptake
experiments by rhyolitic glasses will be discussed. First, the observed reactivity
between SO: and glass surfaces will be addressed, particularly the preferential
reaction with calcium than with other cations. The positive effect that increasing
temperatures has on CaSO4 formation will be address also in terms of crossing the
glass transition of tested materials. Second, the mechanisms behind gas-uptake will
be commented in terms of cation mobility, i.e., diffusion, reaction rates and limiting
factors, as well as the implications for syn-eruptive gas-uptake occurrence. Finally,
the findings from this study will be applied to evaluate the SO2 uptake potential of

the rhyolitic dome of Chaitén volcano (Chile).

4.2 SO uptake

Both sets of rhyolitic glasses tested in this work were highly reactive to
the SO2-Ar gas mixture used for the high temperature gas-uptake experiments.
During all temperature- and time-series of SO. uptake experiments, under both
anhydrous and hydrous conditions, for the natural calc-alkaline obsidian and the
HPG8 glasses (see sections 3.2 and 3.3, respectively), the main outcome of the solid-
gas interactions, was the nucleation and growth of surficial sulfate-bearing minerals,
consisting mostly in CaS0O., further identified as anhydrite in all samples, by Raman
spectroscopy analyses (see section 3.2.1.4 and 3.3.4.2). Additional formation of
Na=S0.4 and K.SO4 surficial minerals was also observed to occur during the solid-gas
interactions, however at a much lesser extent than for CaSOs (see the leachate results

in section 3.2.1.2 in Chapter 3).
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Figure 4. 1 Comparison between the surficial SO; gIass products formed for three
rhyolitic glasses. In a) the surficial products formed on the natural calc-alkaline
rhyolite particles are shown, for a sample treated at 800 °C for 30 min. In b) and ¢)
the surficial products formed for the HPG8 glasses doped with 1 and 2 wt.% CaO
respectively are shown. In the case of b) and c), both samples were doped with 2.5
wt.% FeO total and were treated at 800 °C for 30 minutes each. All particles are of
the grain size distribution 63-90 ym.

This result was consistent for both rhyolitic glass sets tested; the natural
rhyolite and the two sets of HPG8 glasses (see sections 3.2.1.2 and 3.3.2,
respectively). The minor concentrations of K" leached, suggest that accessory
potassium-bearing salts were formed on the surfaces. Results from leachate analysis
of the anhydrous SO:-Ar atmospheres are consistent with the broad conclusions
obtained by Ayris et al. (2013) using SO:-air atmospheres, namely that: (1) total
leached calcium increases with time non-linearly from values as low as 50 mg kg™
at short exposure times to values approaching 10* mg kg~ for longer exposure times
(Figure 3.4a-c), (2) the time-dependence of the increase in leached Ca?* is strongly
dependent on particle size and exposure temperature, i.e., large particles or low
temperatures produce less Ca2* for leaching than small particles or high
temperatures (Figure 3.4a-c) and finally, that (3) total leached Na* or K* shows
similar features to CaZ2*, however, there is a switch from a positive temperature-
dependence of the leached amount of these cations Na* and K* to a negative
dependence on temperature at T>600 °C (Figure 3.4d-i).

This switch is similar in both Na* and K" data. At 800 °C the

concentrations are negligible for all times of exposure.
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4.2.1 Surficial and structural constrains of high temperature

SO0:-glass reactions

Based on the vast characterization of the glass particles prior and after
the high temperature SO: exposure, it was clear that uptake occurs on the surface of
the particles, at the interface at which heterogeneous solid-gas reactions (i.e.,
reactions between two or more phases) take place. As proposed by Ayris et al.
(2013), the initial step for this reaction is the chemisorption of the SO2 gas molecule
onto a reactive site (i.e., adsorption site) on the surface of glass. Whereas the
amorphous nature of glass imparts chemically heterogeneity on the aluminosilicate
structure, which poses challenges in predicting where initial adsorption will take
place, it has been suggested that the most favorable adsorption sites for the SO.
molecule are the oxo, M-0, or hydroxyl, M-OH, groups, where M is an alkali- or earth
alkali-metal (e.g., Henley et al., 2015; Delmelle et al., 2018; Maters et al., 2016).

This is, because the dipolar nature of the SO2 molecule prompts it to react
as Lewis acid (i.e., species that accepts an electron pair) which favors interactions
with Lewis bases (i.e., species that donates an electron pair), which in the case of
aluminosilicates are most likely to be the M-O or M-OH groups (see Carre et al.,
1992; Legrand, 1998). While both basic groups (M-O and M-OH) are present on
natural aluminosilicates, the high temperatures at which the powdered glasses
where exposed to SOz, most likely caused the hydroxyl groups to become unstable
and resulting in surficial de-hydroxylation (i.e., McDonald, 1958).

Furthermore, abundance of basic sites has been observed to be greater
for fractured glass surfaces, which have more surficial defects, and so fractured
aluminosilicate surfaces tend to be enriched in low coordination number atoms, such
as alkalis or earth alkali (i.e., Batsanov, 1994; Carre et al., 1992; Pacchione et al.,
1994). This observation is consistent with the results shown here, where the grain
size distribution of the powdered glass samples (both natural and synthesized
rhyolites) showed to have a strong influence on the amount of surficial sulfate-
bearing products formed during the gas-uptake experiments (see leachate analysis
results in Chapter 3). Availability of the “M" species, i.e., alkali or alkaline earth
elements, to react with SOz upon high temperature exposure, can be explained by

their role in the aluminosilicate glass structure.

113



4.2 SO, UPTAKE

Aluminosilicate glasses are amorphous solids mainly consisting in
polymerized units of so called “network former cations” (Si*, Al3*, also Ti*, Fe3*,
B3*and P*¥) that form tetrahedral units bonded together by 02~ anions (Mysen et al.,
1982) in the so-called T-O-T structures, where T is the tetrahedra unit, and O is a so-
called bridging oxygen. Alkali and alkali earth elements present in the glass network
do not form tetrahedral coordinated units, they play instead a dual role; acting either
as “network modifier cations”, when they are bonded to terminal oxygens in the
tetrahedral network, or as “charge compensating cations” for the substitution of the
trivalent cation into the network forming units formed by 3+ network former cations,
i.e., AI3* and Fe3* (Mysen et al., 1982). Whereas both alkalis and alkali-earth cations
can act both as network modifiers or charge compensating cation, some preferential
structural roles, have been observed in each case, for instance, K-edge XANES
spectra analysis of Ca and Na on soda lime aluminosilicate glasses, has showed that
Ca?* preferentially forms bonds with non-bridging oxygens (i.e., act as network
modifier), while Na* tends to charge balance Al3* tetrahedra (Cormier and Neuville,
2004).

