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Resumé

Les émissions volcaniques sont une source importante de polluants atmosphériques,
notamment le soufre. Le soufre volcanique est oxydé et forme des aérosols sulfatés
secondaires qui diffusent le rayonnement solaire incident, influencant significativement
le climat, comme Tillustre le refroidissement global de la surface observé aprées de
trés grandes éruptions volcaniques. Les émissions de soufre volcanique dans la
troposphére ne peuvent influencer le climat qu’ a une échelle limitée, principalement
a I'échelle locale et régionale. Néanmoins, les sulfates volcaniques troposphériques
sont importants pour les dépbts acides et ont des effets néfastes sur la santé humaine.
De grandes incertitudes subsistent en ce qui concerne le cycle troposphérique du
soufre volcanique, en particulier son oxydation et sa conversion en aérosols sulfatés
dans les panaches volcaniques. De plus, des observations récentes montrent que les
panaches volcaniques peuvent aussi contenir de grandes quantités d’halogénes réactifs
qui détruisent I'ozone et affectent le budget des oxydants atmosphériques. Jusqu’a
présent, le role des halogenes volcaniques dans la chimie du panache volcanique (y
compris I'oxydation du soufre) a tendance a étre ignoré.

Le but de ce travail est d’étudier I'oxydation du soufre dans une large gamme
de panaches volcaniques et l'influence des halogénes volcaniques sur la chimie du
panache. Parallélement, il explore également la maniére dont la composition isotopique
en oxygéne du sulfate volcanique, a savoir I'excés de 17O (A'70), peut servir de
traceurs des processus d’oxydation et les contraintes qu’elle peut fournir sur les voies
d’oxydation du soufre. Contrairement a la plupart des sulfates troposphériques, les
sulfates recueillis sur les cendres volcaniques d’origine troposphériques ont tendance
a étre caractérisés par un manque ou absence danomalie isotopique (A'70). Cette
caractéristique inhabituelle indique que le soufre volcanique peut étre sujet a une
dynamique d’oxydation particuliére. Dans ce travail, le traitement du soufre volcanique
est étudié a I'aide d’'un modéle de boite photochimique (CiTTyCAT), qui contient des
descriptions de la chimie hétérogéne du soufre et des halogénes sur des phases riches
en eau liquide et des aérosols sulfatés. Le schéma chimique est couplé a un schéma
de transfert d’'isotopes de I'oxygéne, permettant de suivre I'évolution du A'7O du sulfate
volcanique

Les résultats de modélisation suggérent qu’en présence de gouttelettes d’eau et
de cendres, I'oxydation du soufre dans les panaches volcaniques est principalement
due a l'oxydation en phase aqueuse par O, catalysée par les ions de métaux de
transition (TMI). Les émissions d’halogénes favorisent davantage la dominance de
O, /TMI en induisant des événements d’appauvrissement d’'ozone (ODE) et en rendant
I'oxydation aqueuse par H,O, et celle gazeuse par OH encore moins significatives. Il
en résulte un sulfate volcanique avec de faibles valeurs de A'70O. En l'absence de
gouttelettes d’eau, la chimie du panache est en grande partie déterminée par la chimie
hétérogene sur les aérosols primaires sulfatés. Les oxydants dominants du soufre dans
ces panaches volcaniques sont le OH et le H>O,; leurs contributions respectives a
I'oxydation dépendent de la charge en halogenes volcaniques. Le taux d’oxydation du
soufre est fortement réduit par rapport aux panaches volcaniques contenant des gout-
telettes d’eau. Les valeurs de A'7O des sulfates produits en I'absence des gouttelettes
deau sont élevées, contrairement aux mesures isotopiques des sulfates recueillis sur
les cendres volcaniques tropoériques. Les résultats démontrent que les isotopes de
'oxygéne dans les sulfates fournissent de fortes contraintes sur le bilan chimique du
soufre dans les panaches volcaniques et sur le réle des halogénes volcaniques.






