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INTRODUCTION

The common manifestation of an explosive volcanic eruption is the emission of a hot
mixture of solid fragments and expanding magmatic gases, referred to as the eruption plume,
into the atmosphere (Fig. 1, Sparks et al. 1997; Carey and Bursik 2015). Ash (the rock
particles less than two millimeters across) usually dominates the plume’s solid load, wherea
water vapor followed by CO, and lesser amounts o ur and halogen species constitutd
the eruptive gas phase. Plumes can initially travel a@et with velocities up to 600 ms~!,
temperatures above 800 °C and densities of a few kgm 7 reaching five to ten times the density
of the ambient air. However, rapid cooling and dilution of the ash and gas occurs when the
plume entrains and heats the surrounding air, generating buoyancy and uplift. Thus, eruption
plumes are characterized by strong temperature, chemical and density gradients, offering
ample opportunities for heterogeneous reactions between volcanic gases and ash particles.
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2 Delmelle et al.

Figure 1. An eruption plume generated by the explosive eruption of Soufriere Hills volcano, Montserrat,
on 11 February 2010 following a partial dome collapse. The eruption lasted for less than two hours with the
plume reaching an altitude of ~15km above sea level. Image courtesy of Bernard Royer.

It has long been recognized that in-plume gas—ash interactions play a role in scavenging
magmatic volatiles (e.g., sulfur and halogens) and emplacing soluble compounds on ash
surfaces (Witham et al. 2005; Ayris and Delmelle 2012, and references therein). Indirect
evidence comes from ash leachate studies which attribute the rapid mobilization of an array
of cations and anions upon exposure of ash to water to the presence of mixed sulfate and
halide salt deposits (Taylor and Stoiber 1973; Rose 1977, Oskarsson 1980). Some studies
have argued that in-plume gas—ash interactions may remove up to ~30-40% of sulfur and
~10-30% of chlorine emitted by explosive eruptions (e.g., Rose 1977; Varekamp et al. 1984;
de Hoog et al. 2001; de Moor et al. 2005). This potentially contributes to a reduction of the
impacts of volcanic plumes on atmospheric chemistry and climate (Tie and Brasseur 1995;
Robock 2000; Grainger and Highwood 2003; von Glasow et al. 2009). On the other hand,
the release of sulfate and halide compounds from ash surfaces may have various effects in
terrestrial or aquatic environments receiving ash fall (Ayris and Delmelle 2012, and references
therein). An established concern for agricultural and health authorities, such as after the 2010
Eyjafjallajokiill eruption in Iceland, is linked to the burden of potentially toxic soluble elements
including fluorine in ash (Thorarinsson 1979; Cronin et al. 2003; Dawson et al. 2011; Gislason
et al. 2011). Conversely, ash deposits impact positively on soil fertility by rejuvenating the
mineral reservoir of macronutrients such as calcium, potassium and magnesium (Dahlgren
et al. 2004). Similarly, ash fallout may have a beneficial influence on primary productivity
in iron-limited regions by providing iron, a micronutrient essential to phytoplankton growth
(Duggen et al. 2010, and references therein; Hamme et al. 2010).

Reactions occuring during ash transit through distinct temperature zones in the eruption
plume (Fig. 2) are held responsible for magmatic volatile scavenging leading to the various
and poorly described sulfate and halide salts on ash surfaces (Rose 1977; Oskarsson 1980).
Some have posited that such salts form by homogeneous nucleation and growth at magmatic
temperatures (600-1200°C) and then deposit as sublimates onto ash particles (Taylor and
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Figure 2. Schematic of the three temperature-dependent reaction zones in an explosive eruption plume.
Salts may (I) be deposited directly onto ash as sulfate and halide salt aerosols formed at magmatic tem-
peratures (600—1200 °C), (I) form by reaction with gaseous SO,, HCI or HF adsorbed (chemisorbed) onto
ash at magmatic down to sulfuric acid dewpoint temperatures (~190-200°C), and/or (III) be a product
(precipitate) of partial leaching and dissolution of ash in contact with sulfuric and halogen acid condensates
at temperatures < 190 °C.

Stoiber 1973; Smith et al. 1983). Others have emphasized the conceptual (but still unverified)
model that at low temperatures (below the sulfuric acid dewpoint ~190-200 °C) ash particles
act as condensation nuclei for sulfuric/hydrochloric/hydrofluoric acids and liquid water (Rose
1977; Hinkley and Smith 1982; Delmelle et al. 2007). The resulting acidic aqueous solution
can react with the ash surface and dissolve its glass and mineral constituents, eventually
leading to the precipitation of sulfate and halide salts.

Until recently, in-plume reactions at higher temperatures (above ~190-200°C) between
the eruptive gas phase and ash particles have received little attention, as they have been
regarded as comparatively inefficient (Rose 1977). In addition, such interactions within the
dangerous and complex environment of a volcanic eruption plume are opaque to direct analysis.
However, high temperature heterogeneous reactions, if effective, may remove significant
amounts of magmatic sulfur, chlorine and fluorine from the gas—ash mixture immediately
after magma fragmentation. Consequently, these reactions may modify ash surface properties
(e.g., hygroscopicity, acidity/basicity, redox speciation) early in a plume’s evolution, with
important ramifications for later chemical and physical processes at lower temperatures in
the subaerial environment (e.g., ash particle aggregation, trace gas uptake on ash, iron release
from ash; Maters et al. 2016, 2017a,b; Mueller et al. 2017). Therefore, a better appraisal of
heterogeneous gas—ash reactions not only may impact our understanding of various volcanic
processes, but also has wider environmental and societal significance.

Ash leachate studies may identify and quantify the soluble elements adsorbed on ash
during gas—ash interactions within the eruption plume, including sulfur, chlorine and fluorine.
However, these studies provide only limited mechanistic insights into the reactions and the
factors that control them. Recently, a new era of experiment-based investigations, in which
the temperature and chemical conditions found within the hot plume core are simulated, has
emerged. These have led to notable progress in our understanding of high temperature uptake
and reactions of volcanic gases, specifically SO, and HCI on ash. In this chapter, we briefly
describe the generation and composition of eruption plumes as relevant to high temperature
gas—ash interactions, give an overview of recent experimental approaches used to study such
interactions, review the findings of laboratory studies on the uptake and reactions of SO, and
HCI gases on aluminosilicate glass materials, and discuss the implications of these findings in
terms of sulfur and chlorine scavenging by ash in explosive eruption plumes.
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ERUPTION PLUME: GENERATION, COMPOSITION
AND TEMPERATURE

From a physical point of view, eruption plumes are composed of a gas phase and a solid
load. From a chemical point of view, both the gas and the solid components may vary from
volcano to volcano, and even from eruption to eruption, and change with time. From a thermal
point of view, plumes cool as they expand and mix with ambient air. Here we review the
formation of a plume and the evolution of its composition and temperature.

Generation

Volcanic eruption plumes are primarily the result of magma fragmentation, i.e., the
sub-surface process that transforms a silicate magma with dispersed gas bubbles into
solid fragments (pyroclasts) dispersed in a gas phase (Cashman and Scheu 2015). Magma
fragmentation is driven by the exsolution from the melt of a few weight percent of volatiles,
mostly water followed by CO, and lesser amounts of sulfur and halogens (Sparks et al. 1997,
Cashman and Scheu 2015). Exsolution of volatiles and their subsequent concentration in gas
bubbles start when the volatile solubility is exceeded in the magma, typically in response to a
drop in lithostatic pressure (Burgisser and Degruyter 2015).

Diffusive transfer of water from the melt to the gas bubbles dehydrates the melt and can
cause crystal phases to grow, both of which result in a bulk increase in magma viscosity (Hess
and Dingwell 1996; Mader et al. 2013). If the newly formed gas phase cannot escape freely
through permeable networks, bubbles grow within the rising magma by both continued volatile
exsolution and gas expansion in response to decreasing pressure. This lowers the density and
increases the volume of the magma, which in turn accelerates its ascent towards the surface
while triggering more bubble growth by volatile exsolution and expansion. This cascade of
events leads to high strain rates at expanding bubble walls in the hot magma foam, eventually
causing it to fragment within the volcanic conduit or surficial dome (Cashman and Scheu 2015).