Furthermore, alkali earth cations tend to form rather unstable complexes
when they charge-compensate Fe3* in tetrahedral coordination in glass structures
(Mysen et al., 1980;1985), in comparison with alkalis (Le Losq et al., 2014).
Therefore, network modifier cations are likely to be more readily reactive due their
relatively lack of structural-bonding to the tetrahedral network. While the basic sites
M-0O involve both the mono- and divalent- network modifiers Na*, K¥, Mg2* and Ca?",
results of all SO:-glass interactions that | performed consistently showed that, the
most responsive cation to react with SO: at the ranges of temperatures chosen (200-
800 °C) was Ca, whereas Na and K reactivity seemed to be much lower and
temperature-limited.

Finally, Mg was not detected for any treated sample (see section 3.2.1.2)
of the natural calc alkaline rhyolite. As the HPG8 glasses where Mg-free no MgSOs
was expected to form, as it was the case. Absence of MgSOQ. in the treated natural
obsidian could simply be due the fact that the glass Mg-poor and therefore the Mg
available for reaction was not sufficient (bulk mean value of 0.08 wt.% MqgO).
Previous observations on Mg-bearing minerals, (e.g., MgCOs;, MglOH]I.), exposed to
SO: for high temperature uptake experiments, have shown low SO:-adsorption

potential of these materials (i.e., Attig, 1968).
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Ayris et al. (2013) also noticed minor formation of MgSO4 upon exposing
glasses with diverse compositions to SO: (at 25<T °C <800), in comparison to CaS024
formation. Renggli et al. (2011), explained this in terms of thermal stability of MgSOs;
by conducting a series of thermodynamic calculations for SO reactions (at 500<T
°C<1000) with albite, anorthite and diopside glasses, these authors found that MgSOa4
stability rapidly decreases at temperatures above 500 °C. Leached results of treated
samples presented in this work showed compelling preferential uptake of SO2 by
reactions with Ca (i.e., CaS04 formation) for all high temperature experiments. This
can be seen in Figure 4.2, where the normalised concentrations of cations leached
from the SO experiments are plotted against exposure temperatures.

Panels a and b show that the fraction of Ca mobilized, from the bulk glass
to the surface, during the high temperature SO, exposure was up to 0.8 of the total
bulk calcium for the calc-alkaline samples exposed to SO- (see section 3.2.1.2)
and up to 0.62 and 0.74 for the HPG8 glasses doped with 1 and 2 wt.% CaO,
respectively. The fraction of extracted monovalent cations from the glass
network to grow sulfate-bearing products, was shown to be up to two orders
of magnitude lower than that of calcium as the highest sodium fractions
obtained during the SO. exposure experiments was 0.07 for the SO.-treated
calc-alkaline rhyolite, and 0.02 and 0. 05 for the for the HPG8 glasses doped
with T and 2 wt.% CaO, respectively, while the fractions of mobilized
potassium were only 0.006 for the calc-alkaline rhyolite and 0.001 for both
sets of HPGS8 glasses.

Furthermore, the solid-gas reaction efficiency was shown to be
strongly temperature-dependent, as temperatures = 600 °C, result in higher
uptake of SO, via CaSO. formation, compared to that observed at lower
temperatures. As seen in Figure 4.2a, at 800 °C, the fraction of calcium
removed from the bulk glass is seen to be up to 8 times higher than that at
500 °C. The enhanced calcium mobility at T = 600 °C, can be interpreted as a
result of the onset of the glass transition, Tg. The glass transition temperature
is defined as the temperature, at which the configuration (i.e., microscopic
arrangement) of a liquid is “frozen in”, becomes unrelaxed and structurally

starts to behave as a solid (Mysen and Richet, 2005).
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Figure 4. 2 Normalised fraction of mobilized cations. Fractions of leached cations
shown on the Y-axis, of both natural and synthetic rhyolitic glasses treated with SO,
are plotted versus the exposure temperatures, X-axis. Note that the scale of the Y-
axis is different for each cation, to appreciate the different results. For each cation
the normalised fractions, were obtained by dividing leachate concentrations by the
bulk cation content of each cation in the corresponding glass. Note that only the
normalised fractions, the temperature are plotted, additionally for the natural calc-
alkaline graphics (a,c,e) the grain size distribution are shown, while for the HPGS8
glasses (b,d,f) the calcium content is shown. All HPG8 samples were of the grain
size distribution 63-90 pm. The pale red bars indicate temperature ranges above the
glass transition, For the natural rhyolite Tg was ~ 680 °C, and ~811 °C and ~760-
790 °C for the HPGS8 glasses doped with 1 and 2 wt.% CaO, respectively

This temperature is not fixed for a given material, since it depends
on the experimental parameters, such as cooling rates and timescales of
experiments. Once the glass has crossed the glass transition, the thermal
energy increases such that it can overcome the potential energy required to
start configurational changes in the glass structure, which leads to atomic

mobility and results in relaxation of the glass.
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The glass transition temperature (Tg) for the natural calc-alkaline
rhyolite was determined using a differential scanning calorimeter (Netzsch 4040
Pegasus DSC) by heating the sample from 25 to 1000 °C at a heating rate of 10 K
min~' and was found to be ~680 °C. Measured by the same method and under the
same heating rate, Tg was estimated for the two sets of HPGS8 glasses to be ~811 °C
and ~760-790 °C, for the HPG8 glasses doped with 1 and 2 wt.% CaO respectively.

Tg of the HPG8 + 1 wt.% CaO remained consistent for all glasses,
regardless of the FeO content (wt.%), while addition of FeO for the HPG8 + 2 wt. %
CaO set, appears to have a slight effect on Tg, since increasing FeO content resulted
in decreasing Tg. As seen for both set of glasses, samples treated at temperatures
above the glass transition clearly showed enhanced Ca mobility as seen in Figure
4.2a,b. Interestingly, crossing the glass transition during experiments, also seems to
affect mobility of the monovalent cations Na* and K*, however with the opposite
effect than for calcium, as concentrations of both Na and K leached sharply decrease
upon temperature treatments above Tg (see Figure 4.2).

