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Abstract

Silicic volcanoes are capable of producing dangerous explosive eruptions and the effusion of
lava and domes. Observations from recent rhyolitic eruptions demonstrated how the transition
between these two end-member behaviours is markedly complex. Fractures, commonly
preserved as tuffisite veins, are transient permeable pathways that allow for the punctuated but
efficient escape of volatiles. They are considered key enablers of degassing but their
interactions with deeper, gas-rich reservoirs and influence on melt chemistry are not fully
understood. Preserved 2!°Pb->*Ra isotope disequilibria, volatile trace element heterogeneity,
and complex vein and breccia textures in volcanic bombs have been previously associated with
gas fluxing within the conduit. In this thesis I utilise both textural and chemical heterogeneity
preserved in samples from the first observed rhyolite eruptions, Chaitén (2008) and Cordon

Caulle (2011-2012), to assess how degassing processes are preserved from the dm to nm scale.

210pp-226Ra isotope and trace element analyses were conducted on ‘mini-bulk’ samples of
tuffisite veins and their respective hosts to understand gas flow through fractures, from deeper
reservoirs. The lack of >!°Pb-?*°Ra disequilibria preserved in veins constrains the upper limit
for the volume of magma that can be degassed by a tuffisite vein during its lifetime. Whilst
trace element enrichments and depletions in veins record preferential gas fluxing (e.g. Li, Cu,
Pb, TI, Bi), results are limiting because tuffisites and breccias, which preserve the fracturing
process, are comprised of clasts that have each undergone differing degrees of degassing. To
further constrain gas fluxing and clasts’ individual histories, electron microprobe and laser
ablation ICP-MS analyses were undertaken across mm to pm-scale textures in samples from

Cordon Caulle. Chemical and textural heterogeneity are strongly linked, depletions of metals



(e.g. Zn, Pb, T1) in veins highlight scavenging by the fluxing volatile phase. Trace element
systematics constrain minute-hour fracture lifespans and show how these increase towards the
surface and with eruption duration. Trace element analyses are analytically limited to the order
of 10s of microns to yield accurate and precise results. But texturally fracturing processes can
be investigated to the nm scale. The study of the interfaces between host and vein material
show how veins exploit pre-existing bubble networks and can infill them with ash. Rheological
weaknesses are exploited to allow cycles of fragmentation, degassing, sintering and healing of
melts. Post-fracture melt compaction highlights how even small veins can degas vesicular

magmas on the cm-scale.

By investigating fracture processes texturally and chemically at differing analytical scales, I
constrain (1) the degree to which fractures and permeable gas reservoirs interact; (2) the
timescales fractures outgas for; and (3) how heterogeneity is preserved as a function of depth
in the conduit and eruption duration. Fractures exploit pre-existing permeable networks at
depth, extracting volatiles on a cm-scale, but not enough magma is degassed to induce 2!°Pb-
226Ra isotope disequilibria in tuffisite veins. The channelling of volatiles from reservoirs
through fractures in the conduit plug results in metal exchange with transported shards and
localised volatile exchange at fracture-host interfaces (constraining fracture lifespans).
Outgassing at the near-surface, later in the eruption, occurs for longer resulting in a greater
degree of metal and textural heterogeneity. In conclusion, I show fractures play a fundamental
spatial and temporal role in degassing of silicic magmas and can directly impact the changing

explosive-effusive behaviour observed during eruptions.
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Résumé

Les volcans siliciques sont capables de produire des éruptions explosives dangereuses, ou de
mener a 1I’épanchement de lave et la formation de domes. Les observations d'éruptions
rhyolitiques récentes ont montré a quel point la transition entre ces deux comportements
extrémes est complexe. Les fractures, généralement préservées sous forme de veines
tuffisitiques, sont des voies perméables transitoires qui permettent 1’échappement ponctuel
mais efficace des éléments volatiles. Elles sont considérées comme des catalyseurs essentiels
du dégazage, mais leurs interactions avec des réservoirs plus profonds et riches en gaz et leur
influence sur la chimie des masses fondues ne sont pas entiérement comprises.
L’enregistrement du déséquilibre isotopique 2!°Pb-?2°Ra, 1'hétérogénéité des éléments-traces
volatils et les textures complexes des veines et des bréches dans les bombes volcaniques ont
déja été associés a des flux de gaz dans le conduit. Dans cette these, j'utilise I'hétérogénéité
texturale et chimique préservée dans des échantillons des premicres éruptions observées de
rhyolite, Chaitén (2008) et Cordon Caulle (2011-2012), pour évaluer la fagon dont les

processus de dégazage sont préservés de 1'échelle décimétrique a nanométrique.

Des analyses d’isotopes 2!’Pb-??Ra et d’éléments-traces ont été effectuées sur des échantillons
représentatifs de veines tuffisitiques et de leurs encaissants respectifs afin de comprendre le
flux de gaz a travers les fractures a partir de réservoirs plus profonds. L'absence de déséquilibre
isotopique 2!°Pb-?2°Ra enregistré dans les veines contraint la limite supérieure du volume de
magma qui peut étre dégazé par une veine tuffisite pendant sa durée de vie. Bien que les
enrichissements ou appauvrissements en ¢léments-traces dans les veines indiquent un flux

gazeux préférentiel (par exemple, Li, Cu, Pb, T, Bi), les résultats sont mitigés, car les tuffisites

I



et les bréches, qui préservent le processus de fracturation, sont constituées de fragments ayant
subi différents degrés de dégazage. Pour contraindre davantage le flux de gaz et les histoires
individuelles des clastes, des analyses par microsonde électronique et par ICP-MS a ablation
laser ont été effectuées sur des textures allant d’échelle millimétrique a micrométrique sur des
¢chantillons du Cordéon Caulle. Les hétérogénéités chimiques et texturales sont fortement liées,
et des appauvrissements en métaux (par exemple, Zn, Pb, TI) dans les veines mettent en
¢vidence la récupération par le passage de la phase volatile. La systématique des éléments-
traces contraint les durées de vie des fractures avec une précision allant de la minute a I’heure
et montre comment la durée de vie augmente vers lorsque 1’on se rapproche de la surface et
augmente avec la durée de 1'éruption. Les analyses d’éléments-traces sont limitées
analytiquement a des tailles de 1’ordre de 10 microns pour donner des résultats exacts et précis,
mais les processus de fracturation texturale peuvent étre étudiés a 1'échelle nanométrique.
L'étude des interfaces entre la roche encaissante et le matériau de la veine montre comment les
veines exploitent les réseaux de bulles préexistants et peuvent les remplir de cendres. Les
faiblesses rhéologiques sont exploitées pour permettre des cycles de fragmentation, de
dégazage, de frittage et de cicatrisation des masses fondues. La compaction post-fracture du
magma souligne le fait que méme de petites veines peuvent dégazer des magmas vésiculaires

a 1'échelle centimétrique.

En examinant les processus de fracture selon leur chimies et textures, a échelles analytiques
différentes, je contraint (1) le degré d'interaction des fractures et des réservoirs de gaz
perméables; (2) les échelles de temps selon lesquelles les fractures dégazent ; et (3) la fagon
dont I'hétérogénéité est préservée en fonction de la profondeur dans le conduit et de la durée
de I'éruption. Les fractures exploitent les réseaux perméables préexistants en profondeur, en

extrayant les ¢éléments volatils a I’échelle centimétrique, mais une quantité¢ insuffisante de
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magma est dégazée pour induire des déséquilibres isotopiques de 2!°Pb-?2°Ra dans les veines
tuffisitiques. La canalisation des éléments volatils des réservoirs a travers les fractures du
bouchon conduit & un échange de métaux avec les éclats transportés et a un échange volatil
localisé aux interfaces fracture-roche encaissante (contraignant la durée de vie des fractures).
Le dégazage pres de la surface, plus tard au cours de 1'éruption, dure plus longtemps, ce qui
entraine un degré plus élevé d'hétérogénéité des métaux et textures. En conclusion, je montre
que les fractures jouent un role spatial et temporel fondamental dans le dégazage des magmas
siliciques et peuvent influencer directement le changement de comportement explosif-effusif

observé lors des éruptions.
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General Introduction

1. Introduction

Volcanic eruptions can produce far-reaching hazards that impact both local and global
populations (Brown et al., 2017). The first step to mitigating the socio-economic impacts of
eruptions is to understand the sub-surface processes that contribute and control eruptive
behaviour (Cassidy et al., 2018). Rhyolitic eruptions can produce explosive and voluminous
eruption columns, as well as sizeable domes or obsidian flows (Eichelberger, 1995). However,
eruptions at silicic centres are infrequent and consequently our understanding of their eruptive
dynamics is lacking when compared to more common basaltic eruptions, despite their arguably
more hazardous potential. Therefore, there is a need to explore the syn-eruptive processes that

control silicic volcanism.

Volatiles are species (e.g. H2O, CO») and trace elements (e.g. Po, Rn) that have an affinity for
a gas phase. As magma ascends from depth the solubility of volatile species decreases, when
supersaturation is reached the exsolution of a volatile phase occurs and bubble nucleation and
growth commences (Papale et al., 2006; Zhang et al., 2007; Cashman and Sparks, 2013).
Volatiles are known drivers of eruptions. Their ability to degas from melts (i.e. be lost to the
gas phase) and segregate from ascending magmas determines whether eruptive behaviour is
explosive or effusive (Edmonds, 2008). The high viscosities of silicic magmas precludes the
movement of individual bubbles (Sparks, 1978), therefore volatile segregation and outgassing
(i.e. loss of volatiles to the surface) occurs via the development of permeable networks of

bubbles (e.g. magmatic foams) or fractures (e.g. tuffisite veins) (Eichelberger et al., 1986;



Gonnermann and Manga, 2003). Two 21% century eruptions at Chaitén and Cordén Caulle in
Chile demonstrated that high-silica systems can undergo simultaneous explosive and effusive
behaviour (Pallister et al., 2013; Schipper et al., 2013). These new observations emphasised
the need to understand processes that facilitate the transition between these end-member
behaviours, and highlighted the role of fracturing as an outgassing mechanism. This is the

process I focus on and explore in this thesis.

Fractures, commonly preserved as tuffisite veins, have been hypothesised as pathways for
gases since the late 1980s (e.g. Heiken et al., 1988). The channelling of gases through fractures
can account for the observed punctuated explosions, but also the progressive depletion of
volatiles and formation of effusive products (Schipper et al., 2013). Studies have focused on
the textures, chemistry and physical properties of tuffisite veins to constrain their roles from
initial fracturing through to healing. Fractures form via shearing or hydrofracturing of the
ascending melt (Heiken et al., 1988; Tuffen et al., 2003). Tuffisite textures in volcanic bombs
and conduits point to the repeating nature of magma fracturing, and the fluidised flow of gas
and ash through these transient networks that span 10-100s of metres (Stasiuk et al., 1996;
Tuffen and Dingwell, 2005; Saubin et al., 2016). They are shown to be highly permeable when
open but can also completely anneal due to the sintering of transported ash and their later
compaction (Kolzenburg et al., 2012; Farquharson et al., 2016; Kendrick et al., 2016).
Chemical studies suggest their primary role must be pathways for gases because diffusive
degassing at their margins is not efficient enough given their short lifespans (Castro et al., 2012;

Berlo et al., 2013).



Although H>0O, CO> and halogens are the major components of an exsolved volatile phase, it
is also comprised of lower concentration trace elements, including alkalis (e.g. Li, Rb, Cs),
metals (e.g. Cu, T, Pb, Bi) and metalloids (e.g. As, Sb) that complex with ligands (Hinkley et
al., 1994; Williams-Jones et al., 2002). Providing there is a volatile phase present, these lower
concentration elements can degas by diffusing through a silicate melt towards a gas-melt
interface before partitioning into the volatile phase (e.g. MacKenzie and Canil, 2008). From
their deposition in the sub-surface as ore-deposits, to their preservation in aerosol layers in ice
cores, trace volatile elements have long been used to study volcanic fluids, vapours, and
emissions during hydrothermal and magmatic events (Wei et al., 2008; Mather et al., 2012;
Pokrovski et al., 2013; Henley and Berger, 2013; van Hinsberg et al., 2015). Despite this, only
two studies have focused on the trace element chemistry of tuffisite veins. Elemental variations
recorded in tuffisites at Chaitén (Chile), Torfajokull (Iceland) and Soufriére Hills Volcano
(Montserrat) preserve preferential gas fluxing through these features, and point towards the
interaction of veins with deeper magmas and gases (Berlo et al., 2013; Plail et al., 2014). These
studies contribute to our understanding of fractures as outgassing pathways for volatiles to
escape from gas-rich reservoirs at depth. They further show the wealth of information that can
be obtained by analyses of trace elements, which cannot be acquired by alternative types of

studies, and I build on these studies to further our understanding of fracturing processes.

2. Thesis Rationale

This thesis is divided into three chapters each investigating the fracturing and degassing of
silicic melts by utilising chemical and textural heterogeneity from the dm to nm scale. This was

undertaken with the aim of better understanding (1) how fractures interact and channel gases



from gas-rich reservoirs; (2) how long fractures can be open for; and (3) how the preserved
heterogeneity is a function of depth in the conduit and eruption duration. Conducting studies
at three differing scales of spatial resolution, using several analytical techniques, allows for a

more complete and comprehensive study of the fracturing process than using a single approach.

Chemically constraining gas flow through tuffisites

In Chapter One I conduct a dm-cm scale trace element and 2!°Pb-*?°Ra isotope study to
constrain the degree of interaction between tuffisite veins and volatile-rich melts. Trace
element heterogeneity can record preferential gas fluxing through fractures (Berlo et al., 2013)
whilst 2!°Pb-??Ra isotope disequilibria preserved in erupted products have been successfully
used to constrain the redistribution of gases within conduits (e.g. Gauthier and Condomines,
1999; Berlo and Turner, 2010; Condomines et al., 2010). However, isotope disequilibria have
not been used before to study gas flow through tuffisite veins, nor have bulk trace element
analyses been conducted of these features. It is important to constrain the degree of interaction
veins have with their gas-rich sources and how much gas can be removed, as they are
considered to be gas pathways spanning hundreds of metres within the conduit (e.g. ~150 m
calculated via differences in H>O concentrations between host glasses and clastic vein material,
Castro et al., 2012; Saubin et al., 2016). Analyses were conducted on samples from both
Chaitén and Cordon Caulle volcanoes. 1 was able to model estimates for the upper limits on
the amount of magma that can be degassed by a vein during its lifespan, and explored the

chemical heterogeneity induced by degassing at Cordon Caulle.

The use of trace volatiles as degassing indicators when H;O has been lost



In Chapter Two [ use an in situ approach and conduct a cm-pum scale trace element study of a
complex suite of rocks from Cordon Caulle to better understand the causes of chemical
heterogeneity preserved in veins. I further show how trace elements can be used to study
degassing in systems where other volatiles (e.g. H>O and CO.) are extensively degassed. Water
variations surrounding fractures and tuffisite veins have been used to constrain their lifespans
(Berlo et al., 2013; Castro et al., 2014; Saubin et al., 2016). However, the erupted products
from Cordon Caulle are water-poor (<0.35 wt. %) and studies so far have not been able to
precisely define its degassing history or the role of fractures (Schipper et al., 2013; Castro et
al., 2014). Volatile trace elements diffuse through melts but at a slower rate than H>O and thus
can be used to estimate timescales of diffusion-inducing processes such as degassing
(MacKenzie and Canil, 2008; Zhang et al., 2010; Zhang and Ni, 2010; Berlo et al., 2013;
Gardner et al., 2012). I utilise systematic trace element heterogeneity to address degassing at
Cordon Caulle and better constrain how degassing varies with time during an eruption and with
depth from the surface. By studying the chemistry and textures of individual veins at the cm-
um scale I was able to constrain minute-to-day fracture lifespans, the scavenging of metals by
the fluxing gases; and how progressive degassing reduces the concentrations of trace volatile

elements in later erupted products.

Understanding the physical interaction of fracture and porous networks

For tuffisites to be efficient mechanisms for degassing, they must be capable of outgassing
volatiles from depth, and there is a need to understand how fractures physically interact with
porous networks (connected bubbles and pore spaces) to allow this to occur. In Chapter Three
I undertake a pm-nm scale textural study to address this and understand how fractures

propagate through and interact with porous networks, shedding light on their potential volatile



and ash matrix sources. I show how fractures exploit pre-existing porous networks when
propagating and how this interaction results in efficient degassing far beyond the scale recorded
in dense melts. I also address how melt fracturing is a key process in the formation of the source

material for tuffisite matrices.

The general conclusions section summarises the key findings of each of the central chapters,
tying together the study of degassing processes with different chemical and petrographic
techniques. By studying processes at a variety of different analytical scales I further the
understanding of complex sub-surface, syn-eruptive processes that result in the explosive and

effusive behaviour observed during eruptions.



Link to Chapter One

In the general introduction I highlight that there have been few studies on the chemical impacts
of degassing through fracture networks preserved as tuffisite veins. Only two studies have
focused on trace element signatures and only one study has focused on deposits from Cordon
Caulle. Whilst there is a common consensus that fractures act as pathways for gases (e.g. Castro
et al., 2012; Berlo et al., 2013; Castro et al., 2014; Cabrera et al., 2015; Saubin et al., 2016),
there is a need to understand how much melt a fracture is capable of outgassing during its
lifespan. As discussed in the introduction, isotopes have been used to understand the
redistribution of gases within a conduit as a result of gas fluxing at many volcanic centres (e.g.
Berlo et al., 2006; Gauthier and Condomines, 1999; Cunningham et al., 2009; Berlo and
Turner, 2010; Condomines et al., 2010). However, this technique has not been previously

applied to tuffisites or to rhyolitic eruptions.

In this chapter, I aim to address these outstanding problems via a bulk-rock (dm-cm scale)
isotope and trace element study on tuffisite veins from Cordon Caulle and Chaitén in Chile, the
world’s most recent rhyolitic eruptions. I show that fluxing durations are not sufficient in length
to create isotopic disequilibria in veins but trace elements do preserve degassing. Trace element
signatures related to degassing and other physical processes are recorded at both volcanoes,
highlighting the need to analyse a wide range of elements with differing properties during a
single study. Finally, I develop an isotope-based model that can be used to provide constraints
on the mass of melt degassed by a vein during its lifetime which can be further applied to other

systems.
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Highlights:

e Multi-stage degassing signatures preserved in Chaitén’s tuffisite veins
e The erupted products at both volcanoes preserve minimal 2!°Pb-*?Ra disequilibria
e Geochemical preservation of gas fluxing through tuffisite veins at Cordoén Caulle

e Evidence of preferential transport of glass over crystals in tuffisite veins



Abstract

Hybrid activity during the rhyolitic eruptions of Chaitén (2008-09) and Cordén Caulle (2011-
2012) in Chile has offered unprecedented insights into the enigmatic and complex degassing
processes occurring during eruptions of silicic magma. Highly permeable, transient fracture
networks within the conduit can act as outgassing channels. Their interaction with deeper
volatile-rich melt can account for both punctuated explosive activity and large-scale degassing
of the system, leading towards predominantly effusive behaviour. In this study we characterise
trace element concentrations and 2!°Pb->?Ra systematics within pyroclastic material from the
recent eruptions at Chaitén and Cordon Caulle volcanoes. Results reveal how gas fluxing from
deep, volatile-rich reservoirs to the surface, within magmatic conduits, can be recorded by trace

elements and 2!°Pb->*Ra disequilibria in tuffisite veins.

Tuffisite veins (particle-filled fracture networks) are present in volcanic bombs from both
eruptions. Trace element heterogeneity associated with tuffisites preserves evidence for
degassing. At Chaitén, enrichments (e.g. Cu) and depletions (e.g. Mo, Li and Bi) are identified
in vein material and clasts transported within veins, and record multiple degassing events. At
Cordon Caulle, enrichments of volatiles in an early vein (e.g. Tl and Bi) and depletions in a
later vein (e.g. Cd, In, Pb and TI) reflect interactions between glassy clasts and the carrier gas
phase that transported them. In contrast, 2'°Pb and ?*°Ra, which can be fractionated during
degassing, are mostly in secular equilibrium. Modelling suggests that the disparity between the
signals preserved in these two types of chemical signatures reflects the brevity of degassing
events and the relative volumes of tuffisite veins and the bodies of degassing magma that they

source gas from. The lack of preserved 2!°Pb enrichments in tuffisite veins at both volcanoes



places an upper limit on the mass of deeper, bubble-rich magma outgassed via tuffisites during

their lifetime.

This study shows that both the presence, and absence, of sample-scale geochemical
heterogeneity can be used to place constraints on syn-eruptive physical processes and

underlines the value of analysing a wide suite of trace element species.

1. Introduction

Volatile behaviour during magma ascent governs eruption style at the surface and is recorded
in the erupted deposits (Gonnermann and Manga, 2007, Edmonds, 2008). Silicic eruptions
commonly shift from explosive to effusive activity with time, despite no change in the initial
magma volatile content (Eichelberger et al., 1986, Jaupart and Allegre, 1991). The observation
of hybrid activity — simultaneous Vulcanian explosions and lava effusion — during recent
rhyolitic eruptions at Chaitén (2008-09) and Cordén Caulle (2011-2012) calls for an
investigation into the processes that facilitate the long-term transition towards predominantly
effusive behaviour (Schipper et al., 2013, Pallister et al., 2013a). Fracture networks have been
hypothesised as permeable degassing pathways within the magma-filled conduit that are
transient in time and space. They facilitate the extensive degassing of a system during an
eruption and a shift to effusive behaviour, while also accounting for punctuated pressurisation
and resulting Vulcanian explosions (Stasiuk et al., 1996, Schipper et al., 2013, Kendrick et al.,
2016). These transient fractures, sometimes preserved as particle-filled tuffisite veins, can be

up to three orders of magnitude more permeable than their hosts when open, before sintering
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and compaction of particles within veins dramatically reduces permeability (Kolzenburg et al.,

2012, Heap et al., 2015, Farquharson et al., 2016).

Whilst fractures can act as gas pathways spanning hundreds of metres within the conduit
(Castro et al., 2012, Berlo et al., 2013, Castro et al., 2014, Saubin et al., 2016), the degree of
interaction between veins and gas-rich sources at depth is poorly constrained. There is a need
to quantify how much melt a fracture can degas during its lifespan in order to assess its potential
impact on eruption mechanisms. Here we present a trace element and 2!°Pb-?2°Ra isotope study
of volcanic bombs from both Chaitén and Cordén Caulle in Chile, sourced from the upper
conduit plugs from these two volcanoes, as inferred by low residual water concentrations in
volcanic bombs from these eruptions (Schipper et al., 2013, Castro et al., 2014). We focus on
tuffisite veins to assess geochemical evidence of gas flow through these highly permeable
features. The preservation of syn-eruptive degassing signatures allows for a quantitative
constraint on the interaction between transient fracture pathways and deeper volatile-rich,
magma sources. We find that whilst trace element signatures at both volcanoes can be related
to degassing and other physical processes, degassing-induced isotopic disequilibrium in veins
is lacking. The disparity between isotopic and trace element signatures at Chaitén and Cordon
Caulle relate to the duration of gas fluxing and the contrasting nature of the upper conduit

conditions during the two eruptions, including the fracturing depth and gas compositions.

1.1 Tuffisite Veins

Tuffisite veins are fractures filled and propped open by variably sintered, fine-grained material

(with particle sizes spanning microns to centimetres). Their lengths can span from centimetres
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to hundreds of metres within conduits, country rock and bombs ejected during Vulcanian
explosions (e.g. Stasiuk et al. (1996), Tuffen and Dingwell (2005), Castro et al. (2012), Castro
et al. (2014)). Veins and fractures result from brittle fracture of magma and country rocks,
triggered either by high shear strain rates (Tuffen et al., 2003) or hydrofracturing (Heiken et
al., 1988), thus opening potential gas pathways (Gonnermann and Manga, 2003). The lifespan
of the veins ends with the sintering and compaction of vein-filling clasts (Tuffen et al., 2003,
Kendrick et al., 2016, Saubin et al., 2016). A reduction in the permeability of magma within
the upper conduit, the result of processes including viscous densification and porosity loss, can
lead to repeated cycles of volatile accumulation, fracturing, gas escape via explosions, and
healing of magma on ascent (Okumura and Sasaki, 2014, Heap et al., 2015). This is recorded
texturally as anastomosing, cross-cutting veins that preserve evidence of transient fluidised
flow as well as subsequent sintering, compaction and ultimately complete destruction of
primary porosity and permeability within the vesicle-poor upper conduit (Stasiuk et al., 1996,
Tuffen et al., 2003, Tuffen and Dingwell, 2005). Fracturing can briefly create a highly
permeable pathway and deplete major volatiles in the neighbouring dense melt, but only
localised depletions develop, within hundreds of microns of fracture surfaces. In this case,
repeated, mm-scale brecciation would be required for effective degassing (Okumura et al.,
2010, Castro et al., 2012). Thus, for melt fracturing to be an enabler of efficient degassing it
must provide a pathway for gases to escape from more permeable, vesicular magmas at depth
through the vesicle-poor ‘plug’ in the upper conduit. Element enrichment in tuffisite veins and
detailed textural records of intra-vein clasts show evidence for this interaction with deeper
magma and gases, for example using H,O differences between tuffisite clasts and host material
as a proxy for depth at Chaitén, vein connectivity is shown to occur over ~150 metres (Berlo

et al., 2013, Castro et al., 2014, Saubin et al., 2016). However, questions remain over what
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mass of magma can be efficiently degassed by a tuffisite during its lifespan, which we address

with a combination of trace element and 2!°Pb-??°Ra isotope analyses of veins.

1.2 Volatiles, trace species and Ra-Rn-Pb systematics during degassing

A volcanic vapour phase is dominated by major volatile species (e.g. H2O, CO», S, Cl and F)
that act as complexing agents for semi-volatile metals (e.g. Cu, TI, Sn), and carrier gases for
low concentration volatiles (e.g. Rn, Po) that can be enriched in gas plumes and at fumaroles
(Lambert et al., 1985, Hinkley et al., 1994, Williams-Jones et al., 2002). As metal-bearing gases
stream through fractures they interact with melt-rich clasts being carried by the gas, as well as
the surrounding host melt. Fluxing will end when gas supply ceases or clasts sinter and
compact, sealing the vein. Conditions (e.g. pressure, temperature, oxygen fugacity) can change
within fractures during gas fluxing, affecting the vapour-melt partition coefficients of metals
and the stability of their complexing agents (Williams-Jones and Heinrich, 2005), and induce
chemical heterogeneity in the vein material and neighbouring fracture host melt. Metals can be
scavenged from clasts resulting in depletions, e.g. Berlo et al. (2013), or deposited onto clast
surfaces via adsorption forming metal-bearing mineral phases as seen in fumaroles resulting in
enrichments, e.g. Williams-Jones et al. (2002) and Berlo et al. (2013). If conditions allow
volatile elements in the gas phase can re-equilibrate with the surrounding melt and be

reabsorbed into the melt structures also leading to metal enrichments, e.g. Plail et al. (2014).

The Uranium (**®U) decay-series contains many short-lived isotopes with varied geochemical
properties and half-lives (t12). Fractionating processes such as crystallisation, partial melting

or changing oxygen fugacity (fO2), can cause disequilibrium between different isotopes within
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the series (e.g. Bourdon et al, 2003; Berlo and Turner, 2010 and references therein). Degassing
can induce disequilibrium between 22Ra, ??Rn and *!°Pb. 2!°Pb-?26Ra disequilibria have been
used to study the timing and redistribution of Rn-rich gases from deeper to shallower magmas
in recent andesitic and dacitic eruptions including Mt St Helens (USA), Rabaul (Papa New
Guinea) and Mt Pinatubo (Philippines) (Berlo et al., 2006, Cunningham et al., 2009, Kayzar et
al., 2009). During degassing ??’Rn (ti2 = ~3.8 days), the volatile daughter isotope of >*’Ra (ti/2
= ~1600 years), prefers the exsolved gas phase. With time *’Rn decays through several short-
lived intermediate daughters to 2!°Pb (12 = 22.6 years), which is less volatile and resorbed back
into the melt (Lambert et al., 1985). Persistent gas-melt segregation can result in the
redistribution of the nuclides between melt that has lost gas and melt that has undergone gas
fluxing. It is recorded in the erupted products as *!°Pb ‘deficits’, where (*'°Pb/**°Ra) <1, and
210ph ‘excesses’, where (?!°Pb/?*Ra) >1. Here we characterise 2!’Pb-*?Ra disequilibria to

quantify interactions between tuffisites and deeper magma and their exsolved gases.

1.3 Two Case Studies: Chilean Rhyolites

Chaitén and Cordon Caulle volcanoes both within the Chilean Southern Volcanic Zone (SVZ),
produced the world’s most recent rhyolitic eruptions in 2008 and 2011 respectively. The two
eruptions have many similarities in both their eruption dynamics and eruptive products. Chaitén
erupted unexpectedly on May 1% 2008 with two weeks of explosive activity (~0.3 km? dense
rock equivalent, DRE), with a <21 km eruption column before transitioning into 20 days of
hybrid activity (Pallister et al., 2013a, Major and Lara, 2013). Dome extrusion (~0.8 km?)
continued until late 2009 (Major and Lara, 2013). The 2011-2012 eruption of Cordén Caulle
commenced on June 4th with a persistent <15 km high Plinian eruption column for 27 hours,

that transitioned into sub-Plinian behaviour, with lava effusion starting ~11 days later and
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simultaneous emplacement of a shallow (20-200 m deep) laccolith (Silva Parejas, 2012, Castro
et al., 2016). The eruption continued into a prolonged phase of explosive activity accompanied
by lava effusion that terminated in March 2012 with ~1.4 km® DRE of magma being erupted
in total (Tuffen et al., 2013, Pistolesi et al., 2015), together with ~0.8 km? of magma intruded
within the laccolith. Chaitén magma was sourced from a depth of ~5 km (~50-200 MPa), ~780-
825 °C, (Castro and Dingwell, 2009) while depth estimates for Cordon Caulle range from 2.5
km to 7 km (895-920 °C, fO, ~QFM); and both are volatile-saturated at depth (Castro et al.,
2013a, Jay et al., 2014). Erupted products for both eruptions are sparsely phyric (<5 vol. %),
particularly the earlier explosively erupted material. Chaitén has a phenocryst assemblage of
plagioclase, orthopyroxene and Fe-Ti oxides with rare biotite. The Cordon Caulle assemblage
is similar, with plagioclase, orthopyroxene and Fe-Ti oxides, plus additional clinopyroxene,
and accessory apatite and pyrrhotite (Castro and Dingwell, 2009, Castro et al., 2013a).
Recorded precursory activity at Chaitén was on the order of hours compared to the months of
heightened seismic activity and years of pre-eruptive inflation phases at Cordén Caulle,
although there is a recording bias as no seismometers were placed close to Chaitén prior to the
2008 eruption. The effusive components to the eruptions differ, with a dome forming at Chaitén
whilst a lava flow formed at Cordon Caulle. The groundmass glass water concentrations of the
final products from each eruption are markedly different. Chaitén samples vary from ~0.1 to
1.6 wt. % H>O and have been used to trace degassing in the upper ~1 km of the conduit, whereas
Cordén Caulle samples are ubiquitously degassed to near-atmospheric pressures (<0.35 wt. %
H>0) (Schipper et al., 2013, Castro et al., 2014), and are thought to reflect an origin in the

upper 200 metres of the conduit.

2. Methods
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Tuffisite veins and other sub-samples were cut and isolated from their host hand specimens
with a micro-rotary tool and powdered with a pestle and mortar. Aliquots of powders, weighing
0.1-0.9 g, underwent closed vessel digestion in a concentrated HF-HNO3-HCI-H3BO3; mixture.
After digestion, solutions were centrifuged, and any insoluble materials were re-attacked until
sample solutions appeared clear. Separate powder aliquots were digested for Po isotope, Ra
isotope and trace element determinations. 2!°Pb (ti» = 22.6 years) activities were determined
via alpha-spectrometry of its granddaughter isotope 2'°Po (ti» = 138.4 days), as secular
equilibrium between the two is re-established ~2 years after eruption. Samples were analysed
a minimum of 4 years after eruption and thus it is valid to use 2!°Po as a proxy for 2!°Pb
(Bourdon et al., 2003). To determine 2!°Po, a weighed drop of 2*’Po spike was dried down in
Teflon and sample powders then added, digested, and taken up in 0.5N HCI. Po was autoplated
on Ag disks and counted on an alpha spectrometer (EGG-ORTEC at GEOTOP, Université de
Quebec a Montreal) for a minimum of 7 days. Some samples underwent an additional
chromatographic column purification step, summarised in Reagan et al. (2005), prior to plating.
We found no difference in the 2!°Pb activity between the two methods, however the latter
chromatography method produced spectra with a reduced low-energy tail length and less noise,
defining a clearer peak. 2*Ra activities were determined with a VG sector 54 Thermal
Ionisation Mass Spectrometer (TIMS) using a **®Ra spike calibrated against 15 aliquots of
BCR-2 powder, that underwent the digestion procedure described above, with an assumed
(***Ra) of 1.26 dpm/g. The Ra chemistry followed the procedure from Ghaleb et al. (2004).
BCR-2 was regularly analysed, as an unknown, for both 2!°Pb and ?°Ra and found to be within
error of calculated 2*®U activities and published values, e.g. Cunningham et al. (2009), on all
occasions. Procedural blanks, carried out regularly for both isotope systems, showed 2!°Po
counts to be below background and negligible 2?°Ra. Isotope analyses were conducted between

2014 and 2017, (*'°Pb), and errors are back-calculated to correct for time between eruption and
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analysis using the decay equation (Berlo and Turner, 2010). Bracketed isotopes, e.g. (*!°Pb),
denote isotope activities or isotope activity ratios. Trace element concentrations were measured
using a Thermo Scientific iCAP Q ICP-MS at McGill University on 2 % HNOs3 dilutions. Rock
standards BCR-2 and UTR-2 were analysed to assess for accuracy and fall within error of
published values (Appendix A). Samples were digested in three sessions in May 2016,
November 2016 and November 2017. Calibration standards were prepared from multi-element,
ICP-MS grade, standard solutions with trace metal grade acids and nano pure water. Up to 9
standards were prepared and diluted to cover the range of expected concentrations. New
calibration standards were prepared for each session and a minimum of two analyses per
standard, per session were collected to correct for drift. Calibration curves for each element, in
each session, were calculated via a robust, linear regression fit through a minimum of 3
calibration standards. Both sample and analytical duplicates were run in each session and data
collected in November 2016 and 2017 were median-normalised to the May 2016 dataset.
Relative standard deviations (% RSD) were calculated via duplicates in each session for each

sample, see Appendix A for calculated errors.