In explosive eruptions, this fragmentation transition occurs due to locally unrelaxed liquid
behavior at the walls of expanding bubbles (Kameda et al. 2013) and the resultant pervasive
propagation of fractures between bubbles. The magnitude of the pressure-drop that drives both
bubble expansion below the fragmentation level, and the acceleration of the ash particles above,
is a controlling factor in the particle size distribution produced (Kueppers et al. 2006; Fowler and
Scheu 2016). In turn, this particle size distribution—and in detail, the specific surface area—is a
controlling factor in the efficiency of high temperature gas—ash reactions above fragmentation.

Composition

At the point of exit, an eruption plume is made up of ~1-10 wt% of gas and ~90-99 wt%
of ash (Sparks et al. 1997), but the precise componentry is not known. A scarcity of plume
gas composition data in this proximal in- or near-vent region relates in large part to the danger
and difficulty of acquiring accurate measurements within a dense and opaque eruptive plume.
Instead, high temperature volcanic gas compositions have been measured in fumaroles or in
near-vent plumes of degassing volcanoes by various techniques including direct sampling
and remote sensing. These compositions can be highly variable, with measurements across
eight different volcanoes ranging from 79-97 mol% H,0, 0.5 to 12 mol% CO,, 0.2-6.5 mol%
SO,, 0.1-0.6 mol% H,S, <0.1-1.5 mol% H,, 0.2-0.8 mol% HCI, <0.1 mol% HF and
<0.1-0.5 mol% CO (Fischer and Chiodini 2015, and references therein). Measurements from
various divergent plate (rift), intraplate (hot spot), and convergent plate (arc) volcanic settings
show compositions with comparatively high proportions of CO, (up to 13 mol%), SO, (up to
19 mol%), and HCI (up to 2 mol%), respectively (Gerlach 2004).
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Numerical models may be used to predict plume gas compositions. By simulating mixing
of a given set of CO,-, SO,- and HCl-rich volcanic gas compositions at 1000 °C with ambient
air using a one-dimensional numerical model, Hoshyaripour et al. (2015) calculated the
following ranges of plume gas compositions at 600 °C: 50-58 mol% H,0, 2-9 mol% CO,,
0.4-4 mol% SO,, 0.9-3 mol% SO;, <0.1 mol% H,SO,, <0.1 mol% H,S, <0.1 mol% H,,
0.1-0.5 mol% HCl, <0.1-0.3 mol% HF, 0.1-0.2 mol% CO, 2.5-5 mol% O, and 32-34 mol%
N,. Air entrainment leads not only to dilution of the volcanic gases but also to a change in the
redox conditions of the plume gas phase, with increasing proportions of oxidized species such
as SO,, SO; and H,SO, relative to reduced sulfur species, i.e., H,S, upon exposure to oxygen
at high temperatures (Hoshyaripour et al. 2012).

Ash coexists with magmatic gases in eruption plumes. The ash has a bulk chemical
composition ranging from basaltic to rhyolitic, with an increase in SiO, content typically
accompanied by a decrease in FeO/Fe,0;, MgO and CaO contents (<10 wt% each; Fisher
and Schmincke 1984). Ash mineralogy is dictated by its source magma and is comprised of a
mixture of aluminosilicate glass; an amorphous material quenched from the melt, and crystalline
minerals originating from the crystals formed during magma ascent (Heiken and Wohletz 1992).

The structure of aluminosilicate glass depends on its chemical composition and consists
of a random three-dimensional network of tetrahedral units (Scholze 1990; Mysen and Richet
2005). These tetrahedra are made up of network formers; elements with coordination numbers
of 3 or 4 including Si**, AI** and in some cases Fe**, and bridging oxygen atoms (BO) that
are shared between two network formers. Network modifiers; elements such as Na—Ca-and
Me, depolymerize the silicate network and are bonded to tetrahedra by non-bridging oxygens
(NBO; oxygen atoms that are bonded to only one network former). These cations usually
have a coordination number of 6. In the presence of trivalent cations in tetrahedra (network
formers), such as AI** and Fe**, alkali and alkaline earth cations will occur in close proximity
to the tetrahedra to provide an overall neutral charge. These cations are referred to as charge
compensators and contribute to increasing the connectivity of the network.

Ash crystallinity typically ranges from 0-60 vol% depending on factors such as
the composition, temperature and supply (and hence ascent) rate of the magma (Heiken
and Wohletz 1992). Minerals that occur in basaltic ash include olivine, pyroxene, Ca-rich
plagioclase, and Fe-Ti oxides, while those most common in rhyolitic ash include quartz,
hornblende, biotite, Na-rich plagioclase and alkali feldspars. Minerals in ash have been found
to be overlain by a thin glass coating, suggesting that ash surfaces may be predominantly
glassy, although crystalline phases may be exposed by fracture/abrasion of the ash (Heiken
and Wohletz 1992; Jones et al. 2016).

Two physical properties that impact the reactivity of a solid substrate towards gaseous
species are microporosity and specific surface area. Ash is essentially a non-porous material
devoid of micropores (<2 nm in diameter) and otherwise dominated by macropores (>50nm in
diameter; Delmelle et al. 2005). The specific surface area of ash is inversely related to particle
size and typically ranges from ~0.5-2 m? g~! as normally measured by nitrogen or krypton
gas adsorption techniques. Variations in mineralogy, shape and surface texture/morphology
(illustrated in Fig. 3) are responsible for the higher specific surface areas actually measured for
natural powders such as ash relative to those calculated based on an approximation of spherical
(or other simple geometrically shaped) particles (Brantley 2003; Riley et al. 2003). The ratio
of specific surface area measured by gas adsorption to the geometric surface area defines the
surface roughness (Helgeson et al. 1984).
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Figure 3. Scanning electron microscopy images of ash particles from the eruptions of (a) Pinatubo volcano,
Philippines, in 1991, (b) Eyjafjallajokull volcano, Iceland, in 2010, and (c and d) Chaitén volcano, Chile,
in 2008. Images acquired at 15 kV using a Tescan VEGA II instrument.

Temperature

Insight into the complex dynamics of temperature within eruption plumes is largely
provided by numerical models. A three-dimensional numerical model combining pseudo-gas
and Lagrangian models for fluid and particle motion, respectively, has been applied to simulate
ejection of a volcanic gas and solid pyroclast mixture from a circular vent above a flat surface
into a stratified atmosphere (Suzuki et al. 2005; Suzuki and Koyaguchi 2012). The velocity
and temperature of the gas and solid phases (including ash) are deemed equivalent based on
an assumption of very rapid exchanges of momentum and heat between them. At eruptive
temperatures (800—1200°C) or lower, cooling mechanisms of ash in eruption plumes are
dominated by conductive transfer of heat to the surface of the ash particle and both conductive
and convective transfer into the plume gas (Wadsworth et al. 2017). This occurs rapidly
because ash particles are small and thermal diffusivities in volcanic ash are generally high
(~1077 m?%s7! nse rhyolitic glassy ash; Bagdassarov and Dingwell 1994).