Abstract

Volcanic emissions are an important source of atmospheric pollutants, notably sulphur.
Volcanic sulphur is oxidised and forms secondary sulphate aerosols which backscatter
incoming solar radiation towards space, thus influencing significantly the climate, as
observed during global surface cooling occurring after very large volcanic eruptions.
Volcanic sulphur emissions in the troposphere can only influence the climate on a
limited scale, mostly on local and regional extents. Nonetheless, tropospheric volcanic
sulphates are important for acid deposition, for sulphur pollution events, vog formation,
and hazardous effects on human health. Large uncertainties are still pertaining to the
tropospheric cycle of volcanic sulphur, in particular its oxidation and conversion into
sulphate aerosols within volcanic plumes. In addition, recent observations show that
volcanic plumes can also contain large amounts of reactive halogens that destroy ozone
and affect the budget of atmospheric oxidants. So far, the role of volcanic halogens in
volcanic plume chemistry tends to be ignored.

The purpose of the present work is to investigate sulphur oxidation taking place
within a wide range of volcanic plumes and the influence of volcanic halogens on plume
chemistry. In parallel, it also explores the way the oxygen isotopic composition of
volcanic sulphate, namely the 17O-excess (A'70), can serve as tracers of oxidation
processes, hence providing constraints on sulphur oxidation pathways. In contrast to
most sulphates of tropospheric origins, tropospheric volcanic sulphates collected from
volcanic ash-deposits are mostly characterised by a lack of 17O-excess (A'70). This
unusual feature indicates that volcanic sulphur may be subject to peculiar oxidation
dynamics. In this work, volcanic sulphur processing is investigated with the aid of
a photochemical box-model (CiTTyCAT), which contains descriptions of sulphur and
halogens heterogeneous chemistry on liquid water-rich phases and sulphuric acid
aerosols. The chemical scheme is coupled to an oxygen isotope transfer scheme,
monitoring the evolution of volcanic sulphate A70.

Main results from modelling suggest that, in presence of water droplets and halo-
gens, sulphur oxidation is driven by the aqueous phase oxidation by O, catalysed
by transition metal ions (TMI). In particular, halogens emissions can induce ozone
depletion events (ODEs), making the aqueous oxidation by H-O, and the gas phase
oxidation by OH negligible. Resulting produced sulphate have low A'7O values, in con-
sistence with isotopic measurements on sulphate extracted from tropospheric volcanic
ash. In absence of water droplets, sulphur oxidation is largely driven by heterogeneous
chemistry on primary sulphate aerosols. Notably, ozone depletion events occur fast,
and the rate of sulphur oxidation is severely reduced. In this case, sulphur oxidation
is due to heterogeneous oxidation by OH and H,O.. It is also inversely correlated to
halogens loading, suggesting prolonged sulphur atmospheric lifetime in occurrence of
halogens activation. In volcanic plumes made of sulphate aerosols, A'7O of produced
sulphate are high, in contrast with isotopic measurements conducted on tropospheric
volcanic ash. These results demonstrate that sulphates oxygen isotopes provide strong
constraints on the chemical budget of sulphur within volcanic plumes, and on the role of
volcanic halogens on plume chemistry.
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CHAPTER 1

Introduction

1 Background

Volcanoes have been an integral part of the Earth’s geological evolution through-
out different eras. Since the formation of the planet, a significant fraction of
atmospheric gases has originated from volcanic degassing, whereas submarine
volcanic activity has been responsible for mineral dissolution within seawater
(Oppenheimer et al., 2013). Volcanism contributes significantly, indeed, to the
essential exchange of elements from the mantle to the atmosphere and the
hydrosphere of the Earth (Robock, 2000; Gaillard et al., 2011; Kasting et al.,
2012).