In both cases, increasing temperatures (specially above the glass
transition), seems to induce important structural changes on the physicochemical
properties of the solid substrate, i.e., the glass, for the solid-gas reactions explored
here. The reduced mobility of Na and K can be interpreted in terms of their
preferential structural role as charge compensating cations. As seen in section
3.2.1.3, the Fe/Fewta ratio systematic increased upon increasing experimental
temperatures, thus prompting monovalent cations to serve as charge compensating
cations for the increasing Fe3* tetrahedra. Upon increasing experimental
temperatures, the ratio Fe3*/ Fewtal also showed to increase, from a fairly reduced
value of 0.2, for the untreated powdered glass to a maximum measured value of 0.5,
for samples treated at 800 °C.

It has been observed that upon oxidation of Fe2* to Fe3*, monovalent
cations, there is a preferential association of Na* and K* (than with Ca2* or Mg?"),
with Fe3* to charge-balance its tetrahedral coordination with 02~ (Dickenson and
Hess, 1981; Kress and Carmichael, 1988). This has been observed to have a close
dependence on the ionization potential of network modifying cations (Z/r2, Z=charge
of the cation, r=atomic radii), which can be interpreted as a measure of the stability
of their bonds with un-balanced tetrahedral units the higher the ionization potential

of a cation is, the less stable the tetrahedra will be (Zahng et al, 2013).
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Figure 4. 3 Correlation between iron redox state and ionization potential of alkali-
and alkaline earth-cations. Bulk iron redox state of K, Na, Li, (hollow circles), Sr, Ca
and Mg (filled circles) in aluminosilicates is plotted against the ionization potential
Z/r? of each cation, being Z, the formal charge of the cation, and r the ionic radii of
each cation. Modified from Mysen and Richet (2005).

In fact, a clear correlation between Fe3*/ZFe and ionization potential of
network modifier cations has been observed for alkaline- and alkaline earth-
aluminosilicates. These findings, illustrated in Figure 4.3, and show that
presence of cations with low ionization potential (i.e., alkalis) enhance an
increase in the Fe3*/XFe ratio of aluminosilicates, in comparison with alkali
earth cations, implying a strong preference towards charge compensation of
Fe3* tetrahedra by alkalis.

Whereas determination of the redox mechanism(s) of iron in
aluminosilicate glasses and melts is complex, mainly due to the multiple factors
influencing it (i.e., chemical composition, oxygen fugacity, temperature), three
kinetic mechanisms (or modes) have been proposed to cause Fe2* oxidation in
aluminosilicate glasses: (1) by diffusive flux of molecular oxygen O, (2) by diffusive
flux of monoatomic 02~ anions charge-compensated by a counterflux of electron
holes (h*) a positive charge generated by the absence of an electron, and (3) by
diffusive flux of network modifier cations which is also charge-compensated by a
counterflux of electron holes (Cook et al.,1990; Cooper et al., 1996). These
mechanisms are most likely to occur simultaneously, however, the dominant
mechanism will be that which more efficiently dissipates the redox potential

developed within the glass structure (Cook and Cooper, 2000).
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Figure 4. 4. lllustration of the cation diffusion process and the Fe redox response
during SO: uptake experiments. A cross section of the aluminosilicate network
exposed to SO: and the regions (I-1V) involved in the uptake process are depicted.
The gray scale represents the concentration of cations in the glass network, darker
tones indicate higher concertation and lighter grey/white represent lower
concentrations. Region |, comprises the initial SO. chemisorption step, which forms
sulfate minerals, and trigger chemical cation diffusion. Regions Il and Il represent
where the chemical/structural changes within the glass occur, namely cation
diffusion and Fe oxidation. Stage IV shows an unreacted glass depth. Modified from
Renggli and King (2018).

Results of leachate and bulk Fe redox state analysis of both sets of
rhyolitic glasses (natural calc-alkaline obsidian and HPG8 glasses) provide direct
evidence that the dominant Fe redox mechanism taking place during the high
temperature SO. uptake experiments, is the number 3, i.e., outflux of network
modifier cations to the glass surface, counter-balanced by an influx of electron holes.
Outward diffusion of Ca2?*, Na* and K*, was certainly evidenced by formation of
surficial nano- to micrometer-sized Ca-, Na-, and K- sulfates during all sets of SO-
glass experiments (see Leachate Analysis in Chapter 3).Chemical diffusion of cations
is triggered by subtraction of Ca2*, Na* and K* from surficial reactive sites upon
initial SO2 adsorption, which creates cation vacancies, that support cation diffusion

to maintain growth of surficial sulfates (Ayris et al., 2013; Delmelle et al., 2018).
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In Figure 4.4 a depiction of the cation diffusion process assumed to occur
(mode 3) within the glass structure upon reaction with SO2 is shown. The cartoon
represents the 4 fundamental aluminosilicate network regions, involved in SO:
uptake. Region | represents the initial interface reaction between the slightly
negative SO2 molecule and the slightly positive charged surficial cations, which leads
to SO: adsorption on to the glass surface and further reactions which ultimately
results formation of sulfate bearing minerals.

Region Il, refers to the onset and development of cation diffusion driven
by the chemical gradient generated by the extraction of cations in Region |, over
time, loss of cations by outward diffusion (to further react with SO2) causes the
underlying glass to be depleted in Ca, Na and K and therefore enriched in Si and Al.
Whereas the latter was not directly observed, depletion of calcium was ubiquitous
upon inspection of SEM-EDS chemical mapping (see section 3.2.1.1), which showed
indeed Ca-free zones underneath the treated particle surfaces. EPMA transect
analysis showed likewise lower calcium concentrations of treated samples at near-
edge distances (see section 3.2.1.5.

Region Il illustrates cation (Ca2*, Na*, K*) outward diffusion and the
counter (inward) diffusion of electron holes, h*, which ensure neutrality within the
glass network. Such inward flux of electron holes, i.e., positive charges, most likely
occurs simultaneously to Fe2* oxidation. This argument is supported by the fact that
aluminosilicates with polyvalent-transition metals, such as Fe, display a
semiconductor behavior, meaning that electron mobility readily occurs
(Schmalzried, 1984b; Cooper et al., 1996). Interestingly, it has been proposed that
mobility of electron holes promotes electrical decoupling of diffusing cations from
each other as well as from 02~ to which they may be bonded (i.e., Tuller, 1981;
Schmalzried, 1981), thus, Fe2* can easily release an electron (i.e., takes up an
electron hole), which would result in Fe oxidation (Dickenson and Hess, 1986).