To predict the thermal regime experienced by ash in an explosive eruption plume, Ayris
et al. (2014) considered two contrasting eruption scenarios (volcanic explosivity indices of
3-4 and >5) with magma discharge rates of 10° and 10°kgs™! erupted magma volumes
of 0.01-0.1 and >1km?. The three-dimensional model describeaaoove predicts that fine ash
particles (<63 um in diameter) are sustained at near-magmatic temperatures for 13 and 60s
on average, respectively, based on these scenarios. Subsequent cooling at rates of —50 and
—-5°C s7! on average takes place over 7 and 110s, respectively, down to the sulfuric acid
HS0) dewpoint temperature (~190-200°C). Therefore, in addition to the potential for
mixing of gases and pyroclasts in the sub-surface volcanic conduit (also lasting several to
tens of seconds; Ayris et al. 2013), the time interval available for high temperature gas—ash
interaction may be on the scale of minutes in Earth’s largest explosive eruptions.
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METHOD OF INVESTIGATING THE HIGH TEMPERATURE REACTIONS
OF VOLCANIC GASES ON ASH

Aluminosilicate glass as a proxy for volcanic ash

The pre-existing and unknown reaction history of natural ash particles collected near
and/or far from volcanic vents creates some uncertainity in using them as starting material
for simulating high temperature gas—ash interaction in the laboratory. Therefore, recent
studies have used natural or synthetic aluminosilicate glass as a proxy for ash as it normally
represents the dominant component of ash (Ayris et al. 2013, 2014; Palm et al. 2018, this
volume; Renggli and King 2018, this volume). While the presence of significant crystalline
components in natural ash may limit aluminosilicate glass as a fully representative analogue,
in general ash particle outer layers—which provide the interface for heterogeneous gas—ash
interaction—are typically glassy, even if the glass is coating sub-surface mineral constituents
(Heiken and Wohletz 1992).

Suitable aluminosilicate glass compositions can be obtained by melting and sintering
fresh volcanic rock fragments above the liquidus and quenching the homogenized silicate
melts at atmospheric pressure. Alternatively, simplified aluminosilicate glass compositions
can be synthesized by melting and quenching mixtures of pure oxides, hydroxides and/or
carbonates (e.g., Si0,, Fe,0;, AI(OH);, MgCO;, Mg(OH),, CaCO;, etc.) in known proportions
(e.g., Holloway and Wood 1988; Palm et al. 2018, this volume). Prior to experiments of gas
uptake, the glass material is crushed to powder (particle size <100um in diameter) under dry
conditions or in acetone. Glass wafers may also be used instead of powders as the former
material is better suited for surface-sensitive analyses (e.g., Palm et al. 2018, this volume).

The quenching of synthetic glasses imparts a thermal history during glass formation that
may be somewhat different from the thermal history experienced by volcanic ash during its
formation, i.e., the synthetic ash surfaces may relax over a different window of temperatures
during experimentation compared to that in which natural ash would relax (Gottsmann et al.
2002). This should be kept in mind when interpreting the results of experiments performed in
the glass transition temperature interval, as the glass structure may affect the rates of reaction
with gases at high temperatures (Renggli and King 2018, this volume).

Experimental apparatus

In order to gain insight into the high temperature uptake and reaction of SO, and HCI
gases on ash, Ayris et al. (2013, 2014) used a quartz reactor tube placed within a temperature-
controlled tube furnace held vertically or horizontally. Briefly, approximately 1 g of powdered
aluminosilicate glass was packed in the quartz tube and heated to the desired experimental
temperature under a helium gas stream prior to flushing with a SO, or HCl gas flow for a given
period of time. While easy to use, this apparatus had limited capabilities for simulating the
complex composition of an eruptive ase and for varying the gas:solid ratio.

Recently, a unique reactor has be eloped for studying gas—ash interaction in ion
plumes (Fig. 4). The novel instrument—the so-called Advanced Gas—Ash Reactor —operates
at temperatures ranging from 200 to 900 °C, is capable of generating a gas mixture comprised
of H,O, CO,, SO, and HCI, and can hold —10 g of ash. Only a brief explanation of the
instrument design and operational conditiﬁs given here; a full description is available in
Ayris et al. (2015). The Advanced Gas—aslTReactor features a horizontal furnace that hosts a
rotating quartz tube in which a separate sample bulb can be inserted. A gas-injector assembly
connected to gas mass-flow controllers and a nebulizer for aerosolizing deionized water allows
the generation of an array of gas and water flow rates.
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Figure 4. (a) Schematic and (b) photo of the Advanced Gas—Ash Reactor showing key parts including the
three-stage furnace and its heating elements, the quartz tube with the inserted rod and sample (reactor)
bulb, and the gas inlet and outlet (exhaust).

The device is able to produce mixtures of gas compositions within the range of those
measured near anic vents. It can also accommo large variety of heating and cooling
rates (heating @ptive temperatures at up to +20° or cooling from eruptive temperatures
at up to —10°Cs™), but it does not simulate all pressure regimes and fluid dynamic conditions
found within a volcanic conduit or eruption plume. For further discussion of experimental
set-ups for gas-solid reactions within a more general context, readers are referred to King et
al. (2018, this volume).

Post-experiment analysis

Characterization of the glass powders before and after experimental treatment is necessary
to elucidate the products and/or potential mechanisms of aluminosilicate glass reaction with
various gases. The particle size distribution and specific surface area of the glass materials
are measured by laser diffraction and nitrogen or krypton gas adsorption, respectively. The

glass bulk and surface chjl compositions are measured by X-ray fluorescence and X-ray

photoelectron spectroscoy] S), respectively, while the presence and identity of any crystalline
minerals in abundances >35wWt% is assessed by X-ray diffraction (XRD). The amount of readily
soluble compounds on glass surfaces is determined by leaching of the samples in ultrapure
water, followed by analysis of the filtered leachates for dissolved element concentrations
by ion chromatography (SO,>-, CI") and atomic absorption/emission spectroscopy or mass
spectrometry (Al, Fe, Mg, Ca, Na, K). The dissolved SO,?~ and CI- concentrations are used as a
measure of, respectively, SO, and HCI gas uptake on the glass materials. Raman spectroscopy,
Fourier transform infrared spectroscopy (Mernagh et al. 2018, this volume), and scanning and
transmission electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-
and TEM-EDX) can be used to examine regions of the glass surfaces, for instance to detect
enrichments/depletions in certain elements or the occurrence of specific compounds, including
salt deposits (e.g., CaSO,4, NaCl). Higher resolution techniques applied to analyse and/or image
reaction products at the nanometer scale include atom probe microscopy, grazing incident angle
XRD, nano secondary ion mass spectrometry (nano-SIMS), and depth profiling using XPS or
SIMS (Dalby et al. 2018, this volume; Palm et al. 2018, this volume).

HIGH TEMPERATURE UPTAKE AND REACTION OF SULFUR DIOXIDE
AND HYDROGEN CHLORIDE GASES WITH ALUMINOSILICATE GLASS

The necessary first step in any heterogeneous gas-solid reaction involves activation of the
gas molecule by chemisorption onto {===plid surface. Chemisorption entails formation of a
chemical bond between the molecule a \E' surface; it is accompanied by a significant enthalpy
change, typically greater than 80kJmol™"' (Atkins and Jones 1999). In order for a chemical
bond to form, chemisorption must take place at a specific reactive site on the solid surface.
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Therefore, once all available reactive surface sites are occupied, no additional molecules can
be chemisorbed. This implies that only a single layer (a monolayer) of chemisorbed molecules
is possible. Although any gas molecule may also weakly interact with the solid surface through
van der Waals forces (the enthalpy change is typically 40kJ mol™! or less), it is not thereby
activated for heterogeneous reaction. Nevertheless, physisorbed molecules may serve as
precursors to chemisorbed molecules. The physical location at which adsorption of a molecule
takes place on a surface is referred to as an ‘adsorption site.’