In the mantle, chemical elements are stored in vast amounts below crustal
level in the form of melts and minerals. The most mobile elements are eas-
ily removed from mantle crystals during partial melting, generating magmas.
These silicate liquids (magmas) can further transfer chemical compounds to the
Earth’s surface via volcanism. Notably, during degassing magmas and lavas can
release chemical species as volatile gases. At the same time, a large part of
volcanic activity is submarine in nature (mid-oceanic ridges, representing 60-80
thousands of km of volcanic chains at the ocean floors) and therefore quite
poorly constrained (Oppenheimer et al., 2013). Via deep sea vents volcanic
activity exchanges chemicals with seawater, where biological activity started
to flourish thanks to the chemical activity of simple carbon compounds and to
warmer temperatures (possibly in proximity of hydrothermal vents) (Kelley et al.,
2002). Since volcanism is also linked to the evolution of primordial oceans, the
impacts of volcanic activity on the history of the Earth, or its ongoing influence on
the atmosphere and climate, should not be downplayed (Mather, 2008; Duggen
et al., 2009; Ayris and Delmelle, 2012a).



Nowadays it is rather challenging to quantify the actual impacts of volcanic
emissions. Because of the complex mix of volcanic gases, the chemistry occur-
ring in volcanic plumes is expected to be very complicated and different from
the chemistry of the the background atmosphere (Mather, 2008). In addition,
the mix of hazardous events and hostile conditions generally found in proxim-
ity of volcanic vents makes it difficult to experimentally probe the atmospheric
chemistry associated with the release of volcanic gases. As a consequence, the
degree of knowledge pertaining to the physico-chemical transformations in the
atmosphere, and ultimately the fate of volcanic emissions, is still fairly limited.

A deeper understanding of the climatic impacts of volcanic activity has been
maturing during the last decades, especially through the multiple investigations
conducted after the eruption of Mount Pinatubo in 1991 (McCormick et al.,
1995; Robock, 2013). At the same time, there are still large uncertainties
on the extensive impacts on the atmosphere of present day emissions, or of
eruptions from the past. The Intergovernmental Panel on Climate Change
(IPCC) recognises that explosive volcanic events provide significant amounts of
chemically active gases and particles to the atmosphere (Stocker et al., 2013).
It is, therefore, recognised that violent explosive eruptions have had transient
effects on global climate, and that certainly massive eruptions have acted as
drivers for precedent climatic shifts. Nowadays, however, many trace gases
emitted in the atmosphere are of anthropogenic origin. Consequently, in an
atmosphere so highly perturbed by human activities it is rather difficult to discern
the present imprint of volcanic emissions.

In the past, most of the scientific investigations on the impacts of volcanic
activity on the atmosphere and climate have focused on the fate of volcanic
emissions in the stratosphere, whereas their fate in the troposphere has been
slightly overlooked. Nowadays there is growing evidence showing that passive
volcanic degassing and small eruptions can influence on a large scale the
budgets of tropospheric sulphate aerosol (Textor et al., 2004; Mather, 2008). At
the same time, tropospheric volcanic emissions can also impact the life of human
beings, since they can be a significant source of sulphur pollutants (Mather et al.,
2003). Volcanic gases, indeed, can induce hazardous health effects that can
influence lives of populations living in proximity of volcanic systems (Durand
and Grattan, 2001; Longo, 2013). Finally, injection of ashes and tephra in the
atmosphere as a result of explosive events can have larger economic impacts
by significantly altering air traffic (Oxford Economics, 2010; Mazzocchi et al.,
2010), crops yield and vegetation (Ayris and Delmelle, 2012b).

In order to assess the tropospheric impacts of volcanism it is necessary to
understand the physico-chemical processes driving the atmospheric fate of vol-
canic emissions. Notably, further investigations are needed to constrain the fate
of sulphur and halogen compounds, which are released in high concentrations
during both explosive eruptions and degassing activity. In particular, sulphur
emissions are of crucial interest to the regulation of the Earth’s system, since
they can induce several effects on the atmosphere, having also an influence



on climate. It is becoming clearer that volcanic activity and injection of large
amounts of sulphur in the atmosphere have multiple effects on climate, both
on global and regional scales. There are several sources of information on
the chemistry of volcanic plumes, typically measurements and models (Mather
et al., 2003; von Glasow, 2010). Modelling, especially, can provide an use-
ful tool for the study of atmospheric reactions undergoing in volcanic plumes
(Roberts et al., 2009; Bobrowski and Platt, 2007; von Glasow and Crutzen,
2013). Computational models, indeed, enable to trace the expected of atmo-
spheric physico-chemical processing which are difficult to probe experimentally.
Meanwhile, fractionation of stable isotopes can provide significant clues to the
determination of the atmospheric pathways of species oxidation (Harris et al.,
2012b,c). Consequently, a chemical model providing isotopic compositions of its
atmospheric species has the potential to be better validated.