Upon oxidation, Fe3", is set to acquire a positive charge to stabilize its
tetrahedral coordination with 02~ ions, which most likely becomes the structural role
of Na* or K*. This process stage is of importance, because, it helps to explain the
sharp decline of Na-, K-bearing sulfates formation, at T > 600°C (at which Fe3*/ZFe
ratios displayed their highest values). In this work, region Ill was evidenced by the
presence of Fe-bearing nanolite structures, as seen in Figure 3.12. Lastly, region IV,
represents a region of the material that is unaffected by either cation diffusion, or by

electron hole diffusion, Fe2* oxidation.
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Occurrence of Stage IV was observed with SEM-EDS elemental mapping
and EPMA transect analysis, as near-center depths with homogeneous spatial
chemical distribution of cations, representative of the unreacted bulk glass
composition. This implies that cation outward diffusion, thus, SO2-uptake is not an
unlimited sustained process. This might be due the fact that, depletion of cations Ca,
Na and K shown in Region Il, most likely results in an Si-, Al-, Fe3*-enriched Region
3, which has been proposed to act as a structural barrier that impedes further Ca,
Na, K diffusion (Renggli and King, 2018). These compositional/structural changes

and their role in decreasing cation diffusion will be further addressed below.
4.2.2 SO:-glass reaction mechanisms

Although the initial SO2. chemisorption is a rather fast step and
chemically favorable at high temperatures, i.e., >100 °C (Low 1971), the following
formation and growth of surficial CaSO. follows a multi-step and temperature-
dependent reaction. Several studies (i.e., Ward et al., 1966; Borgwadt, 1970; Allen
and Hayhurst, 1996) aimed to characterize industrial gas desulfurization by
reactions with CaO (as pure oxide, CaCO3z; or CaMgICO;sl,), showed that the overall
reaction at high temperatures (up to 1230 °C), is:

Ca0 + SOz + /2 02 = CaS0a4 Equation 4.1

However, infrared spectroscopic analysis of CaO-SO. reactions suggest
that the reaction begins with formation of SOs (Low et al., 1971), which promptly

reacts in the presence of Oz to form CaSO. (Allen and Hayhurst, 1996), as follows:

Ca0 + S0, = CaS0s Equation 4.2

CaS0s + /> 02 = CaSO04 Equation 4.3

Formation of CaS0s; to CaSO. could also be explained in terms of
decomposition of the first, via disproportionation of SOs2~ at temperatures >100 °C
(e.g., Foerster and Kubel, 1924; McAmissh and Johnston, 1976) as shown in
Equation 4.4:
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4CaS0; =3CaS04 + CaS Equation 4.4

In the presence of an oxidizing agent, such as O: (or in SO.), it has been
shown that both CaSOs; and CaS readily oxidize to CaSO. (Ingraham and Marier
1971). In the context of high temperature SO: reactions with natural
aluminosilicates, experimental observations between SO. and minerals, ash and
glasses have shown similar reaction pathways (Douglas and Isard, 1949; Burnham,
1979; Fegley and Prinn, 1989; Ayris et al., 2013; Henley et al., 2015). A general
reaction between SO2 and aluminosilicate glasses can be described as that proposed
by Burnham (1979):

2502 + NMC-0-glass = NMC-SO4 + S + glass-oxide Equation 4.5

where, “NMC" is a network modifier cation (e.g., Na*, K*, Caz*, Mg2%),
“0" is the oxygen anion (02-) bonded to these cations, “NMC-0-glass”, represents
the adsorption site, “NMC-S0." is the resulting sulfate formed, “S” is a reduced form
of sulfur, and the “glass-oxide” term represents the reacted glass. Note that here, no
sulfite is formed. Equation 4.5 describes a disproportionation reaction of sulfur (i.e.,
S4), that simultaneously forms oxidized (S¢) and reduced sulfur (as S2-, S™ or
elemental sulfur S°), being the latter most likely present as gas (S: or H.S) as
observed by Burnham (1979), and Henley et al. (2015). In fact they found evidence,
by experimental observations and thermodynamic modelling, that rapid sulfur
disproportionation occurred upon exposure of anorthite glass to SO: at 700 °C (see
Equation 4.6) and proposed that, in the presence of water vapor, S: becomes

unstable and formation of H.S is then favored, as seen in Equation 4.7:

2CaAl;Si20g + 350, = Equation 4.6
2CaS04 + 2AI12Si0s + 2Si02 + 0.552(g)

3CaAlzSi?08 + 45024+ H20 = Equation 4.7
3CaS04+ 3AI2Si0s + 3Si02 + HaS(g)

The results that | obtained by characterizing all sets of glasses treated
with high temperature under anhydrous- and hydrous-SO. atmospheres, showed

only presence of oxidized sulfur (i.e., sulfate)-bearing products (see Leachate
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Analysis and Raman Spectroscopy sections in Chapter 3), and no intermediate
oxidation products (i.e., sulfites). This strongly suggests that, the reactions showed
in Equations 4.6 and 4.7, are most likely to have occurred under anhydrous and
hydrous SO atmospheres, respectively. As presence of sulfide-bearing surficial
products was not detected for any treated sample, it can be assumed, that, according
to Equations 4.6 and 4.7, reduced sulfur was released as gas (Sz2 and/or H.S). By the
current experimental set up, determination of the latter could not be confirmed.
Upon perming experiments in the AGAR device (see section 2.3), the reacted gas

flow is carried out of the device and flows into the top of the fume hood for disposal.

Future work could be aimed to characterize the outlet gas flow in order
to determine the chemical speciation of reacted gases, and to confirm occurrence of
S: or H.S upon SO: uptake by glasses. Nevertheless, the complexities of
multicomponent aluminosilicate heterogeneous reactions in nature can rarely be
described by a simplified reaction such as Equations 4.6 and 4.7, and in some cases
formation of intermediate oxidation products can in fact occur. Further
investigations aiming to precisely characterize SO:-glass reaction pathways are
required. These could by conducted, for instance, by preforming in-situ analysis of

samples during the solid-gas reactions.