Aluminosilicate glasses are amorphous and contain various elements in different
coordinations, giving rise to an array of adsorption sites which are not chemically, structurally,
or topologically ordered. A rationale similar to that developed to explain the strength of acidic
and basic sites exposed on silica glass and metal oxide surfaces may be used to describe
the nature of surface adsorption sites on an aluminosilicate glass. The surface sites on these
materials are comprised of hydroxyl (=Si—-OH and =M-OH), siloxane (=Si—-O-Si=) and oxo
(=Si-0O and =M-0) groups as well as coordinatively unsaturated terminal metal (=M) atoms
with slight positive charge (e.g., Carre et al. 1992; Legrand 1998). At high temperatures, the
surface hydroxyl groups become unstable and may break down; for example silanols (=Si—
OH) condense to form siloxane bridges (McDonald 1958). The remaining =Si—O-bearing
groups behave as Lewis acids (electron-accepting) with slightly positive charge available to
react with gas species. Terminal M atoms in complex aluminosilicates have a vacant electronic
orbital and also behave as Lewis acids. The acid and base strength of the remaining metal oxo
groups depends on the ionic character percentage of the =M-O bond and the charge-to-radius
ratio of the metal (e.g., Fripiat et al. 1965; Tanabe et al. 1989; Auroux and Gervasini 1990).
Thus, SiO, has surface acidic sites, amphoteric oxides such as Al,O; contain both acidic and
basic sites, whereas alkali and alkaline earth oxides display distinct surface basic (electron-
donating) characteristics (Paukshtis et al. 1979; Auroux and Gervasini 1990).

In aluminosilicate glass, both the network former (Si**, Al**, Fe**) and network modifier
(Na*, K*, Ca®*, Mg?*, Fe>*) cations are covalently linked to O, engendering surface sites of the
oxo group type. Maters et al. (2016) showed that the surface of volcanic glass is multifunctional,
combining acidic, basic, oxidizing and reducing sites in various proportions, a characteristic
expected for a complex amorphous solid. These authors also inferred that the density of total
basic surface sites correlates positively with the total Na, K, Ca and Mg content of the glass
surface. As discussed below and by Renggli and King (2018, this volume), other factors such
as glass structure and proximity to the glass transition temperature may also play a role in
gas-glass reaction mechanisms and rates. Overall, the structural and chemical heterogeneity
of aluminosilicate glass surfaces makes interfacial chemical reaction mechanisms of these
surfaces particularly challenging to study and model theoretically.

Sulfur dioxide uptake and reaction

Sulfur dioxide gas released from erupting magmas and injected into the stratosphere
is converted to sulfate aerosols, which contribute to climate cooling by reflecting incoming
solar radiation. An improved understanding of the fate of SO, gas in eruption plumes is
important for constraining volcanic sulfur budgets, and hence assessing potential volcanic
forcing of climate. It has traditionally been assumed that in-plume SO, scavenging, estimated
to reduce stratospheric SO, injection by up to 40%, is driven by interaction with water, ice
and/or ash below the acid dewpoint temperature (i.e., involving liquid H,SO,; Rose 1977;
Textor et al. 2003). A role of high temperature gas—ash interaction as a sink for volcanic SO,
has largely been overlooked. However, in light of previous studies showing that gaseous
SO, reacts with soda-lime—silica glass compositions at high temperatures (e.g., Douglas and
Isard 1949), the abundance of sulfate salts (mainly calcium sulfate, CaSO,) on volcanic ash
may evidence significant uptake of SO, in the hot eruption plume.



10 Delmelle et al.

Ayris et al. (2013) investigated the influence of temperature (25-800 °C) and exposure
time (30-3600s) on the [=Jjaction between SO, gas and volcanic glasses of different
composition (i.e., tephrite,@nolite, dacite and rhyolite). All experiments were carried out
under a 40 standard cm®min~! gas stream of 1 mol% SO, and 70 mol% air (helium balance).
This SO, concentration falls within the range of measured high temperature volcanic gas and
estimated eruption plume gas compositions (see section: Composition). Q ke of SO, gas on
the glass was assessed based on the amount of soluble sulfate releasedupon leaching of the
post-experiment material with ultrapure water. As depicted in Figure 5a, the phonolite, dacite
and rhyolite glasses displayed a consistent pattern of SO, uptake, corresponding to negligible
sulfation below 400 °C followed by a sharp increase up to 700 °C (phonolite and rhyolite) and
above (dacite). Sulfation of the tephrite glass surface began at a lower temperature (300 °C) but
showed a similar trend. Crystalline CaSO, (anhydrite) was confirmed as the primary reaction
product on the glass surfaces, with the fraction of Ca from the bulk glass incorporated into
CaSO, deposits paralleling the amount of sulfation (Fig. 5b). Calcium sulfate is a compound
stable up to approximately 1200 °C (Newman 1941). Remarkably, up to 50% of the bulk Ca
content in the phonolite and rhyolite glasses was converted to CaSO, at 800 °C.
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Figure 5. Amount of (a) SO, gas taken up by the volcanic glasses, and (b) mole percent of glass bulk Ca or

Na converted to sulfate salts at the glass surface, upon exposure to SO, gas for 3600 s at various tempera-
tures. The relative uncertainty on the uptake of SO, is +15%. Modified after Ayris et al. (2013).
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High Temperature Gas—Ash Reactions in Volcanic Eruption Plumes 11

In order to maintain the extensive growth of CaSO, at the glass surface, Ayris et al.
(2013) proposed that Ca migrates from the interior of the glass to its surface. Simple diffusion
processes normally obey a relationship whereby the reaction quantity increases linearly with
the square root of time. In a seminal paper, Douglas and Isard (1949) investigated the effect of
anhydrous SO, gas on soda-lime-silica glass (Na,O 16.8 wt%, CaO 5.4 wt%, SiO, 69.9 wt%)
at temperatures and exposures ranging, respectively, from 600 up to 800 °C and from minutes to
days. Below 600 °C, the amount of sulfate formed on the glass surface was negligible, whereas
at higher temperatures the kinetics were parabolic with time. While such relationships were not
clearly evidenced in Ayris et al. (2013) for high temperature SO, uptake on the tephrite, phonolite,
dacite and rhyolite glasses, TEM-EDX analyses revealed Ca-depleted regions located beneath
the outer edges of the surface CaSO, deposits, extending several hundreds of nanometers into
the bulk particle. Similarly, a subsequent independent study in which anorthosite was exposed
to SO, at 800 °C for more than 41h found strong Ca depletion in the vicinity of newly formed
anhydrite crystals (Henley et al. 2015). Investigations of basalt and albite—anorthite—diopside
glasses exposed to SO, at 700-800 °C for 1-24 h also showed CaSO, to be the dominant surface
product, with Ca depletion in the sub-surface glass detected by nano-SIMS analysis (Palm et al.
2018, this volume; Renggli and King 2018, this volume) and laser ablation inductively coupled
mass spectrometry (Palm et al. 2018, this volume). These experiments demonstrate that the
reaction of SO, gas with Ca in the glass surface establishes a chemical potential gradient in the
interior of the glass which drives the outward (from interior towards surface) diffusion of Ca.

In order to maintain the glass electroneutrality, the loss of Ca ions from the glass interior to
the surface must be compensated. Previous dealkalization studies on soda-lime glasses which
utilized SO, gas postulated co-diffusion of Ca** and 0>~ (Douglas and Isard 1949; Mochel
et al. 1966). In general, O*~ has a much lower diffusivity than the alkali and alkaline earth
cations, although the difference attenuates with increasing temperature (Lamkin et al. 1992;
Zhang et al. 2010). The activation energy of diffusion around the glass transition temperature
is higher for O% ions than for the alkali and alkaline earth ions. Thus, it has been argued that
the rate-limiting step of the dealkalization reaction in soda-lime glass is the motion of O*~
(Douglas and Isard 1949; Mochel et al. 1966).