3. Results

3.1 Sample Petrology

Samples from both volcanoes were selected based on textural features that are indicative of
upper conduit fragmentation and localised gas-loss during the transitional phases of both
eruptions. Bombs are dense, partially foamed or fully pumiceous and, in addition, can be vein-

bearing or brecciated with varying degrees of welding. All sub-samples are described in Figure
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1. Two metre-scale bombs from the 2008 Chaitén eruption were collected from inside the
crater, from pyroclastic density current deposits, and represent dense, tuffisite-hosting (Bomb
A) and breadcrust (Bomb B) bombs, two textural types typical of bombs from the hybrid phase
of activity that occurred between the 11" and 31° of May, 2008 (Castro et al., 2012, Saubin et
al., 2016). Bomb A (also described as BTB) is a 30 x 40 x 50 cm dense obsidian bomb found
~800 m from the vent and is extensively described in Saubin et al. (2016). The central tuffisite
vein is approximately 3 cm-wide and filled with mm to cm-sized dense obsidian, pale vesicular
and banded or crystalline clasts, all set in a fine-grained matrix. Smaller pum to mm-sized
subsidiary veins propagate from, and are found sub-parallel to, this central vein. Bomb B is ~1
m-across, with a dense (2-8 cm) rind that grades into an exposed pumiceous interior. Grey-
black (mm-wide) glassy bands delineate separate clasts of white pumice in the bomb interior,
with band density increasing towards the bomb edge. Clasts have micro-porosity away from
these dense bands and secondary breadcrusting is observed on the exposed faces of some clasts.
Six samples (five bombs and one lava sample) from the 2011-2012 eruption of Cordén Caulle
represent the different bomb types observed, and the explosive and effusive products of the
hybrid activity that commenced after the initial Plinian phase in June 2011 (Castro et al.,
2013b). At Cordon Caulle, Bombs 1 and 2 were collected from a ridge ~3.5 km NW of the vent
and three further samples (Bombs 3-5) were collected from the vent area within the tephra
cone. Bombs found far from the vent (Bombs 1-2) were ejected in explosions during a low
intensity explosive phase (7" June onwards) and beginning phase of hybrid activity (Schipper
et al., 2013, Pistolesi et al., 2015).(Schipper et al., 2013, Pistolesi et al., 2015). Bombs were
observed being ejected <1 km from the vent in January 2012 (Schipper et al., 2013) and thus
we assume Bombs 3-5 represent the explosive component of the later, waning hybrid activity
as they were collected from the tephra cone that built up during the eruption, within 300 m of

the vent opening. Veins in Bombs 2 and 3 are predominantly filled by well-sorted, fine ash
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(Figure 1). The tuffisite vein in Bomb 2 is ~1-3 cm wide and is laterally continuous throughout
the rind of the bomb. Reservoir zones, irregular voids filled by micron-sized ash material that
offshoot from central veins as described by Tuffen and Dingwell (2005), can be <7 cm wide.
Tuffisite material in Bomb 3 is hosted in concave voids (approximately Scm-wide and 3 cm-
deep) that are part of a series of large coalesced vesicles in this highly sheared sample. The
infiltration and clogging of the small vesicles in the neighbouring host by the tuffisite appear
to have sealed this large coalesced vesicle train, isolated it from others, and concentrated gas
transport along this one path. Bomb 4 is a ~4cm-wide multi-component vein, with coarse-
grained beds composed of dense obsidian clasts and glassy, oxidised (pink-coloured), micron-
sized ash; and fine-grained beds of heavily sintered glassy ash, which could represent tapping
of a more complex heterogeneous conduit (Saubin et al., 2016). The relative timing of the
degassing events that resulted in Bombs 3 and 4 are hard to definitively distinguish. Bomb 3
has tuffisite textures commonly seen in bombs ejected during the early phase of the eruption
(e.g. Bomb 2) whilst Bomb 4 is more welded and heterogeneous. Thus, we suggest that Bomb
4 likely was erupted later than Bomb 3, and underwent more extensive compaction, but both
were later than Bomb 2. The Cordon Caulle obsidian flow (Flow 1) was sampled from a
breakout on the NW front of the northern branch that was impeded by a ridge within 60 days

of the eruption commencing (Magnall et al., 2017, Magnall et al., 2018).

3.2 219pp-226Ra Isotopes

210pp and **Ra data for Chaitén and Cordén Caulle are presented in Figure 2 and Table 1. Sub-
samples of volcanic bombs from Chaitén have activity ratios within error of secular

equilibrium, with the exception of Bomb B Exterior ((>!°Pb/?*Ra), = 0.83 + 0.12), whose
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depletion results from higher 2°Ra and lower 2!°Pb activities. At Cordon Caulle, earlier activity
samples (Flow 1, Bombs 1-2), Bomb 3 and the host component of Bomb 4 have (>!°Pb/*?Ra),
activities within error of 1. Bomb 4 (vein) is depleted in >!°Pb relative to ?°Ra, (*'°Pb/?*°Ra),
= 0.90 + 0.02. Bomb 5 is slightly enriched in 2!°Pb relative to 2°Ra, (*'°Pb/*?°Ra), = 1.19 +

0.17.

3.3 Trace Elements

The measured trace element abundances of each sample are given in Appendix A, and
highlights are discussed below. For ease of comparison elements are grouped into four
categories based on their properties and similar behaviours (White, 2013). Group 1 elements
(Mg, P, Sc, V, Mn, Co and Sr) are highly compatible in the crystallising assemblages and Group
2 elements (Be, Ga, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y and Th)
are the rare earth elements (REEs) and other moderately incompatible elements. Group 3
elements (Zr, Nb, Hf, Ta and U) are the high field strength elements (HFSEs) and U. Group 4
elements (Li, Rb, Cs, Mo, Ag, Cd, In, Sn, Sb, W, T1, Pb, Bi, Cu, Zn) are a collection of elements
known to partition into magmatic and hydrothermal fluids and vapours by forming chloride,
sulphide, fluoride and hydroxy complexes (e.g. Webster (1990), Churakov et al. (2000),
Wabhrenberger (2002), Zajacz et al. (2008), Pokrovski et al. (2013) and references therein).
Elemental concentrations of tuffisite veins from Chaitén (Figure 3) and Cordén Caulle (Figure

4) are compared to their respective hosts.

3.3.1 Chaitén
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The higher !°Pb and ?*°Ra activities and concentrations of incompatible elements (e.g. Th, U,
Appendix A) reflect the more evolved magma at Chaitén, ~75 wt. % SiO» (Pallister et al.,
2013a) compared to ~70 wt. % Si0, (Castro et al., 2013a) at Cordon Caulle. Trace element
concentrations across both sub-samples of Bomb B and Bomb A (Host) are within error of each
other and are similar to samples analysed by Pallister et al. (2013b), supporting the theory that
melt for this eruption is near homogeneous in major and trace elements and similar to historical
Holocene eruptions (Lowenstern et al., 2012). Group 1 and Group 2 elements plus select
elements from Group 4 (Zn, Sn, Tl and Pb), in particular, show little variation across both

bombs.

However, on a cm-mm scale elemental variation does occur. In the vein material of Bomb A
and Banded Clast, a non-juvenile clast type that accounts for ~42% of the vein (Saubin et al.,
2016), elemental variation is best studied by examining the compositions vein-host ratio, e.g.
Livein/Linost, allowing for an easy comparison of composition (Figure 3). When compared to
the host composition, Group 3 elements are depleted in both the vein material and Banded
Clast, along with many Group 4 elements (Figure 3). The Banded Clast has stronger depletions
of Bi, Li, Mo, W, Ag, and Cd (ratios averaging ~0.58 when compared to the host) than the vein
material (average ratios ~0.88). Cu is depleted within the Banded Clast but shows enrichment
in the vein matrix (Figure 3). The Banded Clast is enriched in Ni relative to all other samples

(not shown in Figure 3).

3.3.2 Cordon Caulle
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At Cordon Caulle, Group 2 and 3 elements, and select Group 4 elements (Li, Mo, Ag, Sb and
Zn), show little variation across the sample suite (see Appendix A). Key observations noted in
elemental variation of samples are: (1) Bomb 2 (Interior) is elevated in Cu and Sn over the rest
of the samples; (2) Bomb 3 is enriched in Bi and depleted in P and In with respect to the average

Cordon Caulle composition; and (3) the host component of Bomb 3 is further enriched in TI.

When vein material from Bomb 2, Bomb 3 and Bomb 4 are compared to their respective hosts
a similar ratio signature pattern between veins is observed (Figure 4). Veins are depleted in
Group 1 elements. Group 2 and 3 elements are similar in the veins to their respective hosts.
Group 4 elements show variability within the veins. Bi is enriched in veins in Bombs 2-3. The
vein in Bomb 2 is enriched in T1. The vein from Bomb 3 has an apparent depletion in T1 relative
to the host, but the depletion is exaggerated due to the host’s higher than average TI
concentration (0.8 = 0.3 ppm vs an average of 0.43 + 0.07 ppm). The vein in Bomb 4 is depleted

in Cd, In, T1 and Pb, and enriched in Cu and Rb.

4. Discussion

Neither Chaitén nor Cordén Caulle have significant >!°Pb-??Ra disequilibria, however trace
element variation is preserved and can be linked to several processes that occur before and
during eruption, and at the conduit- and fracture-scales. The discussion is divided into sections
that address degassing signatures, other physical processes, and how heterogeneity relates to

conditions in the upper conduit. Section 4.1 discusses degassing-induced heterogeneity in
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isotopes and trace elements and the implications for the disparity between them. Section 4.2
outlines how the lack of isotope disequilibria within fractures can be used to constrain the mass
of melt that outgas via a fracture during their open lifespans, we use Chaitén as an example
before discussing its applicability to other systems. We discuss trace element variations that
can be attributed to other processes in Section 4.3 and the anomalous 2!°Pb-?*°Ra disequilibria
in Section 4.4. Finally, the last section links the preservation of chemical heterogeneity to the
physical conditions of the upper conduit and summarises the potential causes for differences in

chemical signatures between these two volcanic eruptions.

4.1 Degassing-induced chemical heterogeneity

4.1.1 Isotopic Evidence for Degassing

Disequilibria in 2!°Pb-?*Ra isotopes can be preserved at a conduit scale and induced by both
pre-eruptive and syn-eruptive degassing (Berlo and Turner, 2010). Therefore it is important to
first assess for any heterogeneity between samples before assessing disequilibria within

samples related to individual fracturing events.

Pre-Eruptive Degassing

The majority of samples at Chaitén and Cordon Caulle are in secular equilibrium, and this lack

of large-scale 2!°Pb-2°Ra disequilibria indicates no extensive, pre-eruptive degassing was
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recorded in the magmas at either volcano. At Chaitén the last recognized eruption was a few
hundred years before present, and there was no extensive documented precursory activity prior
to the 2008 eruption to indicate the accumulation of shallow magma, thus it is unlikely a large
volume of degassing magma was present below this system (Major and Lara, 2013, Amigo et
al., 2013). Similarly, at Cordon Caulle, whilst the two previous eruptions occurred in the last
100 years (1922 and 1960), any moderate 2!'°Pb excesses or deficits produced during these
eruptions would be nearing re-equilibration today, given the 58-96 years between the eruptions

and 2018, and ?!°Pb being within ~94 % of **°Ra after 4 half-lives (~88 years).

Syn-Eruptive Degassing

Volatile data, including preserved H>O concentrations (Section 1.3) and trace element
variations (Section 4.1.2), from both eruptions suggest that syn-eruptive degassing did occur
extensively during these eruptions. However, the main phases of the eruptions were ~12
months in duration, too brief for significant isotopic deficits to form (Gauthier and
Condomines, 1999). 21°Pb excesses could be formed within this time (Condomines et al., 2010)
but no disequilibria were preserved at either volcano. This suggests there was not enough gas
fluxing, Rn transfer, or Rn accumulation within the timeframe of the eruptions to induce
significant disequilibria in the Rn system. Similarly, no isotope excesses were recorded in
tuffisite veins (within samples), which are channels of volcanic material known to have
undergone a large amount of gas fluxing. This lack of disequilibria provides constraints on the

degassing through veins and is discussed in Section 4.2.
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4.1.2 Trace Element Evidence for Degassing

Heterogeneity preserved in Group 4 elements within sub-samples (e.g. tuffisite veins) from
both volcanoes are related to degassing processes. The behaviour of these elements during
degassing depend on their melt-vapour partition coefficients (how favourably they will
partition into an available vapour) which in turn depends on the ligand availability in the vapour
phase (elements they will form complexes with), which vary with pressure and temperature
within the conduit (Zajacz et al., 2008, MacKenzie and Canil, 2008, Pokrovski et al., 2013).
Their behaviour further depends on their diffusivities in silicic melts (how quickly they will
diffuse towards melt-vapour interfaces), which is a function of the H>O concentration in the
melt, pressure and temperature (Zajacz et al., 2008, MacKenzie and Canil, 2008, Pokrovski et
al., 2013). The evolution of these factors during both eruptions is largely unknown and prevents
robust and quantitative modelling of trace element partitioning and behaviour. Texturally,
tuffisite veins preserve the last major fracturing and degassing event a parcel of melt underwent
prior to fragmentation and bomb ejection. Chemical heterogeneity within tuffisite veins largely
relate to that final syn-eruptive event. However, it is possible for older degassing events to be
preserved within host material and entrained lithics, and so careful sub-sample analyses of

differing bomb components allows for the distinction between different events.

Chaitén

The biggest compositional variations in the Chaitén samples are within the vein matrix samples

and Banded Clast found in the vein of Bomb A (Figure 3). Banded Clasts have previously been
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interpreted as non-juvenile material from a previous eruption that had undergone shearing
events and cristobalite precipitation (Saubin et al., 2016). The clast is depleted in many Group
4 elements, known to be volatile under magmatic conditions (e.g. Mo, Li, Bi, Ag, Cd and Cu),
which suggests outgassing occurred simultaneously with these shearing events resulting in the
extensive depletion of volatiles in the melt bands within the clast. However, the clast shows no
evidence of degassing preserved in its 2!°Pb isotope signature. We propose that these clasts are
part of the old dome, from a previous eruption that preceded the 2008 eruption by more than
120 years, so any initial disequilibria have been lost. In the less likely scenario it is a juvenile
clast, the degassing events recorded as trace element depletions were insufficiently lengthy to
be recorded in the 2!1°Pb isotope signature. Depletions in the Group 3 elements (HFSEs and U)

are discussed in Section 4.3.

Cu is enriched in the vein matrix but depleted in the Banded Clast, whilst Bi, Li and Mo are
depleted in the vein matrix. Cu, Mo and Sb are among the elements known to be enriched in
vein matrices at Chaitén, whilst Li is depleted in the vein matrix but enriched in the pumice
clasts within veins (along with Cu and Sb) (Berlo et al., 2013). Bi was not analysed by Berlo
et al. (2013). Our bulk vein results appear, at first, contradictory to the in-situ study conducted
by Berlo et al. (2013). However, the Mo, Li and Bi depletions in this vein are likely the result
of the mixing signature from the Banded Clast overprinting any vein enrichment, as discussed
in Section 4.3. Combined, Berlo et al. (2013) and our study show that Cu, Mo, Li, Sb and Bi
are mobile and are evidence of gas streaming through tuffisite veins. Gas streaming is the
process whereby magmatic gases are channelled through permeable pathways in magma, e.g.
fractures that can be preserved as tuffisite veins, which are transient throughout the conduit
during eruption. The ligands present in the gases aid in transporting metals from depth towards

the surface, as discussed in Section 1.2, and elements such as Cu, Mo, Sb and Bi are found to
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more favourably partition into fluids with a low chlorinity, often forming hydroxy complexes
(Zajacz et al., 2008, Berlo et al., 2013). Chemical heterogeneity is caused by the interaction of
the gases and the transported glass shards and preserves the gas streaming event. The ‘purer’
Vein Matrix sub-sample shows the highest level of Cu enrichment. This could be the due to
more efficient Cu adsorption onto the finer particles that provide a high surface area for
adsorption, or absorption of metals by the sintering melt. The origin of the Cu enrichment

remains unclear.

Cordon Caulle

Group 4 elements display a wide range of signatures in the Cordon Caulle veins. Bi and T1 are
commonly amongst the most enriched trace elements found in gases, favourably partitioning
into available vapours at high temperatures (e.g. Symonds et al. (1987), Mather et al. (2012),
Zelenski et al. (2013)), and show the greatest variability across this suite of samples. The Bi
and TI enrichment in the tuffisite vein of Bomb 2 (Figure 4) could be due to adsorption of these
elements onto the glass shards, the result of interaction with the fluxing gas phase. Bi and Tl
would be transported within the vapour phase but changing conditions upon ascent could have
promoted deposition and adsorption from the gas phase (as melt-vapour partition coefficients
decreased with changing conditions), the fine-grained glass shards of these veins providing a
high surface area to volume ratio, ideal for adsorption. This would be analogous to metal
deposition in fumaroles. Alternatively, the glass shards absorbed metals into their silicate melt
structure during vein sintering and compaction; or have higher Bi and TI concentrations
suggesting tapping of deeper, less degassed melts. Distinguishing between adsorption and

absorption is beyond the scope of the methods of this paper.
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Bi is also enriched in the vein of Bomb 3, but Tl is depleted (Figure 4). The apparent depletion
of Tl within this vein component is due to the enrichment of Tl in the vesiculated host with
respect to all other samples. The elongated and connected vesicles in this highly sheared sample
suggest open channels for gas flow were present prior to tuffisite formation. Adsorption of Tl
onto the channel walls during fluxing could account for its higher than average concentration,
and thus lower vein-host ratio. Bi is much higher in concentration in this sample than all others
from Cordéon Caulle as well, supporting the theory of gas adsorption in the host component of
this sample. Alternatively, the sample has lost less Tl and Bi through degassing than other
samples, pointing to a larger-scale control on concentrations of volatiles preserved than

individual fracture-degassing events.

The vein within Bomb 4 (Figure 4) is depleted in Tl (Bi is similar to the host), suggesting this
later vein tapped a more degassed source or that conditions within the vein resulted in
scavenging of metals and not metal deposition. Cd, In and Pb depletions are observed in this
vein only. Depletions would suggest the system either progressively degassed over time, with
earlier veins tapping gas-rich melts and later veins tapping more gas-depleted melts, or
conditions changed such that earlier veins underwent metal deposition whilst later veins

underwent scavenging.

In each of these cases, the affinity of both Bi and TI for a gas phase and the textural association
of the enrichments and depletions with gas pathways suggest that interactions between melt

and fluxing gas was the driver for the preserved heterogeneity. However, the processes
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responsible remain unclear pending detailed studies on the behaviour of these elements under
similar conditions. In-situ studies into Tl and Bi variation could be key to understanding the

complex degassing history and Cordon Caulle.

4.1.3 Why is there a disparity between the isotope and trace element signatures?

As discussed in Section 1.2, 2'%Pb-??°Ra disequilibria and trace element heterogeneity can be
induced by degassing of a magma before and during an eruption. At both Cordén Caulle and
Chaitén there is little evidence of degassing preserved in the isotope record but trace element
variations in tuffisite veins at both localities do provide evidence for degassing. One key
parameter for a chemical signature of degassing to be preserved is time. 2!°Pb deficits can only
be formed over months to years of continuous degassing because of the need for continuous
extraction of **’Rn from the system (Gauthier and Condomines, 1999). 2!°Pb excesses can be
formed in less time, with weeks to months of gas fluxing required to transfer ’Rn from one
location to another, and for it to then decay to *!°Pb (Condomines et al., 2010). The timing
required to generate an excess is also dependent on the mass of magma Rn is being removed
from and redistributed into. If the ratio is large then less time is required to generate an excess,
and we address this within the context of tuffisite veins in Section 4.2. However, trace element
heterogeneity induced by degassing is a function of the characteristic diffusivities of elements
in silicate melts and their vapour-melt partition coefficients and not by decay, thus they require
only minutes to hours to generate sub-mm scale heterogeneity in tuffisite vein material
(MacKenzie and Canil, 2008, Berlo et al., 2013). The preservation of degassing signatures in
trace elements at Chaitén and Cordon Caulle but not in isotopes suggests that individual

degassing events through fractures were transient (not longer than days at a time), otherwise
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we would expect to see preserved signatures in both trace elements and isotopes. Furthermore,

this places limits on the mass of magma that is being degassed through these channels.

4.2  Why are no 21°Pb excesses preserved in veins?

The redistribution or streaming of gas (containing *’Rn) through a system can result in 2!°Pb
excesses. Therefore, if a fracture or tuffisite vein underwent sufficient gas streaming over time
it would be expected to have a 2!°Pb excess. 2!°Pb that has decayed from volatile **’Rn,
concentrated within the gas phase, would be resorbed by melt particles within the fracture
(Lambert et al., 1985). However, despite evidence for gas streaming (e.g. metal enrichments
and clastic textures), no vein material from Cordon Caulle or Chaitén has preserved a
significant (*!°Pb), excess. We adapt the model from Condomines et al. (2010) to explain why
no excesses have been preserved in veins at either volcano and which conditions could

potentially form excesses at other eruptions.

Condomines et al. (2010) numerically modelled how 2!°Pb excesses (>'’Pb/?*°Ra >1) can be
derived from the accumulation of *’Rn (and its subsequent decay to 2!°Pb). Their model
accounts for the mass ratio (R) of the magma degassing cells losing gas (Mq) and accumulating
Rn (Ma,); the fraction of Rn extracted from the degassing cell (f) and from the accumulating
cell (f°); as well as the volatile content of the undegassed magma (o) and the magma’s residence
time in the degassing cell (1) (Figure 5). We present a model adapted from Condomines et al.
(2010) and the original differential decay equations as derived by Bateman (1910). The model
constrains the mass ratio required to generate an excess of 2!°Pb in the vein given a degassing
event of X hours. It is divided into two parts. Part One calculates the evolution of (*!°Pb),
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(**Rn) and (**Ra) with time while the fracture is open and 2*’Rn is being redistributed from
the degassing cell to the fracture via gas streaming (Figure 5). Part Two allows for the
assessment of the final (*!°Pb/??°Ra) of the bulk fracture assuming no further loss of 2?Rn or
210pp following closure and sealing of the vein. Only re-equilibration and decay of the nuclides

present at the time of vein closure occurs during this time.

4.2.1 Part One: Radon Redistribution during fracturing and gas streaming

Following the approach of Condomines et al. (2010), the >*Rn variation per unit time in the

fracture is given by:

d(Rn), 1

e = L [(0l) — (ORD] + Apn(Ra)a — Aga(Ru), M

Where I and $3Ut are defined as the flux of Rn in and out of the accumulating cell, in this
case the fracture preserved as the tuffisite vein. M, is the mass of the tuffisite vein; Ay, is the
decay constant of Rn; and (Ra), and (Rn), are the ?°Ra and *?’Rn activities of the tuffisite
material respectively. The parameters f and f* denote the fraction of Rn effectively extracted

from the degassing magma cell, and accumulating magma cell respectively:

_ (ol
f= ARnMg+(1-@)dol(Ra)g 2)

( out out

fl — ¢’Rn _ — (¢Rn (3)
[}\RnMa(Ra)a"' (‘M{ln ] [ARnMa(Ra)a +f(ArRnMg+(1-a) o) (Ra)q]

Where My is the mass of the degassing cell, ¢, is the influx of undegassed magma into the

degassing reservoir, o is the volatile content of the undegassed magma, and (Ra)q is the *Ra

activity of the degassing cell (see Fig. 5). Condomines et al. (2010) simplify their equations
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because (Rn/Ra), will reach a steady state after several weeks as Rn, and other intermediary
nuclides, are in secular equilibrium with Ra. This is an assumption we are unable to make as
the fractures are only open on the order of hours to days (Castro et al., 2012, Berlo et al., 2013).
Thus we combine the above equations and simplify by introducing the parameters residence
time, T = Md/¢po, and mass ratio, R = Ma/M,, as suggested by Condomines et al. (2010), and
restricting our model to (Ra), = (Ra)q. This is a valid assumption as (**°Ra) is immobile, does
not partition into a gas phase (Lambert et al., 1985), and these systems show no significant Ra

variation over time (see Section 3, Fig. 2). The changing (**’Rn) with time can then be

represented by:
d(Rn),
(d?) = Arn(Ra),C — Agy(Rn), 4)
Where:
—(1—f -9
c=(Q1 f)[1+fR[1+ — l (5)

This modified equation takes into account the additional *’Rn from the decay of **Ra in the
degassing cell, the *’Rn lost from the fracture, and **’Rn that comes from the decay of **’Ra
in the tuffisite material within the fracture. Appendix B provides further details on the

derivation of this equation and equations underpinning both parts of the model presented.

The model uses the complete solutions to the decay equations, as described by Bateman (1910),
assuming that °Ra and its products, ?Rn and 2!°Pb, start in secular equilibrium. The
additional #2?Rn is accounted for in the equations for both (**Rn) and (*!°Pb) variation with
time. There are several, short-lived intermediate nuclides between *?Rn and 2!°Pb that we have

not included within the model. We assume that 2'®Po (t12 ~3.05 mins) and >'*Po (t12 ~1.64x10
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4 5) are in secular equilibrium the whole time due to their short half-lives and can be ignored.
If the fracture is open for <2 % hours then 2'*Pb and 2'*Bi stay trapped and do not need to be
considered separately as 2'“Pb would be resorbed into melt particles, and 2'“Bi would stay
volatile with Rn. If the vein is open longer, they are in secular equilibrium with >’Rn. Finally,
we assume negligible Rn flux from vein walls when compared to contribution from depth, due
to slow Rn diffusion (Gauthier et al., 1999), thus R represents purely the mass ratio between
the fracture and degassing cell. The model numerically calculates the activities of Pb, Rn and
Ra and the activity ratios (*?Rn/?*Ra) and (>!°Pb/?*°Ra) for a fracture open between 0 and 36
hours (t), a timespan that applies to veins at both these and other volcanoes such as Torfajokull
(Iceland) and Lipari (Italy) (Cabrera et al., 2010, Castro et al., 2012, Berlo et al., 2013). The
parameters inputted into the calculations representing Rn extraction from the degassing
chamber (f) and the fracture (f*) vary from 0 to 1, and R (the mass ratio, My¢/M,) varies from

0.1 to 1x10° to provide a full range of potential scenarios.

4.2.2 Part Two: Vein Closure and Subsequent Decay

Eventually, radon gas transport will cease because particles within the vein will have sintered
to the point at which the system becomes closed to gases (Farquharson et al., 2017). Excess Rn
trapped within the isolated porosity of the vein will decay to Pb and be reintroduced into the
melt (Condomines et al., 2010). Part two of the model calculates the decay of 2!°Pb, 2Rn and
226Ra and activity ratios Rn/Ra and Pb/Ra for scenarios with varying f, £, R and t values. After
~50 days the activity of **’Rn has returned to within error of its original activity, *'°Pb and
222Rn are in secular equilibrium, and (*!°Pb/?*°Ra) has reached its maximum. Contoured plots

generated show the R value required, for given f* and t values, to generate (*'°Pb/?*°Ra) ~1.10
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(a ratio that deviates from secular equilibrium by more than analytical error). This is for a
fracture open over a range of timescales, e.g. Figure 6 where t=0.019, f=1,f =0.5and t =

0-15 hours.

4.2.3 Applying the model: Chaitén

Previous studies on tuffisite veins from Chaitén make this a prime case study to test this model.
Diffusion modelling of H2O towards fractures in bombs from the 2008 Chaitén eruption
suggests fractures are open on the order of hours (Castro et al., 2012). We assume the degassing
cell is an isolated parcel of magma, isolated prior to and upon ascent within the conduit. As the
system becomes closed, T—o0. Appendix C summarises the effect of varying t on the required
R values, with negligible differences in required R when © >1. Here we use a t value of 0.019
(equivalent to the cell being isolated for 1 week before being degassed by the fracture). Castro
and Dingwell (2009) indicate that magma at depth at Chaitén contained <4 wt. % H>O thus we
choose a = 0.04, this is the volatile content of the undegassed magma that is ultimately
exsolved. Sensitivity analysis indicates that variation of a has a negligible impact on the final
values of the model. Assuming complete extraction of Rn from the degassing chamber (f=1)
for a fracture open for 7.5 hours, mass ratios (R = Mg¢/Ma) of ~3000-9000 are required to
generate an activity ratio of (>!°Pb/??Ra) ~1.10 (the minimum 2!°Pb excess that would be
outside of error) depending on the amount of Rn extracted from the vein to the surface (f* =
0.25-0.75). Here an f* value of 0.25 implies 25 % of available Rn is extracted out of the vein
during the time the vein is open. R increases fourfold from 4,500 to 20,000 as fracture lifespan
decreases from ~7.5 hours to ~1.6 hours (assuming f=1, f* = 0.5 and 1 = 0.019, see Figure 6).

These values would increase if f <1, therefore these are minimum values. The model sensitivity
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to varying f values is discussed in Appendix C. The model provides an estimate on the size of
a melt pocket that can be degassed by a fracture during its lifetime. As an example, a sheet-
shaped vein with a 5 cm aperture, 6-50 m wide, with 150 m of vertical length, would have a
M, between 9.3*10* and 7.8*10° kg assuming a bulk density of 2070 kg/m? (Saubin et al.,
2016). This would correspond to a degassing cell mass (Mq4) between 4.7*10% and 3.9%10° kg
(or ~ 2*105-1.7*10° m® of magma, assuming a density of 2281 kg/m?®) at R ~5,000.
Geometrically, this is equivalent to a single vein efficiently degassing a cylindrical parcel of
magma ~350 m in length with a radius between 14 and 40 m, within a lifespan of several hours.
H>O cannot diffuse in a dense melt over a metre length scale on these timescales (e.g. Castro
et al. (2012)). Furthermore, these calculations highlight the implausible cylinder radii required
for wider veins (e.g. 40 m), that suggest they were degassing a melt wider than the conduit
itself. For this unlikely scenario to occur the magma being degassed would require an
extensively connected bubble network across its length and width for gas to segregate into and
move these distances before then outgassing through the fracture. Thus, the model highlights
that disequilibria, induced within a single fracture and gas fluxing event, are highly unlikely to

be preserved in veins open for such a short a period of time.

4.2.4 Applying the model: Other Systems

The model outputs imply that if veins are open long enough, >1 day, it could be possible to
generate a small 2!°Pb excess under favourable conditions (Figure 6, Appendix C). For this
model to be applied to other systems fracture opening timescales are required, via measurement
or estimation. This can be done via diffusion studies, e.g. Castro et al. (2012) or via visual

observation, e.g. Schipper et al. (2013), if the assumption is made that vents or sub-vents are
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the surface manifestation of gas fluxing through fractures at depth. Once a time estimate is
known, isotope disequilibria will aid in constraining the mass of magma being degassed by
fractures during those events. Tuffisite veins in volcanic centres, such as those in a ~70 ka
dissected conduit at Torfajokull in Iceland, show evidence of being longer-lived (Berlo et al.,
2013). However, isotope systematics dictate that this model can be only used only recent

eruptions, as all 21°Pb disequilibria will decay away after ~120 years (~5 half-lives of 2!°Pb).

4.3 Other processes inducing tuffisite vein trace element heterogeneity

Some of the chemical heterogeneity in the tuffisite veins are in elements that are not commonly
associated with degassing because of their immobility, non-volatility, and general preference
for mineral phases (e.g. Group 1 and Group 3 elements). Thus, degassing is unlikely to be the
cause of the heterogeneity. At Chaitén HFSEs and U are depleted in the Bomb A vein sub-
samples with respect to the host, and at Cordén Caulle many major elements and transition
elements (e.g. Mg, Sr, and V) are depleted in the three separate veins with respect to their hosts.
These variations though can be explained through different physical processes than degassing
as discussed below and highlight the importance of analysing a wide suite of elements with

varying properties.

Chaitén

The biggest compositional variations in the Chaitén samples are within the vein matrices and

Banded Clast components of Bomb A (Figure 3). As previously mentioned, the Banded Clast
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is interpreted as non-juvenile material (Saubin et al., 2016). Group 3 elements (HFSEs and U)
are generally highly incompatible in many mineral phases, but are commonly found in elevated
concentrations in the refractory mineral zircon (Belousova et al., 2002). Zr, Hf and Nb are the
most depleted elements in the Banded Clast (excluding the volatile elements discussed in
Section 4.1), followed by U, Ta, the heavy REEs (Dy to Lu) and Y. Apparent partition
coefficients calculated from the observed deficits are consistent with that of zircon
crystallisation (Dz>Dnf >Du>>Durees~Dy, Fujimaki (1986), Thomas (2003)). This would
require these clasts to have undergone a different cooling history to the zircon undersaturated,
main 2008 melt (Boehnke et al., 2013). We propose that the Banded Clast represents a previous
rhyolitic dome, which would have cooled more slowly through the zircon saturation
temperature (~712 °C based on calculations by Boehnke et al. (2013) assuming a similar
composition to the 2008 melt), allowing for the formation of micron-sized zircons. This would
explain why the zircon signature is only found in these clasts and not in the juvenile melt of

Bombs A and B.

The elemental composition of the Banded Clast will affect the vein sub-samples from Bomb A
as the clasts are a sizable component of the vein’s textural make-up. The Banded Clast analysed
is ~1 cm in across, however most clasts of this type range from ~0.1 to ~8 mm in size (Saubin
et al.,, 2016). Saubin et al. (2016) report that banded clasts accounted for 42 = 3 % of this
tuffisite vein, with dense clasts accounting for 35 + 3 % and pale vesicular clasts 22 + 4 %.
Using this information, we construct a simple three component mixing model, assuming this
component ratio (42:35:22), to predict the concentrations of elements in the tuffisite vein, and
account for the apparent elemental depletions within the Vein Matrix and Matrix & Clasts sub-
samples (Fig. S.1). These sub-samples are depleted in HFSEs, U, and some volatiles (Li, Mo,

Bi) but to a lesser extent than the Banded Clast (see Section 3.3, Fig. 3). Dense clasts are
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assumed to have a composition identical to the host, the banded clasts’ composition is known,
and we use average element concentrations for the pumice clasts from Berlo et al. (2013) for
the three-component model. Certain elements (Yb, Y, Zr, Nb, W, Cs, Ag, Cd and Bi) were not
analysed by Berlo et al. (2013) so their concentration in the pumice clasts are assumed to be
the same as that of the host. This is a valid assumption as Saubin et al. (2016) state these clasts
fragmented deep in the system and were brought up into the vein, suggesting they are part of
the 2008 juvenile melt that is chemically well constrained (see Section 3.3). This reduces the
3-component mixing model to a two-component mixing model between Host (~57 %) and
Banded Clast (~42 %). These models reproduce, within error, observed depletions in Figure 3
(Fig. S.1) with exception of Nb that is just outside of error, Cu (Matrix sub-sample), Mo and
Bi (in both sub-samples). The underestimation of Cu, Sb, Mo and Bi concentrations by the
model suggests that these elements have been added to the vein, supporting the theory of gas
streaming discussed in Section 4.1 and by Berlo et al. (2013). Thus, the depletions in the more
immobile elements, and most volatile elements, within the vein at Chaitén are due to mixing
and bulk analysis of clasts, with subtle compositional differences, that have been transported
along with the gas phase. The compositions of these individual clasts represent their histories
(degassing, crystallisation etc.) prior to entrainment within the tuffisite vein. This mixing of
three clast types with subtly different compositions has likely masked the enrichment of certain
volatile elements (Cu, Mo and Bi) that have been fluxed through with the gas phase and

adsorbed onto the clast surfaces within the vein.

Cordon Caulle
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Three tuffisite samples show similar trace element ratios when normalised to their respective
hosts (Figure 4). Anomalies in the Group 1 elements are unlikely to result from degassing but
could be the result of preferential fracturing and transportation of glass over the phenocryst
assemblage (plagioclase, orthopyroxene, clinopyroxene, Fe-Ti oxides and accessory apatite)
during fragmentation. Horwell et al. (2001) found that the components of different size
fractions of the pyroclastic flow deposits at Soufriére Hills volcano were altered due to physical
processes. Larger size fractions are found to be phenocryst-enriched whilst the finer size
fractions of the concurrent ash fall deposits are glass-enriched and this fractionation is reflected
in the deposits’ geochemistry. Laser ablation analysis of volcanic glass from Cordon Caulle
(Paisley et al., in prep.) indicates these Group 1 elements (e.g. V, Mg, P, Sr, Mn) are lower in
concentration than the bulk (crystals + glass) analyses described in Section 3. Furthermore,
petrographic studies on other tuffisite samples from Cordon Caulle show that fine-grained
laminae within tuffisite veins are often devoid of crystals or fragments when compared to
coarser beds (Paisley et al., in prep.). Rare phenocrysts are hosted within clasts with complex
banded textures, in coarse-grained beds, or are in the form of microlites within glass shards of
different sizes that grew upon ascent. Finally, the crystal content of the Cordén Caulle deposits
is relatively low (~5 %), and crystals are commonly found as glomerocrysts (Castro et al.,
2013a), which are not widely observed in the tuffisite veins. Thus, we suggest that the
preferential fracturing and transport of glass through tuffisites is the cause in the depletions of
these elements within veins. This discovery has implications regarding the formation of source
material for tuffisites and whether the pressurisation and fragmentation of crystal-poor,
vesicular melt at depth results in the preferential movement of the glass-rich shards through

propagating fracture networks.
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4.4  Isotopic outliers: Samples not in secular equilibrium

Although the majority of samples at both volcanoes are within secular equilibrium there are

notable outliers that can be addressed.

Chaitén

Bomb B (Exterior) from Chaitén is not in secular equilibrium. Bomb B (Exterior) has a (**Ra)
=42.01 + 3.46 Bg/kg, a value within error of its predicted activity based on its U concentration
(3.41 £ 0.19 ppm). In contrast the Bomb B (Interior) has a lower (**°Ra) than predicted but a
210pp-226Ra ratio within secular equilibrium. Degassing is unlikely the cause of this deficit, as
Ra is not a volatile element. Ra is highly incompatible too and Ra partition coefficients are
usually smaller than those of Pb. However, an explanation that fractional crystallisation could
have played a role in this deficit is implausible as textures show negligible in-situ microlite

growth within the bomb. Therefore, the 2°Ra depletion is not readily explained.