4.3 Analysis and interpretation of cation diffusion

In this section the experimental data obtained for outward cation
diffusion from rhyolite particles will be treated to develop a simplified framework to
analyze diffusion process in glass particles, for which it will be shown that
temperature and cation concentration are first-order controlling variables. This
framework will then be applied to the case-study of Chaitén volcano 2008 dome
eruption, for which SOz emissions measured yielded to unexpected low values (Carn,
2009). Applying the findings of this work to understand Chaitén 2008 eruption is
further relevant, given the rhyolitic composition of the erupted magma (Castro and
Dingwell, 2009) and the high eruptive temperatures estimated (=600 °C) for this
eruption (Castro et al., 2012). Here, it is proposed that a large fraction of pre-eruptive
degassing SO: flowing through ash-filled fracture networks may be ‘sequestrated” by

permeable fractured rhyolitic domes.
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Element Do (m%s™) b (K) Data Source

Ca 2.54x10° 29,830+4,356 Mungall etal. (1999)

Jambon (1982), Magariz and
Hofmann (1978) and Watson
(1981), in agreement with Zahng et
al. (2010)

Jambon (1982), in agreement with
Zahng et al. (2010)

Table 4. 1. Published inputs to diffusion scaling. Reference diffusivities D, for each
cation of interest and the corresponding b parameter values.

Na 1.34x10¢ 10,210 = 243

K 3.48x107 12,775+ 927

For Chaitén volcano 2008 eruption, this could have been the mechanism
responsible for the “strikingly low” SO2 emissions measured. To simplify the data
analysis, only the results of the natural calc-alkaline rhyolite will be used in what
follows. The overall SO:-uptake reaction consists of several processes; i.e.,
adsorption, initial gas-glass reactions, and chemical diffusion, each of which can
rate-limit the uptake reaction. Whereas, high temperature SO: uptake is initiated by
rapid SOz chemisorption on to aluminosilicate surfaces (Henley 2015), it is dubious
to assume that this is the rate-limiting process, given the fact that surficial sulfates
are very rapidly formed in short period of times, specially upon higher temperatures
(see Figures 3.4 and 3.21 in Chapter 3), as also observed by Ayris et al. 2013.
Moreover, at the high temperature-regime at which the SO2-glass interactions took
place, activation energies of chemical gas-solid reactions can easily be overcome
(Szekely et al. 1976).

Yet, the supply of cations (principally Ca?%*, in terms of chemical
diffusion, was shown to be the controlling mechanism for the SO:-uptake reaction
rate. After initial SO2 chemisorption and reaction on basic (Ca-, Na-, K-) surface sites,
diffusive transport of cations takes place. Diffusion is in turn, limited by the value of
the diffusivity D, where x is replaced by the cation in question (e.g., D¢, in the case
of calcium diffusivity). Diffusivities of Ca, Na and K in aluminosilicates have been
experimentally parameterized previously as a function of temperature (Zhang et al.,
2010 and references therein), and have shown experimentally to have the Arrhenius

form:
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b E ion 4.
D, = Dyexp (_?> quation 4.8

where D, is the reference diffusivity (m2 s='), b is an experimentally
determined constant and T is the temperature. Both b and T are expressed in Kelvin.
By using published parameters of Dy, and b; in rhyolitic samples, listed in Table 4.1,
temperature-dependent diffusion laws can be obtained for
Do (T), Dyo(T) and Dk (T), which can be used to scale my experimental data for any
temperature. For instance, the value of D., for the anhydrous experiment (SO2-Ar)
at 800 °C and at 60 minutes, was found to be 2.15 x10°"7, for the natural calc alkaline
rhyolite, which is similar to that obtained by Ayris et al. (2013), for rhyolitic glass
powders treated at the same temperature and exposure time, e.g., 8.7 x 10777 m?
s 1. The characteristic timescale associated with diffusive mass transfer can be

calculated by:

Ap =R2/D, Equation 4.9

where, in the case of pseudo-spherical volcanic ash particles, R, is the
mean particle radius and particle angularity can be neglected (Wadsworth et al.
2017a). By using D,(T) described above and using the arithmetic mean of the
distribution of particle sizes (R) as a proxy for the characteristic length in
polydisperse particle distributions (Wadsworth et al., 2017b), A, can be defined for
each suite of experiments at different temperatures, for different particle size
distributions, and for each cation of interest. If it is assumed that the total amount of
each cation available for mass transfer is the initial total concentration of that oxide
in the starting glass (see Table 2.3), leachate concentrations can be normalized, by

their respective initial bulk values according to Equation 4.10

Cx Equation 4.10

where C is a dimensionless normalised concentration, C,, is the leachate
concentration of the x cation (mg kg ~7), and C; , is the initial bulk concentration of
the cation x in the glass (mg kg ~7). By also normalizing the experimental time, t, by
Ap to give t=t/Ap, all the experimental data can be plot together can plot
demonstrate that the data follows a consistent trend of C(t) for most datasets as

shown in Figure 4.5.
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Figure 4. 5 The concentration of a given cation C4(t), i.e., Cca, Cna Ck, (@, b and c,
respectively) normalized by the initial value of that oxide C; giving C = C,/C;, as a
function of time t normalized by the diffusion time Ap, giving t = t/Ap. Using Ap =
(R)? /Dy collapses the data over all temperatures and particle size distributions below
the critical oxidation temperatures (above which diffusive mass transport to the
surface is negligible). Vertical lines simple guide the eye to a normalized time of
unity.
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Using the above scaling analysis, the apparent lack of Na and K diffusion
above critical threshold temperatures (reflected in negligible concentrations in the
leachate analyses; Figure 4.5b,c) can be clearly seen. For clarity, the 700 and 800 °C
anhydrous time-series and the 800 °C hydrous time-series data are shown as unfilled
data points in Figure 8. Using this distinction, it is clear to see that at these
temperatures the diffusive extraction of Na* and K* to form surface salts is negligible
compared with the consistent trend at lower temperatures. This is consistent with
the observation that >600 °C and >700 °C are the threshold temperatures in

anhydrous and hydrous conditions, respectively.