In the case of a natural aluminosilicate glass (which contains multivalent cations such
as Fe?* and Ti****) reacting with SO, at high temperatures, the diffusional transport of
network modifier cations towards the surface may be compensated by the counter-diffusion
of electron holes from one multivalent cation to another, rather than by an outward flux of
07 (Renggli and King 2018, this volume). Such a mechanism reflects the higher diffusivity
of electron holes compared to that of O?, which has been highlighted in oxidation
experiments where surface reactions dominate; for example, when basaltic glass is subjected
to atmospheric air around the glass transition temperature (Cooper et al. 1996; Cook and
Cooper 2000; Burkhard 2001; Yue et al. 2009). Similarly, charge compensation through the
motion of electron holes is likely to occur when an aluminosilicate glass is exposed to an
oxidizing atmosphere such as a SO,-rich gas mixture. Nevertheless, bulk O*~ diffusion may
remain a plausible mechanism for charge-balancing an outward flux of alkali and alkaline
earth cations (see section: Constraints on Ca and Na diffusion)@‘

In aluminosilicate glasses, the mobile cations are the network modifiers, typically alkali
and alkaline earth ions. Normally, the diffusion of alkali ions such as Na* and K* is faster
due to their lower charge in comparison to alkaline earth ions (Varshneya 2006). In addition,
the mobility of Mg?*is expected to be greater than that of Ca®* (Smedskjaer and Yue 2011;
Renggli and King 2018, this volume). While Ayris et al. (2013) did not detect sodium sulfate
(Na,SO,) or magnesium sulfate (MgSO,) deposits on any of the SO,-treated glasses, they
measured significant Na extraction (up to ~40%) from the tephrite sample processed between
300 and 600°C. Interestingly, this effect was not seen at higher temperatures (Fig. 5b),
although Na,SO, is stable up to and above 850°C (Ebert et al. 1997). In contrast, Na,SO; is
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12 Delmelle et al.

always the dominant salt that segregates on the surface of soda-lime—silica glass subjected to
sulfur gas-supported dealkalization (e.g., Douglas and Isard 1949; Mochel et al. 1966). Other
studies (Johnson and Burnett 1993; Li et al. 2010; Renggli and King 2018, this volume) also
noticed the presence of multiple sulfates in experiments involving SO, gas and various silicate
minerals and glasses (e.g., albite, diopside, soda-lime glass) and rock compositions (basalt,
obsidian) at high temperatures (650-850°C). Johnson and Burnett (1993) argued that alkali
sulfate formation is favored when silicate glass displays low atomic Ca:Na ratio values (<0.25).
However, this simple rule cannot explain the observations reported in Ayris et al. (2013), as the
tephrite sample had the highest Ca:Na ratio (2.3) amongst all the glass compositions tested.
Alternatively, these authors speculated that the absence of Na,SO, formation in the SO,-treated
phonolite, dacite and rhyolite glasses could be a consequence of surface oxidation above their
glass transition temperature. Specifically, oxidation of Fe** to Fe** (i.e., electron transfer) would
lead to additional incorporation of Fe into tetrahedral coordination as a network former cation
in the glass. This, in turn, could cause migration of Na* ion away from the surface to charge
compensate Fe** in the glass network (Cook and Cooper 2000), thereby strongly reducing Na
availability to form Na,SO,. This idea was proposed by Renggli and King (2018, this volume)
who examined basaltic glasses with different Fe?*:Fe3* ratios. However, it remains unclear why
this process apparently did not act in the tephrite glass to impede Na,SO, formation. More
research is needed to satisfactorily explain the complex factors that drive mobility of alkali and
alkaline earth cations in multi-oxide silicate glass exposed to SO, gas at high temperatures.

While counter-diffusion of Ca®* and electron holes (or possibly co-diffusion of Ca’* and
O%) in the glass probably drives CaSO, deposition on the surface, the mechanistic details of
the high temperature heterogeneous reaction involving SO, gas and the volcanic glass surface
components are not resolved. Sulfur dioxide is a dipolar molecule and in the gas phase it behaves
as a Lewis acid. Thus, its chemisorption on aluminosilicate glass results preferentially from
interaction with a basic surface oxide anion (i.e., O%"), as presented by alkal alkaline earth
oxides in the glass surface, effectively forming surface-bound sulfite (; e.g., Martin et al.
1987; Wagqif et al. 1992; Schneider 2004). This is consistent with recent results showing that
chemisorption of SO, gas on volcanic glass at room temperature eerrelated, positively with
its total surface Na, K, Mg and Ca content (Maters et al. 2017b). Similarly, sulfur retention on
coal fly ash, a silica-dominated multexide material containing glass, strongly and positively
correlates with the weight percentage of alkali and alkaline earth metal oxides (e.g., Galloway et
al. 2015, and references therein). Sulfur dioxide may also interact with Lewis acid surface sites,
but such interaction is very weak as the bonding is largely electrostatic (Goodman et al. 2001)
and accordingly, it most likely does not play a significant role under high temperature conditions.

Since CaSOy is the major surface product formed on volcanic glass exposed to SO, gas
at temperatures up to 800 °C (e.g., Ayris et al. 2013), SO, molecules must first be adsorbed
on the glass’ Ca-O surface groups (=Ca-O) which act as Lewis bases. Insights into the
actual reaction mechanism may be gained from existing knowledge on the high temperature
adsorption of SO, gas on porous solid calcium oxide (CaO). This reaction, which is utilized to
remove sulfur from exhaust flue gases of fossil-fuel power plants, may serve as a conceptual
analogue for the high temperature interaction of SO, gas with Ca-O groups present on the
surface of aluminosilicate glass. Infrared spectroscopy and kinetic measurements show that at
temperatures below 850°C (i.e., those found within eruption plumes) and in the presence of
gaseous oxygen (O,), CaSO, formation is predominantly via a direct reaction between CaO
and SO, gas. Experimental and modeling studies suggest that SO, forms a strongly bound
chemisorbed complex on CaO that can best be described as a surface SO?™ anion (e.g., Martin
et al. 1987; Karlsen et al. 2003; Schneider 2004). Subsequent oxidation of the so-formed
calcium sulfite (CaSO;) by O, produces CaSO,. The sequence of reactions can be written as
occurs as (Allen and Hayhurst 1996):


earema
Highlight

earema
Highlight

earema
Highlight

delmellep
Sticky Note
It should read:
(SO32-; Martin et al. 1987;...)

delmellep
Cross-Out

delmellep
Inserted Text
correlates

delmellep
Cross-Out

delmellep
Inserted Text
multi-oxide


High Temperature Gas—Ash Reactions in Volcanic Eruption Plumes 13

CaO,+ SO, = CaSO,, (la)

CaS0,, +0.50,, = CaSO,, (1b)

The rate of sulfation by SO, is independent of O, concentration. At high temperature (>600°C),
CaSOj3; may start to decompose:

CaS0,, = CaOy, +50,, (2a)

However, this reaction does not inhibit sulfation as it is not favored in the presence of SO,,
even if the latter is at low pressure. In addition, sulfation of CaQ is still possible via (Allen and
Hayhurst 1996):

4Ca0 +4850,, = 3CaSO,, +CaS (2b)
Calcium sulfite also has a thermodynamic tendency to disproportionate:
CaSO,(, = 0.75CaS0,,, +0.25CaS 3)

However, this reaction is slow (van Houte and Delmon 1978) and unlikely to be significant in
eruption plumes. Finally, in the presence of O,, any calcium sulfide (CaS) produced through
reactions (2b) and (3) is oxidized:

CaS,) +20,, = CaSO,, 4)

Reaction (4) can take place at temperatures above ~850 °C but is considerably slower than
Reaction (1b) below ~850°C.