2 Volcanic emissions

Within the extent of global natural emissions, volcanic activity is responsible for
the injection of considerable amounts of sulphur in the atmosphere (Robock,
2000; Stevenson et al., 2003a). Before industrial times, volcanoes could ac-
counted for 20 to 47 % of the natural sulphur annual flux to the atmosphere
(Andres and Kasgnoc, 1998; Stocker et al., 2013). Nowadays, however, most
atmospheric sulphur emissions are dominated by anthropogenic activity. Since
the advent of the industrial revolution volcanic contribution to the annual sulphur
flux of the atmosphere corresponds to roughly 10% of total atmospheric sulphur
emissions (Stevenson et al., 2003a), with anthropogenic emissions being the
bulk of the atmospheric sulphur flux and accounting for 70% of total sulphur
emissions (Smith et al., 2011). On the other hand, because of the relatively
remote locations and altitudes of most volcanoes, volcanic sulphur remains still
the biggest source of sulphates in the middle and high troposphere (Chin and
Jacob, 1996; Stevenson et al., 2003a).

Volcanoes cycle between different stages of activity, mostly divided among
effusive and erupting stages. Generally, erupting phases or events alternate
with passive degassing periods, although time intervals between different stages
might be rather long. To make an example for different styles of degassing,
nowadays it is possible to observe:

e explosive and effusive eruptions for Mayon in the Philippines and Acate-
nango in Guatemala;

e persistent degassing for Mt. Erebus in Antarctica and Masaya in Nicaragua.

The main gases injected in the atmosphere via volcanic activity are H,O
and COo, followed by lower but significant concentrations of SO», H»S, various
halogen species (Br, Cl and F compounds), and mercury (Hg) (Textor et al.,



Specie  vol, % Mt-year—!

H>O 50-90 -
CO2 1-40 75
SOz 1-25 1.5-50
H>S 1-10 1-2.8

COS 107%*10"2 0.006-0.1
CS, 107*10"2 0.007-0.096

HCI 1-10 0.4-11
HBr - 0.0078-0.1
HF <1073 0.06-6

Table 1.1: The table shows budget estimations for gas species released by
volcanic activity. The relaticve fluxes have been computated using a general
circulation model (AGCM). Credits: (Textor et al., 2004).

2004). The mean composition of volcanic emissions and the respective atmo-
spheric annual mass fluxes are summarised in Table:1.1. Chemical speciation of
volcanic gases emissions is not the same for different volcanic systems (Textor
et al., 2004). The geodynamics leading to magma production determine the
composition of volatiles and minerals entrapped in magmas, and volcanic gases
speciation depends highly on the geological processes responsible for magma
production. Notably, melts chemical composition depends largely on volcanoes
location among the tectonic plates of the planet, in particular regarding halogen
versus sulphur contents of magmas and emissions. As example, the geology
of subducting plates can be significantly influenced by oceanic fluids. For in-
stance, during oceanic crust generation and evolution, hydrated halogens-rich
minerals form because hydrothermal activity induces hydration of the oceanic
lithosphere. As fluids are gradually released from the subducting lithospere
(subduction fluids), they are transferred to the overlying mantle wedge which
gets hydrated (formation of hydrated and halogen rich minerals). The interaction
between fluids and the mantle (metasomatism) leads to a decrease in melting
temperature for the mantle wedge, hence generating magmas as a result of
the partial melting of the mantle. At this stage, all mobile elements, such as
halogens, are transferred to magmas, which might finally rise up to the planet
surface. As a result, magma composition of volcanoes along volcanic arcs
(chain of volcanoes typical of subduction zones) is highly enriched in halogens,
notably because of the entrapment of sea-water during subduction (Straub and
Layne, 2003; Aiuppa et al., 2009).