Here, these thresholds are interpreted as representing a transition from
reduced to oxidized above those threshold temperatures, and consequently as the
switch from Fe?* to Fe3*(see Figure 3.7), which has been shown to effectively capture
Na* and K* for charge balancing (Cook and Cooper 2000; Cook et al., 1990; Cooper
et al.,, 1996a,b;1997). In most cases, silicate liquid equilibrium oxygen fugacity will
increase with increasing temperature, implying more oxidizing conditions at higher
relative temperatures (e.g., Sack et al., 1980). On reheating in our experimental
apparatus, the glass will relax above the glass transition temperature (~700 °C) using
a viscosity threshold of 102 Pa.s as an approximation of the glass transition, and
using the model of Hess & Dingwell (1996) with a dissolved water content of 0.18
wt.%. Relaxation of silicate structure in our experiments will allow equilibration of
the redox state, which in turn may be more oxidizing than the conditions locked in

during cooling in nature (see Dingwell, 1990 for a review).

Although the data for C(£) fall to a universal trend in Fig. 8, in both the
hydrous and anhydrous regimes, the data collected in hydrous atmospheres are at
higher C for any given £, consistent with the observations in dimensional plots (see
Figure 3.17). Therefore, it is likely that a non-negligible effect of H,0 on the diffusive
process. Koenderink et al. (2000) showed that diffusion of H* (or H30*) in sodium
silicate glasses containing Mg?*, Ca?*, Sr?*and Ba?*, can exchange with equi-valent
Na* or K* generating ion exchange. Our inferred increase of the diffusive potential
in the presence of H20 vapour can therefore be interpreted as the effect of inward
migration of H* enhancing the outward migration of Na* and K* up until the

threshold temperature for surface oxidation described above.
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Indeed, the fact that the threshold temperature for oxidative cut-off of
diffusion of Na* and K* is dependent on H20 (Figure 3.16) suggests that these effects
of oxidation and ion exchange by motion of H* compete with one another. The
implication is that this oxidation threshold is apparently higher in hydrous conditions
at low H20 activity when H* ion exchange dominates over oxidation but is
independent of humidity at high H20 when oxidation dominates over H* ion

exchange.

4.4 A Case study: volcan Chaitén 2008 dome eruption

The finding of this work will now be applied to an in-dome scenario, a
system that can be open, fractured and permeable to magmatic gas flow. Fractures
in lava domes frequently host veins filled with fine-grained volcanic ash and host-
rock material (i.e. tuffisites) and reflect processes occurring within the volcanic
conduit (Tuffen et al., 2003; Kolzenburg et al., 2012). Taking the case of the lava
dome erupted at Volcan Chaitén (Chile) in May 2008, scaling the amount of SO2
sequestered can now be done in reasonable time limits. This study has found that
the important parameters are temperature T, which conveys a diffusivity D,, the
timescale available at high temperature for sequestration t, particle size(s), captured
by the arithmetic mean (R), and the initial amount of the cation in question ;.

For the reactions involving Na* and K%, it is additionally show that the
presence of H20 in the gas phase is an additional key parameter for their mobility.
In-conduit or in-dome conditions are inevitably hot for longer than a rapidly
ascending plume. Fracture networks are pervasive at silicic conduit margins
(Farquharson et al., 2017; Gonnermann and Manga, 2003; Tuffen and Castro, 2009)
and are advected up into domes, providing open-system pathways for gas transport
bypassing melt. Such systems are typically in chemical disequilibrium at fracture
and particle surfaces, especially while cooling, and gas-melt back-reactions can be
common (e.g., Berlo et al., 2013; Schipper et al., 2015). Here, the possibility that
ash-gas uptake reactions occurred during SOz-rich gas transport through tuffisite
veins in the dome of Volcan Chaitén soon after emplacement in May 2008 (Castro et
al., 2012) is explored. Such a tuffisite vein is shown in Figure 4.5 collected as part of
a larger bomb (analysis of this bomb appears in Saubin et al., 2016). Castro and
Dingwell (2009) and Castro et al. (2012) provide a storage and ascent temperature

estimate of T = 825 °C.
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Figure 4. 6 Picture of a fracture in rhyolitic obsidian from Volcan Chaitén. This
sample is from a larger bomb erupted from the 2008 dome. The fracture is filled with
a polydisperse distribution of volcanic ash and glass fragments. This geometry is the
basis for our calculated sequestration efficiencies.

Castro et al. (2012) additionally explore fracture dynamics at T = 625 °C,
an estimated calorimetric glass transition temperature (Giordano et al., 2008). Both
825 and 625 °C represent the temperatures at which diffusion would have taken
place within the tuffisites. The constraints presented previously were then used to
find that Dc, =4 X 1077 m2 s, Dy, = 1.2 % 10719 m2 s, and Dk = 3.1 X 10712 m?
s for 825 °C, and D¢y =9.6 X 10729 m2 571, Dy, = 1.6 X 1071t m2 s, and Dy =
2.3 x 107 m2 s for 625 °C. Such rhyolitic lava domes are frequently fractured and
the fractures often host partially welded, initially granular tuffisites (e.g., Tuffen and
Dingwell 2005). At Volcan Chaitén, the grain sizes in these tuffisites range
approximately from 0.1 to 1 mm (see dense clasts in a “main vein” measured in
Saubin et al., 2016).

This permits us to convert D, to A for each cation, and so, taking maxima
and minima conditions (from maximum and minimum (R)), and taking T = 825 °C,
it was found that 10® < 1, <101° s for Ca diffusion, 10* <1, <103 s for Na
diffusion and 103 < A, < 10° s for K diffusion. For T = 625 °C, these timescales
would be 10! < 1, < 103, 102 < A, < 10%, and 10* < A, < 10° s, respectively.A
first-order timescale for the time available for the diffusion-limited SOz sequestration
process to occur is the timescale that these welding fractures can stay open and

permeable (Wadsworth et al., 2014).
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This is approximated by the sintering timescale A, for particles sintering at
high temperatures, and is A, = u(R)/T, where u is the viscosity, and I' = 0.3 N.m™ is
the surface tension with the gas phase (Wadsworth et al., 2016). In detail, I depends
on the gas species available, but the value quoted here is an approximate and within
the correct order of magnitude. Given the range of water contents 0.2-0.95 wt.% in
the dome glasses (Castro et al., 2012), the viscosity model from Hess and Dingwell
(1996) for rhyolites can be used to find that u is of the order 107 — 10° Pa s at this
temperature. Here, it was found that 103 <1, <10°s. If A, is taken to be
approximately t (i.e., As~t), this gives us t A,~' ranges of 1077 — 1072 for Ca?*,
1071 — 10* for Na*, and 1072 — 103 for K* at T = 825 °C.