For all glasses studied by Ayris et al. (2013), SO, gas uptake at 800°C was rapid at
the beginning of the experiment and slowed down thereafter (Fig. 6), although the time of
transition between these two apparent regimes differed between samples. The average sulfation
rates in the first 300-600s were on the order of 0.1-0.4 umol SO, g™! glasss=L; approximately
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Figure 6. Amount of SO, gas taken up by the volcanic glasses upon exposure to SO, gas at 800°C for
various durations. The relative uncertainty on the uptake of SO, is +15%. Modified after Ayris et al. (2013).


earema
Highlight

delmellep
Cross-Out

delmellep
Inserted Text
Delete dot, insert space
glass s-1


14 Delmelle et al.

sulfation rate of 4.4 umol SO, g~'s™! blid CaO exposed to 0.6 vol% SO, in nitrogen at a
temperature of ~830 °C. Accounting for the fact that the specific surface area of the volcanic
glass material is roughly ten times lower than that of the CaO sample used in Allen and
Hayhurst’s study, the sulfation rates of the glass and CaO are surprisingly close. This may
underpin the view that SO, uptake on volcanic glass below 850°C proceeds via a reaction
similar to that described for sulfation of CaO (Eqgns. 1a and 1b). The decrease in SO, gas
uptake rates observed at longer exposure times in Ayris et al.’s (2013) measurements may
reflect occupation of most of the SO,-reactive surface adsorption sites (surface passivation
or poisoning) and appearance of a new factor controlling the uptake rate. This may include,
for example, inter-particle resistance to SO, diffusion and/or decreasing access to Ca in the
glass due to increasing surface coverage by CaSO, deposits (Kreider and Lipinski 2018, this
volume; Renggli and King 2018, this volume; King et al. 2018, this volume).

2.6—9 times greater than the rates obs later. Allen and Hayhurst (1996) reported an initial

Hydrogen chloride uptake and reaction

Hydrogen chloride is another important gas released from erupting magmas. A better
understanding of its fate in eruption plumes has implications for correctly assessing the
potential of stratospheric injection of volcanic gases that are involved in ozone destruction
(Stolarski and Cicerone 1974). Previous works emphasized that in-plume HCI scavenging by
hydrometeors (atmospheric particles of liquid or solid water formed by water condensation,
deposition or freezing) is fast-acting and efficient, removing over 75% of erupted HCI within
one hour of an eruption (Textor et al. 2003). On this basis, an influence of high temperature gas—
ash interaction on the chemistry of HCl in eruption plumes has traditionally been discounted.
However, combined with previous studies demonstrating that HCI gas reacts with soda-lime—
silica glass compositions (e.g., Schaeffer et al. 1986; Sung et al. 2009), the ubiquitous presence
of significant quantities of chloride salts on ash (e.g., Rose 1977; Durant et al. 2012) raises
the possibility of substantial HCI uptake on ash at high temperatures in the eruption plume.

Ayris et al. (2014) tested this idea by probing the interaction between HCI gas and
volcanic glass (the same four compositions as in their SO, study; Ayris et al. 2013) from 200 to
800 °C. Experiments were carried out by exposing the powdered material to 2 mol% HCI gas
in helium for 3600 s. Across the four glass samples, only the tephrite and phonolite showed
significant HC1 uptake, with maximum and minimum uptake occurring in the temperature
ranges of 400—600 °C and 700-800 °C, respectively (Fig. 7). Leachate, SEM, XPS and XRD
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Figure 7. Amount of HCI gas taken up by the volcanic glasses upon exposure to HCI gas for 3600 s at vari-
ous temperatures. The relative uncertainty on the uptake of HCl is +15%. Modified after Ayris et al. (2014).
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High Temperature Gas—Ash Reactions in Volcanic Eruption Plumes 15

analyses of the post-experiment samples pointed to halite (NaCl) as the primary reaction
product on both of these glasses up to 600 °C. Mobilization of other alkali and alkaline earth
cations was negligible in these experiments.

By analogy with the binding of proton (H*)-donating molecules to metal oxide surfaces
(Henrich and Cox 1994), gaseous HCI molecules may first attach to Lewis acid metal cation
sites on the aluminosilicate glass surfaces through their chloride (C17) end. This is followed
by spontaneous dissociation of the HCI bond with transfer of the H* to a surface Lewis base
O site. Since NaCl is the main reaction product formed upon exposure of volcanic glass
to HCI glass at high temperatures, one may suspect that the adsorption sites are associated
predominantly with Ng, Nevertheless, other metal cations in the surface glass network, such as
APP*, K*, Ca*, and Mg?* could also accommodate HCI adsorption. Again, new studies would
help to unravel the reaction mechanisms leading to chemisorption of HCI gas on volcanic glass.

The findings of Ayris et al. (2014) agree well with those reported for dealkalization
treatments of soda-lime-silica glass utilizing HCI gas at temperatures up to 700°C (Boggs
and Mosher 1956; Schaeffer et al. 1986). In this process, formation of NaCl on the glass
surface is posited to proceed by diffusion of H* or H;O* from the adsorbed HCI into the glass
and of Na* ions from the glass bulk to the surface. This phenomenon is supported by Ayris et
al. (2014)’s SFEMEDX analyses of the tephrite glass surface exposed to HCI gas at 400 °C,
which revealed Na-depleted regions located beneath the NaCl deposits and spanning more
than one micrometer into the glass bulk. The contrasting reactivity towards HCI gas of the
tephrite and phonolite versus the dacite and rhyolite was proposed to relate to effects of glass
composition on the mobility of Na (e.g., mixed alkali effect; large variation in silicate glass
physical properties relating to diffusivity—such as resistivity and viscocity—as one alkali ion
is replaced by another; Mysen and Richet 2005). However, further investigations using for
example tracer diffusion techniques or molecular dynamics simulations would be needed in
order to shed light on such complex and largely unconstrained processes.

The near-complete cessation of HCI1 gas uptake on the tephrite glass above 600 °C noticed
by Ayris et al. (2014) may relate to condensation of adjacent =Si—OH groups on the glass
surface to =Si—O-Si= groups, thus forming a silica-like surface layer which impedes ion
diffusion in and out of the glass (Schaeffer et al. 1986). As shown elsewhere for other glass
types, the onset temperature at which glass network densification via surface dehydroxylation
appears to affect the tephrite and phonolite samples in Ayris’ experiments approximately
coincides with their glass transition temperature (i.e., ~591 and ~637 °C, respectively).

Effect of mixed gas atmospheres

The effect of mixed gases on total gas uptake on aluminosilicate glasses at high
temperatures has received little attention, yet the eruptive gas phase in a volcanic plume is
a cocktail of different species spanning a large range of concentrations. Plume gases are
typically dominated by water vapor and CO, gas and these compounds may interact with
the erupted ash material. While none of the experiments by Ayris et al. (2013, 2014) reported
above involved water vapor, previous dealkalization studies of commercial glass may offer
some useful clues on the effect of a hydrous atmosphere on SO, and HCI gases uptake and
reaction on volcanic glass.

Douglas and Isard (1949) observed that Na,SO, formation on the surface of soda-lime—
silica glass exposed to SO, gas proceeded significantly faster in the presence of water vapor,
although this effect was notable only below 600 °C. This result could indicate that slow O*~
diffusion through the glass network is no longer needed in order to preserve glass electrical
neutrality. For example, diffusion of H* derived from water vapor into the glass can rapidly
compensate loss of Na* ion, to accomplish charge balance. Similarly, Sung et al. (2009)
highlighted the role of water vapor in considerably enhancing the uptake of HCI gas (and the
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16 Delmelle et al.

outflux of Ng) on a soda-lime-silica glass treated at 550 °C. The authors attributed such an
effect to inhibition of glass dehydration at high water vapor concentration. In a dry atmosphere,
Na* replacement by H* (or H;0") is normally followed by dehydration and compaction of the
silicate network according to (Sung et al. 2009):

2HCl, + 2=Si-ONa = 2NaCl, + 2=Si-OH (52)

and

2=Si-OH = =Si-0-Si= + H,0, (5b)

However, when water vapor is present, the dehydration will be inhibited and compaction will
not take place:

HzO(g) + HCl(g) + ESi—OI\IEl. # NaCl(S) + ESI—OI_I + HzO(g) (SC)

Taken together, these observations imply that uptake and reaction of SO, and HCI gases on
glassy ash in an eruption plume may be favored by the presence of abundant water vapor,
although its specific influence on alkali versus alkaline earth cation diffusion in glasses must
still be assessed.