Cordon Caulle

The tuffisite vein within Bomb 4, representing later hybrid activity, is the only sub-sample to
show internal isotope variation with (*!°Pb/??°Ra), = 0.90+0.02 (Figure 1), and its origin can
be decoded using (>'°Pb)o/Pb. Significant degassing (***Rn removal) or fluxing (***Rn addition)

will decrease or increase this ratio respectively, as common lead is not influenced by this

40



process (Turner et al., 2004). The vein component of Bomb 4 has a (*!°Pb)o/Pb = 0.083 + 0.002,
similar to other Cordon Caulle samples, and (>!°Pb)o/Pb ~0.086. The vein is depleted in total
Pb compared to the host (Figure 4), with a ratio of ~0.9, and has a (*!°Pb)vein/(*'°Pb)ost ~0.94.
In comparison, other veins have a (>'°Pb)vein/(>'°Pb)nost within error of 1. Thus, the vein’s
reduced (>'°Pb), may result from extraction of total lead (all isotopes, not only 2!°Pb) during a
later degassing event, e.g. during fracturing and vein formation, and not prior degassing. Only
one sample, Bomb 5, has a >!°Pb excess relative to 2?°Ra, (*!°Pb/**°Ra), = 1.19 £ 0.17 (Figure
2). Its (*'°Pb)o/Pb = 0.107 £ 0.006 which is significantly higher than the average and could
indicate abundant gas streaming. Adsorption of Po and Pb from the outgassing vapour by the

vesicular sample within the vent would account for its elevated ratios.

4.5 Why is degassing preserved differently at Chaitén and Cordon Caulle?

Trace elements have recorded a clear signal of degassing. Chaitén veins have volatile trace
element enrichments whilst Cordon Caulle veins have some enrichments but also have
depletions (e.g. Bomb 4). This initially appears counterintuitive as the veins at both volcanoes
act as gas flow pathways whilst the fractures are open and thus similar gas flow signatures
might be expected. We suggest that the difference in the depth of upper conduit fracturing at
the two volcanoes can explain the contrasting signatures. Fracturing at Chaitén is thought to
range from the surface to a depth of ~500 m with extensive connectivity (Castro et al., 2014,
Saubin et al., 2016, Farquharson et al., 2017). In contrast, at Cordon Caulle extensive fracturing
has been shown to occur in the near surface environment (<20 m), only extending down to
~200 m (Schipper et al., 2013, Castro et al., 2016). Farquharson et al. (2017) suggest that veins

will undergo different degassing regimes depending on the relative timescales of three
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processes: fluid flow (tpa), porosity reduction (i.e. compaction, 1c); and volatile exchange with
the sintering melt (tp). Providing tc > 1pa, veins sit in an outgassing regime as pore fluid
pressures continually equilibrate as compaction occurs. If tpa > tc then pore pressure
equilibrium is not maintained, and veins will undergo either volatile exchange with the melt
(tpa > Tc > D) Or pore pressure increases (Tpa > ™o > tc) which results in favourable conditions
for explosive fragmentation. This is summarised by a critical permeability threshold (k). If
fracture permeability (k) is less than or equal to k¢ it implies pore fluid pressures will increase
and potentially result in explosive fragmentation. Although initially kr is high, compaction and
sintering reduces this value with time, tending towards the magma’s initial permeability (ko)

(Kolzenburg et al., 2012, Farquharson et al., 2017).

In shallower environments Farquharson et al. (2017) predict that fractures would sit in an
outgassing regime as lower pressures result in lower k¢: values and longer tp times. Fractures
remain open longer, before compaction reduces their permeability so that kr < ke, and more
time would be required for volatiles to diffusively resorb into the sintering vein particles and
element enrichment occurring. This matches observations from Cordon Caulle. Low H>O
groundmass concentrations and oxidation suggest fracturing and quenching are occurring at
shallower depths than Chaitén (<200 m vs <500 m), and there is direct outgassing to the
atmosphere from certain fractures (Schipper et al., 2013, Castro et al., 2014, Castro et al., 2016).
We observe minimal elemental enrichments (with the exception of Bi) suggesting less
interaction between particles and the gas phase (due to longer tp). Furthermore, as stated by
Farquharson et al. (2017) Cordon Caulle has a relatively high calculated k¢ which would result
in frequent pressure build ups (when kr < k¢r), incomplete sintering (as observed in Figure 1)
and frequent explosions (as observed by Schipper et al. (2013)). Thus, elemental enrichments

in tuffisite veins in early Cordéon Caulle bombs are unlikely the result of diffusive absorption
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of volatiles but it is unclear if adsorption processes would occur under these conditions. Thus,
Tl and Bi enrichments could be due to shards having higher concentrations prior to entrainment
in the vein (a richer Tl and Bi source melt) or elemental adsorption. Depletions in the Bomb 4
vein could be the result of diffusion out of glass shards (element scavenging as observed at
Torfajokull by Berlo et al. (2013)), which could be resolved by in situ analysis. At Chaitén
bombs are excavated from deeper (Castro et al., 2014) and veins record vertical clast transport
over hundreds of metres (Berlo et al., 2013, Saubin et al., 2016). Such conditions would result
in higher k¢ values and shorter tp times than Cordén Caulle, and be ideal for volatile exchange
(Farquharson et al., 2017). Veins equilibrate with trapped gases in isolated pockets as particles
sinter, exchanging volatiles and resulting in enrichments (see Figure 3), before entering the
pore pressure increase regime (tpa > ™o > tc) Where pressure build-up results in fragmentation
and bomb ejection. Differing gas compositions and eruptive temperatures would also influence

the exchange of volatile species, as well as which elements are available to exchange.

Studying trace elemental variation in tuffisite veins, brecciated conduit margins, and shear
zones at other volcanoes would aid in understanding the depth to which these channels are
open, available for degassing, and their role in the trace metal budget of eruptions. This would
be a particularly useful approach to look at near-surface degassing processes occurring during
fracturing and dome formation, where volatiles such as H-O would have already been largely
lost. This study also has implications in the study of vapours as a method of metal transport,
e.g. Williams-Jones and Heinrich (2005) and van Hinsberg et al. (2016), highlighting that
deeper veins forming during volcanic activity appear to show more metal enrichments than

their shallower counterparts.
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5. Conclusions

Our study of tuffisite veins from the two recent rhyolitic eruptions provides an insight into how
syn-eruptive physical processes, such as degassing, are geochemically preserved. Although
both Chaitén and Cordén Caulle have undergone gas streaming it is recorded differently in
trace elements and isotopes. Cu enrichments record gas streaming and volatile exchange at
Chaitén. At Cordon Caulle trace element depletions (e.g. Cd, In, Pb and T1) indicate degassing
during fracturing events. However, no systematic evidence of degassing has been preserved in
the isotope record at either volcano, suggesting degassing events were of insufficient duration
and efficiency for the formation of disequilibria between *'°Pb and ??°Ra. The lack of 2!°Pb
excesses preserved in veins from both eruptions allows us to calculate an upper limit on the
magma mass being degassed by individual tuffisite veins during these eruptions. We have also
shown that other physical processes, such as the preferential movement of glass over crystals,

can be chemically preserved in tuffisites.

This study reinforces the idea that trace elements are valuable tools for understanding syn-
eruptive physical processes, particularly at systems with erupted deposits depleted in major
volatiles such as H>O (e.g. Cordon Caulle). By analysing for a wide suite of elements, both
non-volatile and volatile, it is possible to distinguish between degassing processes and physical
processes redistributing clasts, crystals and glass during fracturing and vein formation. It is also
possible to discriminate between early degassing events (preserved within clasts in veins) and
syn-fracture degassing by analysing the different components of individual tuffisites. This

method of analysis could be easily applied to other volcanoes to assess the role of fracturing in
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degassing in different volcanic environments and be extended to the micron-scale using in situ

methods.
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8. Tables and Figures

Figure 1:

Summary of key textural features of samples from Cordon Caulle (Flow 1 & Bombs 1-5) and
Chaitén (Bombs A & B). Sub-samples are noted in bold and briefly described. Additional
descriptions in italics. Yellow boxes are representative of material analysed for each sub-

sample.

55



Size

Sub-Sample Descriptions

Sub-Sample Interpretations

Corddn Caulle

Bomb 2

Flow 1

~10 cm
sub-sample
of northen
breakout lobe

Breakout lobe at flow front. Breakouts are described by Schipper et al. (2015) and Magnall et al.
(2018) as vesiculated obsidian with ~40 % plagioclase and 10 % pyroxene microlites set in a glass
groundmass. No tuffisite veins are present in the flow samples. Vesicles in this sample are <1 cm in
size, are elongate to spherical, and coated with vapour-deposited cristobalite.

Parallel cristobalite bands are
thought to record vesicle
collapse.

Bomb 1

~10 cm
sub-sample of|
a~30cm
scale bread-
crusted bomb

Beige: Rounded to elongate cm-sized clasts.
Vesicle size increases towards clast centre.

Black: Rarer clasts, both vesiculated and
dense clasts present.

Interstitial matrix material is dark-grey to black in colour and
forms sintered veins between larger clasts. Fine-grained glass

can be oxidised to orange-red in certain samples (similar to this). Interstitial

atrix Material

No tuffisite vein present but brec-
cia bombs resemble tuffisite vein
fill material. It is likely breccias
represent the same process
fracturing and gas fluxing process
in the upper conduit as tuffisites.

Sub-sample
ofa~1.5m
scale bread-
crusted bomb

Exterior: A metre-scale grey pumice bomb. Quenched, light grey, vesiculated (mm-sized)
pumice. Melt rinds at the vein-host interface.

Vein: Located near bomb rim,1-3 cm wide.
Pale pink colour (oxidation), with fine and
coarse-grained laminations and some
inflated clasts. Subsidiary and injections
veins present offshooting from main vein.

Interior: Vesicles (10s cm) due to bomb
expansion post-ejection. Smaller vesicles
<1 cm from vein walls result of local
syn-eruptive or post-eruptive degassing
into vein. Volatile depleted melt foamed
less than bomb interior far from vein.

Melt rinds at vein-host interface
could be due to shearing or

material quenching upon ejection.

Tuffisite textures indicative of
fluidised flow. Inflated clasts
within beds of coarse-grained fill
indicate material of different
volatile contents were tapped
when fracture was open and
have subsequently inflated differ-
ently as bomb was ejected. Vein
shape altered by melt relaxation
and bomb inflation.

Bomb 3

~15 em long

pumice bomb
with large
ash-filled
vesciles

Host: Highly sheared, vesiculated tube pumice. Sheared vesicles run in parallel orien-

. ; . R . . Outer Vein
tation to vein. Tuffisite material found in host vesicles. “ !

Outer Vein: Pale pink (oxidation), fine-grained
sintered ash in concave laminations. Tuffisite
material is variabily sintered.

Inner Vein: Sintered ash, colour grades
from orange to white.
Tuffisite inflitrating host vesicles

Tuffisite inflitrating into host
implies host vesicularity devel-
oped and connected prior to
tuffisite formation. Changing vein
colour suggests it started open to
the atmosphere (and was heavily
oxidised) becoming less open
(and oxidised) with time.
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Size

Sub-Sample Descriptions

Sub-Sample Interpretations

Dense obsidian-rich bands
Vein: Multiple pink-orange laminations distinguished
by variable particle sintering, particle-size, % obsidi-

Observations from this and other
tuffisite veins at Cordén Caulle
suggest later veins have more

more abundant grey bands in the bomb interior. Interior
also has <10 cm long open fractures.

: an shard and vesicularity. Banding deflected around variability in vein components.
= ~15 cm bomb| large, dense-obsidian shards.

20| fragment

& (m Host: Black vesiculated obsidian. Melt relaxation at the

] host-vein interface (not shown). Vesicles (mm-sized)

;§ and rare mm-sized plagioclase crystals are observed. i orii &

S I Fjne-ash (heavily sintered)

o i _ Black vesicular bomb fragment with no vein. The bomb rim is quenched and vesicles are mm scale. | Ash and obsidian shards were
e ~8.cm W'_de There are rare plagioclase crystals visible (1-2 mm in size). Material adhered to the outside of the likely welded to the bomb surface
£ small vesicu- | samples is oxidised ash and mm-sized obsidian shards (surface material was not analysed). The when they were still hot.

:On lar bomb | cone structure around the vein is predominantly composed of pumice bombs, grey and black in
colour, varying from cm scale to metre scale.
Host: Dense obsidian, hosting a 3 cm-wide tuffisite vein and Entrained Si0,-enriched bands interpreted
subsidiary veins. Host, vein and clasts are described in detail ot as zones of cristobalite precipita-
by Saubin et al. (2016). tion. Banded Clast interpreted as
< Sub-sample | Banded Clast: cm-sized, sub-rounded clast with uneven bound-_‘ rronjuyemismetsial Ros prev-
trom a ~0.5ml - : - : ous activity in caldera.
o [*™ aries. Have greatest size range of vein clasts (mm to cm sized)
£ | wide dense | ang most irregular shapes. Are heterogeneous with glassy and Vein Matrix represents isolated
8 obsidian SiO,-enriched bands (~93 wt. %). Latter bands correspond to matrix. Vein Matrix & Clasts
bomb fractured areas, have greater porosity and crystallinity. represents bulk vein.
Vein: ~3 cm wide, parrallel-walled vein composed of banded

s (~35 %), dense (~42 %) and vesicular (~22 %) clasts in a

= fine-grained, oxidised matrix.

S Exterior: 2-8 cm dense, glassy rind, cracks <10 cm into

interior. Grades into pumice interior. Thin black bands of
glass are found in the transition zone between the bomb Pen for
Two ~30 cm | and interior. Open (<10 cm deep) cooling fractures in rind. Scal
m | sub-samples g
£ from a ~1.5 m| Interior: Elongate clasts of white pumice surrounded by
g bomb with | mm-wide grey bands of dense glass. There is visible
m| denserind | micro-porosity in the interior of clasts. Secondary bread-
and pumi- | crusting (<1 cm) can be found on the surface of some of
ceous core | the white pumice clasts. Sample comes from an area with
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Table 1:

Activities and activity ratios (back calculated to time of eruptions) of samples and sub-samples

analysed via alpha spectrometry (210-Pb) and TIMS (226-Ra).

(*'Pb), +2SD  (**Ra) +2SD

210p /226
Sample ID (Bqkg) (Bake) (Bgke) (Bkg) (“"Pb/*°Ra), +2SD
Bomb A Host 37.16 2.88 35.58 1.25 1.04 0.09
Bomb A Vein
Matrix & Clasts 38.07 3.15 36.01 2.67 1.06 0.12
Bomb A Vein 3873 732 3872 235 1.00 0.20
Matrix
Bomb ABanded 5005 476 3008 140 0.91 0.12
Clast
Bomb B Interior 36.79 3.34 35.77 2.65 1.03 0.12
Bomb B Exterior 34 .85 4.34 42.01 3.46 0.83 0.12
Flow 1 29.91 4.16 28.25 2.14 1.06 0.17
Bomb 1 Black 30.30 2.58 29.49 2.21 1.03 0.12
Bomb 1 Beige 29.52 2.27 29.17 0.35 1.01 0.08
Bomb 2 Exterior 31.51 1.98 30.53 0.41 1.03 0.07
Bomb 2 Vein 30.65 2.97 32.07 0.71 0.96 0.09
Bomb 2 Interior 29.31 1.30 30.07 0.37 0.97 0.04
Bomb 3 Host 31.16 0.81 30.16 2.32 1.03 0.08
Bomb 3 Outer Vein 31.54 2.22 31.41 1.86 1.00 0.09
Bomb 3 Inner Vein 30.15 2.55 29.72 0.36 1.01 0.09
Bomb 4 Host 28.57 2.94 28.81 0.56 0.99 0.10
Bomb 4 Vein 26.81 0.43 29.62 0.36 0.90 0.02
Bomb 5 36.85 3.47 29.45 0.36 1.19 0.17
BCR-2* 21.62 1.49 21.74 3.22

*Average values for BCR-2, 5 duplicates were run for >!°Pb and 3 duplicates were run for

2261{a
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Figure 2:

(>'°Pb/*?°Ra), versus (a) (*'°Pb), and (b) (**°Ra) showing the excesses and deficits in the

Cordén Caulle samples (white) are solely due to 2!°Pb variation. Chaitén samples (black) show

226Ra variability. Annotations are outliers discussed in Section 4.4. The red box denotes a 10

% error window, equivalent to the average two standard deviation value on calculated ratios in

Table 1.
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Figure 3:

Select elemental concentrations of Vein Matrix, Vein Matrix & Clasts (bulk tuffisite) and

Banded Clast normalised to Bomb A Host composition (Chaitén Volcano). Depletions in

HFSEs and volatile elements (e.g. Mo, Li, Bi) are evident in both clast and vein samples, as is

Cu enrichment in the vein. Errors are 2 standard deviation.
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Figure 4:

Element concentrations from select tuffisite veins from Cordén Caulle normalised to host
composition. Bomb 2 (vein) is normalised to Bomb 2 (Interior) concentration (black squares).
Bomb 3 (Outer Vein) is normalised to Bomb 3 (Host) (grey diamonds) and the Bomb 4 (vein)

is normalised to Bomb 4 (Host) (white circles). Errors are 2 standard deviation.
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Figure 5:

Schematic model of a fracture sourcing Rn from a degassing cell. Yellow arrows indicate gas
transfer in and out of the fracture. Magma fluxes (®,) into a degassing cell that has a mass, My,
and Ra activity, (Ra)q, and volatiles exsolve. Volatiles, including Rn, are extracted from the
degassing cell and into the fracture (mass, M., and Ra activity, (Ra)a), f denotes the fraction of
Rn extracted from the degassing cell. Volatiles outgas through the fracture to the surface, f°
denotes the fraction of Rn lost from the fracture. This model assumes all Rn that enters the
fracture comes solely from the degassing cell and not the tuffisite host thus calculated mass
ratios (R values) can be used to estimate the upper limit of the volume size of the degassing

cell.

A f’ - fraction of Rn lost from the fracture

Fracture negligible Rn diffuses from
M, (Ra), host into fracture whilst
fracture is open

f - fraction of Rn extracted
ﬁ from the degassing cell into
L5 fracture

Degassing Cell T - residence time of magmi
M, (Ra), in degassing cell

d

a - exsolved volatile conten
of undegassed magma

@, - flux of undegassed magma entering
degassing cell from depth
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Figure 6:

Contoured plot showing required R values to generate certain (*'°Pb/*?°Ra) for a known
fracture lifespan assuming 1 =0.019, f=1 and " = 0.5. Black lines highlight the required R
values, given minimum (1.6 hour) and maximum (7.5 hour) lifespan estimates of example
fractures from Chaitén, to generate a (*'°Pb/??°Ra) = 1.10 (see Section 4.2) (Castro et al.,

2012).

100,000
Eﬁ\“’\ T=0.019
18 f=1.0
P Ty f=05
~20,000 =y
’ \\ R \7.3
10000F Y, T~ T~
—_ e \\\ ™
2 " =,
= ~4,500 |« e T2 o
=] ™ ~—
E STz it L=
@ TS g
1,000 =
100
0 5 10 15

Timespan fracture open (Hours)



9. Supplementary Figure

Figure S.1:

Select elemental concentrations of Vein Matrix (black squares), Vein Matrix & Clasts (bulk
tuffisite, black diamonds) and predicted vein concentrations from a three-component (yellow
stars) and two-component (yellow circles) model normalised to Bomb A Host composition
(Chaitén Volcano). Shaded zones represent 2 SD errors on vein-host ratios. Three-component
model data only available for elements analysed in vesicular clasts by Berlo et al. (2013). With
the exception of Nb, both models correctly predict the calculated vein-host ratio for HFSE
suggesting depletions are the result of banded clast entrainment in the vein. Underestimation
of volatile elements (red arrows) such as Mo, Cu and Bi are the result of these elements being

added to the vein via gas streaming.
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10. Appendices

Appendix A: Trace Element Data and 2SD Errors
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Table A.1: Elemental concentrations (ppm) of samples from Chaitén and Cordon Caulle analysed via ICP-MS. Li concentrations
were calculated from °Li values using the natural abundance ratio of °Li/’Li. *Average value of the 2 duplicates run for BCR -2.

Sample ID Li Be Mg P Sc \% Cr Mn Co Ni Cu Zn
Bomb A Host 473 192 1560 260 3.0 33 04 426 1.03 062 423 356
Bomb A Matrix 409 1.80 1560 246 3.3 3.4 14 412 1.09 1.68 541 340
Bomb A Matrix & Clasts 414 191 1573 257 3.8 3.7 0.5 419 1.09 076 458 35.1
Bomb A Banded Clast 255 193 1534 260 34 3.0 02 410 098 432 317 345
Bomb B Interior 474 195 1559 253 34 3.5 03 429 1.04 051 418 354
Bomb B Exterior 477 195 1581 263 34 3.2 0.5 433 1.03 046 418 36.0
Flow 1 23.8 220 3653 585 152 121 <dl. 860 348 0.66 1851 81.7
Bomb 1 Black 228 2.13 3719 655 146 140 2.8 88 3.65 550 2556 813
Bomb 1 Beige 235 216 3798 611 155 122 <dl. 872 351 215 1942 8l1.1
Bomb 2 Exterior 22.8 2.13 3418 577 144 123 2.1 829 335 3.1 2028 795
Bomb 2 Vein 234 216 3080 505 13.1 89 23 806 292 568 1870 79.2
Bomb 2 Interior 233 216 3484 567 142 109 <dl. 839 322 333 3130 789
Bomb 3 Host 233 215 3726 444 151 109 29 849 333 343 1885 8I.8
Bomb 3 Outer Vein 240 220 2990 409 139 88 1.2 813 294 353 1899 799
Bomb 3 Inner Vein 234 216 3263 404 140 106 1.7 821 3.13 374 16.84 80.7
Bomb 4 Host 23.1 222 3484 567 150 114 13 82 331 256 1796 815
Bomb 4 Vein 23.6 221 2981 519 144 82 1.2 809 291 289 18.65 778
Bomb 5 23.6 2.19 3467 579 148 11.8 1.3 837 333 316 1785 804
BCR -2* 7.7 1.72 18723 1414 31.5 3989 139 1368 34.01 10.80 17.10 130.3
UTR 50.6 7.82 34 35 29 04 266 695 0.18 1.27  4.60 207.3

Analysed Masses 6 9 24 31 45 51 52 55 59 60 63 66
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Sample ID Ga Rb Sr Y Zr Nb Mo Ag Cd In Sn Sb
Bomb A Host 13.6 1044 140 11.0 101 7.8 1.57 020 0.106 0.017 1.89 0.57
Bomb A Matrix 132 1023 141 10.6 88 7.0 146  0.18 0.101 0.016 1.79 0.70
Bomb A Matrix & Clasts 13.5 1058 140 10.8 89 7.3 143 0.19 0.091 0.016 181 0.73
Bomb A Banded Clast 13.7  106.1 142 10.6 73 5.6 0.81 0.16 0.081 0.015 186 0.49
Bomb B Interior 134 106.1 137 11.0 101 7.8 1.55 020 0.105 0.016 1.83 0.58
Bomb B Exterior 13.7 108.1 143 11.3 105 7.9 1.58 020 0.102 0.016 192 0.57
Flow 1 18.7  67.6 164 477 329 8.9 240 058 0.267 0.079 295 0.79
Bomb 1 Black 182  62.2 160 47.0 316 8.7 229 055 0269 0.101 454  0.79
Bomb 1 Beige 183 684 160  49.0 326 9.0 237 059 0.283 0.096 340 0.79
Bomb 2 Exterior 18.1  66.9 154 475 323 8.8 235 056 0.266 0.081 323 0.82
Bomb 2 Vein 18.5 70.8 142 504 343 9.2 2,50  0.61 0.267 0.085 295 092
Bomb 2 Interior 183  66.8 154 49.0 329 9.0 241 0.58 0.258 0.077 583 0.82
Bomb 3 Host 182  66.6 158  46.5 318 8.8 240 056 0.246 0.067 3.18 0.89
Bomb 3 Outer Vein 183  69.6 143 472 336 9.0 242 058 0256 0.067 297 0.83
Bomb 3 Inner Vein 18.1 679 150  46.5 325 8.9 240 058 0.245 0.067 274 0.85
Bomb 4 Host 18.1 629 159  47.6 324 8.6 223 058 0269 0.079 298 0.78
Bomb 4 Vein 184  70.7 146 474 329 8.9 247  0.60 0.229 0.062 294 0.87
Bomb 5 184  67.1 158 473 323 8.9 241 0.56 0261 0.078 290 0.79
BCR -2* 20.5 414 312 307 169 11.8  229.68 0.43 0.663 0.084 2.00 0.37
UTR 35.1  130.0 2 110.5 1090 81.5  7.58 1.78 0.867 0.165 948 0.17
Analysed Masses 71 85 88 89 90 93 95 107 111 115 118 121
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Sample ID Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho
Bomb A Host 7.15 644 239  4e.1 4.7 16.0 2.60 058 241 034 190 0.38
Bomb A Matrix 6.79 632 239 448 4.7 156 251 058 236 033 184 037
Bomb A Matrix & Clasts 6.68 641 241  45.6 4.8 159 259 057 244 033 189 038
Bomb A Banded Clast 6.65 644 246 4e6.1 4.8 162 262 059 249 033 1.89 0.38
Bomb B Interior 7.25 638 239 455 4.7 158 257 057 242 034 189 038
Bomb B Exterior 730 648 246  46.7 4.9 162 2.64 058 247 034 193 040
Flow 1 447 713 293  65.7 8.6 358 809 1.77 833 139 8.69 1.87
Bomb 1 Black 4.35 693 29.3  66.3 8.6 358 818 1.73 838 139 879 1.86
Bomb 1 Beige 4.51 698 298 674 8.7 363 818 1.73 852 139 882 1091
Bomb 2 Exterior 446 696 297 66.2 8.7 36.0 816 1.70 840 138 8.66 1.86
Bomb 2 Vein 4.83 739 314 719 93 380 882 1.74 918 146 9.57 2.04
Bomb 2 Interior 462 704 30.6 67.7 9.2 36.6 848 1.78 872 142 9.07 195
Bomb 3 Host 441 684  28.7 64.7 8.2 346 7.77 160 796 132 840 1.81
Bomb 3 Outer Vein 459 715 298 664 8.6 353  8.01 1.56 819 136 859 1.85
Bomb 3 Inner Vein 4.51 702 294 654 8.3 350 7.80 1.62 805 134 856 1.83
Bomb 4 Host 459 703 303 66.8 8.8 362 847 177 853 144 9.09 195
Bomb 4 Vein 459 710 297 674 8.7 3.0 814 172 833 139 884 1091
Bomb 5 446 696 292 659 8.5 356 799 173 820 135 8.69 1.84

BCR -2* 1.00 607 226 473 6.2 248 628 195 6.71 1.01 624 1.21
UTR 4.75 11 784 1735 204 76.1 1785 140 19.25 333 20.72 435
Analysed Masses 133 137 139 140 141 146 147 153 157 159 163 165
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Sample ID Er Tm Yb Lu Hf Ta W Tl Pb Bi Th U
Bomb A Host 1.19  0.18 1.29  0.21 3.09 088 443 0.52 17.6 0268 11.62 3.33
Bomb A Matrix 1.14  0.17 1.23 0.19 269 0.82 3.99 0.51 16.9 0214 1129 295
Bomb A Matrix & Clasts 1.18 0.17 1.25 020 274 092 4.11 0.53 17.0 0.195 11.53 3.08
Bomb A Banded Clast 1.15 0.17 1.24 020 2.32 0.73 3.26 0.55 17.3  0.041 11.37 2.71
Bomb B Interior 1.19  0.18 1.31 0.21 3.04 0095 4.37 0.52 17.2 0282 11.70 3.30
Bomb B Exterior 1.21 0.18 1.33 0.21 3.16 088 447 0.53 17.6 0274 12.14 341
Flow 1 5.74  0.86 5.80 0091 8.86  0.82 1.47 036 21.3 0.043 849 237
Bomb 1 Black 5.69  0.86 5.86  0.90 8.78 0.77 1.44 048 20.8 0.082 824 231
Bomb 1 Beige 5.75 0.87 5.83 0.91 8.85 0.78 1.49 0.40 213 0.081 839 234
Bomb 2 Exterior 5.65 0.85 5.85 0.90 8.87 0.75 1.48 0.41 21.1  0.077 836 233
Bomb 2 Vein 6.18 094 646 099 10.15 0.93 1.79 0.48 248 0.083 9.72  2.65
Bomb 2 Interior 6.01 0.89 6.15 0.93 936 0091 1.61 0.41 233 0.058 8.93 2.45
Bomb 3 Host 5.51 084 569 0.89 877  0.82 1.49 0.77 20.8 0.148 8.21 2.30
Bomb 3 Outer Vein 5.67 0.86 5.91 0.91 9.13 0.76 1.50  0.38 21.3 0200 850 243
Bomb 3 Inner Vein 566 084 586 0.90 8.97 0.81 1.54 048 21.1  0.158 852 235
Bomb 4 Host 5.95 0.88 6.19 096 926 0.62 1.49 0.41 219 0.077 8.67 249
Bomb 4 Vein 5.77  0.88 6.05 094 930 0.83 1.53 0.30 194 0078 8.76 241
Bomb 5 5.62  0.85 5.86  0.89 8.93 0.85 1.46 0.39 20.7 0.075 826 2.30
BCR -2* 3.60 0.50 322 049 4.80 1.48 0.70  0.26 8.3 0.061 543 1.57
UTR 1298 1.89 1248 1.85 24.67 5.36 1.92 0.57 23.1 0.180 16.19 4.88
Analysed Masses 166 169 172 175 178 181 182 205 208 209 232 235

69



Table A.2: Associated errors (2 SD) of elemental concentrations of samples from Chaitén and Cordén Caulle analysed via ICP-MS. Li
concentrations were calculated from °Li values using the natural abundance ratio of ®Li/’Li. * Average value of the 2 duplicates run for

BCR -2. Errors in ppm.

Sample ID Li Be Mg P Sc A% Cr Mn Co Ni Cu Zn
Bomb A Host 1.5 0.07 19.1 109 1.6 12 0.10 13.8  0.03 0.75 0.13 2.0
Bomb A Matrix 0.4 0.05 12.4 3.7 0.1 0.1 1.11 3.9 032 022 0.10 04
Bomb A Matrix & Clasts 0.4 0.05 12.5 39 0.1 0.1 0.42 4.0 0.32 0.10 0.08 04
Bomb A Banded Clast 0.2 0.05 12.2 39 0.1 0.1 0.17 3.9 028 057 0.06 04
Bomb B Interior 0.4 0.05 12.4 3.8 0.1 0.1 0.27 4.0 0.30 0.07 0.07 04
Bomb B Exterior 2.1 001 732 159 02 03 0.22 157 0.03 0.05 005 2.1
Flow 1 0.9 0.07 4357 335 13 13 1.07 348 0.19 0.03 063 5.0

Bomb 1 Black 0.3 0.04 2162 528 03 02 0.11 393 021 2,00 004 13
Bomb 1 Beige 0.6 0.04 7107 832 14 22 0.32 100.7 055 044 130 42
Bomb 2 Exterior 1.0 0.08 2035 112 0.8 0.8 1.67 232 0.10 0.38 2.01 2.1
Bomb 2 Vein 02 0.05 373 459 1.1 0.7 1.34 6.5 0.29 041 022 0.8
Bomb 2 Interior 0.2 0.05 434 521 1.1 09 047 6.8 0.33 025 039 08
Bomb 3 Host 02 0.04 4726 440 14 12 235 274 022 249 224 19
Bomb 3 Outer Vein 0.7 0.15 2436 628 02 12 0.82 283 018 212 230 2.7
Bomb 3 Inner Vein 1.1 0.07 5752 421 1.0 1.9 1.07 474 032 0.15 037 25
Bomb 4 Host 1.1 025 782 151 04 04 0.05 122 0.10 059 033 1.2
Bomb 4 Vein 04 0.14 1405 149 08 03 0.11 369 0.08 092 0.15 27
Bomb 5 0.6 0.13 779 160 03 05 0.05 4.8 0.06 0.02 0.06 0.2
Average %RSD 1% 2% 3% 3% 4% 5% 25% 2% 6% 13% 2% 1%