From an atmospheric perspective, sulphur species are the volcanic gases
responsible for most of the climatic impacts linked to volcanic emissions (Robock,
2000). In particular, sulphur atmospheric emissions lead to formation of con-
siderable amounts of sulphate aerosols which can absorb and scatter solar
radiation, hence affecting radiative properties of the atmosphere (Haywood and



Boucher, 2000; Carslaw et al., 2009). The two main mechanisms leading to sul-
phate aerosols formation are gas to particle conversion of precursor compounds
(mainly SO, HoS and OCS), and condensation of sulphate and solids directly
emitted from volcanic vents (Allen et al., 2002).

Sulphur is oxidised in the atmosphere via multiple reaction channels via
both aqueous phase and gas phase reactions. The atmospheric oxidation of
SO is responsible for the production of secondary sulphates, which can easily
condense to form new sulphate aerosols thanks to their large hygroscopicity
(Seinfeld and Pandis, 2016). As a consequence, there is much interest in
understanding and in assessing the fate and magnitude of volcanic sulphur
emissions, with the purpose to size volcanic sulphate production for different
volcanic systems.

In addition to sulphur, volcanic emissions contain other reactive gases which
can undergo multi-phase chemistry in the troposphere, notably halogens (e.g.
chlorine, bromine, iodine). Halogens can be converted into radicals in the gas
phase, leading for instance to ozone depletion events (Roberts et al., 2009; von
Glasow, 2010; Vance et al., 2010; Boichu et al., 2011), which might influence
sulphur oxidation in volcanic plumes (Cadoux et al., 2015). Therefore, because
of their atmospheric reactivity the potential impact of halogens on the chemistry
of volcanic plumes should not be underestimated.

2.1 Volcanic sulphur degassing

Persistent degassing is the largest source if volcanic gases into the atmo-
sphere, notably volcanic sulphur. Time averaged results from modelling simula-
tions somewhat estimate a large flux of volcanic sulphur to the atmosphere, of
about 14 Tg - year—! (Graf et al., 1997). On the other hand spectrometer data
(COSPEC) measurements suggest an annual volcanic sulphur flux to the atmo-
sphere of of roughly 10.5 Tg - year~!. The contribution of sporadically explosive
eruptions to the total volcanic sulphur budget is significantly low compared
to persistent degassing, accounting for only 1% of annual volcanic emissions
(Andres and Kasgnoc, 1998).

It is worth noticing, however, the disproportion between volcanic sulphur
emissions to the atmosphere (i.e. ~10% of total sulphur emissions), and the
contribution of volcanic sulphate to the total atmospheric sulphate burden. Global
models, indeed, suggest that volcanic sulphate aerosols contribute for as high
as 18% to the total column of sulphate in the atmosphere (Chin et al., 1996).
It is estimated that volcanic sulphate aerosols could be more easily produced
in the atmosphere (Graf et al., 1997), and that since most volcanic emissions
are released in the free troposphere where deposition processes are inhibited
compared to the boundary layer, volcanic sulphate has a longer atmospheric
residence time (Stevenson et al., 2003a). Therefore, persistent degassing
constitutes an important source of sulphur in the free atmosphere (Mather,
2008).



The main sulphur compounds among volcanic emissions are respectively
SO, and HaS (Textor et al., 2004). The ratio of H>S/SO. is defined as the redox
ratio, a parameter proportional to multiple thermodynamical variables, such
as: temperature, oxygen fugacity, pressure and water mole fraction of melts.
Generally, the redox ratio increases with pressure, lower temperatures and lower
oxygen fugacity (Wallace, 2001; Oppenheimer et al., 2013). As a consequence,
depending on the stage of eruption and of magma release, the SO2/H>S ratio
can also change over single eruptive events.