Ayris et al. (2013) showed that CaSO, is the dominant surface product in SO,-volcanic
glass reactions above 600°C, while Ayris et al. (2014) demonstrated that in HCl-volcanic
glass reactions NaCl is the major surface product. In these single-gas systems, other sulfate or
chloride salts were only minor constituents of the final surface composition. Therefore, SO,
and HCl gases in eruption plumes would not be expected to significantly compete for cations
in an ash particle. Approximately 1:1 molar ratios of Ca:SO,4 and Na:Cl in ultrapure water
leachates of natural ash may support the dominance of these cations and anions in the form
of CaSO, and NaCl on ash surfaces (Rose et al. 1973; Rose 1977; Smith et al. 1983; de Hoog
et al. 2001). Being a weaker Lewis acid (Wagqif et al. 1992), CO, is also unlikely to alter SO,
capture by ash, despite a greater concentration of the former gas in the eruptive gas phase.
There is also no evidence in the scientific literature of calcium carbonate formation on ash.
This leads us to speculate that mixed SO,-HCI gases in the hot core of eruption plumes would
be taken up at the rates predicted by single-gas experiments.

Finally, HF gas may be present in eruption plumes involving fluorine-rich magmas,
although typically in lower abundance (<0.5 mol%) than SO, and HCl gases. It is well known
that in the presence of water vapor, HF gas readily reacts with silica surfaces and that there is
a dynamic balance between water, HF and hexafluorosilicic acid (H,SiF) according to (e.g.,
Holmes and Snell 1966; van der Heide et al. 1989):
ol

$i0,, + 6HF, = H,SiF,, +2H,0,, (6a)

H,SiF;,,, = SiF,,, +2HF, (6b)

Studies on HF )-ash interactions are scarce in large part due to the danger of working with this
gas. Oskarsson (1980) exposed pre-washed ash from Hekla volcano, Iceland, to a boiling HF-
H,0 mixture at temperatures from 150 to 1100 °C. Analyses of the treated ash showed evidence
of calcium hexafluorosilicate (CaSiFy) and calcium fluoride (CaF,) formed predominantly
below and above ~600-700 °C, respectively. It was also proposed that sodium fluoride (NaF)
is produced by HF-ash reaction. Future experimental work will have an important role to play
in assessing potential competition between SO,, HCI and HF in forming alkali- and alkaline
earth-bearing reaction products on ash surfaces in eruption plumes.
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MODELING THE UPTAKE OF SULFUR DIOXIDE AND
HYDROGEN CHLORIDE GASES ON VOLCANIC ASH

Constraints on Ca and Na diffusion

As discussed above, there is strong compelling evidence that it is a diffusive transport
process supplying mass to drive salt (i.e., mainly CaSO, and NaCl) growth on glass surfaces
exposed to SO, or HCI gas. Ash from large explosive eruptions is often dominated by the glassy
constituent, and if ash is approximated as spherical particles with a given radius R, then the
kinetics of this process scale with the characteristic Fickian diffusion time A, = R?/D, where
D is the diffusion coefficient (or “diffusivity”’) of the species in question (e.g., Crank 1975).
In volcanic ash, D is typically strongly dependent on temperature and weakly dependent on
the absolute local amount of the diffusing species (Zhang and Ni 2010). Additionally, volcanic
ash is typically polydisperse in size distribution such that bulk scaling of the diffusion kinetics
would require, R?/R? using in place of R in computing A, (where R” is the nth moment of the
particle size distribution). Fick’s diffusion in spherical coordinates is:

oc 1o, oC
S Y ep=
or ar(r or j )

where C is the concentration of a given cation, ¢ is the time, and r is the radial position in the
ash particle from the center (Crank 1975). If D as a function of the local value of C is known,
a full numerical solution to Equation (7) gives the spatial variation of C(%), which can be
used to directly predict the amount of gas that is taken up by ash per unit time, assuming it is
directly proportional to the amount of the relevant cations that can be supplied to the surface
by diffusion (i.e., that the uptake is diffusion limited).

Ayris et al. (2013) used an analytical approximation of a full solution to Fick’s diffusion
equation (Eqn. 7) i ich they made the simplifying assumption that D was only dependent
on temperature (), der to demonstrate that D for Ca supply to rhyolitic ash surfaces
could be parameterized using isothermal experimental time-series data (60—3600s exposures
of rhyolitic glass particles to SO,-helium atmospheres at 800°C). They accounted for
polydispersivity of the ash size distribution by using a weighted sum of the contribution of
each size class of particle. In doing so, they recovered a D value broadly consistent with
Mungall et al. (1999) who measured D(T) directly by diffusion-couple experiments. In both
cases, the form of D(7T) is Arrhenius and given by:

D(T)-=D, exp(-%j ®)

where D, is a reference diffusivity and o is a referencgt==~yperature. As a quantitative example,
Mungall et al. (1999) found that D,=2.54x 10~ m?s @l a=29830K for Ca diffusivity in a
rhyolitic glass, and Zhang et al. (2010) found good agreeme=+Across a range of published data
for Na diffusion in rhyolites using D,=1.34x 10" 5m?s~! ‘@> =10210K. In both cases, the
dependence of D on concentration is neglected. Given that the direct experimental evidence
suggests that up to ~50% of the bulk Ca can be fed to ash particle surfaces by this diffusive
process in the early high temperature region of large eruption plumes, the additional dependence
of D on the local concentration of each cation may be important, and would require a different
functional form in place of Equation (8).

These constraints are especially valid in the high temperature regime where D values are
calibrated. Dingwell (1990) proposed that there is a high temperature regime in which the
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diffusivity of the O% ions in the silicate structure, as approximated by the Eyring equation,
can be used as a measure of bulk network mobility. The Eyring equation is expressed as

te-g-Glasstene-et-al1941H):
D=KT /(In) 9)

where k is Boltzmann’s constant, p is the liquid viscosity, and / is the effective jump distance
of oxygen atoms in the silicate structure (Glasstone et al. 1941; Dingwell 1990). Thus, in the
high temperature regime (where viscosity is reduced), the diffusivity of cations such as Ca>*
and Na* are coupled to the diffusivity of O%>~ ions en, the silicate structure. However, at lower
temperatures, this relationship breaks and the diffusivity of the alkali and alkaline earth ions
and that of O%" ions are entirely decoupled (Dingwell 1990). These two regimes were referred
to as intrinsic and extrinsic, respectively. The switch from the intrinsic to the extrinsic regime
would therefore be predicted to occur during cooling in the plume, and would involve a shift
in the activation energy for diffusive mass supply of cations to the ash surface.

This concept is illustrated in Figure 8, which shows the continuous curve for the Eyring
diffusivity as calculated using Equation (9) and assuming /~0.5 nm, consistent with the jump
distance of oxygen in silicate melts (/ has been found to be approximately constant across
a large range of visocity and temperature) (Dingwell 1990). The normalization used in the
Eyring equation implies that the diffusivity of a given species is limited by the mobility of the
whole structural network, in this case represented by the viscosity. Early work suggested that
the mobility of the network is in turn limited by the self-diffusivity of O*~ ions (e.g., Shimizu
and Kushiro 1984). The results presented in Figure 8 effectively support the idea that oxygen
reorganization, through glass network diffusion, is possible on the timescale of Ca mobility in
the high temperature regime where melt viscosities are sufficiently low. This high temperature
regime is only relevant in the proximal core of large eruption plumes.
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Figure 8. Diffusivity of Ca as a function of liquid viscosity using data from Mungall et al. (1999), Watkins
et al. (2009) and Ayris et al. (2013). The solution of the Eyring diffusivity equation (see Eqn. 9 in the text) is
calculated assummg a value of O 5nm for the ]ump distance / of oxygen in silicate melts (Dingwell; 1990).
4 band-rep h en+. In the case of Mungall et al. (1999) and Watkins et al.
(2009), the l1qu1d viscosity was elther d1rectly meaﬂured or quoted in the work originitating in the data. Liquid
viscosity for the Ayris et al. (2013) data point was calculated using the model of Hess and Dingwell (1996) and
the 800°C experimental temperature. The regimes of intrinsic diffusion (in the high temperature regime, low
viscosity) and extrinsic diffusion (at lower temperature, higher viscosity) are labelled after Dingwell (1990).
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The successful use of gas uptake experiments to invert for the value of D at a given
temperature (e.g., Ayris et al. 2013, 2014) suggests that published D(T) relationships, such as the
examples given above, can be used to predict the timescales of diffusion in ash during dynamic
cooling. Significantly, these findings also show that the rapid reactions at high temperature
dominate, which in turn means that the total gas uptake can be predicted quantitatively.