Referring to Figure 4.5, these t A, ! ranges would be sufficient for ~30-90%
of the initial Ca?* in the welding particles to be available for surface reactions with
SOz. Similarly, ~0-20% Na* and negligible amounts of K* would contribute in
anhydrous conditions. In hydrous conditions, from Figure 4.5 it can be read that this
would increase to ~0-50% of the initial Na* and <5% of K*. Interestingly, at the
lower example temperature T = 625 °C, while the values of A, are increased relative
to the higher temperature (see above), the overall value of t A, is increased
because A is much longer. This is of interest as it shows that across these range of
conditions, the time for which the dome fractures can remain open exerts a
controlling role during cooling compared with the time required for diffusion.

Next, the above constraints need to be scaled to dome conditions.
Gonnermann and Manga (2003) computed a fractured zone at the margins of
rhyolitic conduits of radius L that has thickness & such that § = FLu%! where F =
0.01 Pa.s®" is the given proportionality. Castro et al. (2012) constrained L to be 50
m on the basis of aerial views of the dome during the initial eruption and p is given
above. It was therefore found that 6 is between 2.6 and 9.7 m for the range of
parameters given above. Within the fracture zone § it can be assumed that n
fractures with thickness [ and inter-fracture spacing l; are present, such that § =
n(ls + ;). In cylindrical coordinates, the cross-sectional area of fractures that occupy

the damage zone & can be computed, which are termed Af. A7 is then the total area

Ar = mL*. Ay then relates to I and I via

n
Ar = ZA” Equation 4.11
j=1
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and the jth fracture has area Ay ; = m[(2j — DI} + 2l(L — § + I;)]. Converting A to
the cumulative mass of glass particles m, in the fractures will be necessary to

compute mass fractions of SO, scavenged and can be achieved by
mg = AsHp(1 — ¢;) Equation 4.12

where H is the vertical depth to which the fractures penetrate in the
conduit, p is the glass density and ¢; is the initial porosity in each fracture.
Wadsworth et al. (2016, 2014) found that an approximate value of ¢; = 0.5 valid for
most realistic packs of particles is of relevance to tuffisite emplacement. Knowing
the mass of each cation in the glass that is available for reaction with the gas phase
in the time available, m,, by m, = C,C;,my, we can find the mass of SOz that will
react with a given m,, by mgo, = Mg, my/M,, where Mo, is the molar mass of SO»
and M, is the molar mass of the reacting cation species. Now the mass fraction of
the total exsolved SO that can be scavenged is S = mgp, /(mso, + m,) where m, is
the total mass of exsolved SOz in the gas phase. As a limiting assumption, we simply
take the value of the 500 mg kg™ SO2 (which we term C;50,) as the initial available
proportion of the total mass that is released at the surface, measured in glass
inclusions from the plinian pumice eruption in May 2008 (Castro et al., 2012). This

amount can be converted to m, by
me = ¢iATHpCi,502 Equation 4.13

This assumption requires that all the SO, that is exsolved into the gas
phase originates from the same volume ArH in which the fractures occur. This
simplifying assumption means the sequestration efficiency S is independent of the
H over which the fractures occur. The initial amount of Ca, Na, and K in the glass
phase can be estimated using the rapidly ejected pumice analyzed in Castro and
Dingwell (2009) as C; , of 0.014, 0.04 and 0.03 mass fraction, respectively (note that
in Castro and Dingwell 2009, these values appear as wt.%). With these values and
the inputs given above, it was found that the value of S that is attributable to
calcium’s role in the sequestration is 0.12-0.5. The amount attributable to Na is up

to 0.4 in hydrous conditions.
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Summing these contributions, it is predicted that between 12 and 90%
of the eruptible sulphur dioxide can be scavenged during permeable flow through
welding fractures (with 12% referring to the limiting 625 °C and 90% referring to
the eruptive 825 °C, considered here). These estimates are maxima if it is
acknowledged that the total erupted SOz may not be from the volume A-H, and may
only be from AfH. Furthermore, these constraints would be overestimates if we
consider that additional SO2 may be bypassing the transiently open tuffisites from
depths greater than H. Nonetheless, the results are striking that in-dome scavenging
may be efficient over the timescales of open-system outgassing.

Additional complexities may arise from the intricate geomertries of many
particles entrained and welded in tuffisite outgassing channels (e.g., Castro et al.,
2012; Saubin et al., 2016). The result found above suggests that rhyolitic volcanic
domes that are heavily fractured and for which the fractures are the dominant
outgassing pathway (e.g., Castro et al.,, 2012; Tuffen et al., 2003; Cabrera et al.,
2008), may act as efficient filters for the bulk SO, emitted. For the case of Volcan
Chaitén (2008 eruption), this is broadly consistent with the “remarkably low” SO;
measured in the plume above the emerging dome (Carn et al., 2009). Whereas no
concrete evidence (i.e., CaS04, NaxS0s4, etc. growth in tuffisite samples) for the
Chaitén dome have been found, this could be attributed to dissolution upon contact

with meteoric water.
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Conclusions and Outlook

In this thesis, the potential of natural and synthetic rhyolitic glasses to
uptake two of the most environmental relevant gases, sulfur dioxide (SO.) and
hydrochloric acid (HCI), released during volcanic eruptions was tested. This was
focused on high temperature gas-glass experiments, for which the effect of
composition of the glass, the glass particle size distribution, exposure temperature
and time, gas composition and humidity on the gas uptake was assessed. The
rationale behind exploring this phenomenon with rhyolitic glass was based on the
ubiquity of high silicic magmas in producing large- to very large volcanic events,
which inject large amounts of fine ash (P;< 63 pym) and gases into the atmosphere
that can induce short- and long-term environmental and climate perturbances (e.q.,
Ayris and Delmelle, 2012; Jones et al., 2007; Robock, 2000).

During such large eruptive events, turbulent mixing of ash and hot gases,
lead to heterogeneous reactions that result in effective gas removal from the
atmosphere by growth of S- or Cl-bearing salts on ash surfaces. HCI uptake was not
found to be sufficiently efficient to induce large changes in gas composition for
rhyolitic eruptions and therefore, a principal conclusion of this work is that the
rhyolite-SO; system is dominant for eruptions of high-silica magmas.