In silica melts the prevailing sulphur species are S2~ and SO2~, which
differentiate in the gas phase through a complex mix of redox reactions. As a
result, the ratio of sulphide and sulphate minerals in volcanic melts can be used
to estimate the ratio of sulphur gases that might be released in the gas phase
(Oppenheimer et al., 2013). Experimental measurements indicate that large
amounts of SO, are frequently emitted in relation to high temperature volcanic
emissions, while large HoS concentrations are an indicator of hydrothermal
contribution to volcanic gases generation, being also related to low temperature
vents degassing (Oppenheimer et al., 2013).

Primary and secondary sulphate emissions

Most of volcanic sulphates are formed in the gas phase as a consequence of
SO, processing in the atmosphere. However, multiple gas phase reactions can
occur within the time gases are released from the crater rim and the time they
reach the volcanic vent.

At such elevated temperatures (=~ 600-1000°C) a portion of sulphur trace
gases can be oxidised to form H,SO4 (Gerlach, 2004; Roberts et al., 2009; von
Glasow, 2010), producing sulphate particles that can be emitted directly from
volcanic vents. These highly acidic sulphate aerosols can constitute the bulk
of volcanic aerosol emissions in proximity of volcanic vents (Allen et al., 2002),
and they are defined as “primary sulphates” (Mather et al., 2004a,b). From
the moment the plume is released in the atmosphere, in-plume heterogeneous
chemistry can be activated, inducing sustained SO, oxidation in the plume.
Sulphate produced by in-plume chemical processing is defined as "secondary
sulphate”, and it constitutes the bulk of volcanic sulphates aerosols measured far
from volcanic sites. In proximity of volcanic vents, indeed, HoSO4/SO> ratios are
rather low and within the order of 1% (Allen et al., 2002; Mather et al., 2004a,b).
The small amount of sulphate emitted at the vent confirms that most of in-plume
sulphates should be formed away from volcanic vents by SO, processing in
the atmosphere. In plumes from passive degassing sulphate concentrations
follow diurnal variations, which are most likely caused via SO, oxidation by
OH and H»0O, during daytime (Kroll et al., 2015). Notably, if primary sulphates
were the major source of volcanic sulphates, the concentration of sulphates in
the plume would otherwise remain constant. Since most of volcanic sulphates
are produced once the plume is released by the vent, it is rather crucial to
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Figure 1.1: Volcanic systems develop at different locations among the tectonic
plates. Common examples are: Kuril Islands for island arc volcanoes, Kilauea
for hotspot shield volcanoes, Cerro Negro for continental arc volcanoes, and
Erta’ Ale for continental rift volcanoes. Credits: USGS (©.

understand how environmental conditions promotes the production of sulphates
at different plume conditions. SO, processing is therefore, fundamental for
volcanic sulphate formation.

2.2 Halogen degassing and solid particles emissions
Halogens emissions

The most abundant halogen species among volcanic emissions are respec-
tively: HCI, HF and HBr (Martin et al., 2006; Aiuppa, 2009; Aiuppa et al., 2009).
Bromine and chlorine compounds constitute the bulk of volcanic halogen emis-
sions, and they both have significant impacts on the chemistry of the atmo-
sphere (Parrella et al., 2012; Saiz-Lopez and von Glasow, 2012; von Glasow
and Crutzen, 2013). Recently, multiple studies have been suggesting that the
tropospheric impacts of volcanic halogen emissions could have been overlooked
(Aiuppa et al., 2005a; Grellier et al., 2014; Simpson et al., 2015). In recent
years, indeed, detection of bromine oxide (BrO) in aged volcanic plumes (e.g.
30 minutes after plume ejection) has confirmed that reactive Br compounds are
commonly emitted within volcanic plumes (Bobrowski and Platt, 2007; Bobrowski
et al., 2007), and that quick destruction of ozone can occur during the first stages
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of plume diffusion in the troposphere (Vance et al., 2010; Boichu et al., 2011).
Observed ozone depletion events (ODEs) confirm that volcanic bromine species
react quickly in the gas-phase (Bobrowski et al., 2003; Oppenheimer et al.,
2006) through heterogeneous phase reactions and a combination of halogen
and nitrogen catalytic cycles (von Glasow, 2010).