Analysed Masses 6 9 24 31 45 51 52 55 59 60 63 66



Sample ID Ga Rb Sr Y Zrx Nb Mo Ag Cd In Sn Sb
Bomb A Host 0.4 10.2 6.3 0.6 5.8 0.2 0.18 0.02 0.018 0.0042 0.2 0.05
Bomb A Matrix 0.2 0.9 1.4 0.1 0.8 0.1 0.08 0.01 0.004 0.0003 0.1 0.29
Bomb A Matrix & Clasts 0.2 0.9 1.4 0.1 0.8 0.1 0.07 0.01 0.004 0.0003 0.1 0.30
Bomb A Banded Clast 0.2 0.9 1.4 0.1 0.6 0.1 0.04 0.01 0.003 0.0002 0.1 0.20
Bomb B Interior 0.2 0.9 1.4 0.1 0.9 0.1 0.08 0.01 0.004 0.0003 0.1 0.24
Bomb B Exterior 0.2 54 5.4 0.4 4.3 0.3 0.06 0.01 0.003 0.0010 0.2 0.01
Flow 1 1.5 1.0 8.4 33 23.8 0.6 0.24  0.06 0.033 0.0087 0.1 0.09
Bomb 1 Black 0.001 10.6 15.0 1.8 15.3 0.1 0.30 0.02 0.003 0.0033 0.2 0.06
Bomb 1 Beige 1.0 2.9 7.3 4.7 4.1 0.6 0.09 0.05 0.027 0.0035 0.3 0.02
Bomb 2 Exterior 0.3 0.9 2.6 0.4 7.2 0.3 0.08 0.06 0.028 0.0009 0.5 0.16
Bomb 2 Vein 0.3 0.9 2.0 0.7 1.8 0.2 0.38 0.08 0.011 0.0025 0.2 0.19
Bomb 2 Interior 0.3 0.8 2.2 0.7 1.7 0.2 0.36 0.08 0.010 0.0022 0.3 0.17
Bomb 3 Host 0.5 4.0 10.1 0.8 10.4 0.3 0.14 0.04 0.021 0.0045 0.6 0.21
Bomb 3 Outer Vein 0.6 3.5 8.1 0.9 8.5 0.2 0.05 0.02 0.005 0.0044 04 0.06
Bomb 3 Inner Vein 0.5 1.3 11.4 1.3 3.8 0.1 0.03 0.05 0.003 0.0075 0.1 0.07
Bomb 4 Host 0.2 1.3 1.9 0.5 2.3 0.2 0.16 0.23 0.057 0.0024 0.1 0.18
Bomb 4 Vein 0.1 5.1 5.1 0.4 43 0.6 0.52 0.04 0.002 0.0136 0.1 0.01
Bomb 5 0.5 1.0 2.9 1.1 6.4 0.04 0.15 0.05 0.010 0.0032 0.1 0.01
Average %RSD 1% 2% 2% 1% 1% 1% 4% 5% 3% 3% 4% 9%
Analysed Masses 71 85 88 89 90 93 95 107 111 115 118 121
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Sample ID Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho
Bomb A Host 049 444 1.9 3.6 0.46 0.9 0.3 0.05 0.3 0.026 0.2 0.04
Bomb A Matrix 0.10 4.7 0.3 0.6 0.09 0.2 0.1 0.04 0.1 0.033 0.1 0.02
Bomb A Matrix & Clasts 0.10 4.8 0.3 0.6 0.10 0.2 0.1 0.04 0.1 0.033 0.1 0.02
Bomb A Banded Clast 0.10 4.8 0.3 0.6 0.10 0.2 0.1 0.04 0.1 0.033 0.1 0.02
Bomb B Interior 0.11 4.8 0.3 0.6 0.09 0.2 0.1 0.04 0.1 0.034 0.1 0.02
Bomb B Exterior 034 354 1.2 2.1 0.23 0.7 0.1 0.03 0.1 0.019 0.1 0.01
Flow 1 0.22 64.4 2.8 5.5 0.87 3.2 0.9 0.18 09 0.139 0.9 0.18
Bomb 1 Black 0.10 6.8 1.0 0.2 0.05 0.9 0.1 0.05 0.2 0.018 0.1 0.02
Bomb 1 Beige 024 292 1.4 2.8 1.08 1.3 0.3 0.12 0.3 0.063 0.3 0.06
Bomb 2 Exterior 0.13 15.0 0.2 1.6 0.17 0.8 0.2 0.02 0.3 0.023 0.3 0.06
Bomb 2 Vein 0.13 8.9 0.5 1.2 0.44 0.7 0.3 0.17 0.3 0.152 0.5 0.12
Bomb 2 Interior 0.12 8.4 0.5 1.1 0.43 0.7 0.3 0.17 0.3 0.147 0.5 0.11
Bomb 3 Host 0.03 30.4 1.0 1.9 0.74 0.9 0.4 0.07 04 0.077 04 0.08
Bomb 3 Outer Vein 0.10 13.5 0.9 0.9 0.03 0.3 0.2 0.05 0.1 0.005 0.1 0.02
Bomb 3 Inner Vein 0.01 7.9 0.4 1.6 0.56 1.0 0.2 0.07 0.1 0.011 0.2 0.02
Bomb 4 Host 0.10 4.4 04 0.3 0.15 0.4 0.2 0.12 02 0357 02 0.23
Bomb 4 Vein 0.24 10.0 0.6 2.2 0.28 0.4 0.5 0.12 0.3 0.088 0.7 0.16
Bomb 5 0.14 9.6 1.4 1.6 0.41 1.3 0.4 0.10 0.5 0.102 04 0.14
Average %RSD 1% 1% 2% 1% 2% 1% 2% 3% 2% 4% 2% 3%
Analysed Masses 133 137 139 140 141 146 147 153 157 159 163 165
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Sample ID Er Tm Yb Lu Hf Ta W Tl Pb Bi Th U
Bomb A Host 0.11 0.020 0.1 0.024 03 0.1 0.55 0.069 24 0.029 1.6 0.458
Bomb A Matrix 0.07 0.039 0.1 0.072 0.1 0.6 0.74 0.054 03 0.011 0.2 0.181
Bomb A Matrix & Clasts 0.07 0.039 0.1 0.073 0.1 0.7 0.76 0.056 03 0010 02 0.189
Bomb A Banded Clast 0.07 0.040 0.1 0.073 0.1 0.6 0.61 0.059 03 0002 02 0.166
Bomb B Interior 0.07 0.041 0.1 0.078 0.1 0.8 0.81 0055 03 0015 02 0.203
Bomb B Exterior 0.05 0.005 0.1 0.010 0.1 0.03 0.27 0.027 1.1 0.020 04 0.186
Flow 1 047 0.084 0.6 0.103 09 0.3 0.19 0.077 13 0014 08 0306
Bomb 1 Black 0.04 0.005 0.1 0.001 0.2 0.2 0.05 0.133 03 0036 02 0.089
Bomb 1 Beige 049 0.005 04 0015 03 0.1 0.01 0.001 0.7 0.0002 03 0.055
Bomb 2 Exterior 0.04 0.023 0.1 0030 0.3 0.2 022 0073 05 0010 02 0.037
Bomb 2 Vein 090 0.039 07 0.070 04 0.2 0.13 0.064 0.6 0003 03 0.155
Bomb 2 Interior 0.87 0.036 0.6 0.065 0.3 0.2 0.11 0055 05 0002 03 0.141
Bomb 3 Host 030 0.035 04 0045 0.6 0.2 0.16 0267 09 0038 04 0.188
Bomb 3 Outer Vein 0.07 0.003 0.1 0.006 03 0.1 0.09 0.067 04 0018 0.2 0.080
Bomb 3 Inner Vein 0.18 0.018 0.2 0016 0.1 0.1 0.11 0043 02 0010 03 0.010
Bomb 4 Host 0.17 0216 02 0304 04 0.7 0.33 0.031 0.8 0.004 04 0.230
Bomb 4 Vein 029 0.066 05 0.041 1.2 0.5 0.05 0.008 0.9 0.008 1.0 0.179
Bomb 5 0.19 0.069 0.2 0.058 0.6 0.1 0.08 0.009 13 0.001 0.5 0.175
Average %RSD 3% 5% 3% 7% 2%  19% 5% 6% 2% 5% 2%  0.031

Analysed Masses 166 169 172 175 178 181 182 205 208 209 232 235
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Appendix B: Details of Equations in Section 4.2

Arriving at Equation (4)

Following the approach of Condomines et al. (2010), the ?>’Rn variation per unit time in the

fracture is given by:
d(Rn), 1 i
T = o [(08) = @RO] + Ara(Ra)a — Arn(R), (1)

Where ¢ and $3Ut are defined as the flux of Rn in and out of the accumulating cell, in this
case the fracture preserved as the tuffisite vein. M, is the mass of the tuffisite vein; Ay, is the
decay constant of Rn; and (Ra), and (Rn), are the **°Ra and ?*’Rn activities of the tuffisite
material respectively. The parameters f and f* denote the fraction of Rn effectively extracted

from the degassing magma cell, and accumulating magma cell respectively:

_ (ol
f= ARnMg+(1-@)dol(Ra)g 2)

(d)out (q)out
fl — Rn _ — Rn
[}\RnMa(Ra)a+ (q)i:{ln ] [ArRnMa(Ra)a +H(ArRnMg+(1-a)do)(Ra)q]

3)

Where Mg is the mass of the degassing cell, a is the volatile content of the undegassed magma,
¢o is the influx of undegassed magma into the degassing reservoir and (Ra)q is the *?°Ra
activity of the degassing cell (see Fig. 5). Substituting equations (2) and (3) into equation (1)

and expanding the terms results in:
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d(Rn),  fArnMa(Ra)q 4 fA-)po(Ra)d  f'ArnMa(Ra)s  ff'ARnMa(Ra)g
dt M, M, M, M,

_ff'( = 0o(Ra)g
M,

+ }\Rn(Ra)a - ARn(Rn)a

This can be simplified by introducing the parameters (1) mass ratio, R = Mda/M, and (2)
residence time, T = Md/¢, (and thus ¢o/Ma = R/7), as suggested by Condomines et al. (2010),

and restricting our model to (Ra), = (Ra)q, thus the equation becomes:

dRn)a _ fArnR(R)a | (1 = ORRa), f'Arn(Ra)a  ff'AgnR(Ra),

dt T

_ff'(— 0R(Ra),
T

+ Arn(Ra); — Agn(Rn),

This equation is condensed to:

Ot daRa), | (L~ ) + <fR(1 R DAt YO f’))] ~ Aaa(R0),
RnT
And finally, to:
d(Rn), 1-w

dt = [(1 - f’) (1 + fR (1 + >>] Arn(Ra), — Agn(Rn),

)\RHT
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The changing (***Rn) with time is then be represented by equation (4):

d(Rn),

T )‘Rn(Ra)aC_ }\Rn(Rn)a 4)
Where:
= (1-f -0
c=(1 f)[1+fR[1+ — l (5)

This modified equation takes into account the additional ’Rn from the decay of >*Ra in the
degassing cell, the *Rn lost from the fracture, and *?Rn that comes from the decay of **Ra

in the tuffisite material within the fracture.

Equations underpinning Part One of the Rn Model

Part One of the model assumes Rn is added to the fracture via a gas phase (flux in) and some
is also lost from the fracture (flux out). These are assumed to be average fluxes for the period
the fracture is open. During this period (<36 hours in the model, T) there will be some decay
of Rn and the model assumes that any resultant >!°Pb is instantly resorbed into particles in the
fracture. The half-life of *’Rn is 3.8 days, significantly longer than the fracture lifespan
(according to all previous studies of the timescale of tuffisite opening e.g. Castro et al. (2012),
Berlo et al. (2013)), the contribution of excess >!°Pb instantly resorbed into the melt particles
in the vein during this phase is negligible. The vast contribution of 2*’Rn, and thus 2!°Pb, which
results in the excess is acquired in Part Two (see below). Gas that enters the fracture will be

rich in Rn, and although much gas is lost (a high f” value) volatiles will become trapped in pore
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space during progressive compaction and densification of the vein, which drastically reduces

its permeability.

The equation in Part One are adapted from the equations of Bateman (1910) but include the
constant C, defined above, which is a function of a, T f, f°, and R. The equations are solved for
a time (T, between 0 and 36 hours), for f values (between 0 and 1), £ (0 and 1) and R (10! and
10%). Two constants, T and o, are assumed a priori and do not vary, thus the equations are solved
for T, f, f” and R generating a 4 dimensional matrix of values. The initial number of Ra (Ng,)
is calculated from the known activity of ?>°Ra of the initial material (35.58 Bq/kg or 2.13 dpm/g
for Chaitén, see Table 1). Rn (NR,)and Pb (Np},) initial particle numbers are then calculated

assuming all activities are initially equal. The equations for (*?°Ra), (***Rn) and (*!°Pb) are

thus:
(226Ra) — }\Ra[Nﬁae_}\RaT]
Ar,CN? ) Ar,CN?
222 Ra™~"YRa —AraT Ra™""Ra 0 —ArnT
Rn) = A ——— |e™"Ral 4 (————— 4+ N, )e "Rn
( ) Rn l(ARn - )‘Ra }\Ra - )‘Rn Rn
And

< )\RaARnCNl%a >e—7\RaT +
O\Rn - }\Ra) O\Pb - }\Ra)

( MalenCNRa . AroNRy )e-xm;r o
(210Pb) — }\Pb O\Ra - )\Rn)()\Pb - )\Rn) 7\Pb - 7\Rn
( )\Ra)\RnCnga + }\RUNEU + Ngb) e—APbT
(ARa = App)(Arn — Apb)  Arn — App
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Activity ratios are calculated by dividing one activity over another, e.g. (*!°Pb/*?°Ra), and are

known for all combinations of T, f, f and R.
Equations underpinning Part Two of the Rn Model

Part Two provides time for the trapped volatile phase to re-equilibrate with the fracture material
and the decay of excess 2>’Rn to 2!°Pb. The equations in Part Two are decay equations for Pb,
Rn and Ra as described in Bateman (1910) but do not include the constant C because there is

no additional gas fluxing phase during this period:

(226Ra) — ARa [NRae—ARat]

AraN AraN
222 Ra'YRa —Anat Ra'YRa —Apnt
Rn)= A —— e Rat + (———— 4+ Ng,,)e "Rn
( ) Rn [(ARH }\Ra> (}\Ra ' \Rn Rn)

And

( }\Ra}\RnNRa ) e ARat | ...
(Arn — Ara) App — ARa)

< }\Ra}\RnNRa + }\RnNRn >e_7tRnt + o
(Zlopb) = App (ARa = ARn)(Apb — Ajn)  App — Agn
< )\RaanNRa + )\RnNRn + NPb) e‘?‘l’bt
(Ara — App)(ARn — Apb)  Arn — App
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These are solved for a time (t) between 0 and 50 days with initial conditions (Nra, Nrn and Npp)
taken from Part One of the model that represent all time intervals from T=0 to T= 36 hours,
and is presented as a 5 dimensional matrix. Activity ratios are then calculated for all times (0-
50 days) with all starting conditions. The utilisation of matrices in Matlab allow for all
scenarios to be considered and a contour function is utilised to generate a figure with T on the
x-axis and R on the y-axis. For example, the models input to generate Fig. 6 are 0=0.04, 1=
0.019 and the (**°Ra) for Chaitén Host. Part One calculates all activities from T =0 to T = 36
hours, Part Two runs for t = 0 to 50 days. The contour map inputs are f= 1, f* = 0.5, t = 50, the
result is a contour map of calculated activity ratios depending on the T (0-35 hours) and R
values (100-100,000), x and y-axis limits were used for clarity and only contours for 1.05, 1.1

and 1.2 are shown.
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Appendix C: Model Sensitivity

The model summarised in Section 4.2 requires several inputs, including the magma’s residence
time in the degassing cell (1) and the fraction of Rn effectively extracted from the degassing
cell (f) (Gauthier and Condomines, 1999, Condomines et al., 2010), to which the model’s
outputs are sensitive. If the system is a closed then t—o0, if the system is fully open then T = 0.
Within our model, t can influence the final R value required to generate an excess, when t <1,
where R is the mass ratio of the degassing magma cell and fracture, R = Ma/M.. As t decreases
below 1, the R value required to generate a known excess decreases (Figure B.1, Table B.1),
because the degassing cell is being provided with new magma, rich in Rn and Ra, more
regularly, which then degases within the cell (Figure 5). Although R values are implausibly
high at short timespans, regardless of the t value, at timespans on the order of a few days it

would be possible to generate a 2!°Pb excess within a vein with an R <500 providing 7 is low.
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Figure C.1:
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R value vs Timespan of fracturing event with varying t values. Black arrows show how, for a

7.5-hour vein lifetime, the R value decreases as the t value decreases.

Table C.1:

Summary of R value required for 1.6 hour and 7.5 hour events given a known f and f* value

and varying t.

f=1,£=0.5 t=1.6 hours t=7.5hours

t=1 (1 year) ~35 000 ~7 500
7=10.083 (1 month) ~32 000 ~6 500
1=10.019 (1 week) ~20 000 ~4 500
1=10.0027 (1 day) ~5900 ~1 100
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The fraction of gas removed from the degassing magma is denoted as f (Figure 5). In the
discussion a value of 1 is assumed, providing us with a minimal R value estimate for Chaitén.
This assumes that all available radon is extracted from the degassing magma into the fracture.
If f <1 then less radon is transferred into the accumulating magma and therefore the mass ratio
between the degassing and accumulating magmas must be larger to produce a certain excess,
i.e. R must be larger. Figure B.2 summarises the effect of lowering f on the R values required
to generate a 10 % excess assuming t = 7.5 hours, 1= 0.019, o= 0.04 and f* = 0.5. If f= 0 then

no radon is extracted from the degassing cell into the fracture so there would be no R value

associated.
1,000,000
: 1=0019
1 =05
]‘f\".‘k\.
100,000
= -
g: 10,000 fq o~ —1 ] BRI
e < o - f=so025 |
- 11 f=05
B —-f=075
1,000 | ey
100 . . .
0 5 10 15 20 25 30 35
Timespan fracture open (Hours)
Figure C.2:

R value vs Timespan of fracturing event with varying f values. Black arrows show how, for a

7.5-hour fracturing event, the R value increases as the f value decreases.
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Link to Chapter Two

In Chapter One I show that trace element variations at the dm-cm scale in veins at Cordén
Caulle were the result of degassing. However, the spatial resolution of this study is analytically
limited because isotope analyses require a larger sample volume owing to the low
concentrations of 2!Pb and 2*’Ra and so whole veins were crushed, powdered and analysed.
Thus much of this variation could not be explored further using the methods described in
Chapter One. In the general introduction, I highlight how studies into the diffusion of water
around fractures have aided in understanding the timescales fractures can be open for.
However, the shallowly derived erupted products from the recent Cordén Caulle eruption are
water-poor (Schipper et al., 2013; Castro et al., 2014) and thus no timing inferences have been

made about processes that occurred during the latest eruption.

In Chapter Two I delve deeper into trace element variation at Cordon Caulle using in situ
techniques to assess variation on the pm-mm scale. I expand on the types of textures analysed,
focusing on breccias as well as veins, resulting in a comprehensive study of degassing at
different levels within the upper conduit. Sampling of different components of this eruption
allows for the assessment of how these processes change as an eruption evolves. Finally, using
these techniques I highlight how trace elements can be used to assess timescales of degassing,

particularly in water-poor systems where previous studies have been not been fruitful.
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Chapter Two

Degassing-induced chemical heterogeneity at the 2011-2012 Cordén Caulle eruption

R. Paisley™ ', K.Berlo', J. Whattam?, C. I. Schipper?, H. Tuffen?

'Department of Earth & Planetary Sciences, McGill University, 3450 Rue University,

Montreal, Quebec, Canada, H3A 0E8

2School of Geography, Environment and Earth Sciences, Victoria University of Wellington,

Wellington, New Zealand

3Lancaster Environment Centre, Lancaster University, Lancaster, UK

In preparation for Volcanica

Highlights:
e Chemical heterogeneity preserved in erupted products records gas flow through syn-

eruptive fracture-generated networks

e Evidence for metal scavenging from tuffisite vein material by the fluxing gas phase

e Hour to day fracture lifespans constrained via trace element diffusion

e Volatiles (In, Tl and Bi) progressively depleted from the melt as eruption proceeded
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Abstract

The eruption dynamics of the 2011-2012 rhyolite eruption at Cordon Caulle, Chile, were
markedly complex. After a brief Plinian phase, the eruption transitioned into an extended
period of simultaneous low-intensity plumes, explosions and lava effusion (behaviour referred
to as hybrid activity). This activity reflects the competing processes of fracturing, melt
relaxation and gas fluxing occurring within the upper conduit. At Cordon Caulle the erupted
products preserve low concentrations of HoO and CO,, which limits their use as recorders of
degassing for this particular eruption and our understanding of these syn-eruptive processes.
However, major volatiles act as carrier gases for many volatile trace elements (e.g. Li, Rb, Cs,
Cu, In, Zn, Pb, Tl and Bi) and heterogeneity in trace elements is preserved. Trace element and
textural heterogeneity at Cordon Caulle are strongly correlated, emphasising how degassing
can be preserved by volatile trace elements in the erupted products. Individual samples are
subdivided into textural domains with each domain representing a degassing process within the
upper conduit. Depletions of Pb and Tl in glass shards in tuffisite veins and interstitial matrices
of breccias record scavenging of metals by the fluxing gas phase. Enrichments of TI in surficial
ash domains highlight how changing environmental conditions, as gases flux into the surface
environment, can result in scavenging of certain elements by ash. We infer that this occurred
during ash jetting events observed from the lava-filled vent during late hybrid activity in 2012.
Elemental gradients in alkalis (Li, Na, Rb, Cs) and metals (Cu, Tl and Pb) indicate deep-conduit
degassing events are short-lived, with lifespans on the order of minutes, and surface venting
can occur (from a single location) for hours, corroborating with observations made during the
latter period of hybrid activity during this eruption. Vent samples from later in the eruption
sequence are depleted in In, Tl and Bi, relative to earlier erupted volcanic bombs, highlighting

the progressive degassing of the system as the eruption proceeded. This study sheds light on
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the complex degassing processes that occur in the uppermost conduit and how these processes
evolve as an eruption progresses. Combining in-situ textural and chemical analyses is an

alternative method for assessing degassing in systems that are depleted in H>O and CO,.

1. Introduction

Prior to the 2008 eruption of Chaitén in Chile, no explosive rhyolitic eruptions had been
scientifically observed in detail (Castro et al., 2014). The Chaitén eruption was closely
followed by another Chilean rhyolitic eruption, at Cordon Caulle from 2011 to 2012. During
both eruptions simultaneous explosive and effusive activity from the same vent were observed,
known as hybrid activity (Pallister et al., 2013; Schipper et al., 2013). Observations of hybrid
activity have led to a paradigm shift in our understanding of syn-eruptive degassing of silicic
magma and highlight the important role played by melt fracturing in the upper conduit. Such
fracturing processes are recorded by tuffisite veins, which are ash-filled fractures formed in
shallow magma or country rock and found in the products of many silicic eruptions (e.g. Heiken
et al., 1988; Stasiuk et al., 1996; Tuffen et al., 2003; Tuffen and Dingwell, 2005), together with
variably-welded breccias (e.g. Kolzenburg and Russell, 2014; Isgett et al., 2017). Geochemical,
textural and experimental studies have shown fractures to be highly permeable, transient
pathways where volcanic gases can flux over hundreds of metres within the upper conduit,
before sintering and compaction leads to porosity and permeability loss in these features (e.g.
Kolzenburg et al., 2012; Heap et al., 2015; Farquharson et al., 2016; Kendrick et al., 2016;
Saubin et al., 2016). H,O diffusion gradients in glasses have been used to constrain the
timescale of degassing into fractures at Chaitén (Castro et al., 2012), Lipari (Cabrera et al.,

2011) and Mono Craters (Watkins et al., 2017). However, the erupted products from Cordén
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Caulle are H>O-poor (<0.35 wt. % H>0) and lack well-defined degassing trends in both water
concentrations and isotopes (Schipper et al., 2013; Castro et al., 2014). Therefore alternative
approaches are required to chemically constrain degassing processes during this eruption that

are recorded by the texturally complex and heterogeneous erupted products.

Whilst volcanic vapour compositions are dominated by H.O, COz and halogens, they are also
enriched in trace elements including alkalis, metals and metalloids (Hinkley et al., 1994;
Williams-Jones et al., 2002). Trace element variations in tuffisites have been linked to gas
fluxing through these permeable pathways at depth (Berlo et al., 2013; Plail et al., 2014; Paisley
et al., in review). Their diffusivities are commonly slower than that of H,O (Zhang et al., 2010;
Zhang and Ni, 2010; Gardner et al., 2012). Thus, whilst H>O has been efficiently degassed and
removed from the melt at Cordon Caulle, other species potentially have not. In this study, we
exploit this alternative approach and evaluate heterogeneity in volatile trace elements (e.g. Li,
Rb, Cs, Cu, TI, Pb) and ligands (e.g. Cl) across textural features indicative of degassing

preserved in the erupted products from the most recent Cordon Caulle eruption.

2. Case Study: The Puyehue-Cordon Caulle Volcanic Complex

2.1 Eruption Background

The Puyehue-Cordon Caulle Volcanic complex (PCCVC) is located in the Chilean Southern
Volcanic Zone (SVZ). Historical eruptions on the complex range from basaltic to rhyolitic in

composition (Gerlach et al., 1988). The Cordon Caulle fissure system is located within a NW-
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SE oriented graben, between the Puyehue composite stratovolcano (~2230 m a.s.l) and the
Cordillera Nevada caldera (~1800 m a.s.l), and is controlled by a branching fault off-shooting
from the 1000+ km-long, N-S striking Liquifie-Ofqui Fault Zone in the SVZ (Gerlach et al.,
1988; Lara et al., 2006; Singer et al., 2008). The two most recent eruptions of the Cordon Caulle
fissure zone in 1922 and 1960 were rhyodacitic to rhyolitic in composition (Gerlach et al.,
1988), with the latter notably occurring 38 hours after the My, 9.5 Valdivia subduction zone

earthquake, the largest instrumentally recorded seismic event (Lara et al., 2004).

The 2011-2012 eruption commenced on June 4™ with 27 hours of Plinian activity after months
of elevated seismicity, ground deformation and uplift (Silva Parejas et al., 2012; Jay et al.,
2014). The column height was initially 15 km, before fluctuating between 3 and 10 km over
the next week (Silva Parejas et al., 2012; Castro et al., 2013; and references therein). Ten days
into the eruption lava effusion began, from the same vents as the pyroclastic emissions,
breaching the NW side of the tephra cone (Silva Parejas et al., 2012; Schipper et al., 2013).
Rapid surface uplift of <200 m around the vent is thought to indicate the emplacement of a
shallow laccolithic intrusion, at a depth of 20-200 m with a volume ~0.8 km?, in the first month
of the eruption (Castro et al., 2016). Pyroclastic emissions continued for several months, with
the concurrent coalescence of two partly-overlapping cones formed in the early stages of
eruption. In January 2012 two sub-vents within a single tephra cone were observed, each
displaying a cycle of behaviour from Vulcanian blasting (with bombs landing <1 km away
from the vent) to ash and gas venting (Silva Parejas et al., 2012; Schipper et al., 2013). This
hybrid behaviour continued into late March 2012, when recorded tremor ceased, after emission
of a total erupted volume of magma of ~1.4 km® dense rock equivalent (Tuffen et al., 2013;
Pistolesi et al., 2015). The lava effusion rate averaged 50 m’s! during the first 20 days before

declining to lower fluxes, and the 35 m-thick lava flow continued to advance via breakouts
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from its thermally-insulated core into 2013 (Tuffen et al., 2013; Bertin et al., 2015). Extensive

deformation was also recorded post eruption (Delgado et al., 2016).

2.2 Petrology Background

Bulk (~69 wt. % Si02) and glass (~72 wt. % Si0O2) concentrations from the 2011-2012 eruption
show minimal variation across the eruption suite and are comparable to the 1922 and 1960
eruptions at Cordon Caulle (Gerlach et al., 1988; Castro et al., 2013; Pistolesi et al., 2015).
Phenocryst growth occurring during magma storage accounts for the minor difference between
the bulk and glass compositions (Castro et al., 2013). These most recent silicic magmas form
an extended trend (in both major and trace elements) when compared to historical bulk analyses
of the PCVVC glacial and post-glacial deposits, the result of fractional crystallisation of a
plagioclase, clinopyroxene, orthopyroxene and magnetite anhydrous assemblage (Gerlach et
al., 1988; Jicha et al., 2007; Castro et al., 2013; Daga et al., 2014; Alloway et al., 2015). The
2011-2012 phenocryst assemblage comprises of plagioclase, orthopyroxene, clinopyroxene,
magnetite and ilmenite with rare apatite and pyrrhotite, although samples are near aphyric (<5
vol. %) and crystals are commonly observed as glomerocrysts (Castro et al., 2013). Magmatic
storage conditions for this eruption are estimated to be ~2.5-7.5 km, 875-925 °C, fO, ~QFM,
the hot conditions accounting for the low viscosity of the melt (Castro et al., 2013; Jay et al.,
2014). Plagioclase-hosted melt inclusions record pre-eruptive volatile concentrations of <2.5
wt. % H>0, and ~40-70 ppm CO; (Castro et al., 2013), whilst pyroxene-hosted inclusions
contain ~3.9 wt. % H>0, ~220 ppm CO> and ~130 ppm SO> (Jay et al., 2014). The groundmass
of the erupted products from the 2011 event is uniformly low in H>O (<0.35 wt. %), with no

systematic differences in H>O or 6D between the various eruptive phases (e.g. Plinian pumice,
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Vulcanian bombs, and lava) (Schipper et al., 2013; Castro et al., 2014). Thus less is known
about magmatic degassing at Cordén Caulle than other eruptions that have expelled more H>O-

rich upper conduit material, such as the 2008 Chaitén eruption.

3. Methods

3.1 Sampling Methods

To accurately assess degassing processes during the 2011-2012 Cordén Caulle eruption
samples must represent degassing events both through time (beginning to end) and space (from
depth to the surface). This allows for an understanding of how volatiles degas as magma
ascends from depth, and how degassing changed in an initially-explosive eruption that
transitioned into prolonged hybrid behaviour. To achieve this, relevant samples were collected
that encapsulate shifting degassing systematics from the onset to the end of the hybrid phase
of activity. They are subdivided into three categories (bomb, vent and flow). Figure 1
summarises sample collection localities and the phases of hybrid activity they represent. Bomb
samples were predominantly collected from ballistic ejecta mantling a ridge ~2.5 km NW of
the vent, which were ejected during the lower intensity explosive phase (7th June onwards)
that gave way to the onset of vigorous hybrid activity (Schipper et al., 2013; Pistolesi et al.,
2015). Further bomb samples were collected near or in the vent complex within the tephra cone,
these are bombs or bomb fragments that were ejected later during the eruption, in lower energy
explosions whose ejecta failed to escape the crater within the tephra cone (Schipper et al.,
2013). Vent samples are those collected exclusively from within the vent, with many sampled

in situ, and represent the surfaces of fractures within the vent-filling lava that acted as loci for
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ash and gas emissions during the waning phases of the hybrid activity in 2012. Flow samples
are collected from the rhyolite flow, with samples from the flow front of the northern branch
likely representing the first-effused lava from the onset of the hybrid phase (June 2011), and
the sample from within the vent representing the very end of activity in 2012 (Magnall et al.,

2017, 2018).

During explosive eruptions, degassing starts deep within the system with the exsolution of
volatiles and continues all the way to the surface with the expulsion of a plume (Cashman and
Sparks, 2013). Samples are subdivided into textural domains that each reflect a specific
degassing process and are summarised in Section 4.1 and Figure 2, with the underlying
rationale discussed below. The collected samples represent surface and sub-surface degassing
events. Surface degassing is recorded by in situ vent outcrops or material adhered to bomb
surfaces. Sub-surface degassing domains are those that underwent fragmentation followed by
varying degrees of melt relaxation, ductile deformation, welding and compaction (e.g.
tuffisites, breccias and banded obsidians). These textures are known to be generated within the
upper conduit and relate to outgassing (e.g. Stasiuk et al., 1996; Tuffen et al., 2003; Tuffen and
Dingwell, 2005; Farquharson et al., 2016; Isgett et al., 2017). Flow textures are not discussed
in this study as the rhyolite flow undergoes additional processes at the surface as it cools that
are recorded texturally and chemically, e.g. devitrification and secondary boiling, (Schipper et

al., 2015; Magnall et al., 2018; Schipper et al., in prep.).

3.2 Analytical Methods
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Geochemical analyses were performed on polished thin sections (30-50 um thick) and one-
inch mounts both made from epoxy-impregnated samples. Electron probe microanalysis
(EPMA) was conducted on the JEOL JXA-8230 at Victoria University of Wellington. Each
spot was analysed twice, once for SiO2, TiO2, Al,Os, FeO, MnO, MgO, CaO, NayO, KO,
Cr203 and P»0s, and secondly for S and CI. Defocused beam sizes of 10-20 um were used with
working conditions of 15 kV and 8.0 nA for major elements and 15 kV and 6.0 nA for volatile
elements. Counting times for major elements were 30 and 15 seconds (peak and background).
Sodium loss was avoided by analysing Na>O first at reduced times of 10 and 5 seconds, with
no peak search. Volatiles were measured for 60 and 30 seconds (peak and background). CrO3
and P,Os were consistently below detection and are excluded. Iron is measured as total iron
FeO:. Primary standards were rhyolite glass VG568 for Si, Al, Na, K, and CI; basaltic glass
VGA99 for Ca, Mg, and Fe; pure synthetic oxides for Ti, Mn, and Cr; Elba Pyrite for S, and
Durango apatite for P (Jarosewich et al., 1980). Secondary standards (VG2, VGA99 and
VG568) were periodically analysed to assess for drift during the analyses over several days.
Relative standard deviations (% RSD) are calculated using these standards: Si0», A1,O3, and
MgO (excluding values near detection limit) are <2 % RSD; TiO,, CaO, FeOy, Na,O and K>O
are between 2 and 6 % RSD; % RSD is 7-8 % for Cl and 13-15 % for MnO. S is near detection
in samples and has a % RSD <50. Crystals and void spaces were avoided to ensure a pure glass
signature on the samples. Samples were further filtered for contamination by excluding data
with low totals (due to void space) and anomalously high Al,O3, FeO;, MgO and/or CaO
(crystals), or Cl or S (resin) concentrations. Concentrations in Appendix A are calculated

anhydrous averages for each sample, and reported as oxides except Cl and S.

Laser ablation analyses were conducted using a NewWave 213 nm Nd-YAG laser ablation
system coupled to a Thermo Finnigan iCapQ ICP-MS at McGill University, and a RESOlution
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S155-SE 193 nm Excimer Laser coupled to an Agilent 7500CS ICP-MS at Victoria University
of Wellington. Spot sizes of 12-20 um were used for laser profiles with a restricted element
list, whilst large spots of 30-60 pm were used to analyse for a larger range of elements. Spot
analyses, >30 pm in diameter, were randomly conducted on a thin section in multiple areas to
ensure a representative mean concentration in a wide range of elements. Individual line
analyses were conducted running parallel to interfaces obtain data for diffusion profiles
(Section 4.2.2). Analyses counting times (<45 seconds) for spot and line profiles were
dependent on line length/ spot size and thin section thickness. Each analysis was preceded by
a single 70 or 140 pm cleaning pulse and a laser warm-up/background counting period of 30-
45 seconds, followed by a <60 second washout period. Energy outputs and frequencies varied
with spot size to ensure no melting or fracturing occurred during ablation. Analyses were
conducted at 10-20 Hz with a resultant fluence of ~4-12 Jem™. Up to 55 elements were analysed
including "Li, »*Na, *Mg, 2’Al, #Si, 2'P, K, *Ca, **Sc, *'Ti, 'V, >2Cr, >Mn, *’Fe, *Co, “Ni,
GCu, 7n, 71Ga, *As, *Rb, ¥St, ¥Y, ©Zr, Nb, Mo, 'Ag, '''Cd, ''5Tn, '8Sn, 12ISb, 13Cs,
1378,, 199La, 0Ce, SNd, 7Sm, 'S*Euy, '7Gd, '®Dy, 'Er, 12Yb, 'SLu, "*Hf, W, 205T],
208pp, 22Th and 2*®U. Na, Mg, Si, K, P, Ca and Fe were measured to assess for crystal
contamination, allowing contaminated spot analyses to be easily identified and removed from
the dataset. Based on EPMA, Al was found to minimally vary in samples and a median
concentration (14.1 wt. % Al>Os, interquartile range 14.0-14.3 wt. % Al>O3) is used for internal
standardisation. All laser analyses were bracketed by the primary standard NIST610 (Jochum
et al., 2011), with BCR-2G repeatedly analysed as a secondary standard to assess for
reproducibility and instrument precision. BCR-2G average elemental concentrations, and
associated % RSDs, are noted in Appendix A. BCR-2G concentrations were compared to both
the preferred GEOREM values (Jochum, 2009) and the median concentration of the wider

selection of elements published values on GEOREM (“GeoReM: BCR-2G (published values),”
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2015). Daily sessions were levelled using a robust regression calibration line calculated from
the USGS standards GSC, GSD and GSE that were analysed at least twice per daily analytical
session. Data reduction was undertaken in Iolite (Paton et al., 2011) with offline corrections
for internal element standardisation. Further corrections were made to sessions that had
systematically unusual BCR-2G concentrations. Errors on individual analyses are calculated
via lolite during processing and depend on the choice of integration window. Concentrations
for each sample, Appendix A, are calculated means from all spot analyses conducted on a

sample.

4. Results: Textural and Chemical Observations

4.1 Domain Petrology

Bomb and vent samples have complex and heterogeneous textures thought to preserve
fracturing and degassing events melt undergoes as it ascends from depth within the conduit.
Below we describe the main classifications of textural domains that constitute these samples.

Each domain represents degassing processes within a part of the conduit.

Ash Domains

Many bombs and bomb fragments found within the vent are partially coated in fine veneers of
light pink-orange oxidised ash (Fig. 2). This veneer commonly thickens in concave or uneven

areas on bomb surfaces. Ash shards are <10 pm in size, and sub-millimetric laminations are
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picked out by variations in grain size. The ash is glassy and largely devoid of microlites. Ash

adheres to both non-oxidised and heavily oxidised and altered bomb surfaces.

Nozzle Domains

The vent area within the tephra cone comprises heavily-fractured dome-like lava bodies, many
of whose near-planar fracture surfaces are coated with dark-orange to red veneers (Fig. 2). The
veneers consist of heavily oxidised and sintered ash material adhered onto planar surfaces, and
in certain locations the surface of the lava itself has been altered by oxidation. The lava is
variably vesiculated and moderately microcrystalline, with distinct more microlite-rich bands.
Fracture orientation is unrelated to the orientations of the bands or vesicles. Microlites are <50
um in length and are predominantly plagioclase and pyroxene; some devitrification textures
are locally present (see also Magnall et al., 2018). Sub-rounded bubbles are also present (see

banded obsidian description).

Breccias and Tuffisites

Bomb textures at Cordon Caulle are complex. Many bombs from this eruption are breccias,
with domains of pumice and angular obsidian separated, but sintered together, by fine-grained
(um- to mm-sized), variably oxidised ash matrices. Breccias form in the conduit and are then
explosively expelled as bombs. Breccias and tuffisites are subdivided into two groups based on
the intensity of their oxidation. Oxidised domains display heavy oxidation of clasts or matrix
ash, expressed as deep orange to red colours, whilst non-oxidised domains show little or no
oxidation of components, and vary from white-grey to light pink-orange in colour. The oxygen
fugacity of the environment, and degree of oxidation of samples, will change towards the

surface due to increased interaction with oxidising, atmospheric gases or loss of reducing
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agents (e.g. hydrogen) (Moriizumi et al., 2009; Furukawa et al., 2010). Thus more oxidised
domains are thought to represent degassing closer to the surface, with greater interaction with

the atmosphere than their less-oxidised counterparts.