Here, it was found that the main mechanism by which SO: can be
removed to form soluble anhydrite (CaSO4) on rhyolite particles is Ca2* diffusion
(D.q) from the bulk glass network to the surface, and that it shows its highest
efficiency at T= 800 °C (compared with lower temperatures), with the inference that
higher temperatures still would render this process more efficient. Diffusion of
sodium and potassium was also observed to occur, however to an extent that could
be considered negligible in comparison to calcium, in particular at T>600 °C, at

which this work was focused.
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Here, it is shown that the cation flux to the surface feeding the SO,
reaction is electronically accommodated by the conversion of ferrous iron, Fe2* to
ferric iron, Fe3*, which changes the structural role of Na and K, from network
modifier to charge compensating cations for Fe3* tetrahedra (Mysen et al., 1982).
Calcium diffusion can be scaled using experimentally-determined diffusivity values
and applied to any temperature. The role of hydrous atmospheres in high
temperature SO2 uptake by rhyolite was found to have a controlling effect of humidity
(mol. % H20) in limiting the diffusion of Na® and K* to the ash surface because the
diffusive influx of hydrogen takes the charge compensating role that other
monovalent cations would normally take during the outward flux of divalent cations.

At water contents > 60 mol.% H:0, concentrations of leached soluble
Na.S0. and K.SOs were negligible, suggesting that highly hydrous atmospheres
strongly hinder further diffusion of Na* and K*. This is due to inward migration of
protons, H*, into the glass (e.g., Koenderink et al., 2000), which enhances oxidation
of iron, thus inhibiting mobility of Na* and K*. This finding is applicable for future
studies aiming to model and predict ash-gas reactions, given the fact that all volcanic
emissions are water saturated (> 60 mol. % H-0), the contribution that Na and K can
make in SO: uptake by rhyolite, can be greatly simplified.

Furthermore, at T>600 °C this can be neglected altogether. Yet, it was
found that humidity is not limiting in Ca2* diffusion, since under anhydrous- and
water vapor saturated-SO. atmospheres, formation of CaSQ., thus SO: uptake, were
congruent with each other. Another key finding was the effect of iron oxidation
dynamics on calcium diffusion. By synthetizing Fe-free and Fe-bearing rhyolites, and
exposing them to hot SO, it was observed that higher Fe contents led to higher
formation of CaS0Oa4. This has been suggested to occur due to intrinsic Fe redox-
cation diffusion dynamics, where the outflux of cations (Ca2*, Na*, K*), is charge
compensated by the influx of electron holes (h*), which results in Fe oxidation (e.g.,
Cook and Cooper, 2000) at high temperatures (700-850 °C).

These studies have focused however, on oxidation dynamics of less
silicic glasses (<60 wt.% Si0O.), which might not be fully applicable to rhyolitic
glasses (=70 wt.% SiO2) and while they provide a basis for the understanding of
cation diffusion and Fe oxidation dynamics, more experimental work is needed to

better constrain the role of Fe oxidation on cation diffusion dynamics.
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A direct application of the findings of this thesis was aimed to correlate
the “strikingly low” SO. emissions measured for the 2008 dome-eruption at Chaitén
volcano (Carn, 2009). Here, it is proposed that the permeable, fractured and
degassing Chaitén dome could have acted as a filter for SO. emissions, previous to
the 2008 eruption, given interactions between the fine ash-filled fractures (within
Chaitén volcano’s pre-eruptive rhyolitic dome) and hot (>600 °C) degassed SO:
(Castro et al., 2012; Castro and Dingwell, 2009).

From this, it was found that a fraction of up to 0.9 of the initial magmatic
SO: could have been up taken by ash-gas reactions (Casas et al., 2019). Simple
calculations led to suggest that relevant SO. uptake can occur at in-dome
environments, can potentially reduce the amount of sulfur available for atmospheric
interactions. The novel experimental approach applied here, and the wide range of
variables tested, make the results of this work of great importance for future gas
uptake research aimed to develop numerical models to predict the effective mass of
SO: released during volcanic eruptions. To improve our estimations of net volcanic
SOz emissions, by considering high temperature ash-gas reactions, is fundamental
to better assess the environmental of climate impacts of large volcanic eruptions.

This thesis represents a coherent parameterization of the gas-glass
reactions between SO: and rhyolitic volcanic glass. If we approximate natural
volcanic ash as being dominated by volcanic glass (true in many cases; e.g. Heiken
and Wohletz, 1992), then this thesis is a proxy parameterization of gas-ash reactions.
The next step would be to upscale these reactions to volcanic conditions of in-plume
hot reactions. To do this, the resultant model would have to be fully non-isothermal,
non-isobaric in terms of the partial pressures of gas species, and coupled to a full
volcanic plume model.

Ayris et al. (2014) achieved a simplification of this for HCI reactions with
ash in plumes by using plume model output temperature fields to approximate an
average flight path of ash, and calculate the diffusive flux of Na* that could feed HCI
reactions. The output of the Ayris et al. (2014) calculation was a net HCI scavenged
(in terms of molar ratio) during an eruption of a given size. However, to make a
reliable quantitative prediction of this scavenging potential, a proper coupling of

diffusion and cooling would need to be applied — which is yet to be done.
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Future research aimed to develop predictive models of high temperature
gas sequestration by ash, could be done by testing a wider range of magma
compositions (basalt, andesite, dacite) under the same experimental variables
described here. Nevertheless, rhyolite magmas remain the most relevant
composition for large-scale sulfur uptake by ash, given their highly explosive
behavior (thus, high fragmentation potential). Also, while in this work, great care
was taken to accurately extrapolate the results from gas uptake by glass to gas
uptake by ash, testing high temperature SO, (and HCI) uptake by natural ash should
be conducted, in order to further validate this approach. Performing experiments
with natural ash could also be helpful to compare if the evidence of the gas uptake
by glass observed (e.g., calcium depletion beneath the particle surfaces) is also
evident in natural ash, and therefore useful to recognize occurrence of high

temperature gas-ash interactions.

Also, to improve the characterization of chemical reactions responsible
for the uptake process observed here, experimental techniques should be developed
to perform in situ analysis of samples during exposure to hot gases. Modifications
of the advanced gas ash reactor (AGAR) used here could be done for this purpose,
i.e., by coupling a mass spectrometer to the outlet of gases to monitor the gas
products of the SO2-glass reactions. Furthermore, isotopic tracer techniques could
also be applied to determine sulfur partition coefficients upon reactions with glass
(and production of anhydrite). Isotopic fractionation of sulfur during reactions with
glass, might have a specific temperature-dependent value which could useful to
fingerprint this process and to assess the extent of high temperature reactions in

natural ash.
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