It has been suggested that in some extent volcanic halogen emissions could
account as a major source of BrO in the free troposphere, hence impacting
significantly the chemical composition of the atmosphere above the boundary
layer (Oppenheimer et al., 2013). Injection of chemically active species in the
free troposphere (or close to the tropopause) is particularly significant at polar
latitudes, where halogen species can accumulate in winter to finally promote
massive ozone destruction in spring (Vance et al., 2010; Saiz-Lopez and von
Glasow, 2012). Radical reactions promoted by halogens species photolysis can
also induce ozone holes in the upper troposphere as observed in occurrence of
the Kasatochi eruption of 2008 (Theys et al., 2009).

The halogen content of volcanic gases, however, varies considerably on the
composition of melts, and on the location of volcanic systems along the plates
of the crust. As release of halogen species from magma controls the input of
ozone depleting species into the atmosphere (Gerlach, 2004; Pyle and Mather,
2009), different volcanic settings can potentially have different impact on the
atmosphere because of the halogen content of their emissions. The different
kind of volcanic settings of the planet are shown in Fig.:1.1 in function to location
on the tectonic plates of the Earth. Halogen rich magmas are usually found in
volcanic arcs (Pyle and Mather, 2009; Aiuppa et al., 2009), while continental rift
and hotspot volcanoes are usually characterised by low contents of halogens
and by high percentages of sulphur emissions. On the other hand, plumes
degassing from rift and hotspot volcanoes tend to have rather low halogen
loadings (Aiuppa et al., 2009; Pyle and Mather, 2009).

Solid particles emissions

The composition of magma is also crucial to the style of eruption, since its volatile
content promotes the production of more or less viscous melts. Magma viscosity
is a function of the silica content, responsible for more or less polymerized
"structures” of melts. Multiple parameters can affect magma viscosity and
polymerization, notably volatile content, the amount of crystals and temperature.
Generally, magma generated by partial melting of the mantle is basaltic in
composition ( 50wt.% SiO). This magma tends to evolve chemically through
different processes (fractional crystallisation, crustal contamination/assimilation,
magma mixing, etc.), and during its differentiation (chemical evolution), it tends
to become more and more SiO»-rich, with contents up to 75wt.% (rhyolitic
composition) for highly differentiated magmas. During most virulent eruptions,
less fragmented magma gas release is combined to injection of solid particles
and other solids in the form of ash, lapilli and bombs.



These solid substrates are potentially important for in-plume chemistry, since
they provide reactive surfaces for heterogeneous reactions. Notably, during
explosive events large quantities of water and coarse particles are emitted. Solid
particles, notably ash, can be scavenged by hydrometeors, providing a reactive
substrate for aqueous phase chemistry (Tabazadeh and Turco, 1993). During
explosive eruptions characterised by high quantities of ash, the heterogeneous
uptake can become a significant pathway of SO» oxidation in erupting plumes
(Mather et al., 2003). On the other hand, in volcanic plumes without condensing
water, also suspended particles and sulphate aerosols can provide reactive
surfaces for the oxidation of volcanic SO, (Eatough et al., 1994; Langmann,
2014). It has been observed, indeed, that during effusive eruptions and passive
degassing some fine silicate particles can also be released from the surface
of magma from bubble breaking, and that some primary sulphate aerosols are
released directly at the vent. Besides, compared to explosive eruptions very few
solid particles are detected in plumes emitted during passive degassing (Martin
et al., 2006), which are mostly ash-free. A schematic representation of the main
processes linked to volcanic activity is reported in Fig.:1.2.

Volcanic ash and rocks contains iron rich minerals, composed in different
compositions by Fe(ll) and Fe(lll) among their crystal structures (Rose et al.,
2006). The total amount of Fe released in solid particles accounts between 1-12
wt% of the total mass of the solid phase. Notably, in magmatic rocks between
1-10 wt% of total solid mass is composed by FeO, while FeoO3 can reach values
as high as 0.5-3 wt% (Rose and Durant, 2009). The most common solid material
ejected during explosive eruptions is glass, which is followed by a mixture of
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