Oxidised Breccia Domains

Oxidised breccias sampled from the vent are defined by their heavily oxidised (orange to red
in colour) interstitial ash matrices. The cm-sized clasts comprise dense, banded and, in some
cases, highly vesiculated obsidian. Some clasts have densely micro-cracked cores and others
contain cristobalite within vesicles. Vesiculated clasts have contorted bubble shapes and
evidence of coalescence and fracturing of bubble wall films. Microlite populations in dense
clasts are similar to those in nozzle samples. Oxidation affects the outer ~30-200 um of clast
surfaces and bubble walls. Interstitial ash matrices can either be microlite-rich and texturally
similar to neighbouring clasts, implying a local source, or glassy and microlite-poor. The
matrix material can exhibit alternating laminations of both fine-grained (~10-30 um) sub-
rounded shards and coarse-grained (<400 pm) angular shards, similar to tuffisites at this and
other volcanic centres (Stasiuk et al., 1996; Tuffen and Dingwell, 2005; Saubin et al., 2016;
Paisley et al., in review). Ash matrix shard shapes vary from highly rounded to angular,

depending on their size and degree of sintering.

Non-Oxidised Breccia and Tuffisite Domains

Many breccias and tuffisite veins within Cordén Caulle bombs have little or no oxidation of
their hosts, clasts, and any interstitial ash or tuffisite material. Vesicle sizes increase towards
the centres of larger (>0.5 m) bombs suggesting post-fragmentation inflation. Centimetre- to

decimetre-sized clasts are mostly pumiceous, with rare dense obsidian clasts. Individual
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pumiceous clasts display spatially heterogeneous bubble sizes with the largest, cm-sized
bubbles in the clast interiors, indicating post-fragmentation vesiculation. Clast edges are either
rounded or straight, indicating a variable degree of post-fragmentation viscous deformation.
Fine-grained (~30 pm), well-sorted, sub-rounded glassy ash constitutes the interstitial matrix
and sinters the larger clasts together. Ash matrices are largely void of phenocrysts and crystal
fragments. Clast foaming and expansion can compact the surrounding matrix material. Tuffisite
veins are preserved in some pumiceous and dense obsidian bombs; they commonly have sub-
parallel edges; and are <3 cm wide. Tuffisite ash is white to light pink-orange in colour and
glassy, with rare microlites. Individual ash shards in veins are rounded to sub-rounded in shape
with sizes varying from 10-50 pm. The degree of sintering varies extensively both between
and within tuffisite veins. Laminations within a single vein can display sintering textures
spanning from necking and preservation of primary void space (common in coarse-grained >30
um-sized ash laminations), to complete compaction and densification of ash (common in fine-
grained <30 pum-sized ash laminations). However, there is not always a clear correlation
between ash grain size and degree of sintering. Sintering of neighbouring shards can obscure
their original shapes, particularly in strongly-compacted tuffisites, where only the presence of
sub-micron-sized crystals delineate the shapes of individual shards (Tuffen and Dingwell,
2005). Vesiculation of shard cores has been observed within tuffisite material, with dense
poorly-vesiculated rinds outlining their shapes (as described in Saubin et al. 2016). Individual
shards can show evidence for strain localisation and bubble coalescence akin to textures in
pumice erupted during earlier stages of activity (Schipper et al., 2013). Phenocrysts are rare in
tuffisites but when found are within larger clasts with surrounding glass or as broken crystal
fragments. Paisley et al (in review) describe one bomb type, which is largely excluded from
this study — metre-scale, homogenous, grey and pumiceous bombs with rare pink-coloured

tuffisite veins and dense obsidian clasts. These are not the focus of this study because they
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likely represent gas-driven flow of bubbly magma but are integrated into the discussion with

reference to Paisley et al. (in review).

Banded Obsidian Domains

Dense banded obsidian is prevalent throughout the suite of bombs at Cordéon Caulle. Large
metre-scale bombs of banded obsidian are found on the distal ridge noted in Figure 1. Many
bombs have adhering tuffisite ash on their surfaces, and contain cm-sized clasts of pumice or
oxidised lithics. Domains of obsidian occur within breccia bombs as large cm-sized clasts or
as mm-cm sized angular shards within tuffisite veins. Edges of banded obsidian domains are
often sharp unless influenced by post-fragmentation vesiculation, e.g. bomb inflation. Banded
domains may contain vesiculated bands, with rounded mm- to cm-sized vesicles showing
evidence for coalescence. Phenocrysts are rare, and light-coloured glassy bands are largely
devoid of crystals whilst darker bands have higher proportions of oxides and pyroxenes <l pm
in size, or ‘nanolites’ as coined by Mujin et al. (2017). Needle-shaped microlites of plagioclase
and pyroxene are <50 um in length, if present. Flow bands are deflected around large crystals,
dense and lithic clasts. Banding is also seen within the lava, with breakout textures extensively
described by Schipper et al. (2015) and Magnall et al. (2018). Vesicles and voids in the flow
are cristobalite-coated, with vesicle collapse preserved by parallel bands of cristobalite

(Schipper et al., 2015).

4.2. Chemical Analyses

4.2.1 Sample Variation: Majors & trace elements systematics during eruption
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Average major and trace element concentrations for each sample and their associated errors are
summarised in Appendix A, with highlights discussed below. Glass concentrations for the
2011-2012 eruptive materials average 71.8 £ 0.6 wt. % SiO2, 14.2 £ 0.2 wt. % ALO3 and 5.0
+ 0.2 wt. % NaxO. Bomb, vent and flow samples have similar concentrations for each element
(Appendix A), which correspond closely to those reported by Castro et al. (2013). No
systematic variations in major elements are apparent when the bomb and vent samples are
compared to the early Plinian phase and the concurrent flow phase (Castro et al., 2013; Schipper
et al., in prep., this study). V2 has higher SiO; and lower concentrations of compatible elements
(e.g. CaO, MgO, TiO,) than other samples, and is more microlite-rich resulting in a more
evolved interstitial glass chemistry. Although individual samples plot within error of each
other, positive correlations between certain major elements (e.g. FeO' vs. TiO2 or CaO vs. TiO3)
are apparent, and minor variation in microlite/phenocryst content would account for these
trends (Fig. S1). There is no correlation between Cl and K;O (Fig. S1), with K2O values
averaging 3.0 = 0.2 wt. % but Cl varying between ~600 and 1900 ppm. Median CI
concentrations for the suite of samples analysed is ~1500 ppm, compared to ~1700-2100 ppm
in plagioclase and clinopyroxene-hosted melt inclusions (Castro et al., 2013; Jay et al., 2014).
Bomb sample Cl concentrations range from ~1350 to ~1870 ppm. Vent samples V1 and V2
have lower than average Cl of ~1200 ppm and ~630 ppm (~70 % RSD) respectively. S

concentrations are close to the detection limit at 10-20 ppm.

To compare trace element variation between samples, elements have been grouped based on
their properties and behaviours in silicic systems. Group 1 elements (Sc, Ti, V, Cr, Mn, Co, Ni

and Sr) are primarily compatible in the plagioclase, clinopyroxene and orthopyroxene-
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dominated phenocryst assemblage. Group 2 elements (Ba, Ga, La, Ce, Nd, Sm, Eu, Dy, Er, Yb,
Lu, Y, Zr, Nb, Hf, Th and U) are the high field strength elements (HFSEs), rare earth elements
(REEs) and other incompatible elements. Group 3 elements (Li, Rb, Cs, As, Sb, Mo, W, Cu,
Zn, Ag, Cd, In, Sn, Pb, Tl and Bi) are elements known to be volatile and partition into magmatic
and hydrothermal fluids and vapours. Group 3 can be subdivided further into 3 sub-categories;
alkalis (Li, Rb and Cs), predominantly OH-complexing elements (As, Sb, Mo, W) and
predominantly S- and/or Cl-complexing elements (Cu, Zn, Ag, Cd, In, Sn, Pb, Tl and Bi) (e.g.
Webster, 1990; Churakov et al., 2000; Wahrenberger et al., 2002; Zajacz et al., 2008; Pokrovski
et al., 2013). Bomb, vent and flow samples cluster around a mean concentration for each trace
element (Appendix A); plot within error of each other; and are comparable to bulk and glass
analyses from the 1922, 1960 and 2011-12 eruptions (Gerlach et al., 1988; Jicha et al., 2007,
Castro et al., 2013; Daga et al., 2014). There are no systematic differences between the different
components of the hybrid phase of activity (bomb vs. vent vs. flow) in Group 1, Group 2 and
most Group 3 elements (Fig. S1). Subtle positive correlations between elements in Group 1
(e.g. Zr vs. Th) and in Group 2 (e.g. Co vs. Mn) are significant at the 95% confidence interval
(Fig. S1), although samples remain within error of each other. At the sample scale, Group 3
elements do not show the same systematic, strong correlations (at a 95% confidence interval)
with either Group 1 (compatible) or Group 2 (incompatible) elements. Certain elements (Cr,
Ni, Cu, Cd, In, TI and Bi) have large % RSDs (>24 %) due to variability across the sample
suite (Appendix A). Vent and flow samples have greater % RSDs in all elements than bomb
samples. T1, Bi and In concentrations are subtly different in the three sample categories (Fig.
3), with vent samples having the lowest median concentrations. Median bomb and flow sample
concentrations cluster at ~14 ppm Cu, ~0.45-0.65 ppm TI, ~0.1-0.15 ppm In and ~0.07 ppm
Bi. Vent samples cluster at ~10 ppm and 22 ppm Cu but have lower T1 (0.15-0.4 ppm) and In

(0.06-0.1 ppm) concentrations. Vent samples cluster around ~0.04 ppm Bi except for V2 (~0.12
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ppm Bi). These groupings, and the large spread of concentrations, become more apparent when

individual analyses are plotted (Fig. 3).

4.2.2 Domain Variation: Trace element and Cl systematics from depth to surface

Although few systematic variations are observed between samples on a macroscopic scale,
there is a large spread in the concentrations of certain elements within samples (as evident from
the high % RSDs). Chemical variation correlates strongly with the textural domains within
samples described in Section 4.1. Domains within individual samples can be chemically
distinct from each other, with significant variations at the interfaces between domains or across

textural features.

4.2.2.1 Domain Chemistry Comparison

Chlorine concentrations and distributions vary for each domain (Fig. 4). Deposited ash domains
have a median concentration of ~640 ppm. Oxidised breccia material has a similar median Cl
concentration but a significantly larger spread with a range, ~200-2000 ppm (Fig. 4). Oxidised
breccia host material has a median concentration of ~1250 ppm but areas can have <500 ppm
Cl. Non-oxidised domains have narrower distributions and higher median Cl concentrations
than the oxidised domains. Breccias (~1630 ppm) and tuffisites (~1670 ppm) have slightly
higher CI concentrations than their host material (~1510 ppm). Banded obsidian bombs and
clasts have median concentration of ~1500 and ~1570 ppm respectively. Certain bands within

banded obsidian bombs have CI concentrations comparable to those recorded in melt inclusions
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from this eruption (Fig. 4). No nozzle domains were analysed for Cl. Other elements (e.g. SiO2,
Al>03, TiO2 and CaO) do not vary extensively with textural type. Ash domains have lower
median concentrations of MnO, MgO, FeO" and K,O, and a higher median Na>O concentration

than other domains. Domains in vent samples have wider total ranges than other domains.

The domain-host ratio defines the ratio of elemental concentrations of a domain, such as a
tuffisite or ash matrix, with their respective host, e.g. Litufisite/Linost. Elemental enrichments or
depletions relate to sources or processes (see Discussion). Figure 5 summarises the domain-
host ratios for many elements from Groups 1, 2 and 3 whilst Table 1 denotes the elements that
have a domain-host ratios outside of error of unity. We see no systematic enrichments or
depletions in Group 1 or 2 elements within textural domains when compared to their hosts,
with the exception of V that is enriched oxidised domains and variable in non-oxidised
domains. Group 3 elements show a wider range of variability, particularly within oxidised and
ash domains. Alkali elements (Li, Rb, and Cs) are largely depleted in all domains. The
predominantly OH-complexing elements (e.g. As, Sb, Mo) show little variation between
domains with the exception of Sb that can be depleted. Cu, Zn, T1, Pb and Bi show the greatest
amount of variation. Average Cu concentrations for all domains are within error of one (except
V3 ash) but profiles across V1 breccia domain 1 and host highlight how Cu is systematically
elevated, but highly variable, in the breccia ash (Fig. 6). Zn, Pb and Tl show depletions in
several domains (Fig. 5, Table 1). Bi is enriched in most domains (ratios between 1 and 3 in
non-oxidised domains and ~6 to 16 in deposited ash domains) and TI is enriched in the

deposited ash domains (ratios between ~4 and 7).

4.2.2.2 Chemical Heterogeneity within Domains
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In addition to the element variation observed between different domains and hosts, variation
on the micron-scale occurs within many textural domains that we relate to diffusion in Section
5.3 (Table 2). Table 3 summarises elements showing systematic variations towards domain
interfaces and the approximate length scales over which they vary. Figures 7-10 show how
select elements vary towards or across interfaces in nozzle (Fig. 7), oxidised (Fig. 8), non-
oxidised (Fig. 9), and banded obsidian (Fig. 10) domains. No analyses could be conducted to
assess elemental variability across individual ash shards in ash domains due to their micron
size. To summarise, in nozzle domains Cu, T1 and Pb show the most systematic variation (Fig.
7), decreasing towards fracture surfaces over a ~500 um-wide zone. In oxidised domains, Li,
Rb and Tl decrease towards a clast interface in V2 which has a dense ~200 um-wide,
chemically distinct rim zone that has overprinted part of these systematic depletions (Table 3,
Fig. 8). Fewer profiles are observed in non-oxidised and banded obsidian domains with many
examples showing no variation. Alkalis elements (Li, Rb + Na) are shown to decrease towards
a clast interface (Fig. 9) in a non-oxidised breccia and across bands in obsidian domains (Fig.
10). Supplementary Figures 3-6 compare elements discussed above (e.g. Table 3) to others
discussed in Section 4.2.2 that do not vary towards interfaces, for data see Appendix B. Local
degassing can induce microlite crystallisation, certain microlite-rich bands have elevated TiO»

and depleted CI concentrations (e.g. Fig S.2).

5. Discussion

5.1  Degassing: from eruption onset to decline
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Previous geochemical studies of the 2011-2012 Corddn Caulle eruptive products have largely
focused on the pumices from the initial Plinian phase, and tephra and ash from the subsequent
10 days of activity (e.g. Castro et al., 2013; Collini et al., 2013; Daga et al., 2014; Alloway et
al., 2015). The tightly constrained magma composition of this and the previous two eruptions
(1922, 1960), along with interferometric synthetic aperture radar (InSAR) studies suggest a
single, long-lived interconnected magma plumbing system has fed the past three eruptions (Jay
et al., 2014; Delgado et al., 2016). Alloway et al. (2015) argue that three co-genetic pockets of
magma (defined by differing CaO and Sr concentrations), each undergoing varying degrees of
plagioclase fractionation at different pressures, were tapped simultaneously during the
paroxysmal phase of the 2011-2012 eruption. We find no chemical evidence to suggest a melt
source different to the long-lived, pre-existing reservoir was tapped, or that the melt source
evolved significantly, as this eruption progressed. Minor trends in major and trace elements
(Fig. S.1) likely result from phenocryst and microlite growth. But compositional differences
between samples, which may reflect differing degrees of crystallisation, are typically smaller
than the chemical variance within samples. This indicates that most crystal growth occurred in
the conduit, likely in the form of microlites that were not subsequently segregated, inducing
small-scale, intra-sample glass heterogeneities much larger than inter-sample heterogeneity

induced by differentiation.

Previous studies have been unable to constrain the volatile evolution of this eruption as the
final erupted products have no systematic water variations and are degassed to near-
atmospheric conditions (<0.35 wt. % H>O, Schipper et al., 2013; Castro et al., 2014). Our trace
element data shows certain volatile elements (In, Tl and Bi) are much lower in concentration

in vent samples than in the earlier erupted products (bomb and flow, Fig. 4). As vent samples
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represent the final, waning phase of activity the hybrid activity arguably did progressively

degas certain volatiles from the system during the course of the eruption.

A caveat of this study is sampling bias and eruption dynamics prevent the study of certain
components of the eruption. Vent samples representing the early hybrid phase were not
attainable due to their location in inaccessible parts of the lava flow and/or their burial. The
analysed vent samples have been collected in situ (or nearby in case of erupted breccias) and
represent vent processes, but only those at the end of the eruption. Bomb samples far from the
vent site are thought to derive from earlier in the eruption sequence (Section 3.1) and smaller
bombs from the vent are thought to represent the later, less energetic phases of the eruption.
This means that our sampling of the eruption sequence is early and deep (bombs), followed by
later and surficial (vent samples). When comparing the elemental variation in different samples
(discussed in the following sections) it is hard to definitively distinguish whether the
concentration variations in mobile elements reflect changing gas compositions with time

during eruption or depth, or the timescales of individual events.

5.2 Degassing: from depth to the surface

Textural domains within samples can record numerous processes during magma ascent in the
conduit, and any chemical heterogeneity needs to be carefully associated with specific
degassing events that occurred at different times and depths. Interfaces between such domains
preserve information about their relative timings and will be discussed in the next section.
Many bombs have undergone post-fragmentation vesiculation, as demonstrated by breadcrust

textures and increasing vesicle sizes towards bomb centres, but we instead focus on pre-
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ejection degassing processes. Low H»O concentrations in Cordén Caulle ejecta indicate
degassing to near-surface pressures, corresponding to the top tens of metres of the conduit
(Schipper et al., 2013; Castro et al., 2014), in contrast with H>O-rich bombs from Chaitén that
record phases of vertical clast migration over hundreds of metres (Saubin et al., 2016). Low
H>O concentrations complicates placing quantitative constraints on the depths of successive
degassing events. However, we can use textures and knowledge of the eruption evolution to

estimate the likely conduit extraction depths of different bomb types and domains.

Surface uplift related to shallow laccolith emplacement (inferred to be ~20-200 m below the
surface and <200 m thick) began on 8" June alongside vent constriction, Vulcanian blasting
and low-intensity plume behaviour (Pistolesi et al., 2015; Castro et al., 2016). The laccolith
would therefore have been present, or at least developing, during ejection of all of the studied
bombs. Although Vulcanian events can, in some cases, evacuate the top ~2 km of silicic
conduits (e.g. Wright et al., 2007) the low H>0 in Cordon Caulle bombs indicate ejection from
tens of metres depth — most likely above the laccolith intrusion or close to its roof. We use
bomb textures to aid definition of the relative sources of discrete domain types. For example,
a heavily oxidised sample is more likely to have come from a shallower environment than a
non-oxidised sample. Similarly, material that has undergone several generations of fractures
followed by extensive viscous deformation, prior to bomb expansion, will have likely had a
more prolonged in-conduit residence than material preserving only a single generation of brittle
fractures (Tuffen and Dingwell, 2005). Additionally, Cl concentrations from different domains
can be used as a relative pressure indicator as they are a function of pressure and degree of
open-system degassing (Villemant et al., 2008). Cl is largely retained in the melt until magma
ascends into the near-surface when it can be readily degassed into an available vapour phase

as HCI (Edmonds et al., 2002; Lowenstern et al., 2012). The loss of CI in some domains helps
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us to constrain them and their processes to the near-surface environment whilst it is inferred

that Cl-rich samples would have quenched at higher pressures, see below.

Chemical Heterogeneity of Domains

The lack of systematic chemical variation in elements predominantly controlled by fractional
crystallisation (e.g. compatible and incompatible elements, Groups 1 & 2) allow us to isolate
and focus on chemical heterogeneity induced by degassing (Group 3 elements). The following
discussion is broken down into sub-sections that focus on the chemical heterogeneity of
specific domains (Fig. 2) and what we can infer about fracturing and degassing processes.
Domains are discussed in order from deep to surface domains. Also general elemental
variability, as represented by the size of the error bars in Fig. 5, is high in the fine-grained ash
domains within breccias and veins. This reflects the analytical detection limits and varied
provenance of the ash particles, which derive from both the local host and deeper in the conduit
(see below). We cannot definitively state whether heterogeneity in elements such as Cd, In and
Ag relate to solely to degassing processes or are a function of their concentrations being close

to their limits of detection and thus these elements are not discussed in the following section.

5.2.1 Banded Obsidian Domains

Banded obsidian textures are interpreted as zones of thoroughly compacted, formerly clastic
material that had an initially high permeability prior to sintering and compaction (Tuffen and
Dingwell, 2005). Banded obsidian bombs and clast domains are thought to represent relatively

deeper fracturing in the system for two main reasons. Firstly, high Cl concentrations in certain
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bands of microlite-free glass support the suggestion that banded obsidian bombs are deeper-
sourced and less degassed than samples that spend a significant period at the surface. The
highest Cl concentrations, <2300 ppm (Fig. 4), are comparable to the Cl concentrations (~1700-
2100 ppm) found in melt inclusions in plagioclase and pyroxene crystals (Castro et al., 2013;
Jay et al., 2014). Secondly, the extensive folding of thoroughly-sintered bands, removal of ash
textures, and alignment of nanolites is consistent with a prolonged post-fracturing period of

viscous melt relaxation.

Degassing in banded obsidian domains is largely recorded texturally as the majority of these
domains have minimal chemical heterogeneity preserved. It is impossible to confirm whether
bands were chemically similar prior to juxtaposition or the bands have chemically
homogenised. However, given some variation is recorded (e.g. Fig. 10) it is likely chemical
homogenisation has played a role. The exsolution or presence of a volatile phase (composed of
major volatiles such as H>0) is necessary for the formation of trace volatile depletions. Metal
species diffuse towards the melt-gas interface and then partition into the volatile phase (e.g.
MacKenzie and Canil, 2008). Chemical variation is largely lost because of the extended time
the melt spends in high temperature conditions (above Tg) after a phase of gas mobility within
a permeable fracture pathway. If high permeability is briefly sustained only the fastest diffusing
elements (e.g. Li, Table 2) would significantly diffuse through the melt and partition into the
gas phase during this timeframe. The subsequent residence of the system at high temperature
would be sufficient to facilitate diffusive re-equilibration and remove any initial compositional
variation, assuming there is no rapid quenching. Evidence for a protracted period of high-
temperature, post-fracturing melt relaxation includes complete removal of initial porosity and
extensive ductile deformation of bands. Gardner et al., (2018), for example, show ash can be

sintered to dense glass in minutes under favourable conditions. When compositional
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heterogeneity is chemically preserved (Section 5.3) the timescale recorded represents every
process from initial fracturing and juxtaposition of the two contrasting bands, through their
healing, bomb ejection and cooling, as only the last process will quench the glasses and lock

in any chemical variation.

Textural evidence of degassing includes degassing-induced microlite crystallisation in
concentrated bands and collapsed foam textures that record vesiculation and deflation (Tuffen
and Dingwell, 2005; von Aulock et al., 2017). Vesicular, microlite-free bands within banded
obsidian clasts were likely less degassed than microlite-rich, vesicle-free bands, allowing
preferential bubble nucleation upon ejection. Geochemical signatures of degassing include the
large range in Cl concentrations within banded obsidian bombs. Low Cl concentrations are
restricted to bands that have undergone degassing-induced microlite crystallisation of oxides,
bands also have elevated TiO2 and MgO (Fig. S.2). Loss of H>O raises the liquidus temperature
resulting in the crystallisation of oxides. Textures and chemistry therefore point towards gas
loss from these bands, presumably when they were highly permeable channels prior to their
healing. Rare depletions of Li (and Rb) in dense bands in banded obsidians (Fig. 10) indicate
that heterogeneity of rapidly-diffusing trace volatiles can be preserved by quenching. However,
there are no clear depletions of slower-diffusing species (e.g. Cs, Tl, Pb, see Table 2) within
the same bands, reflecting diffusion-limited degassing (e.g. MacKenzie and Canil, 2008;
Gardner et al., 2012), where there is insufficient time for metals to diffuse to a gas-melt

boundary.

Banded obsidian clasts within breccias have a more restricted range of CI concentrations than

bombs entirely composed of banded obsidian (Fig. 4). Our interpretation is that fracturing and
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entrainment of the obsidian clasts within breccias was constrained to the top ~200 m of the
conduit, above the laccolith, but occurred at greater depths than the shallow sub-vent structures
(top tens of metres) where flow emplacement begins (Villemant et al., 2008; Castro et al.,

2016).

5.2.2 Non-Oxidised Breccias & Tuffisites Domains

Although breccia bombs and tuffisite-hosting bombs are texturally distinct, their origins are
arguably similar. Breccias are formed when there is fracturing and fluxing of material on a
scale of centimetres to metres within the conduit (e.g. Gonnermann and Manga, 2003). Larger
clasts sinter together via a fine-grained melt-rich matrix, before pressure build-up in the system
results in fragmentation and bomb ejection. Tuffisite veins form when a fracture propagates
through a dense melt-rich plug, with fluxing clastic material in the vein sintering together and
eventually sealing the permeable fracture pathway (e.g. Tuffen et al., 2003; Castro et al., 2012;
Saubin et al., 2016). Both processes involve a fracturing event generating a permeable pathway
for gases, before sealing by sintering and compaction processes. As such, we will not refer to
them as two separate processes but rather the same process on two differing scales, as breccias
can be considered the clastic fill of tuffisite veins that are larger than the dimensions of the
ejected bombs. Breccias and tuffisite veins therefore represent fracturing that occurs
throughout the upper conduit at Cordon Caulle. The lack of pervasive oxidisation indicates
minimal interaction with the atmosphere and therefore derivation from greater depths than the
surface vent nozzles, but the modest compaction and healing argue against an origin in the deep
conduit. The Cl content of the host of one tuffisite vein (Fig. 4) is intermediate between the Cl-

rich banded obsidian bombs and the Cl-poor shallowest breccias and ash domains. The non-
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oxidised pumiceous material and clasts that make up the breccias have similar concentrations
of Cl to their banded obsidian counterparts, again suggesting that they are being sourced from

a similar region in the conduit during their expulsion.

Textural and chemical evidence from these domains aid assessment of the roles of permeable
zones as pathways for gas and ash fluxing. Schipper et al. (2013) use a vesiculation model to
constrain the onset of permeability via connected bubbles in the ascending magma to a depth
of 1-1.5 km. Our breccia clast textures (dense vs. highly vesicular) suggest extensive
connectivity of permeable zones that enabled juxtaposition of melts of differing original
volatile contents. Volatile-rich deeper melts rapidly vesiculate as H>O solubility drops on
approach to the surface, with clast expansion compacting the ash matrix of breccias (Fig. 9).
The lack of water variations in the residual glasses, however, prevent us from quantitatively
constraining the transport distances of clasts within fractures (e.g. Saubin et al., 2016). Tuffisite
veins have previously been shown to be pathways for gas fluxing at Cordon Caulle (Paisley et
al., in review) and data presented in this study further highlight their role as pathways for gas
transport. The matrices of breccias and tuffisites, areas that would have been most permeable
to gases, are largely depleted in volatiles (e.g. Pb and TI), where heterogeneity is preserved
(Fig. 5), although Bi enrichment is a notable exception and discussed separately (Section 5.2.6).
Paisley et al. (in review) propose that vein depletions may result from metal scavenging from
individual shards or tapping of more degassed melt prior to fracturing, and we argue that the
former scenario is more likely. We use the characteristic diffusion length of elements (Table
2) to compare the time required for metals to diffuse across a distance equivalent to the shards’
radii. Shards are ~30 um in diameter and only minutes of fluxing would be required for Pb
(and TI) to diffuse across shards and partition into the gas phase. Final species concentrations
would reflect their partitioning behaviour under these eruptive conditions and species activities
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in the gas phase (Zajacz et al., 2008). Further evidence of the active stripping of elements by a
fluxing gas phase is the degassing-induced elemental gradients (in alkalis, Tl and Pb) observed

at domain interfaces (Table 3, Section 5.3).

5.2.3 Okxidised Breccias Domains

Heavily oxidised domains are thought to represent fracturing in the near-surface environment,
consistent with the lower median Cl concentrations of ash shards and clasts (Fig. 4; Villemant
et al., 2008). Textures indicate these samples originate from within sub-vents and therefore
their chemical heterogeneities represent processes occurring in the top few metres of the

conduit during ash jetting and small explosions (Schipper et al., 2013).

Clasts within these breccias are a combination of material from three sources: deep, local and
the lava flow. Textural evidence that material is sourced from depth includes clasts within
breccias that are highly vesicular, with contorted vesicles, likely the result of volatile-rich melt
rapidly reaching the surface and vesiculating. Vesicles that intersect bomb rims can be filled
with sintered ash adhered to the bombs after ejection, showing that some vesiculation occurred
prior to bomb ejection. Certain clasts with collapsed foam textures have later been partially
oxidised around their rims, indicating the clast was foamed prior to it reaching the surface
environment where it then underwent extensive oxidation around its exterior and into any
exposed voids. Locally-sourced material includes clasts and ash shards within the matrix which
have similar microlite textures to the nozzle material (the host walls of the sub-vent fractures).
Previous studies have shown how fractures are capable of transporting both local and deeper-

derived material (Saubin et al., 2016). Cristobalite-bearing clasts in breccias are evidence of
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lava flow material being entrained within the nozzles as cristobalite has only been observed in
the rhyolite flow at Cordon Caulle (Schipper et al., 2015). For these clasts to be found in
breccias, explosions within the vent must excavate shallow flow material. The mixed
provenance of clasts reflects how these fractures are the surface expressions of deeper
permeable networks, with incorporation of shallow-derived material. Pressure build-up in the
system, due to blocking of nozzles or overpressure at depth, led to the explosive expulsion of
these heavily oxidised breccias. There is strong chemical evidence of degassing in the near-
surface. Here too, Pb and Tl are depleted in matrix material, more so than the matrix of non-
oxidised domains (Fig. 5). One entrained clast within the matrix (Sample V1, Fig. 6), with its
distinct CI, Tl and Pb concentrations, is an example of the juxtaposition of variably degassed

melt fragments.

Figure 6 graphically shows why RSDs for vent samples are greater than their bomb counterparts
(see Appendix A). Volatile element RSDs are higher in samples V1-V5 because they comprise
of diverse, variably-degassed clast types and domains which have subtly different volatile
concentrations, resulting in higher standard deviations. This is most clearly noted in Li, Cu,
Rb, Cd, In, Cs, T1, Pb and Bi where RSDs are >30 % higher than the respective RSDs in bomb
samples. The RSDs for the remaining Group 1 and Group 2 elements are also higher in vent
samples: 10-20 %, as opposed to <10 % in homb samples, which reflects microlite growth.
Vent and flow samples have undergone some microlite growth and devitrification. Ablation via
laser is a mini-bulk analysis of glass and microlites. When averaging multiple analyses,
microlite growth will not affect the accuracy of the calculated mean, as no fractionation
between crystals and melt occurred, but it will affect precision as laser pits will have variable
proportions of microlites. This is especially apparent at smaller spot sizes of <50 pm, which
are comparable to microlite dimensions in these samples. If higher RSDs in volatiles were also
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due to microlite growth then Group 3 elements would be expected to show a similar increase
in % RSD (from <10 to 10-20 %) but this is not the case. Furthermore, individual breccia clasts
can be chemically distinct. Thus we argue the high RSDs of volatile elements in vent samples,
particularly oxidised breccias (V1-V2), represent the complex degassing histories of their

constituent clasts up to and prior to entrainment in the sub-vent areas.

5.2.4 Nozzle Domains

Although no Cl concentration data were collected for the veneers and nozzle material they are
a surface feature sampled in situ within the vent where lava extrusion and venting were
occurring. Nozzles are the sub-vent structures that were seen to host regular explosions by
Schipper et al. (2013) and are the sources of the oxidised breccias discussed above. Field and
textural evidence for the channelling of gases through these features includes extensive
oxidation and ash adhering to the surfaces. Ash particles flux through the permeable network
of fractures, with some sintering to the walls of the nozzles. Degassing of volatile elements
into these features is preserved by elemental gradients of Cu, In, T1 and Pb, and their diffusion
is discussed later. Elemental depletions towards surfaces imply that metals are diffusing
towards the melt-gas interface and partitioning into the gas phase. This is strong evidence that
fractures at Cordon Caulle can actively degas local melt, as shown for Chaitén (Castro et al.,

2012; Berlo et al., 2013).

5.2.5 Ash Domains
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The adhesion of ash to bombs occurred at the surface within the vents, as ash domains only
occur on the outer surfaces of small ejected bombs, its oxidisation indicating interaction with
air (Fig. 2). The low Cl concentrations of ash domains (Fig. 4) also indicates its degassing
occurred in a shallow environment. Ash domains are thought to form when ash fluxing through
the nozzle transits from a high temperature, highly oxidising, and pressurised environment to
a lower temperature and low pressure environment (i.e. air). As individual shards are only
microns across and would quench almost instantly in the surface environment, they must
adhere to bombs during their ejection. Ash domains can be either dark-red highly sintered
veneers or light-pink, less sintered particles. We infer the adhesion of dark-red ash to surfaces
(e.g. nozzles) occurs slightly deeper (where it is more oxidising) as light-pink ash is commonly
adhered onto red oxidised surfaces but red oxidised ash is not observed adhered to light-pink
ash. The lighter pink colour would also suggest oxidation of this ash occurred in a slightly more

aerated, surface environment.

The chemical signatures in ash reflect degassing during its upward trajectory through fractures
and at the surface. Low ash-host ratios in Li, Rb and Cs might be suspected to reflect alkali
depletion in the ash (Fig. 5). For example, V1 ash has absolute concentrations of ~30 ppm Li,
~30-70 ppm Rb and ~2-4 ppm Cs, which are slightly lower than the Cordén Caulle average.
However, the host has ~43 ppm Li, ~76 ppm Rb (but <120 ppm in certain clasts) and ~5.5 ppm
Cs, which are significantly higher than average concentrations, and so the apparent depletions
largely reflects host enrichment. In places Li and Cl variation correlate (e.g. V2 dense rim) and
alkalis are known to complex with Cl (e.g. Pokrovski et al., 2013) thus their mobility, and

concentrations, could be tied to the loss of Cl from the small shards in the shallow regime.
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Depletions in trace metals such as Zn, Sn and Pb within the ash likely represents scavenging
of metals by fluxing gas as the ash shards are transported towards the surface. Zinc and Pb
would diffuse across fine-grained ash shards (<10 pm across) on the order of a minute.
Thallium is a highly volatile element, with its monovalent state allowing it to complex with Cl
and S and form oxide or hydroxide species (Churakov et al., 2000; Baker et al., 2009).
Changing conditions (temperature and oxidation) will affect the stability of Tl complexes and
total concentrations in the gas phase as it goes from a sub-surface vapour to a surface aerosol
within the plume. Thallium shows significant enrichment in ash domains, but depletions in the
matrix ash in breccias and tuffisites formed in the conduit where it has been rapidly scavenged
(Section 5.2.2, Table 1). Ash within plumes interacts with the concurrent gas phase (Moune et
al., 2006; Delmelle et al., 2007; Bagnato et al., 2013) providing surfaces for adsorption or
resorption of TI, with only seconds required to diffuse through a <10 um-sized shard. The
comparable dimensions of ash shards and laser spot sizes would normally preclude the
distinction between these two processes. However, Tl enrichment in vesicle walls, in direct
contact with the sample exterior, in an oxidised breccia bomb (Fig. 8A) is evidence for TI
resorption in a small window of the surface regime. Thus, we argue that ash material has
scavenged and resorbed T1 from the plume at the surface. Resorption would not be preserved
in Zn and Pb, their lower diffusivities precluding diffusion across this short length scale given
the rapid quenching of ash shards. Zinc, Pb and T1 are known to complex with Cl in fluids and
vapours (Churakov et al., 2000; Zajacz et al., 2008), and Cl favourably partitions into a vapour
phase in the shallow environment (Webster, 1990; Villemant et al., 2008). Thus the shallow

degassing of Cl in the system could be aiding the scavenging of certain metals.

In summary, we have strong textural and chemical evidence that magma fracturing and

degassing is prevalent throughout the system at Cordon Caulle. Chemical ratios imply that the
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gas phase carrying ash shards through fractures actively strips them of their volatiles, with this
process more readily preserved in the surface samples where volatiles are stripped from both

shards and host material.