Application to eruption plumes

As inferred from the work of Ayris et al. (2013, 2014), the total amount of SO, and HCI
gases potentially removed by direct uptake on ash in explosive eruption plumes will depend
on the ash composition and the duration over which the gas—ash mixture is sustained within
the high temperature window (600-800°C for SO,, 400-600 °C for HCI) at which efficient
adsorption occurs. Numerical models (e.g., Suzuki et al. 2005; Suzuki and Koyaguchi 2012)
provide insight into the complex thermal regime of ash-laden eruption plumes as controlled
by magma temperature and discharge rate, erupted magma volume, vent radius, and air
entrainment by turbulent mixing. In the subterranean volcanic conduit, the gas—ash mixture
produced by magma fragmentation may be sustained at temperatures >600°C for seconds
to minutes depending on the fragmentation depth and the post-fragmentation acceleration of
the mixture (Ayris et al. 2013). Similar durations of exposure of the gas—ash mixture to high
temperatures may occur in the subaerial volcanic plume (see section: Temperature), while the
hot central core is insulated from the surrounding atmosphere (Ayris et al. 2014).

Adopting these time constraints, as well as the diffusion coefficient values (D for Ca and Na)
at various temperatures determined for given glass compositions (i.e., tephrite, phonolite, dacite,
rhyolite), the potential in-conduit/plume SO, and HCI uptake on glassy ash at high temperatures
can be computed for different ash composition and gas:ash ratio scenarios. Taking the historical
eruptions of Tambora in 1815 (30-45km? erupted magma) and Krakatoa in 1883 (10-20km?
erupted magma) as examples, Ayris et al. (2013) concluded that SO, gas uptake on ash during
ascent through a conduit of 1000-2000 and 4000-5000 m may scavenge up to 7 and 45% of
the total SO, emitted, respectively. Using a similar approach and accounting for the potential
influence of a hydrous atmosphere on HCI gas uptake, Ayris et al. (2014) predicted that HCI
removal by ash is probably negligible in small explosive eruptions, but is likely to be orders of
magnitude greater in large explosive eruptions. For example, for a large eruption comparable to
that of Tambora in 1815, phonolitic ash could scavenge 100% (94 Tg) of the total HCI emitted.

While additional work is needed to assess the impact of the presence of other volatiles in
the eruptive gas phase (see section: Effect of Mixed Gas Atmospheres) and of ash crystallinity
on the SO, and HCI uptake efficiency, these model assessments of the extent of SO, and HCI
gas reactions with ash across various eruption scenarios serve to illustrate that high temperature
gas—ash interactions can potentially induce a significant reduction in the amount of volcanic
sulfur and chlorine ultimately injected into the stratosphere.

SUMMARY AND CONCLUSIONS

An explosive volcanic eruption plume, being comprised of gases, ash particles and
liquid aerosols under dynamic physical, chemical and thermal conditions, provides ample
opportunities for a variety of heterogeneous reactions. In particular, reactions between the
gas and ash components within the short-lived hot core of the eruption plume are of interest
as these may partly dictate the fate of environmentally relevant magmatic volatiles such as
sulfur and chlorine, as well as impart a distinct surface reactivity to the ash material that will
subsequently be transported in the atmosphere and ultimately deposited to terrestrial or aquatic
environments. For instance, the scavenging of SO, and HCI gases by ash surfaces may have
important atmospheric and climate implications, reducing the availability of these gases for
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secondary processes such as the formation of sulfate aerosols and the catalytic destruction
of ozone (Stolarski and Cicerone 1974; Robock 2000; Cadoux et al. 2015). Moreover, upon
deposition to land or water, the products of high temperature gas—ash reactions can have
beneficial or detrimental impacts on living and non-living systems. Sulfate and halide salts
may be readily mobilized from ash surfaces into the surroundings, for example bringing a fresh
supply of nutrients to soils and plants or potentially contaminating soil and water resources,
with risk to animals and humans (Ayris and Delmelle 2012, and references therein).

The hot core of an eruption plume is inaccessible to direct study but new laboratory
experiments, in which a range of chemical and thermal conditions relevant to eruption plumes
can be simulated, are improving our understanding of high temperature gas—ash interactions
(Ayris et al. 2013, 2014; Renggli and King 2018, this volume). Notably, these investigations
show that SO, gas reacts with powdered aluminosilicate glasses (used as proxies for volcanic
ash) most efficiently at temperatures of 600-800 °C to form CaSO, deposits. Sodium sulfate
may also form but in minor amounts and below 600°C. In the case of HCI gas, significant
uptake on the glass material occurs at lower temperatures of 400-600°C and results in the
formation of NaCl deposits. In contrast to SO,, negligible HC1 uptake on silica-rich glass
compositions highlights a strong compositional dependence.

The precise high temperature reaction mechanism leading to irreversible SO, gas
uptake on aluminosilicate glass surfaces is not yet fully elucidated, but chemisorption of SO,
probably occurs at basic surface sites presented by alkali and alkaline earth oxide groups. On
the other hand, counter-diffusion of Ca and electron holes within the glass probably drives
the growth of CaSO, crystals, sometimes accompanied by Na,SO, formation, although the
possibility of outward migration of O?~ as an alternative charge-balancing mechanism cannot
be dismissed. By the same tenet, interdiffuston, of H* from HCl gas into the glass and Na*
from the glass bulk to its surface controls NaCl deposition in the HCI experiments, although
further investigations are needed to understand the contrasting reactivities of different glass
compositions, and relatedly, to unravel the reaction pathways leading to HCI gas chemisorption
on aluminosilicate glass surfaces.

Using experimental data on SO, and HCI gas uptake on volcanic glasses, the values of
D for Ca and Na at a given temperature can be computed. Combining these values (and more
generally, published D(T) relationships) with numerical models simulating the thermal regimes
experienced by a gas—ash mixture under various eruption scenarios; one can quantitatively
predict the timescales of diffusion in glassy ash during dynamic cooling and, thereby, the
total gas uptake resulting from high temperature heterogeneous reactions in the plume. Such
an approach suggests that negligible amounts to up to half of the SO, or all of the HCI gas
emitted may be removed by glassy ash in the hot plume core. These findings emphasize
that gas—ash reactions at high temperatures is an important mechanism for volcanic gas
scavenging. Relatedly, they suggest an additional origin of the poorly described salt deposits
on ash surfaces, apart from the traditional view that such salts precipitate at low temperatare
following dissolution of ash surface constituents by a low-pH aqueous film.

Assessment of the importance of high temperature gas—ash interactions to volcanic sulfur
and halogen budgets will only improve with additional experimental and modeling studies. New
studies will shed light on the mechanisms, and the conditions under which they operate, effecting
charge balance for an outward diffusive flux of cations in an aluminosilicate glass exposed to
SO,. Moreover, there is a need for unravelling the influence of other potentially reactive gas
species commonly found in volcanic eruption plumes, such as H,O, H,S and HF, on the reactions
between ash particles and SO, and HCI gases and on the formation of secondary compounds on
ash surfaces. Future research has an important role to play in further elucidating the underlying
controls on and mechanisms of gas—ash reactions, and in better representing such reactions among
the complexities of particle, gas and temperature dynamics within explosive eruption plumes.
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