5.2.6 Bismuth Behaviour at Cordon Caulle

Bismuth was degassed and depleted as the eruption progressed. At Cordéon Caulle any Bi
enrichments are constrained within permeable zones where volatiles actively fluxed (e.g.
breccia matrices, tuffisite veins and ash domains, Fig. 5). Paisley et al. (in review) also observed
this signature and argued it is due to gas fluxing and adsorption of Bi. Given its low diffusivity,
Bi would require considerable time to be resorbed into ash shards >30 um across (Table 2),
making it an unlikely method of enrichment, but adsorption onto surfaces could occur
(Ruggieri et al., 2011). Alternatively, the source material for the ash matrices is Bi-enriched
relative to the vein and breccia hosts. Bismuth is a highly volatile element, commonly
associated with mafic magmas and found enriched in plumes (Mather et al., 2012; Guo and
Audeétat, 2017). Thus Bi enrichments could be suggestive of the transfer and incorporation of
volatiles from a mafic magma to the silicic magma at depth. Large errors for Bi domain-host
ratios (Fig. 5) are due to both local (Bi depleted) and distal (Bi enriched) glass being analysed.
Cu and V show more variable behaviours than other elements, including enrichments in these
ash and oxidised domains (Figs 5 and 6). Both are associated with mafic melts, although V is
not volatile (Mather et al., 2012; Guo and Audétat, 2017). We argue that these enrichments are
evidence for the potential interaction of a volatile-rich mafic melt with the silicic melt in the

Corddn Caulle system either before or during the eruption. Evidence for mafic interaction at
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depth includes vesiculated mafic enclaves observed within the lava flow by Ruprecht and

Winslow (2017).

53 Timescales of Degassing Events

Element gradients develop when two melts of differing concentrations are juxtaposed against
each other, with elements diffusing from high to low concentrations as defined by Fick’s law
of diffusion (Fick, 1855). Trace element and H>O profiles forming at the margins of tuffisite
veins have been previously used to assess their diffusive lifespans (Cabrera et al., 2011; Berlo
et al., 2013; Castro et al., 2014). To constrain the timescales of processes related to element
gradients in Section 4.2.2.2 we fit diffusion models to multiple trace element profiles with

solutions of the 1D diffusion equation:

=023 (1)

where C is the concentration of element X (ppm), t is time (s), X is position (m) and D is the
diffusion coefficient of element X (m?s™!). Diffusion coefficients are a function of temperature
(T) and composition (Zhang et al., 2010); which is assumed to be 895 °C for the 2011-12
Cordén Caulle magma (Castro et al., 2013). The order of the calculated diffusion coefficients
1S Dna>Dri>D1>Dpo>Dro (Table 2 and references therin). Equation (1) was solved using an
explicit finite-difference model for all profiles (Crank, 1975). The model assumes element X
is diffusing in a semi-infinite media. For profiles towards fracture interfaces a pre-fracture melt
concentration is assumed to be equal to the median, far field concentration. The boundary
concentration of element X is assumed to be in equilibrium with the gas phase and constant
throughout. For Fig. 10 conditions are different, two semi-infinite media are assumed to come

in contact with each other and then diffusion commences. Accordingly, the initial boundary
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concentrations within each media are equal to their respective initial far field concentrations
but, unlike profiles towards fractures, the boundary concentrations are not constant throughout.
We assume no modification occurred to the profiles after quenching of the melts therefore the
timings calculated represent one diffusing event that encompasses all processes from
fracturing, degassing and sintering, through to bomb ejection and cooling/quenching. Given
analytical uncertainties and the uncertainties of the calculated diffusion coefficients for these
trace elements, the modelled timescales should be considered order of magnitude estimations
for the timing of events. Diffusion profiles are most commonly found neighbouring fracture
surfaces in breccia or nozzle samples. Although chemical variability is found in banded
obsidian (see Fig. S2, Fig. 10), and is associated with each band being chemically distinct, only
one clear chemical gradient was analysed, constraining the timing of diffusion between two
bands. Only certain Group 3 elements were found to preserve diffusion gradients, these are Li,
Na, Rb and Cs (the alkalis) and Cu, Tl and Pb. Cl, a ligand, was also found to form a short
diffusion gradient in V2 (rim). Four examples are considered here, and summarised in Table
3, highlighting the timescales of different events within the conduit (from depth to the surface)

that relate to specific textural domains.

First, calculated diffusion gradients on the order of seconds (Li) and minutes (Rb) observed
between two neighbouring bands in a small banded obsidian bomb (Fig. 10) suggest degassing,
particle sintering and compaction occurred within these short timescales, in line with
experimental studies (Wadsworth et al., 2016; Gardner et al., 2018). These bands quenched
very quickly after their juxtaposition, preventing the complete homogenisation of these mobile
elements. Rb diffusion is calculated to be slower than that of Pb or Tl (Table 2; Berlo et al.,
2014) but these elements have no preserved variation across these bands. This suggests there

was minimal initial difference in the concentration of these elements between the two bands.
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Second, gradients of Li and Na observed at the edge of a banded obsidian glass shard, within
a non-oxidised pumice breccia (Fig. 9), suggests the interstitial ash (and clast edges) underwent
only minutes of degassing after a fracturing event, prior to the expulsion of the breccia in a
subsequent explosive event. These timescales are comparable to those of sintering for the
matrix ash shards given their size (~30 um across) and the eruptive conditions (Giordano et al.,

2008; Castro et al., 2013; Vasseur et al., 2013).

Third, the chemical and textural heterogeneity in V2 constrain the timing of multiple fracturing
and degassing events this bomb underwent. At first the micro-crystalline material, likely a
nozzle host, underwent gas fluxing for hours to days as calculated by Tl (1-5 hours) and Rb
(14-60 hours) diffusion (Fig. 8B). Far-field Li concentrations for this clast (~18.5 ppm) are
lower than the average for this sample (~30 ppm) and average for Cordon Caulle (~36 ppm).
Li diffuses faster than Rb or T1 (Table 2) thus this first event likely resulted in the depletion of
Li from this material. Fluxing ceased either due to cooling, and negligible elemental diffusion,
or plugging of the nozzle. Calculated Li diffusion (seconds) records a second short-lived event,
possibly related to the ending of gas fluxing, forming the small Li diffusion profile prior to
quenching (Fig. 8B). A new sub-vent forms and gas streaming and heating occurs, preserved
as the dense, oxidised clast rim. Elevated Li, Rb, Tl, Cs and Pb (relative to clast core
concentrations) suggests chemical re-equilibration with a fluxing gas phase and metal
resorption within the narrow zone of reheated material. The narrow width of this rim suggests
the process was short-lived and an explosive event forms the micro-crystalline clast that
preserves two periods of gas fluxing. This clast falls back into a new nozzle structure and is

rapidly sintered to other clasts and re-ejected as the oxidised breccia bomb V2. The sintering
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of the ash matrix must have been fast as no clear diffusion profiles are recorded in the dense
rim towards the clast interface or towards the depleted clast core. This clast exemplifies how
repeating fracturing and degassing can progressively deplete melts and be recorded by elements

that diffuse at different rates and have differing affinities for a gas phase.

Finally, Cu, Tl and Pb gradients are preserved away from fracture surfaces in nozzles where
gas streaming occurred at the surface. Lead and TI diffusion imply nozzles experience gas
fluxing on the order of several hours (Fig. 7). Schipper et al. (2013) observed individual ash
jetting events occurring over timescales of seconds to tens of seconds during hybrid activity in
January of 2012. However, sub-vents were long-lived, stable surface structures and repeated
explosions were observed from the same locations over timescales of hours (Schipper et al.,
2013). Therefore, the hours-to-days timescales inferred from Pb, Tl and Rb heterogeneity in
recycled nozzle material (clasts) and in situ sampled nozzles relate to the integration of
numerous, ash jetting events from a single nozzle structure, rather than one discrete individual
event. Indeed, multiple ash jetting events would be expected to occur from any nozzle during
its lifetime, prior to its rafting away from the locus of ash and gas venting, and cessation of
elemental diffusion due to cooling. Our data are consistent with a persistent, more stable late
vent structure that was connected with an extensive near-surface permeable network, allowing

for protracted periods of outgassing.

There is one caveat related to sampling limitations with respect to early vent material: it is not
possible to definitively distinguish whether timescales of degassing increase as magma
approaches the surface, or whether apparent longer timescales later in the eruption relate to a

better developed network of fractures that allow for more continuous gas fluxing. However,
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we hypothesise the latter is more likely as observations from this eruption show explosions
progressively decreased in size with time (Silva Parejas et al., 2012; Schipper et al., 2013).
Pathways within the upper conduit being open for longer would facilitate this as extended
periods of outgassing reduce overpressure within the system, thereby reducing the energy of

explosions.

5.4 Summary: Fracturing Processes at Cordon Caulle

Figure 11 summarises the changing degassing processes with depth in the conduit and eruption
duration, as well as the constrained timescales of certain degassing processes. Chemical and
textural variation within the studied eruptive products are strongly linked and largely attributed
to degassing-related processes. Alkali elements (Li, Rb, Cs) and certain metals (Cu, T1, Pb, Bi)
show the most systematic variability. Juxtaposing dense and pumiceous clasts in earlier-
erupted breccia samples suggest extensive connectivity through the conduit during the early
phases of the eruption, in line with the proposal that interconnected vesicles provided transient
permeable degassing pathways in the upper ~1-1.5 km of the conduit (Schipper et al. (2013).
Timescales for fracturing, degassing and compaction of melt during the earlier explosive
phases are short, on the order of minutes. These timescales indicate rapid and efficient
degassing and sintering of melt prior to sudden bomb ejection and rapid quenching that
preserves compositional heterogeneity. The short duration of these degassing events prevents
their preservation in slower diffusing elements (e.g. T1, Pb), with element variability largely
confined to faster-diffusing alkali elements (e.g. Li). Matrix ash shards <30 pm across show
depletions in elements such as Tl and Pb. The observation of repetitive Vulcanian explosions

excavating the conduit during prolonged explosive activity fits with model predictions for
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regular pressure build-up and explosive events due to the high permeability threshold of the
Cordon Caulle melt (Farquharson et al. 2017). These conditions would also inhibit volatile
exchange of fluxing gases with melt and prohibit the preservation of element enrichments that
are seen in tuffisites in other systems (Berlo et al., 2013; Paisley et al., in review). Bomb
excavation from this earlier phase (beginning 8™ June and continuing into the hybrid activity
phase beginning June 14™) was sufficiently deep enough to excavate material that had not
undergone extensive oxidation by interactions with air, especially when compared to nozzle-
sourced ejecta. Low H>O concentrations indicate that bombs were probably sourced from above
the level of laccolith emplaced 20-200 m below the surface (Silva Parejas et al., 2012; Schipper

et al., 2013; Pistolesi et al., 2015; Castro et al., 2016).

The chemistry and textures of samples from later phases of the eruption (both bomb and vent
samples) record an evolution in degassing systematics. Vent samples are more degassed than
earlier bombs or flow material (highlighted by their lower In, Tl, and Bi concentrations, Fig.
3). Breccias from the near-surface environment chemically and texturally preserve several
fracturing and degassing events. Individual clasts have oxidised textures indicative of
extensive, protracted interaction with the atmosphere that was not confined to the final sintering
event prior to bomb ejection. Such samples are likely sourced from the top metres of the conduit
where there is ample scope for atmospheric interactions. Gradients in multiple elements (Li,
Rb, Cu, TI, Pb) towards fracture interfaces (in breccia clasts and nozzles) indicate that
degassing events later in the eruption and nearer the surface were longer in duration (~hours).
This implies the upper conduit and vent structure was more stable later in the eruption, with
sub-vents stable over hours to days (Schipper et al., 2013). Our chemical observations do not
reflect a single ash jetting event from a sub-vent but instead represent the integration of

repeated venting over the total nozzle lifespan.
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Tuffisite and breccia ash represent the most permeable pathways for gases in the conduit, in
the form of initially-open fracture pathways. Systematic depletions in metals (e.g. Zn, T, Pb)
relative to their hosts imply metal scavenging from shards by the gas phase all the way from
depth to the surface, potentially aided by shallow system CI degassing (Churakov et al., 2000;
Villemant et al., 2008; Zajacz et al., 2008). Only once the ash and gases reach the surface
environment do systematic Tl enrichments develop. This suggests an abrupt change in the gas
capacity of Tl, which drove rapid Tl resorption into the available silicate melt (the ash
particles). Bi enrichments throughout permeable zones could reflect volatile input from more
mafic magmas (Guo and Audétat, 2017). It is unresolved whether Bi is adsorbed onto the edges

of shards within veins, or is entering the rhyolite melt at depth.

6. Conclusions

Our study highlights how trace metals can record degassing of ascending silicic magma, and
how chemical and textural heterogeneity in silicic eruptive products can be strongly correlated.
The low H>O contents in the 2011-12 Cordén Caulle erupted products have previously limited
our understanding of its degassing systematics (Castro et al., 2014). However, by combining
chemical species that diffuse slower than H>O, we have been able to: (1) link chemical and
textural heterogeneity to highlight pathways for preferential gas fluxing; (2) constrain
timescales of the syn-eruptive degassing processes that form these complex textures; and (3)
link these to observations of eruptive behaviour. Results shed new light on the complexity of
conduit degassing processes during explosive and hybrid rhyolitic activity. Our study

reinforces the value of trace elements as tracers of degassing, particularly in systems where
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more commonly-used species (H20, CO», halogens) are heavily depleted. Such an approach
can be applied to other volcanic complexes to investigate sub-surface degassing in

progressively brecciated and heterogeneous conduits.
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9. Tables and Figures

Figure 1:

(A) Schematic timeline of eruption. Samples collected represent the explosive (bombs) and
effusive (flow) components of the eruption and vent degassing processes. Arrows indicate
inflation associated with laccolith emplacement (Castro et al., 2016). (B) Annotated Google
Earth image of 2011-2012 Cordoén Caulle flow, SVZ, Chile (Digital Globe, 2015). Boxes (red)
highlight sample collection localities. Bombs and flow material collected far from the vent
represent earlier explosive and effusive activity. Inset: location of PCCVC in context of the

SVZ in Chile.
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Figure 2:
Schematic overview of the conduit and the relative depths of degassing that are preserved by

different domains. Red arrows point to textures that characterise domain types.
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Figure 3:

Comparison of median TI, In and Bi concentrations of bomb, flow and vent samples from the

2011-2012 eruption (A and B). Error bars extend to the 25" (minimum) and 75" (maximum)

percentiles. (C) and (D) show individual analyses from bomb (circles), flow (squares) and vent

(triangle) samples. All three elements are highly volatile. Vent samples have lower In, Tl and

Bi concentrations than bomb and flow samples suggestive of the progressive loss of volatiles

from the system with eruption duration.
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Figure 4:

Violin plot highlighting median Cl concentrations for each textural domain (white circles) with
their associated interquartile ranges (grey boxes), total ranges (black lines) and distribution of
individual analyses (shaded areas and circles) (Bechtold, 2016). Domains are from vent (blue)
and bomb (yellow) samples. Shaded box represents range of Cl concentrations in melt

inclusions (Castro et al., 2013; Jay et al., 2014).
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Figure 5:

Domain-host ratios for select elements. Average concentrations for textural domains are
normalised to their respective average host concentrations. Errors are 1 standard deviation.
Domains are from vent (triangles) and bomb (circles) samples. Note use of log scale for ash
and oxidised domains to account for high Bi ratios. Missing symbols mean element was not

analysed for in that domain.

100 — A V1 -Ash Domain
§ V3 - Ash Domain Deposited Ash Domains
% 10 =
Q — A
X $
;= N
(1]
L4 . :
al .
1E A—A— —
NP S S S N
Ti V Mn Sr GaSmEu Zr U Li Rb Cs AsSbMo CuZnAgCd In SnPb Tl Bi
10 — A V1 -Breccia Domain 1 __ :
— | A V1 - Breccia Domain 2 Oxidised Domains 4
i i
£ 1k a b —Aa * + A& f Y
= 3 ;
a [
NP I I
Ti V Mn Sr GaSmEu Zr U Li Rb Cs As SbMo CuZnAgCd In SnPb Tl Bi
3 — @ B5 - Tuffisite Domain _ :
i B7 - Breccia Domain* Non-Oxidised Domains
- @ B8 - Tuffisite Domain
w
o 2
I
£ —
@ 0
£ 0
8 1 v LT w & : . L. | T Bl ?—.—.—
LT : ° ¢
) s s I
Ti V Mn Sr GaSmEu Zr U Li Rb Cs As SbMo CuZnAgCd In SnPb Tl Bi
F—Group 1—— ——=Group 2 | } Group 3 |

143



Table 1:

Summary of elements that have domain-host ratios outside of unity. Elements are either
enriched (En.) or depleted (Dep.) in domains. Group three is subdivided into alkalis, OH-
complexing metals (OH") and S & Cl complexing metals (S, Cl). Alkali elements (Li, Rb, Cs)
and certain CI and S complexing elements (Zn, Pb, T1, Bi) show the most variability. Element

depletions in domains are common, although enrichments can be preserved (e.g. Bi).

Group 3
Sample Domain Groupl  Group2 Alkalis OH- S, Cl Sample
ID Description En. Dep. En. Dep. En. Dep. En. Dep. En. Dep. Comment
Li Zn
Heavil Tl
=l w1 S Rb Sb . Sn
& Oxidised Cs Bi b No Ag,
51 Cd, In
= Li Cu data
S
g1 V3 Mod'er.ately Rb Pb Zn  available
a Oxidised Tl
Cs .
Bi
\"2!
) . . Pb
~| Domain  Breccia Ash A% Rb Bi
2 1 Tl
’E Vi Variable
© Domain Breccia Ash A% Rb Bi Pb Tl concen-
2 trations
/n
B5 Tuffisite A% Li Bi Pb
Tl
'qi Ash
5 Zn  compared
5 Rb Sn  to a dense
Ql B7 Breccia Ash  V Li Sb .
é receia As 'ocs Pb obsidian
Z T1 clast in
breccia
B8 Tuffisite Vv Bi /n
£
£ Csis less Cu highly
g variable variable
; than both within
g Liand Rb domains
D
=

144



Figure 6:

Trace element profiles across an oxidised breccia matrix between two clasts from a vent sample
(V1 Domain 1). Matrix ash is largely depleted in volatiles (e.g. Cl, Pb and T1) compared to its
host, Bi and Cu are exceptions. Clasts entrained within the matrix can have distinct
compositions to both the host and ash matrix. Bi is below detection limits within parts of the

ash (~150-200 pm) and the entrained clast. Laser analyses did not extend into the host (~900

pum).
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Table 2:

Summary of diffusion coefficients (D, m?/s™!) calculated at an eruptive temperature of 895 °C
(Castro et al., 2013) and their references. The characteristic length scale of diffusion equation,
x~VDt - where x is distance (m) and t is time (s), is used to compare the time required for
elements to diffuse over a known distance given the calculated D values. Order of diffusivity

of elements used in Section 5.3: Dna>Dri>D1>Dpp>Dro.

Time for elements to diffuse

Element D (m?/s) 5um(s) 15pum (mins) 25 pum (mins) Reference
Na 2.15E-10 0.1 0.02 0.05 (Zhang et al., 2010)
Li 1.82E-10 0.1 0.02 0.06 (Jambon, 1982)
Tl 3.81E-12 7 1.0 3 (Berlo et al., 2014)
Pb 8.25E-13 30 5 13 (Berlo et al., 2014)
Rb 4.12E-13 61 9 25 (Jambon, 1982)
Bai and van Groos,
Cl 4.09E-13 61 9 25 ( 1994)
In 3.67E-13 68 10 28 (Berlo et al., 2014)
Zn 2.87E-13 87 13 36 (Berlo et al., 2014)
Bi 6.89E-14 363 54 151 (Berlo et al., 2014)
Cs 4.12E-15 6071 911 2529 (Jambon, 1982)
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Table 3:

Summary of the length scales of element variability preserved at certain domain interfaces and

the calculated timescales, in brackets, of the related degassing processes. Alkali element

gradients are found in multiple domains whilst slower diffusing elements (e.g. Tl, Pb) only

have preserved gradients in more surficial domains.

Banded
Nozzl Non-Oxidised
sz Oxidised Domains On-UNICHSe Obsidian
Domains Domain .
Domain
Samples V4,V5 Vi V2 B7 BI12
Juxt i
Interface | Planar Fracture Bubble- Ash-Dense Ash-Dense u;; :spoz;r;g
description Surface Glass Clast Clast g Y
crystal-rich bands
] Fig. 7 . Fig. 8B Fig. 9 Fig. 10
: Fig. 8A . : .
Figures Fig. S3 '8 Fig. S4 Fig. S5 Fig. S6
Li 250 200 (5-30 s) 100 (15-45 s) 100 (<2 s)
£ Na 200 (1-3 mins)
)
é Rb 500 (14-60 hr) 100 (5-30 mins)
% Cs <50
= cu <500
bt
G Tl 300 (1-4 hr) <50 500 (1-5 hr)
§ Pb ] <150 (0.5-1 hr)
=
= In 500 200
= A pumiceous
-g Only V4 has In Clast has deFlse band in.a dense
> . . ~200 pm-wide domain has
- variation. Li Profile ) . N
p radients are between rim elevated in Clast is banded depletions in Li,
§ ] g . Li, K, Rb, Cs, Zn, Rb, Cs and
< = inconclusive one ash- but profile does
- 9 Pb, Tl and Cl, } Pb and
S = and not filled . not extend into . .
@ g . and depleted in enrichment in Cu
= ) discussed bubble and . a texturally .
s @) . In and Bi, . with respect to
2 further with one open _ different band. . .
< - bubble relative to neighbouring
20 plateau core bands (T1 and Bi
3 nozzles. .
- concentrations. data
inconclusive).

!The lack of adequate diffusion coefficients for Cu prevent it from being used to estimate

timescales.
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Figure 7:

Pb and TI elemental gradients away from a fracture surface in a nozzle (Sample V5) indicate
the diffusion of volatile elements towards the fracture interface and partitioning into the fluxing
vapour phase. Dashed lines are bounding timescales, calculated via an explicit finite-difference
model, and constrain the timescale of gas fluxing between opening of pathway and cessation

of gas fluxing. Error bars are two internal standard error.
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Figure 8:

Elemental variations in oxidised, near-surface samples. (A) Cs and TI concentrations are
elevated at void-host interfaces in a vesiculated clast (Sample V1) due to potential late-stage
resorption. (B) Observed Li, Rb and Tl element variations away from a matrix-clast interface
in a dense clast (Sample V2) preserve the previous diffusion elements towards an open fracture
induced by gas fluxing. Clast rim is chemically distinct from core. Dashed lines are bounding
timescales, calculated via an explicit finite-difference model, and constrain the timescale

between initiation and cessation of gas fluxing. Error bars are two internal standard error.

(A)
9 -
8
T A
&7
8 s
6 P i A A A 0.50
2 2 4
5 0.25
0 40 80 120 160 200 240 280 320
Distance ( um)

B T -
( ) iy Breccia Ciast i

1 ' Matrix

50
+ &Approxtma!e Rim-Core textural boundary .
T 40 +LA 1 A L
5 seconds A Rb
2 30 + AT
_|20 :E$n’_1m“_‘_‘_‘_L_‘_A_‘_‘_ 2~ -
10 Dense le Clast Core
160 AAA 30 seconds | gi
120 vy 1 hr -
s+ [ 4.4 LQ__:__-.-o-ag
£ 80 ,£~ %A;,E;»i:_____t____‘ 023
s - A = - L —
4 10 M + #;j» *\ b \ N =
e * ghe AT gy 0.1
0 o
0 200 400 600 800 1000 1200

Distance (um)

150



Figure 9:

Li and Na elemental variation in a banded obsidian clast away from the matrix-clast interface
in a non-oxidised pumice breccia (Sample B7) preserve the diffusion of alkalis into the gas
phase fluxing (and carrying clasts) towards the surface. Dashed lines are bounding timescales,
calculated via an explicit finite-difference model, and constrain the timescale between the
fragmentation event that opened gas channel and cessation of gas fluxing due to sintering of
matrix ash and secondary fragmentation event ejecting pumice breccia from the conduit. Error

bars are two internal standard error.
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Figure 10:

Li and Rb elemental variation across juxtaposing bands in a banded obsidian bomb (Sample

B12) preserve the diffusion of alkalis between a high concentration and low concentration

band. Dashed lines are bounding timescales, calculated via an explicit finite-difference model,

and constrain the timescale between the two bands being juxtaposed and the bomb ejection and

quenching event. Error bars are two internal standard error.
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Figure 11:

Summary figure highlighting how our chemical interpretations of the degassing processes
throughout the eruption relate to observations summarised in Section 2. Early in the eruption
degassing events are short-lived, and preserved largely by alkali elements, as large, repeating
explosions excavate non-oxidised breccia and tuffisite-hosting bombs. Later in the eruption a
more heterogeneous but stable vent structure allows for hours of gas fluxing from nozzles.
Explosions eject oxidised breccias that chemically preserve many previous sub-surface
fragmentation and degassing events. Longer periods of gas fluxing in the near-surface
environment are preserved by a wider suite of metals (including Pb and TIl). Conduit is
schematic and not to scale and represents the system above the emplaced laccolith described

by Castro et al. (2016).
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10.

Figure S.1:

Supplementary Figures

FeO' (A) and CaO (B) vs. TiO; highlighting minor positive correlations between certain major

elements. (C) No correlation between K,O vs ClI is observed, Cl concentrations are highly

variable whilst K>O concentrations are approximately constant. Positive correlations are

observed between certain Group 1 elements, e.g. Th vs Zr (D) and between Group 2 elements,

e.g. Co vs Mn (E). Error bars are 1 standard deviation.
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Figure S.2:

Profile of TiO; and Cl concentrations obtained via EMP across a banded obsidian domain

(Sample B4).

0.7

0.6

0.3

TiO2 @
c e

9
205 %o
N
Q
'—

04

200

400

600 800
Distance (um)

1000

2200

2000

1000

800

1400

156



Figure S.3:

Comparison of variation in Group 1 (e.g. V, diamonds), Group 2 (e.g. Ga, Sm, squares) and
Group 3 alkalis (e.g. Li, Rb, Cs, circles) and Group 3 metals (e.g. Cu, Tl, Pb, Bi, triangles)
elements away from a fracture surface in a nozzle (Sample V5), corresponding timescales

estimated via diffusion of Pb and T1 are shown in Fig. 7.
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Figure S.4:
Comparison of variation in Group 1 (diamonds), Group 2 (squares) and Group 3 (circles and
triangles) elements away from a matrix-clast interface in a dense clast (Sample V2),

corresponding timescales estimated via diffusion of Li, Rb and T1 are shown in Fig. 8B.
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Figure S.5:

Comparison of variation in Group 1 (diamonds), Group 2 (squares) and Group 3 (circles and
triangles) elements in a banded obsidian clast away from the matrix-clast interface in a non-
oxidised pumice breccia (Sample B7), corresponding timescales estimated via diffusion of Li

and Na are shown in Fig. 9.
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Figure S.6:
Comparison of variation in Group 1 (diamonds), Group 2 (squares) and Group 3 (circles and
triangles) elements across juxtaposing bands in a banded obsidian bomb (Sample B12),

corresponding timescales estimated via diffusion of Li and Rb are shown in Fig. 10.
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11. Appendices

Appendix A: Data Table for Major and Trace Elements

Calculated means for major and trace elements of all samples plus brief sample descriptions
and classifications. Means are calculated averages of multiple analyses via EPMA (majors) and
LA-ICP-MS (traces). Errors are given as 1 standard deviation and % RSDs. Major elements
are in wt. % and trace elements, S and Cl are in ppm. n.a. indicates where an element was not
analysed for a sample, the respective error is left blank. nl is the number of EPMA analyses
per sample, n2 is the number of LA-ICP-MS analyses per sample. BCR-2 average and errors
presented in the main table, EPMA secondary standard averages and errors presented in

separate tables.
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Table A.1: Data table of sample descriptions and calculated averages for major and trace elements.

Sample

Sample

D Category Sample Description Si0; TiO; ALO; FeO' MnO MgO CaO Na,0O K,;O S Cl nl
B1 Bomb Non-Oxidised, grey breadcrust bomb with pumice and obsidian domains 71.9 0.49 14.2 34 0.10 0.39 1.6 4.8 3.1 16 1574 33
B2 Bomb Non-Oxidised, grey pumice bomb with dense obsidian shards 72.1 0.47 14.2 32 0.10 0.38 1.6 4.8 3.1 14 1584 37
B3A Bomb Banded Obsidian Bomb with white oxidised material adhered to edge 71.7 0.49 14.2 34 0.10 0.40 1.7 4.9 3.0 17 1750 72
B3B Bomb Banded Obsidian Bomb with red, lithic material clast 71.6 0.52 14.3 3.5 0.10 0.44 1.8 4.8 3.0 21 1867 36
B4 Bomb Banded Obsidian Bomb (collapsed and compacted foam) 71.4 0.54 14.2 37 0.11 0.45 1.8 4.9 3.0 17 1347 100
B5 Bomb Partially collapsed foam with tuffisite vein (mild oxidation of vein material) 71.6 0.56 143 35 0.10 0.44 1.9 4.9 2.7 17 1414 60

B6 Bomb Non-oxidised pumice breccia with dense and pumice clasts n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a.

B7 Bomb Non-oxidised pumice breccia with reticulite and dense clasts n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a.

B8 Bomb Banded Obsidian Bomb with non-oxidised tuffisite material on bomb edge n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B9 Bomb Breccia bomb with dense and pumice clasts in dull red-grey matrix 71.4 0.53 143 34 0.10 0.47 1.8 5.0 3.0 19 1590 10
B10 Bomb Banded Obsidian Bomb with black and dark-grey glassy bands 71.4 0.54 143 33 0.11 0.41 1.7 5.1 3.1 19 1515 17
B11 Bomb Pumiceous Bomb with obsidian rind and subtle (grey-beige) interior banding 71.6 0.52 143 32 0.10 0.41 1.8 5.1 3.0 13 1482 16

B12 Bomb Dense, dark grey and black banded sample n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Fl1 Flow Breakout from northern branch of rhyolite flow n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

F2 Flow Breakout from northern branch of rhyolite flow n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

F3 Flow Rhyolite flow from vent n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Vi Vent Breccia of dense and Ve31ct(lil:;ztsiifézs;ssé?iiﬁ:ﬁ)ash domains in breccia and 713 051 142 33 0.09 034 16 59 34 1 1206 72
V2 Vent Breccia of dense clasts and flow n];f;zziizl) (Heavily oxidised ash material in 735 045 136 26 0.07 023 13 53 29 6 631 30

V3 Vent Nozzle with oxidised surface n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

V4 Vent Nozzle with light-pink ash adhered to surface n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

V5 Vent Nozzle with oxidised surface n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Cordon Caulle Average  71.8 0.51 14.2 33 0.10 0.40 1.7 5.0 3.0 17 1451

Cordon Caulle Standard Deviation 0.6 0.03 0.2 0.3 0.01 0.06 0.2 0.2 0.2 8 326

Cordon Caulle % RSD 1% 7% 1% 8% 12% 16% 9% 3% 5%  49%  22%

BCR Average  n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

BCR Standard Deviation
BCR % RSD

162



Element Group No 1 1 1 1 3 3 2 3 3 2 2 2 2 3 3 3 3 3
Analysed Mass 51 52 59 60 63 66 71 75 85 88 89 90 93 95 107 111 115 118
Sample ID Li \% Cr Co Ni Cu Zn Ga As Rb Sr Y Zr Nb Mo Ag Cd In Sn
B1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B3A n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B3B 44.8 5.6 n.a. n.a. n.a. 13.0 85.1 20.4 19.7 81.3 n.a. n.a. 344 n.a. n.a. 0.11 0.66 0.15 297

B4 352 5.5 2.31 2.66 0.38 13.9 85.8 19.7 18.5 78.7 126 49.2 335 104 2.69 0.11 0.24 0.11 328

BS 36.0 5.5 2.08 2.81 0.41 15.0 87.6 20.0 18.2 78.6 122 50.3 336 10.6 2.60 0.12 0.27 0.11 323

B6 37.3 45 3.46 2.57 0.45 15.5 86.9 18.9 16.5 76.7 123 50.6 345 10.8 2.63 0.09 0.25 0.12 333

B7 29.9 4.0 3.78 248 0.52 14.1 86.8 20.0 16.1 84.1 112 50.9 364 11.1 2.40 0.09 0.14 0.10 2.76

B8 322 53 n.a. 2.59 n.a. 15.9 87.0 19.7 14.2 75.4 122 49.5 337 10.3 2.62 n.a. n.a. n.a. n.a.

B9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

BI11 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

B12 29.3 5.1 8.07 2.40 n.a. 11.8 78.8 18.9 n.a. 73.7 139 49.2 336 9.9 2.79 n.a. 3.06 0.17 3.05

F1 36.4 5.4 n.a. 2.62 n.a. 10.4 87.6 20.8 17.3  100.1 122 53.3 366 11.2 2.71 n.a. n.a. n.a. n.a.

F2 37.7 43 3.06 2.57 0.28 10.0 79.5 18.1 15.8 77.6 120 54.0 368 11.0 2.60 0.09 0.10 0.10 3.20

F3 40.1 5.1 3.16 2.44 0.39 16.7 81.7 19.7 24.7 77.8 113 56.8 383 11.0 2.64 0.12 0.12 0.11 324

V1 429 8.8 1.50 3.08 0.55 243 92.0 21.3 19.6 76.4 113 58.3 348 11.8 3.01 0.15 0.21 0.13 4.07

V2 29.4 43 3.50 2.83 0.57 12.7 85.0 21.3 19.9 74.8 102 58.0 377 12.4 3.18 0.14 0.18 0.14 3.44

V3 34.4 4.7 2.95 2.70 0.39 20.2 89.1 19.5 16.5 77.2 113 51.8 353 10.9 2.58 0.13 0.11 0.08 3.46

V4 39.3 42 2.88 2.15 0.34 10.7 90.5 20.7 18.2 80.1 119 50.5 348 10.6 2.55 0.10 0.13 0.07 3.57

V5 31.0 5.7 3.71 3.17 0.69 8.1 91.5 20.0 15.7 83.9 112 54.7 360 11.7 2.57 0.09 0.16 0.09 3.26
Cordon Caulle Average 36 5 34 2.6 0.5 14 86 19.9 18 80 118 53 353 11.0 2.7 0.11 0.4 0.11 33
Cordon Caulle Standard Deviation 5 1 2 0.3 0.1 4 4 0.9 3 6 9 3 16 0.7 0.2 0.02 0.8 0.03 0.3

Cordon Caulle % RSD  13%  22%  48% 10%  26%  29% 5% 4% 14% 8% 7% 6% 4% 6% 7% 19%  184%  24% 10%
BCR Average 10 451 18.5 37.5 12.5 19 155 21.7 0.8 46 338 33 180 11.6 261 0.9 0.2 0.10 2.1

BCR Standard Deviation 2 29 4 2.5 1.3 2 16 1.6 0.2 4 13 2 7 0.5 19 0.2 0.1 0.01 1.3

BCR%RSD  15% 7% 19% 7% 11% 8% 11% 7% 27% 8% 4% 5% 4% 5% 7% 27%  33% 14%  62%
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Element Group No 3 3 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 2 2
Analysed Mass 121 133 137 139 140 146 147 153 157 163 166 172 175 178 182 205 208 209 232 238
Sample ID Sb Cs Ba La Ce Nd Sm Eu Gd Dy Er Yb Lu Hf w Tl Pb Bi Th U n2
B1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B3A n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B3B 1.02  5.28 n.a. n.a. n.a. n.a. 8.03 n.a. n.a. n.a. n.a. n.a. n.a. 9.09 n.a. 0.66 244 0.08 n.a. 2.53 18
B4 1.04 497 664 289 652 340 769 149 778 843 539 591 092 881 1.53 052 259 008 854 259 43
B5 097 521 639 287 630 330 7.82 148 772 850 547 589 095 8.80 145 047 251 006 832 250 44
B6 095 5.05 684 302 683 351 835 152 743 88l 568 595 097 9.0 1.54 050 257 008 885 268 17
B7 1.16 5.62 703 31,0 695 357 857 152 728 920 581 626 099 9.62 147 064 277 008 934 273 55
B8 097 na. 670 29.1 664 350 795 146 744 855 557 590 094 9.00 1.64 054 260 012 877 252 58
B9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B10 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B11 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
B12 1.02 491 744 306 685 354 822 155 785 855 n.a. 6.05 n.a. 8.55 n.a. 054 233 022 869 255 72
Fl1 1.07 na. 680 312 716 370 835 148 775 901 578 626 100 9.64 1.68 0.64 286 008 933 278 33
F2 095 5.1 689 319 704 371 889 152 831 935 6.18 640 106 9.58 1.50 045 250 005 945 268 16
F3 1.08 532 641 308 639 367 847 140 845 976 623 6.61 1.08 1020 1.51 045 260 0.05 949 2.68 14
V1 098 547 662 30,1 689 366 829 145 861 981 640 6.19 1.11 8.98 1.64 060 266 021 932 263 108
V2 1.08 534 650 319 724 383 768 133 888 983 645 670 1.11 9.96 192 017 231 013 976 282 47
V3 1.00 514 666 30.1 680 356 819 144 762 891 575 613 097 925 1.57 056 27.0 006 894 264 55
V4 1.01 539 683 302 674 350 8.18 148 750 869 571 604 097 9.16 1.54 038 27.1 005 893 271 55
V5 1.16 552 679 315 724 374 885 151 754 957 6.16 634 1.03 945 1.53 039 262 004 950 267 96
Cordon Caulle Average 1.0 53 675 30 68 36 8.2 1.5 79 9.1 59 6.2 1.0 9.3 1.6 0.5 26 0.1 9.1 2.6
Cordon Caulle Standard Deviation 0.1 0.2 27 1.0 3 1 0.4 0.1 0.5 0.5 0.4 0.3 0.1 0.5 0.1 0.1 2 0.1 0.4 0.1
Cordon Caulle % RSD 7% 4% 4% 3% 4% 4% 4% 4% 6% 6% 6% 4% 6% 5% 8%  25% 6% 62% 5% 4%
BCR Average 0.4 1.2 669 25 52 28 6.4 1.9 8.4 6.2 3.6 32 0.5 4.7 0.5 0.2 11 0.08 5.8 1.7
BCR Standard Deviation 0.1 0.1 23 1 3 1 0.5 0.1 2.0 0.4 0.4 0.3 0.1 0.3 0.1 0.1 1 0.02 0.5 0.2
BCR%RSD 16%  10% 3% 5% 5% 5% 7% 7%  24% 6% 11% 9% 14% 6% 20%  21% 8% 31% 9% 10%

164



Table A.2: Data table of sample errors (1 Standard Deviation).

Sa;‘l‘)ple CS;‘:ngy Sample Description Si0, TiO; ALO; FeO' MnO MgO Ca0 Na,0 KO0 S cl nl
B1 Bomb Non-Oxidised, grey breadcrust bomb with pumice and obsidian domains 0.6 0.05 0.2 0.32 0.03 0.07 0.25 0.22 0.32 18 237 33
B2 Bomb Non-Oxidised, grey pumice bomb with dense obsidian shards 0.69 0.05 0.12 0.42 0.02 0.07 0.17 0.15 0.10 15 129 37
B3A Bomb Banded Obsidian Bomb with white oxidised material adhered to edge 0.53 0.05 0.14 0.29 0.02 0.06 0.16 0.15 0.10 16 90 72
B3B Bomb Banded Obsidian Bomb with red, lithic material clast 0.74 0.06 0.18 0.39 0.03 0.09 0.20 0.13 0.13 30 335 36
B4 Bomb Banded Obsidian Bomb (collapsed and compacted foam) 0.68 0.08 0.26 0.45 0.02 0.08 0.23 0.37 0.45 13 246 100
B5 Bomb Partially collapsed foam with tuffisite vein (mild oxidation of vein material) 0.55 0.03 0.21 0.23 0.02 0.06 0.32 0.58 0.78 11 177 60
B6 Bomb Non-oxidised pumice breccia with dense and pumice clasts

B7 Bomb Non-oxidised pumice breccia with reticulite and dense clasts

B8 Bomb Banded Obsidian Bomb with non-oxidised tuffisite material on bomb edge

B9 Bomb Breccia bomb with dense and pumice clasts in dull red-grey matrix 0.49 0.05 0.11 0.21 0.01 0.04 0.13 0.12 0.07 14 107 10
B10 Bomb Banded Obsidian Bomb with black and dark-grey glassy bands 0.78 0.04 0.22 0.48 0.02 0.10 0.27 0.29 0.27 18 220 17
B11 Bomb Pumiceous Bomb with obsidian rind and subtle (grey-beige) interior banding 0.57 0.05 0.21 0.74 0.04 0.11 0.23 0.13 0.10 11 297 16
B12 Bomb Dense, dark grey and black banded sample

Fl1 Flow Breakout from northern branch of rhyolite flow

F2 Flow Breakout from northern branch of rhyolite flow

F3 Flow Rhyolite flow from vent

Vi Vent Breccia of dense and Ves1°‘éf;i‘:igzsfsﬁzﬁfii‘:)aSh domainsinbrecciaand o 7¢ 907 037 060 003 012 042 063 101 10 553 72

V2 Vent Breccia of dense clasts and flow r{)l?;ziiie;l) (Heavily oxidised ash material in 181 0.09 115 081 005 026 054 061 125 3 448 30
V3 Vent Nozzle with oxidised surface

V4 Vent Nozzle with light-pink ash adhered to surface

V5 Vent Nozzle with oxidised surface
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Sample ID Li v Cr Co Ni Cu Zn Ga As Rb Sr Y Zr Nb Mo Ag Cd In Sn
Bl
B2
B3A
B3B 1.95 391 3.72 3.70 0.76 1.32 428 11.22 0.02 0.23 0.04 0.15
B4 1032 144 0.89 0.33 020 439 1419 210 384 12,06 11.80 2.80 3221 097 0.29 0.02 0.13 0.02 0.38
B5 7.25 1.11 0.35 0.16 0.09 337 1091 1.10 2.38 556 1045 214 2330 0.46 0.21 0.02 0.10 0.02 0.29
B6 0.97 0.33 0.65 0.29 0.21 3.74 3.71 0.55 0.93 2.17 1.93 129 1021 0.40 0.30 0.03 0.08 0.02 0.13
B7 2.69 1.63 1.07 0.41 0.49 2.83 8.40 1.91 1.23 974 11.18 2.14 13.14 0.89 0.54 0.05 0.08 0.03 0.47
B8 1.97 1.37 0.34 2.26 3.47 0.66 222 2.76 797 207 1685 0.39 0.29
B9
B10
Bl11
B12 9.74 2.39 4.27 0.52 4.04 1069 1.04 1924 4273  6.01 4223 122 0.56 0.05 0.47
F1 6.88 1.62 0.58 242  10.87 0.80 1.87 2443 792 3.19 2380 0.68 0.35
F2 3.63 2.26 0.92 1.00 0.17 1.08 16.65 1.25 223 8.04 1344 6.06 3828 1.00 0.44 0.04 0.05 0.02 0.44
F3 4.97 1.88 0.62 0.47 0.11 223 1453 093 6.81 11.69 3136 846 57.05 1.63 0.44 0.02 0.03 0.02 0.45
Vi 13.84 526 0.17 0.30 0.08 1259 1852 1.40 264 2825 1577 435 3626 038 0.17 0.04 0.14 0.13 1.66
V2 1621  2.96 0.74 091 0.22 407 21.64 135 499 4198 3295 10.66 59.69 1.89 0.69 0.03 0.11 0.30 0.87
V3 4.94 3.48 1.04 1.29 0.23 6.09 2171 1.13 239 1052 2813 868 49.76 1.0 0.47 0.06 0.05 0.02 0.50
V4 5.89 1.33 0.62 0.58 0.15 232 1607 141 3.05 1297 2439 624 4638 124 0.40 0.02 0.05 0.02 0.53
V5 6.78 4.20 0.82 1.10 0.83 336 2576  1.60 257 1147 23,66 543 5154 138 0.81 0.02 0.07 0.04 0.58
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Sample ID Sb Cs Ba La Ce Nd Sm Eu Gd Dy Er Yb Lu Hf W Tl Pb Bi Th U n2
Bl
B2
B3A
B3B 0.08 0.26 0.44 0.35 0.05 156 001 0.13 18
B4 0.17 087 39.13 151 485 1.54 047 0.11 058 055 048 050 010 080 024 0.15 405 002 047 036 43
B5 0.10 042 2202 179 294 1.37 057 007 041 050 030 057 006 075 011 011 254 001 044 020 44
B6 0.06 020 1321 075 2.12 1.13 037 008 046 036 024 023 005 033 010 002 084 001 034 016 17
B7 026 0.71 3088 134 3.69 177 085 0.16 056 075 049 054 009 058 023 013 273 001 054 031 55
B8 0.05 1977 110 173 095 031 0.08 033 035 021 034 005 051 016 003 0.8 005 037 0.09 58
B9
B10
Bl11
B12 022 085 6755 375 834 442 095 023 082 1.15 0.69 1.06 0.14 459 0.08 105 028 72
F1 0.11 2743 176 505 233 061 0.09 048 059 039 046 0.07 063 015 013 208 003 060 026 33
F2 0.18 055 2980 295 7.4 419 115 013 1.02 105 072 078 0.11 1.19 023 007 357 001 110 032 16
F3 0.15 083 1538 392 843 524 122 013 117 144 091 09 0.15 151 022 007 322 001 129 038 14
Vi 0.14 115 1783 197 246 202 079 015 062 072 043 057 008 093 007 064 735 029 081 026 108
V2 023 250 6099 456 1039 594 155 028 152 1.83 1.18 128 0.21 171 032 009 659 0.08 178 059 47
V3 0.14 082 4065 4.00 887 512 131 014 1.11 1.57 103 101 017 132 024 060 343 006 128 039 55
V4 015 092 2689 286 699 381 101 011 08 114 073 073 013 127 019 008 399 0.02 108 040 55
V5 022 096 3406 447 752 400 155 019 077 120 077 110 0.14 152 025 015 542 003 1.14 041 96
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Table A.3: Data table of sample % Relative Standard Deviations.

Sample

Sample Sample Description Si0, TiO; ALO; FeO' MnO MgO CaO Na,0 K,O S cl nl

1D Category

B1 Bomb Non-Oxidised, grey breadcrust bomb with pumice and obsidian domains 1% 10% 1% 9% 27% 19% 15% 5% 10%  110%  15% 33
B2 Bomb Non-Oxidised, grey pumice bomb with dense obsidian shards 1% 11% 1% 13%  24% 19% 10% 3% 3% 108% 8% 37
B3A Bomb Banded Obsidian Bomb with white oxidised material adhered to edge 1% 10% 1% 8% 22% 15% 10% 3% 3% 92% 5% 72
B3B Bomb Banded Obsidian Bomb with red, lithic material clast 1% 13% 1% 11% 28% 21% 11% 3% 4% 75% 18% 36
B4 Bomb Banded Obsidian Bomb (collapsed and compacted foam) 1% 14% 2% 12%  22% 18% 13% 7% 15% 81% 18% 100
B5 Bomb Partially collapsed foam with tuffisite vein (mild oxidation of vein material) 1% 5% 1% 6% 22% 14% 17% 12%  29% 67% 13% 60
B6 Bomb Non-oxidised pumice breccia with dense and pumice clasts

B7 Bomb Non-oxidised pumice breccia with reticulite and dense clasts

B8 Bomb Banded Obsidian Bomb with non-oxidised tuffisite material on bomb edge

B9 Bomb Breccia bomb with dense and pumice clasts in dull red-grey matrix 1% 9% 1% 6% 14% 9% 7% 2% 2% 72% 7% 10
B10 Bomb Banded Obsidian Bomb with black and dark-grey glassy bands 1% 8% 2% 15%  23%  24% 16% 6% 9% 94% 15% 17
B11 Bomb Pumiceous Bomb with obsidian rind and subtle (grey-beige) interior banding 1% 9% 1% 23%  35%  27% 13% 3% 3% 82% 20% 16
B12 Bomb Dense, dark grey and black banded sample

Fl1 Flow Breakout from northern branch of rhyolite flow

F2 Flow Breakout from northern branch of rhyolite flow

F3 Flow Rhyolite flow from vent

Vi Vent Breccia of dense and ve51c1(1ileag(e)<:ifelzs;ss lg?izlrg;sii(i)ash domains in breccia and 1% 13% 304 18% 359, 36% 27% 12% 29% 93% 46% 7

V2 Vent Breccia of dense clasts and flow r;lfé:zlizl) (Heavily oxidised ash material in 20 19% 8% 319%  74%  113%  41% 2%  43%  136%  71% 30

V3 Vent Nozzle with oxidised surface

V4 Vent Nozzle with light-pink ash adhered to surface

V5 Vent Nozzle with oxidised surface
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Sample ID Li v Cr Co Ni Cu Zn Ga As Rb Sr Y Zr Nb Mo Ag Cd In Sn

Bl
B2

B3A

B3B 4% 70% 29% 4% 4% 7% 5% 3% 16%  35%  27% 5%
B4 29%  26%  38% 12% 53%  32% 17% 11%  21% 15% 9% 6% 10% 9% 11% 16%  55% 15% 11%
B5 20%  20% 17% 6% 21%  23% 12% 6% 13% 7% 9% 4% 7% 4% 8% 20%  38%  22% 9%
B6 3% 7% 19% 11%  48%  24% 4% 3% 6% 3% 2% 3% 3% 4% 12%  32%  31% 13% 4%
B7 9% 41%  28% 16%  93%  20% 10% 10% 8% 12% 10% 4% 4% 8% 22%  55%  55%  30% 17%
B8 6% 26% 13% 14% 4% 3% 16% 4% 7% 4% 5% 4% 11%

B9

B10

Bl11

B12 33%  47%  53%  22% 34% 14% 6% 26%  31% 12% 13% 12%  20% 32% 15%
Fl1 19%  30% 22% 23% 12% 4% 11%  24% 6% 6% 6% 6% 13%
F2 10%  53%  30%  39% 61% 11%  21% 7% 14% 10% 11% 11% 10% 9% 17%  41%  52% 15% 14%
F3 12%  37%  20% 19%  27% 13% 18% 5% 28% 15%  28% 15% 15% 15% 17% 19%  28% 14% 14%
Vi 32%  60% 11% 10% 15%  52%  20% 7% 13%  37% 14% 7% 10% 3% 6% 30%  64%  100%  41%
V2 55%  69%  21%  32% 39%  32%  25% 6% 25%  56%  32% 18% 16% 15%  22%  21%  62% 216% 25%
V3 14%  75%  35%  48% 59%  30% @ 24% 6% 14% 14%  25% 17% 14% 14% 18%  48%  48%  28% 14%
V4 15%  32%  22%  27%  45%  22% 18% 7% 17% 16%  20% 12% 13% 12% 16%  25%  36%  31% 15%
V5 22%  13%  22%  35% 120% 42% @ 28% 8% 16% 14%  21% 10% 14% 12%  32% 24%  43%  44% 18%
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Sample ID Sb Cs Ba La Ce Nd Sm Eu Gd Dy Er Yb Lu Hf W Tl Pb Bi Th U n2
Bl
B2
B3A
B3B 8% 5% 6% 4% 8% 6% 9% 5% 18
B4 16% 18% 6% 5% 7% 5% 6% 7% 7% 7% 9% 8% 1% 9% 15%  28%  16%  24% 5% 14% 43
B5 11% 8% 3% 6% 5% 4% 7% 5% 5% 6% 6% 10% 6% 9% 8% 24%  10%  18% 5% 8% 44
B6 7% 4% 2% 2% 3% 3% 4% 5% 6% 4% 4% 4% 6% 4% 7% 5% 3% 13% 4% 6% 17
B7 23%  13% 4% 4% 5% 5% 10% 10% 8% 8% 8% 9% 9% 6% 16% 20% 10%  19% 6% 11% 55
B8 5% 3% 4% 3% 3% 4% 6% 4% 4% 4% 6% 5% 6% 10% 5% 3% 43% 4% 4% 58
B9
B10
Bl11
B12 22%  17% 9% 12%  12% 12% 12% 15% 10% 13% 11% 12% 26%  20% 38% 12% 11% 72
F1 10% 4% 6% 7% 6% 7% 6% 6% 7% 7% 7% 7% 7% 9% 20% 7% 44% 6% 9% 33
F2 19% 11% 4% 9% 10% 11% 13% 9% 12%  11% 12% 12% 10% 12% 15% 15% 14% 27% 12% 12% 16
F3 14%  16% 2% 13%  13% 14% 14% 9% 14% 15% 15% 14% 13% 15% 15% 16% 12% 17% 14% 14% 14
Vi 14%  21% 3% 7% 4% 6% 10% 10% 7% 7% 7% 9% 7% 10% 5% 106% 28% 137% 9% 10% 108
V2 21%  47% % 14% 14% 16% 20% 21% 17% 19% 18% 19% 18% 17% 16%  53% 29%  58% 18% 21% 47
V3 14% 16% 6% 13%  13% 14% 16% 10% 15% 18% 18% 16% 18% 14% 15% 107% 13% 115% 14% 15% 55
V4 15%  17% 4% 9% 10%  11% 12% 7% 11%  13% 13% 12% 13% 14% 13% 21% 15% 53% 12% 15% 55
V5 19%  17% 5% 14% 10% 11% 18% 13% 10% 13% 12% 17% 14% 16% 16% 38% 21% 68% 12% 15% 96
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Table A.4: Calculated averages of secondary standards used for EPMA. n denotes number of analyses of standard.

SiO2 TiO: ALO3; FeO' MnO MgO CaO0 NaO KO Cr203 P20s S Cl n

VG2 Av 4924 1.81 1339 1158 021 6.66 11.01 258 020 0.02 0.09 1233 382 24
1 St Dev 028 0.04 0.12 056 0.03 008 010 0.14 001 0.02 0.03 461 29
% RSD 1% 2% 1% 5% 15% 1% 1% 6% 5% 91%  32% 37% &%

VGA99 Av 5051 4.00 1228 1332 020 490 9.18 2,62 0.85 0.01 0.31 116 223 55
1 St Dev 050 0.05 0.15 065 003 006 010 0.11 0.02 0.02 0.03 52 19
% RSD 1% 1% 1% 5% 13% 1% 1% 4% 3%  131% 9%  45% 8%

VG568 Av 76.64 0.07 12.08 1.12 0.02 0.03 044 363 495 0.0l 0.00 9 1000 55
1 St Dev 035 0.01 0.09 0.09 0.02 001 002 022 010 0.01 0.00 10 58
% RSD 0.5% 17% 1% 8%  68% 39% 4% 6% 2%  169% 101% 6%
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Appendix B: Data Table for Trace Element Diffusion Profiles

Trace element data for profiles presented in Figures 7-10 and Supplementary Figures 3-6.
Internal Standard Errors (2SE) are given for each spot/line analysis. A blank column denotes
an element not analysed for that specific profile, <d.l. indicates analysis was below the

detection limit. All data and errors are in ppm.

172



Table B.1: Figure 7 Profile Concentrations (ppm).

Group One Group Two Group Three
Distance \% Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn T1 Pb Bi

13.02 3.45 20.62 34532 628 2.54 36.45 5.26 13.19 0.88 1.11 5.10 85.84 <d.l <d.L <d.L <d.L <d.L 9.44 <d.L
38.95 251 21.57 33119 721 242 26.18 5.70 14.73 1.01 1.03 3.79 56.35 <d.l <d.L <d.L 3.27 <d.L 1485  <d.l
61.39 2.19 19.57  327.66  7.40 2.59 24.97 5.32 13.82 224 1.19 3.54 81.18 <d.L <d.L <d.L 2.92 <d.L 20.19  <d.L
84.64 1.71 18.88  366.52  8.52 2.75 26.92 6.48 16.63 2.06 1.30 436 70.34 <d.L <d.L <d.L 241 0.15 2392 <dlL
114.31 4.15 19.49 24287  4.68 1.67 19.25 3.82 9.82 1.70 1.12 2.80 69.07 <d.l <d.l <d.l <d.l 0.11 18.12 <d.L
136.88 9.27 1931  357.69 834 277 24.54 6.26 14.80 2.74 1.18 444 11059 <d.l <d.l <d.l 2.70 0.19 28.63 <d.l
165.93 6.51 19.05 30293  7.96 221 23.01 5.09 14.59 0.96 0.89 3.21 10232 0.11 <d.l 0.04 3.02 0.22 2648  <d.L
188.79 2.57 17.83 35327  8.06 271 24.23 5.38 14.87 1.22 1.17 5.10 76.74 <d.l <d.l <d.l 3.50 0.21 2689  <d.L
214.29 3.51 20.09 36475  9.65 2.69 26.66 5.69 13.26 1.87 1.15 5.27 84.26 <d.L <d.L <d.L 3.30 0.26 2689  <d.L
237.52 5.02 19.92  325.01 8.15 2.33 23.43 5.10 12.21 2.29 0.99 5.27 76.96 <d.L <d.L <d.L 241 0.30 2400 <d.L
261.35 6.18 19.92  395.66 824 2.69 27.66 6.48 16.21 2.74 1.19 7.49 97.96 <d.L <d.L 0.08 241 0.45 2747  <d.L
286.82 4.70 2027 349.74 843 2.54 25.13 5.21 13.47 1.30 1.32 7.33 80.12 <d.L <d.L <d.L 2.00 0.33 2557  <d.L
311.34 4.76 20.18 34091  7.59 2.46 25.76 5.04 13.19 224 1.06 10.04 9291 <d.l <d.l <d.l <d.l 0.36 2425  <d.L
337.00 5.59 18.88  399.19  9.56 2.86 29.30 6.45 17.33 324 1.24 9.79  101.79  <d.l <d.l <d.l 321 0.42 27.60  <d.L
361.82 3.92 20.27 378.88  8.81 2.78 27.51 5.81 15.99 2.58 1.19 10.54  80.50 <d.l <d.l <d.l 3.02 0.43 27.12 <d.L
388.60 493 20.18 379.76 843 271 27.61 6.00 17.19 3.16 1.31 10.21 83.28 <d.l <d.L <d.L 3.75 0.50 27.64  <d.L
439.61 9.69 18.44 33649  7.87 2.33 26.77 4.88 12.63 1.40 0.75 8.64 109.84 <d.l <d.L <d.L 2.96 0.39 2135 <d.L
465.55 11.94 19.49 27113 740 1.90 23.06 3.96 11.79 2.58 1.09 724 103.82 <d.l <d.L <d.L 3.08 0.33 1895  <d.L
490.33 6.10 19.83  363.87 834 2.57 27.45 5.27 12.21 1.45 1.32 22.55  96.30 <d.L <d.L <d.L <d.L 0.39 2499  <d.L
515.54 3.21 18.70 39036  8.06 2.68 29.73 5.64 13.40 1.81 1.29 19.18 7636 <d.L <d.L <d.L 251 0.47 2739  <d.L
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Table B.2: Figure 7 Profile Internal Standard Errors (2SE) in ppm.

Internal Standard Errors (2SE)

Distance \% Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
13.02 0.72 1.19 13.43 0.90 0.16 2.76 0.37 2.16 0.44 0.20 1.04 6.57 0.13 0.82 0.05 1.72 0.03 0.51 0.05
38.95 0.52 1.04 13.43 1.04 0.13 1.49 0.37 2.54 0.44 0.20 0.90 433 0.16 0.82 0.06 1.64 0.03 0.65 0.05
61.39 0.53 1.04 12.69 1.34 0.20 2.01 0.29 1.64 0.75 0.19 0.90 5.90 0.12 0.69 0.06 1.79 0.03 0.97 0.05
84.64 0.44 1.12 16.42 1.27 0.24 2.16 0.54 2.54 0.66 0.23 0.90 4.70 0.14 0.90 0.05 1.34 0.03 1.27 0.05
11431 0.63 1.19 14.18 1.12 0.13 2.16 0.36 2.54 0.54 0.22 0.82 7.09 0.19 0.90 0.06 1.72 0.03 0.97 0.05
136.88 2.39 1.12 12.69 1.27 0.19 2.09 0.42 2.09 0.82 0.20 0.97 11.19 0.13 0.82 0.04 2.09 0.04 1.49 0.04
165.93 1.04 1.19 23.88 1.19 0.19 2.76 0.49 2.69 0.46 0.17 0.82 10.45 0.13 0.71 0.04 1.57 0.04 1.72 0.04
188.79 0.66 1.12 10.45 1.19 0.13 1.72 0.31 231 0.43 0.25 1.04 5.67 0.13 0.97 0.07 2.24 0.04 1.12 0.05
214.29 0.75 1.34 25.37 1.49 0.19 298 0.51 1.72 0.73 0.20 1.12 8.95 0.12 0.54 0.05 1.72 0.04 1.49 0.05
237.52 0.66 0.90 14.92 1.12 0.19 1.72 0.37 1.79 0.72 0.16 0.90 6.72 0.13 0.55 0.05 1.42 0.04 1.12 0.04
261.35 0.90 1.27 10.45 1.34 0.18 2.16 0.37 231 0.75 0.24 1.34 6.19 0.21 1.34 0.06 2.39 0.06 1.12 0.06
286.82 0.72 1.34 8.95 1.19 0.15 1.64 0.30 1.94 0.56 0.19 1.27 5.67 0.15 0.61 0.05 1.34 0.04 0.90 0.05
311.34 0.82 0.97 14.18 1.27 0.17 1.42 0.32 2.39 0.72 0.25 1.57 4.48 0.18 0.90 0.06 2.46 0.05 1.19 0.04
337.00 0.75 1.19 10.45 1.49 0.16 2.16 0.35 2.54 0.97 0.19 1.42 6.87 0.13 0.75 0.06 1.64 0.05 0.69 0.05
361.82 0.71 1.19 11.94 1.19 0.13 2.01 0.31 2.54 0.75 0.20 1.57 4.93 0.19 0.90 0.06 2.01 0.04 0.68 0.06
388.60 0.75 1.12 8.95 1.19 0.16 1.42 0.33 2.39 0.75 0.18 1.27 6.57 0.18 0.97 0.06 2.39 0.05 1.04 0.05
439.61 1.49 1.27 15.67 1.34 0.15 1.87 0.31 2.16 0.57 0.19 1.34 11.19 0.14 0.75 0.06 1.87 0.04 1.19 0.04
465.55 3.81 1.42 14.18 1.19 0.15 2.01 0.33 2.16 0.82 0.22 1.34 19.40 0.18 0.97 0.06 231 0.05 0.97 0.05
490.33 0.90 1.19 8.95 1.12 0.13 1.72 0.27 2.39 0.56 0.17 4.18 522 0.16 0.74 0.06 1.87 0.04 0.90 0.05
515.54 0.55 1.12 12.69 1.27 0.15 224 0.35 2.39 0.58 0.22 3.06 5.30 0.15 0.73 0.06 1.87 0.05 0.90 0.04
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Table B.3: Figure 8 Profile Concentrations (ppm).

Group One Group Two Group Three

Distance \4 Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
17.41 1.59 19.25 30597 645 2.01 38.40 101.63  4.24 13.31 0.69 11.34  55.56 <d.l <d.l 0.18 2.30 0.12 16.55 0.06
44.51 5.90 20.81 433.68 932 2.93 41.18  140.63 631 20.01 1.13 12.35 100.89  0.16 0.10 0.06 3.45 0.13 20.50 0.03
68.37 2.68 20.55 43882 921 3.06 40.80 145.62  6.47 22.82 1.21 12.04  83.74 <d.L <d.L 0.02 3.10 0.15 21.79 0.01
94.81 3.42 20.07 41825 9.15 2.84 4242 15576 636 20.17 1.24 11.97  82.26 <d.L <d.L 0.07 3.35 0.17 22.68 0.08
119.97 3.98 20.81 35483  6.99 2.57 3879  114.66  5.69 16.54 0.96 9.63 79.93 <d.L <d.L 0.02 2.64 0.13 2220  <d.L
145.13 5.20 20.73 36426  8.00 2.76 42.81 119.10 8.16 18.85 0.99 10.18  78.30 <d.L <d.L 0.02 3.14 0.13 2696  <d.L
170.93 1.26 2172 188.56 449 1.49 29.67  60.06 8.85 11.00 0.54 6.69 44.39 0.08 <d.l 0.02 2.71 0.09 19.86 0.02
198.02 3.58 20.48 33340  6.65 2.34 13.60 11.62 434 15.96 0.86 19.42  65.89 0.16 <d.l 0.01 3.25 <d.l 24.78 0.09
221.24 4.12 2023 337.69  17.09 225 1584 1427 3.70 15.87 0.85 1259 71.24 0.10 0.08 0.03 2.56 0.03 17.83 0.06
244.46 1.85 20.65 36426 720 2.57 17.00  20.67 2.72 16.54 0.87 10.49  64.02 <d.l <d.l 0.02 1.95 0.04 16.55 0.08
270.90 2.33 2073 329.12 632 233 17.00  22.78 3.37 14.47 0.78 1298  64.41 0.14 <d.L 0.05 2.34 0.07 16.79 0.11
297.99 3.14 20.66 33597 647 235 17.25  27.92 3.43 16.54 0.90 10.02  66.74 <d.L <d.L 0.05 2.71 0.09 17.76 0.16
321.21 1.71 20.56 35740 631 2.56 17.85  32.29 4.11 16.04 0.97 11.65 58.13 0.11 <d.L 0.05 3.31 0.12 19.21 0.15
345.07 3.54 2221 41225 727 2.88 2086  42.12 3.64 20.50 1.13 20.05  82.42 0.16 <d.L 0.06 3.56 0.16 22.58 0.16
372.17 3.43 21.14 34283 559 2.64 1831  37.36 228 11.66 0.70 1329 7341 0.12 <d.l 0.08 243 0.15 19.94 0.22
398.61 1.89 20.67 361.68  6.03 2.66 1932 3775 3.07 14.55 0.86 10.02  65.73 0.13 <d.l 0.06 2.56 0.13 18.00 0.17
423.76 1.32 20.89 36854 726 2.50 19.55  43.52 4.58 16.70 1.01 9.79 60.45 <d.l <d.L 0.05 2.97 0.15 17.60 0.10
447.63 420 21.14  385.68  8.61 3.30 2024 59.20 5.88 24.47 1.38 11.58 100.89  <d.L <d.L 0.09 3.93 0.22 23.89 0.24
472.79 10.40 20.81 29483  6.92 2.07 18.54 4298 3.82 16.54 0.99 11.81  103.21 0.10 <d.L 0.07 4.10 0.17 19.53 0.19
497.30 2.46 1991 35997 691 2.36 18.85  48.67 3.64 17.44 0.93 11.34  68.52 0.15 <d.L 0.04 2.79 0.16 17.51 0.08
525.03 1.82 21.39  401.11 7.68 2.95 19.01 63.33 4.18 19.59 1.12 10.41 70.08 0.13 0.11 0.05 3.53 0.21 21.24 0.16
574.70 2.50 21.08 343.69 622 2.03 18.00  54.75 5.28 17.53 1.08 8.86 70.54 <d.L <d.L 0.06 3.28 0.21 19.37 0.16
625.01 2.48 20.40  365.11 6.77 2.63 17.93  68.33 5.96 16.62 1.02 9.17 61.07 0.15 0.06 0.06 2.50 0.25 20.34 0.12
673.38 12.81 21.16  443.11 7.41 3.06 20.14  77.53 441 2191 1.33 11.19  131.15 <d.L <d.L 0.07 5.53 0.31 22.46 0.28
727.56 7.30 20.69 386.54 622 245 18.78  63.10 3.16 18.11 1.03 10.64 100.89  <d.L <d.L 0.08 3.34 0.25 19.53 0.15
776.58 3.88 1991 44739  8.18 3.13 2032 89.31 4.47 21.74 1.32 10.71  78.38 0.13 0.08 0.06 3.97 0.32 20.26 0.16
826.25 2.92 2026 350.54  6.76 2.31 18.37  69.89 426 15.87 0.96 6.95 75.35 <d.L <d.L 0.07 3.57 0.24 17.27 0.11
876.56 3.69 19.49 43282 7.68 2.87 18.54  86.50 6.42 22.32 1.16 11.34  85.52 0.14 <d.L 0.09 431 0.32 21.71 0.15
928.80 12.50 23.52 42425 5.8l 2.98 1599  90.48 8.13 14.63 0.92 9.63 98.56 <d.L <d.L 0.09 5.31 0.35 24.86 0.31
975.24 1.89 1991  431.11 9.49 3.17 17.54  81.20 5.14 18.60 0.99 7.77 70.93 <d.L <d.L 0.05 3.00 0.29 19.86 0.10
1027.48 458 19.74  313.69 622 2.09 16.84  62.63 2.87 13.64 0.81 7.76 93.13 <d.l 0.13 0.08 2.57 0.23 18.24 0.14
1075.86 2.12 19.25 39940 6.71 251 17.54  60.37 4.16 16.37 0.92 8.47 60.84 0.10 <d.L 0.05 2.88 0.26 18.24 0.09
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Table B.4: Figure 8 Profile Internal Standard Errors (2SE) in ppm.

Internal Standard Errors (2SE)

Distance \% Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
17.41 0.19 0.82 16.42 0.37 0.13 3.36 7.16 0.31 1.19 0.06 1.12 4.03 0.04 0.03 0.04 0.19 0.01 0.75 0.01
4451 0.97 0.97 14.18 0.90 0.16 1.87 3.81 0.26 1.72 0.08 1.12 8.95 0.07 0.07 0.02 0.19 0.02 0.75 0.01
68.37 0.30 0.66 10.45 0.64 0.13 1.49 4.55 0.29 1.04 0.10 0.82 2.16 0.05 0.06 0.01 0.13 0.02 0.82 0.004
94.81 0.60 2.39 13.43 1.72 0.31 4.10 2.98 0.82 4.63 0.22 0.97 9.70 0.05 0.19 0.04 0.54 0.02 1.87 0.03
119.97 0.63 0.97 17.91 0.82 0.16 3.21 8.21 0.46 2.09 0.14 0.90 8.21 0.07 0.07 0.01 0.18 0.02 1.04 0.004
145.13 0.82 0.90 11.94 0.48 0.10 2.31 5.90 0.55 0.97 0.08 0.97 4.85 0.07 0.02 0.01 0.22 0.01 1.12 0.003
170.93 0.34 1.19 35.07 0.97 0.30 4.63 11.94 2.31 2.84 0.10 0.60 6.79 0.08 0.10 0.01 0.56 0.03 3.36 0.01
198.02 0.63 0.75 24.63 0.67 0.16 0.82 0.82 0.30 1.94 0.11 1.34 5.90 0.04 0.04 0.01 0.28 0.01 1.94 0.02
221.24 0.82 0.75 13.43 0.55 0.11 0.75 0.75 0.29 0.97 0.08 1.12 4.18 0.04 0.05 0.01 0.15 0.01 0.67 0.01
244.46 0.44 0.97 23.88 0.67 0.26 0.97 1.72 0.28 2.01 0.09 1.12 522 0.04 0.06 0.01 0.16 0.01 1.34 0.01
270.90 0.31 0.82 39.55 0.97 0.34 1.12 2.69 0.37 1.94 0.12 1.94 8.21 0.04 0.05 0.01 0.21 0.01 1.49 0.01
297.99 0.41 0.69 16.42 0.45 0.13 0.66 1.34 0.16 1.12 0.09 0.73 7.46 0.04 0.02 0.01 0.19 0.01 0.75 0.02
321.21 0.22 0.82 14.92 0.57 0.16 0.90 1.87 0.28 1.57 0.09 1.27 3.13 0.04 0.05 0.01 0.29 0.01 1.12 0.02
345.07 0.62 0.90 8.21 0.49 0.10 0.90 1.87 0.34 1.27 0.08 3.28 5.37 0.04 0.06 0.01 0.24 0.02 0.67 0.03
372.17 0.33 0.90 24.63 0.74 0.23 1.19 2.69 0.24 1.42 0.07 1.04 5.07 0.05 0.05 0.02 0.21 0.02 1.42 0.02
398.61 0.49 0.74 34.33 0.57 0.31 1.12 3.28 0.33 1.34 0.12 1.04 6.34 0.04 0.03 0.01 0.24 0.02 1.04 0.02
423.76 0.16 0.90 17.16 0.61 0.17 1.04 2.98 0.31 1.27 0.10 0.82 4.55 0.04 0.05 0.01 0.23 0.01 0.90 0.01
447.63 0.36 1.19 23.13 0.56 0.36 1.04 3.51 0.38 1.57 0.17 1.12 8.95 0.07 0.07 0.02 0.19 0.02 1.87 0.03
472.79 2.61 0.90 22.39 0.51 0.18 0.82 3.21 0.31 1.19 0.08 1.04 12.69 0.04 0.04 0.01 0.39 0.02 1.12 0.02
497.30 0.42 1.04 13.43 0.50 0.16 0.97 3.96 0.31 1.57 0.13 1.19 343 0.05 0.07 0.01 0.13 0.03 1.27 0.01
525.03 0.25 0.82 20.89 0.72 0.16 0.97 4.18 0.34 1.72 0.10 1.27 4.70 0.05 0.04 0.01 0.26 0.02 0.67 0.02
574.70 0.23 0.71 13.43 0.31 0.13 0.75 2.16 0.19 1.12 0.10 0.82 4.25 0.05 0.03 0.01 0.25 0.02 0.90 0.02
625.01 0.50 0.90 20.89 0.59 0.19 1.12 4.10 0.46 1.27 0.11 1.12 4.03 0.06 0.05 0.01 0.21 0.02 1.12 0.02
673.38 3.13 0.66 20.15 0.51 0.22 0.73 2.46 0.44 1.12 0.13 1.12 19.40 0.05 0.04 0.02 0.57 0.03 0.64 0.04
727.56 2.31 0.68 19.40 0.40 0.15 0.75 3.28 0.36 1.49 0.13 0.82 11.94 0.03 0.05 0.01 0.54 0.02 1.72 0.02
776.58 0.75 0.82 15.67 0.64 0.18 1.04 3.88 0.29 1.42 0.13 0.72 7.46 0.06 0.04 0.01 0.37 0.02 0.97 0.03
826.25 0.37 0.64 17.91 0.45 0.18 0.66 3.88 0.21 0.97 0.09 0.52 2.76 0.05 0.04 0.01 0.23 0.03 0.90 0.01
876.56 0.54 0.90 17.16 0.63 0.19 0.82 3.58 0.34 1.19 0.09 1.72 4.55 0.05 0.04 0.01 0.39 0.03 1.27 0.02
928.80 2.46 2.39 61.19 0.66 0.40 0.97 14.18 1.49 1.72 0.12 1.12 8.95 0.09 0.03 0.02 0.45 0.05 2.01 0.11
975.24 0.31 0.82 27.61 0.90 0.31 0.97 5.90 0.51 1.94 0.13 1.04 545 0.07 0.04 0.01 0.32 0.04 1.12 0.02
1027.48 1.34 0.82 26.86 0.43 0.20 0.97 448 0.19 1.27 0.09 0.73 14.18 0.04 0.05 0.01 0.30 0.03 0.97 0.02
1075.86 0.20 0.82 15.67 0.63 0.15 0.97 3.28 0.41 1.57 0.09 0.75 4.33 0.05 0.02 0.01 0.22 0.02 1.04 0.01
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Table B.5: Figure 9 Profile Concentrations (ppm).

Group One Group Two Group Three

Distance \% Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
-84.33 473  719.60 17.15 356.75  8.88 2.52 30.44  69.08  4.67 14.67 1.99 0.95 8.34 74.66  0.12 0.10 0.08 3.05 0.56 28.18 0.11
-41.77 371 56197 1847 38546  8.62 2.56 3037 7399 515 15.86  2.00 0.86 11.56  63.28 0.10 0.17 0.06 3.18 0.59 24.58 0.07

1.52 497  741.67 18.62 359.02  8.55 2.59 31.17 7271 4.97 16.01 2.53 0.97 1401 7466  0.01 0.12 0.08 3.28 0.56 28.67  0.08
42.73 6.69 78896 1852 34336 7.93 2.73 32.47  70.82 5.06 16.41 2.50 1.16 11.41  81.85 0.03 0.29 0.22 2.89 0.62 2876  0.08
86.87 513 77319 1922 35835 832 2.58 33.13 7551 4.94 16.73 2.81 0.95 18.57  86.55 0.12 0.13 0.11 3.10 0.55 2547  0.07
130.33 473 76531 1844 35128 8.8 2.56 3480 75.66  4.95 1578 238 0.97 1231 82.07  0.05 0.06 0.12 3.15 0.54 24.71 0.07
171.42 493 78344 19.51 350.10  8.63 2.52 3509 77.85 5.12 1578  2.25 0.93 1551  85.60  0.06 0.17 0.09 3.24 0.53 25.72 0.07
213.20 462 83625 1878 36626  9.53 2.79 3553 8474  5.61 16.01 2.35 1.16 1835 9544  0.09 0.06 0.11 3.54 0.56 29.57  0.08
25591 446 79132 19.01 35296  8.07 2.52 3494 79.97 5.08 15.93 2.85 0.97 13.69  90.15 0.07 0.12 0.12 3.24 0.56 25.07  0.06
300.01 545 77398 18.72 34370  8.48 245 2557 6431 4.79 16.41 2.35 1.06 1633 87.80  0.03 <d.l 0.10 3.14 0.40 24.22 0.06
341.72 537 77950 18.87 34580  8.25 241 3487  83.91 4.85 16.81 2.50 1.05 13.05 90.66  0.07 0.05 0.09 3.22 0.58 2659  0.07

Table B.6: Figure 9 Profile Errors Internal Standard Errors (2SE) in ppm.
Internal Standard Errors (2SE)

Distance \4 Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
-84.33 0.48 10.45 0.48 6.04 0.55 0.11 1.19 1.57 0.14 1.42 0.35 0.09 0.70 3.58 0.05 0.13 0.01 0.19 0.03 0.82 0.02
-41.77 0.28 8.95 0.51 6.42 0.46 0.10 0.90 1.57 0.22 0.97 0.50 0.10 0.97 2.31 0.05 0.13 0.01 0.22 0.03 0.69 0.01

1.52 0.49 12.69 0.75 6.57 0.34 0.08 0.97 1.49 0.22 1.27 0.47 0.10 0.74 4.40 0.03 0.19 0.01 0.20 0.04 0.75 0.02
42.73 090  26.12 0.56 5.30 1.12 0.13 2.16 2.69 0.46 2.01 1.42 0.22 1.72 4.40 0.07 0.08 0.13 0.22 0.05 1.87 0.01
86.87 0.29 12.69 0.67 4.85 0.37 0.10 1.27 1.72 0.15 0.97 0.42 0.06 1.34 291 0.05 0.14 0.01 0.19 0.03 0.63 0.02
130.33 0.32 11.19 0.55 5.90 0.55 0.10 0.75 1.49 0.16 1.04 0.33 0.04 0.70 2.84 0.04 0.15 0.01 0.14 0.03 0.58 0.01
171.42 0.34 14.18 0.64 6.57 0.37 0.09 1.04 1.79 0.11 1.04 0.31 0.06 0.82 3.28 0.03 0.10 0.01 0.15 0.02 0.63 0.01
213.20 0.58 72.39 1.12 23.13 0.97 0.24 1.94 8.95 0.82 0.82 0.37 0.18 2.09 11.19  0.04 0.21 0.03 0.44 0.05 2.16 0.02
25591 0.30 15.67 0.45 4.70 0.40 0.06 0.97 1.64 0.16 1.04 0.37 0.07 0.70 2.54 0.05 0.11 0.01 0.16 0.03 0.54 0.01
300.01 0.35 10.45 0.60 5.00 0.36 0.08 1.04 1.42 0.15 0.97 0.40 0.08 0.97 3.51 0.04 0.19 0.01 0.12 0.02 0.52 0.01
341.72 0.32 11.19 0.49 6.57 0.43 0.08 0.90 1.64 0.17 0.90 0.44 0.07 0.90 321 0.04 0.11 0.01 0.16 0.03 0.60 0.01
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Table B.7: Figure 10 Profile Concentrations (ppm).

Group One Group Two Group Three
Distance \% Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi

0.00 5.98 825.02 1838  325.95 8.00 2.15 22.64 70.77 4.87 <d.l <d.l 11.27  80.15 <d.l <d.l 3.32 0.69 23.72 <d.L
36.12 3.83 749.03  19.06  351.35 8.31 2.26 24.35 79.19 5.14 2.42 1.10 9.72 78.65 <d.l <d.l 2.94 0.54 26.59 0.16
74.87 5.95 81649 1838  329.84 7.62 225 22.40 73.02 4.82 2.53 <d.L 10.97  83.41 <d.L <d.L <d.L <d.L 23.19 <d.lL
108.37 7.04 804.86  18.94  330.07 8.00 2.40 21.22 71.06 4.67 3.01 <d.L 9.57 87.79 <d.L <d.L 3.58 <d.L 21.33 <d.lL
141.67 6.37 820.37  19.14  329.84 7.72 2.51 21.21 69.76 4.64 2.89 0.81 11.86  82.57 <d.L <d.L 2.73 0.25 23.26 0.28
177.79 4.99 809.51 19.01 33930 7.85 2.44 21.97 71.14 5.05 3.08 <d.L 9.29 83.94 <d.L <d.L 2.94 <d.L 24.78 <d.L
212.04 5.75 814.16  19.44  328.92 7.93 224 19.99 68.02 4.15 <d.l <d.l 10.16  80.48 <d.l <d.l 2.60 <d.l 24.25 <d.lL
249.03 3.75 839.75 1934  366.38 9.30 3.08 3445  102.13 6.26 3.16 1.27 8.98 79.24 <d.l 0.16 3.34 0.50 26.58 0.14
285.21 5.49 853.71 19.19  328.16 8.23 2.51 19.73 68.31 4.53 <d.l <d.l 8.69 80.93 <d.l <d.l <d.l <d.l 23.05 <d.lL
319.46 6.84 849.83  18.64  326.02 9.30 2.90 18.92 66.35 4.44 <d.l <d.l 7.11 83.68 <d.l <d.l 3.02 <d.l 24.78 <d.lL
358.25 7.29 890.15 18.79  324.80 7.70 2.51 20.48 67.80 4.12 2.80 <d.L 8.17 91.18 <d.L <d.L 3.28 <d.L 2533 <d.L
390.66 6.12 92737  18.56  338.53 8.46 2.65 3893  109.97 6.32 <d.l <d.L 8.98 83.15 <d.L <d.L 2.58 0.66 26.58 <d.L
424.97 5.08 633.50 17.96  341.74 8.76 2.58 21.07 75.20 4.67 1.91 0.81 1075 75.19 <d.L <d.L 2.55 0.54 25.53 0.31
463.81 4.74 766.86  18.42  336.47 8.31 2.29 20.25 68.60 5.08 <d.l <d.L 10.82  78.45 <d.L <d.L <d.L <d.L 23.28 <d.L
498.94 3.66 800.21 19.39  340.90 8.31 2.78 19.83 71.43 5.33 <d.l <d.l 8.69 79.04 <d.l <d.l 2.85 <d.l 25.08 <d.lL
534.18 4.13 845.18  18.00  344.79 8.54 2.59 22.34 75.28 5.66 <d.l <d.l 12.59  78.71 <d.l <d.l 3.66 <d.l 27.86 <d.lL
572.05 4.07 77927 1990  338.69 7.77 2.87 19.55 69.61 5.20 1.91 0.93 8.32 88.83 3.06 <d.l 3.19 0.32 26.51 <d.lL
605.38 4.04 79478  19.51  339.60 6.90 2.48 18.46 63.52 4.95 3.20 <d.L 7.82 82.57 <d.l <d.l 2.96 0.59 25.83 <d.L
641.60 3.89 694.75  18.71 338.92 8.08 2.51 18.68 60.83 4.89 <d.L <d.L 10.31 75.26 <d.L <d.L <d.L <d.L 24.70 <d.L
679.41 3.46 72112 1895 33747 8.61 2.69 23.17 69.40 5.14 3.61 <d.L 8.39 82.57 <d.L <d.L 4.28 <d.L 27.04 <d.L
714.59 3.99 74128  18.54 33785 8.35 2.55 36.47 84.86 5.21 2.80 0.79 12.44  80.02 <d.L 0.25 3.74 0.54 25.30 <d.L
748.96 4.60 76997  19.46  345.55 8.15 2.69 42.30 92.48 5.20 3.38 <d.L 15.02  84.78 <d.L <d.L 2.80 <d.L 22.98 <d.L
785.89 4.61 868.44 1946  339.83 8.69 2.76 42.45 88.85 4.81 <d.l <d.L 12.05  79.82 <d.l <d.l 2.66 <d.l 22.97 <d.lL
817.47 4.45 64435  18.17  347.54 8.31 2.61 41.70 88.49 4.98 2.74 <d.L 11.34 7532 <d.l <d.l 2.94 <d.l 23.87 <d.L
857.09 4.50 71026 19.22  338.31 8.15 2.57 40.43 82.46 4.81 <d.l <d.L 1377  76.89 <d.l <d.l 2.51 0.58 23.87 <d.lL
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Table B.8: Figure 10 Profile Internal Standard Errors (2SE) in ppm.

Internal Standard Errors (2SE)

Distance v Mn Ga Zr Sm U Li Rb Cs As Mo Sb Cu Zn Ag Cd In Sn Tl Pb Bi
0.00 0.41 14.92 0.67 4.70 0.82 0.16 0.75 1.34 0.22 0.97 0.19 0.97 3.96 1.04 0.09 0.65 0.20 0.97 0.10
36.12 0.52 16.42 0.66 4.78 1.04 0.19 0.54 1.79 0.25 1.04 0.23 0.90 321 1.64 0.12 0.69 0.16 0.69 0.10
74.87 0.44 30.60 0.46 5.00 0.90 0.23 0.61 1.49 0.27 0.68 0.31 1.04 3.66 1.57 0.13 0.82 0.19 1.04 0.15
108.37 0.52 8.95 0.71 4.10 0.97 0.16 0.69 1.49 0.19 0.82 0.34 0.47 2.61 1.72 0.11 0.69 0.14 0.72 0.13
141.67 0.70 12.69 0.70 3.88 0.64 0.14 0.55 1.12 0.22 0.62 0.44 1.27 2.16 1.42 0.10 0.66 0.12 0.71 0.13
177.79 0.58 14.18 0.65 5.37 1.12 0.19 0.82 1.64 0.22 0.69 0.33 0.46 4.70 1.57 0.06 0.63 0.15 0.82 0.09
212.04 0.57 22.39 0.54 4.78 0.90 0.19 0.71 1.49 0.22 0.75 0.33 2.16 4.25 1.12 0.08 0.67 0.13 1.12 0.11
249.03 0.42 27.61 0.72 3.28 0.71 0.20 2.39 6.34 0.42 0.82 0.37 0.90 4.10 1.79 0.09 0.69 0.16 1.27 0.10
285.21 0.51 29.85 0.74 5.45 0.82 0.20 0.66 1.64 0.27 0.66 0.31 1.12 3.66 1.19 0.10 0.61 0.13 0.51 0.15
319.46 0.50 20.89 0.51 425 0.82 0.22 0.74 1.42 0.22 0.68 0.34 0.63 4.85 1.04 0.10 0.47 0.18 0.82 0.12
358.25 0.97 64.92 0.69 3.88 0.90 0.19 0.82 1.72 0.16 0.65 0.35 1.64 7.31 1.27 0.10 0.65 0.15 0.71 0.13
390.66 1.04 42.54 0.90 6.04 0.97 0.21 1.12 1.49 0.26 1.04 0.36 1.12 5.30 1.49 0.10 0.62 0.15 0.97 0.12
42497 0.56 38.06 0.67 6.12 0.97 0.27 0.75 1.57 0.21 0.82 0.36 2.84 4.55 1.27 0.07 0.54 0.16 1.04 0.18
463.81 0.52 17.91 0.90 5.90 0.75 0.19 0.52 1.42 0.22 0.82 0.29 4.33 2.84 1.34 0.10 0.90 0.15 0.65 0.16
498.94 0.55 24.63 0.60 5.07 1.04 0.16 0.74 1.34 0.28 0.74 0.28 0.97 4.18 1.57 0.09 0.51 0.17 1.04 0.11
534.18 0.53 41.79 0.63 8.95 0.82 0.14 1.34 2.31 0.31 0.90 0.23 2.31 5.67 1.34 0.12 0.82 0.13 0.90 0.14
572.05 0.59 16.42 0.90 5.30 0.97 0.19 0.62 1.87 0.36 0.75 0.31 0.90 3.58 1.94 0.07 0.64 0.15 1.04 0.16
605.38 0.59 15.67 0.60 545 0.46 0.21 0.90 1.57 0.22 0.63 0.31 0.69 4.78 1.64 0.09 0.66 0.14 0.67 0.14
641.60 0.39 12.69 0.75 5.07 0.90 0.16 1.04 2.09 0.33 0.68 0.34 1.42 4.40 1.57 0.10 0.75 0.18 1.04 0.12
679.41 0.75 23.88 0.55 6.72 0.90 0.19 1.04 1.34 0.27 0.63 0.34 0.82 5.07 1.72 0.08 0.74 0.14 0.90 0.06
714.59 0.48 24.63 0.40 6.64 0.65 0.20 2.09 3.66 0.22 0.60 0.33 1.64 3.96 1.87 0.13 0.54 0.15 0.97 0.13
748.96 0.66 27.61 0.82 4.78 0.90 0.15 1.04 2.16 0.37 0.82 0.31 1.72 2.84 1.27 0.09 0.74 0.16 0.72 0.16
785.89 0.60 15.67 0.51 448 1.12 0.23 1.27 1.49 0.24 0.82 0.33 0.73 4.33 1.42 0.10 0.54 0.13 0.90 0.15
817.47 0.49 26.12 0.60 3.88 0.90 0.23 0.97 2.01 0.22 0.73 0.26 1.19 3.21 1.42 0.10 0.49 0.16 0.75 0.13
857.09 0.48 11.94 0.54 5.45 0.97 0.16 1.19 2.24 0.16 0.90 0.31 1.94 2.98 1.49 0.09 0.60 0.19 0.90 0.13
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Link to Chapter Three

The general introduction summarises the current understanding that tuffisites act as pathways
for gases to move through silicic melts. Diffusive degassing surrounding fractures is an
inefficient process to degas magma on the timescales of an eruption. Therefore, for them to be
efficient enablers of degassing they must interact with volatile-rich, permeable and vesicular
melts and efficiently extract volatiles. However, there have been a lack of studies that focus on
how fracture networks and bubble networks interact in high-silica melts, as a combination of
these textures are rarely preserved in natural samples. In Chapter One chemical data suggest a
physical process can result in the preferential transport of glass shards through fractures, and
both previous chapters highlight how gases flux through these features implying a gas-rich

source.

In this final chapter I build on the work of these previous chapters and focus on a single sample
that has texturally preserved a fracture propagating through vesicular melt. I investigate the
source material for tuffisite matrices and how the fracture exploited the pre-existing porous
network on the pm-nm scale. In doing so I show that fracture networks appear capable of
degassing zones of vesicular melts on a cm-wide scale, much larger scale than zones recorded
in dense melts (sub-mm wide), and highlight the importance for this interaction in degassing

silicic systems and the transition from explosive to effusive behaviour with time.
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Chapter Three

Fracture propagation through vesicular silicic melts and its implications for

tuffisite formation and degassing processes

Authors: R. Paisley!, K. Berlo!, S. Kolzenburg!, J. Owen?, H. Tuffen?

"Department of Earth & Planetary Sciences, McGill University, 3450 Rue University,

Montreal, Quebec, Canada, H3A 0E8

?Lancaster Environment Centre, Lancaster University, Lancaster, UK

In preparation for Contributions to Mineralogy and Petrology

Highlights:

Fractures exploit pre-existing structures to propagate efficiently through vesicular melts
Branching fractures isolate and incorporate host material into the clastic tuffisite vein
fill preserved in the erupted products from hybrid phase of the 2011-2012 Cordén
Caulle eruption

Repeated fracturing and healing cycles are recorded in these magma outgassing
structures

Tuffisite veins can efficiently outgas cm-scale wide zones of vesicular melt
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Abstract

Tuffisites (volcanic hydrofractures propped open with fragmented clastic material) are highly
permeable pathways facilitating gas escape throughout the upper conduit of many silicic
volcanoes. However, for tuffisites to have a significant role in the degassing of magmatic
systems they must be capable of interacting with and extracting gas from vesicular magmas at
depth. Studies have previously assessed tuffisite veins intruding into dense material within
country rock, domes and shallow conduits, but little attention has been given to tuffisites within
vesicular melts. Here we present a detailed textural characterisation of a tuffisite vein and its
vesiculated host melt that record multi-stage fragmentation and healing within a volcanic bomb
erupted during the hybrid phase of the 2011-2012 Cordon Caulle eruption. Textures highlight
how fractures exploit the weak porous network to further their propagation. The heterogeneous
nature of the porous network and the resulting local variations in strength promote branching
and undulating fracture propagation, rather than localized and spatially restricted clean
fracturing. This results in host material being incorporated into the vein as both larger angular
clasts and fine matrix ash. Repeated fracturing and sintering of vein material is concurrent with
gas escape resulting in the collapse and compaction of the host on a centimetric scale. Aided
by the presence of a permeable porous network, these spatial scales far exceed zones/volumes
of degassing in dense melts. We show that the interaction between viscous (foam) and brittle
(fracture) permeable networks can be preserved in erupted samples. This study strongly
supports the notion that tuffisites source their gases from permeable vesicular melts and are

capable of degassing large volumes of magma, allowing for pressure release during an eruption.
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1. Introduction

The ability or inability for magma to outgas volatiles upon ascent directly influences the
eruptive behaviour observed at the surface (Edmonds, 2008). In silicic systems, high melt
viscosities preclude the segregation and movement of exsolved gas bubbles, leading to closed-
system degassing and hazardous, explosive eruptions (Sparks, 1978; Edmonds, 2008).
However, the effusion of volatile-poor lava, forming domes and flows, is evidence silicic
magmas can undergo extensive, open-system degassing and efficient segregation of volatiles
(Eichelberger et al., 1986). The development of highly permeable bubble networks and
fractures (e.g. tuffisite veins) is key to efficient, open-system degassing in high-silica magmas
(e.g. Eichelberger et al., 1986; Stasiuk et al., 1996; Gonnermann and Manga, 2003; Tuffen et
al., 2003; Okumura et al., 2009). Recent observations of hybrid activity, simultaneous
explosive and effusive behaviour, during the 2008 Chaitén and 2011-2012 Cordon Caulle
eruptions emphasise the role of syn-eruptive fracturing as a degassing mechanism capable of
diffusing eruptions (Pallister et al., 2013; Schipper et al., 2013; Castro et al., 2014). Fracturing
accounts for both the punctuated explosions observed, and the progressive degassing of the
system with time leading to lava dome and rhyolite flow emplacement (Castro et al., 2014).
Tuffisite veins are formed via hydrofracture or shear failure of viscous magma and preserve
the brittle fracturing and subsequent fluxing of gas and ash through magma or country rock
(Heiken et al., 1988; Stasiuk et al., 1996; Tuffen et al., 2003; Kendrick et al., 2016). Although
these features are transient in space and time within the conduit, particle-filled fractures can be
several orders of magnitude more permeable than their respective host, before sintering and
compaction reduces their porosity and permeability to near initial values (Kolzenburg et al.,
2012; Heap et al., 2015; Farquharson et al., 2016). Diffusion of volatiles within silicate melts

to fracture-gas interfaces is not a fast enough mechanism to degas magma in the conduit, given
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the short lifespans of fractures, and thus repeated fracturing and mm-scale brecciation of
magma would be necessary for veins to be efficient modes of degassing via diffusive processes
(Okumura et al., 2010; Castro et al., 2012b). Therefore, for fractures to be key enablers of
degassing they must primarily be pathways for gases to escape from deeper and more
permeable, volatile-rich magmas (Castro et al., 2012b). This suggests that within the conduit,
at depth, tuffisite veins originate in or intersect volatile-rich, magmatic foams, allowing for

gases to rapidly outgas from the foam, via fracture networks.

Tuffisite veins have previously been noted in country rocks (Cloos, 1941; Heiken et al., 1988;
Stasiuk et al., 1996), shallow dissected conduits (Stasiuk et al., 1996; Tuffen et al., 2003;
Tuffen and Dingwell, 2005; Berlo et al., 2013), crystal-rich andesitic domes (Kolzenburg et
al., 2012; Plail et al., 2014; Farquharson et al., 2016; Kendrick et al., 2016), glassy rhyolitic
domes (Heiken et al., 1988; Cabrera et al., 2011; Castro et al., 2012b; Berlo et al., 2013; Castro
et al., 2014; Cabrera et al., 2015; Saubin et al., 2016); and in basaltic pyroclasts from a
subglacial eruption (Owen et al., 2019). Studies focusing on silicic systems have a bias towards
tuffisites preserved in dense rock (e.g. country rock, conduit plug or dome material). Thus the
role fractures play as gas pathways has been extensively studied but their origins, deeper
propagation mechanisms, and interactions with their gas and ash sources remain unclear.
Although tuffisite veins have been found preserved in vesiculated volcanic bombs, bomb
textures imply vesiculation was primarily the result of post-fragmentation inflation and that the
syn eruptive fracturing would have occurred in dense melt (Paisley et al., in review). In this
study we texturally characterise a sample from the 2011-2012 eruption of Cordén Caulle whose
textures indicate fracture propagation occurred through a vesiculated melt. We summarise how
fractures exploit pre-existing porous networks during their propagation and describe the
resulting implications for the source material of tuffisites and the degassing of silicic melts.
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1.1 The 2011-2012 Cordén Caulle Eruption

The Cordon Caulle fissure system is located in the Chilean Southern Volcanic Zone between
Puyehue stratovolcano and Cordillera Nevada caldera (Gerlach et al., 1988). The 2011-2012
eruption commenced on June 4™ with ~27 hours of Plinian activity (<15 km high column)
before transitioning into approximately one week of lower-intensity plume behaviour, with
plume heights fluctuating between 3 and 10 km (Silva Parejas et al., 2012; Castro et al., 2013).
Hybrid activity, concurrent Vulcanian blasting and lava effusion from a single vent, began mid-
June alongside the rapid emplacement of a shallow (~20-200 m deep) laccolith (Silva Parejas
etal., 2012; Castro et al., 2016). Hybrid activity continued into 2012 from two sub-vents within
a single tephra cone displaying activity from Vulcanian activity (ejecting bombs <1 km away)
to ejecta-poor gas venting (Schipper et al., 2013). Although the eruption ended in April 02012,
the rhyolite lava flow continued to grow via breakouts into 2013 (Tuffen et al., 2013). The total
erupted volume for the eruption is ~1.4 km?® dense rock equivalent (Tuffen et al., 2013; Pistolesi
et al., 2015). Magmatic storage conditions are estimated to be ~2.5-7.5 km deep, 875-920 °C,
with a pre-eruption volatile content of ~2.5-4 wt. % H>O (Castro et al., 2013; Jay et al., 2014).
The erupted products of this eruption are crystal-poor, <5 vol %, with a phenocryst assemblage
comprising of plagioclase, orthopyroxene clinopyroxene, magnetite and ilmenite with trace
apatite and pyrrhotite (Castro et al., 2013). Volcanic bombs collected from this eruption show
evidence for extensive and repetitive fragmentation, gas fluxing, sintering and compaction in
the upper-conduit plug (Schipper et al., 2013; Castro et al., 2014; Whattam, 2018; Paisley et

al., in review, Paisley et al., in prep).
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2. Sample Studied

A ~5 x 8 x 8 cm tuffisite-hosting, partially vesicular bomb (Fig. 1A) was sampled from within
the tephra cone, <150 m from the vent openings (~40°52°28.80”S, 72°14°86.60”W). It is
thought to originate from the latter period of the eruption, based on observations of projectiles
being blasted <1 km from the vent during the waning phase of hybrid activity when concurrent
pyroclastic emissions and lava effusion were observed from the vent (Schipper et al., 2013;
Paisley et al., in prep.). The host is a partially vesiculated obsidian. A zone (<2 cm-wide) of
dense (or less vesicular) glass is present on either side of the tuffisite vein (Fig. 1, Fig. 2). The
host shows some minor oxidation (red colouration) of bubbles walls. Rare plagioclase crystals
are observed in hand specimen. The host is cut by a 1-2 cm-wide tuffisite vein, composed of
two texturally distinct sub-veins referred to as vein one (V1) and vein two (V2) (see Section 4,
Figs. 3-4). The host-vein interfaces are ~parallel to each other but have irregular boundaries.
V1 is not present through the entire hand sample and pinches out (Fig. 1D), it is brown-orange
in colour with angular mm-sized clasts that are not immediately clear in hand specimen. V1
shows a variable degree of sintering and oxidation. V2 dissects across the entire hand sample
and overlaps considerably with V1 (Fig. 1D). V2 is mainly comprised of highly sintered and

oxidised, pink-orange, fine-grained ash.

3. Methodology

Two polished thin sections (30-50 um thick), oriented at ~90° to each other, (Fig. 1B and C)
were made from epoxy-impregnated slabs cut from the hand specimen. Overview images of

both thin sections were made on a high-resolution digital scanner. Optical images were taken
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on a petrological microscope (2.5-50x magnification); back-scatter electron (BSE) images
were taken using a field emission scanning electron microscope (SU5S000 FE-SEM at McGill
University, with 5-15 kV, 30-50 spot intensity, and 70-11,000x magnification), and a JEOL
JXA-8230 Superprobe (at Victoria University of Wellington, with 15kV, 8nA, and 50-1,200x
magnification). Brightness and contrast settings were conducted online and offline in ImageJ
and Adobe Photoshop to threshold samples for quantitative analysis (e.g. porosity estimates)
and to highlight certain textural features. Energy-dispersive spectroscopy (EDS) maps for Si,
Al, Ti, Ca, Fe, Mg, Mn, Ti, Na, K and O were collected on the FE-SEM using a working

distance of 10mm, 15kV and a spot intensity of 50, dwell times were 750-1200 ps/pixel.

4. Results & Petrology

Here we use the terms ‘sintering’ and ‘compaction’ in reference to textures that show any
degree of these processes. For example, a sintering texture would encompass any texture from
point contact between two particles to complete coalescence and healing of melt (Vasseur et
al., 2013). Furthermore, for clarity we discuss crystals in three distinct categories: phenocrysts
(>100 pum in size) that are part of the assemblage formed during storage; microlites (~5-100
um) that grew upon ascent; and nanolites that are sub-micron sized crystals (Mujin et al., 2017).
To avoid confusion individual ash particles (<50 um in size) that comprise the vein matrix are
referred to as ‘shards’ and ‘clasts’ is used in reference to larger (>50 um in size), more distinct
particles within the vein. The vein is subdivided into two distinct sub-veins (V1 and V2) based
on their subtle colouration and sintering differences in hand specimen. Both sub-veins and host

material are described in detail below.
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4.1 Host Material

The host has two visually distinct zones (dense and vesicular) based on observations of the
hand specimen (Fig. 1A, Fig. 2). The vesicular zone gradually transitions into the dense zone
over a ~2-5 mm width on either side of the central tuffisite vein. Vesicularity within the host is
highly variable across the sample. At its most distal points from the vein (vesicular zone),
vesicularity is ~20-35 % and proximal to the vein (dense zone) it is ~5-20 %. In areas of the
vesicular zone where elongated bubbles are aligned approximately parallel (£ ~10°) to the
orientation of the tuffisite (Fig. 2B) bubbles show a degree of compaction. Closer to the vein
bubbles are less common, but a parallel alignment of the microlites in the glass is apparent in
plane polarised images (Fig. 2C). In the dense zone of the host near the V1-host interface, the
elongated and deformed bubbles show a different alignment, ~32° & 7° relative to the vein (Fig.

2D, E). This alignment is lost with increasing distance from the tuffisite vein (Fig. 2I).

Throughout the sample, bubble sizes vary from ~10 pm to >1 mm and are highly contorted
with uneven bubble walls (Fig. 2B). Rounded to sub-rounded bubbles are not readily observed.
In places, where bubble walls touch, the melt shows a degree of sintering (Fig. 2B, I). There is
extensive evidence for dimpling, bending and breaking of inter-bubble melt films, (IBFs,
Castro et al., 2012a) (Fig. 2F, 1), as well as pinching out of bubbles where compaction and
sintering between touching bubble walls is greatest (Fig. 2B, D-I). There is also evidence of
sintering between clasts of material within bubbles, resulting in irregular shaped void spaces
(Fig. 2D, F, I). Phenocrysts are rare but microlites and nanolites are observed. Microlites
(plagioclase and pyroxenes) show alignment with the tuffisite vein in the dense zone of the

host (Fig. 2C). In areas of complete bubble compaction <5 um-wide bands of a darker greyscale
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value preserve old bubble walls with occasional nanolites (orthopyroxene and magnetite, e.g.
Fig. 2H). In addition to sintered ash particles in bubbles, some bubbles are partially filled with

angular <5 pm-sized ash shards (Fig. 2D, G, Fig. 5E, Fig. 7D, F).

4.2 Vein One (V1)

Vein one is a tuffisite vein composed of largely angular clasts set in a fine-grained ash matrix
(Fig. 3). Vein width is variable throughout the sample, with a maximum width of ~1 cm.
However, the vein pinches out and is overprinted by V2, thus its original width cannot be
accurately determined. The top boundary of the vein with the host is undulating (Fig. 3B). The
side edge of the tuffisite, where visible, has a ragged appearance, see Section 4.4 (Fig. 1D, Fig.
3A, Fig. 5). In places the vein is overprinted by V2 and only isolated pockets of V1 material
remain preserved (Fig. 1D, Fig. 3A, Fig. 7). Porosity is highly variable within V1 ranging from
~5% at the edge to ~20% in the interior between larger clasts. Clasts range in size from ~100
to 1000+ um (longest axis) and are angular with irregular-shapes or ragged margins (Fig. 3C-
D). Texturally these clasts appear similar to the host material with aligned microlites, although
vesicles are largely absent in these clasts (Fig. 3). Texturally heterogeneous, mm-sized clasts
are present, but rare, within V1 (e.g. Fig 3E-F, H). Clasts preserve dense banding or veining
(Fig. 3E), partially compacted vesicles (Fig. 3F); and bands (~40 um across) of fully welded
ash-grains (Fig. 3H) whose edges are defined by orthopyroxene nanolites. Crystals are rare in
V1 but when observed are isolated crystal fragments (Fig. 3D) or found within larger clasts
(e.g. Fig 3E, G). The matrix of V1 is comprised of glassy shards ~5-50 um across that have
undergone extensive sintering and rounding (e.g. Fig. 5D). Where sintering is complete, edges

between shards are often only defined by nanolite trails (Fig. 4, Fig. 5). Small matrix glass
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shards are concentrated at the edges of the vein, particularly in concave voids within the host
at the interface where clasts are absent (Fig. 3C, Fig. 5B). Glass shards can be found sintered
to larger angular clasts within the vein’s interior (Fig. 3G-H). There are no clear laminations

or sorting of matrix ash, by either size or shape, in V1.

4.3 Vein Two (V2)

Vein two is ~5-10 mm-wide and comprised of fine- and coarse-grained laminations of variably
sintered shards (Fig 4). Vein walls are contact with V1 material (top) and host material (bottom)
and run largely parallel to each other throughout the sample (Fig. 1, Fig 4A-B). The contact
between V1 and V2 is diffuse and gradational as clasts of varying sizes are found in both sub-
veins. The contact between V2 and the host is sharp and clear but ragged in places, deviating
from parallel and make stepwise shifts into the host (Section 4.5, Fig. 4B). It is difficult to
distinguish the V1-V2 boundary in BSE images but it is clearer in hand specimen where the
two veins differ slightly in colour (brown-orange vs. pink-orange) that likely represent differing
oxidation of the vein clasts and matrices (Fig. 1, Fig. 4A-B). Large clasts (500+ pm-wide) are
rarer in V2, with most angular clasts preserved in a central lamination within the vein (Fig.
4B). Clasts are angular and irregularly shaped, and can be microlite-rich or banded, and thus
similar to those found in V1 (Fig. 4C-D). Fine-grained laminations (~5-30 pm-wide shards)
are largely sintered with a porosity of <5 % (Fig. 4E). Coarse-grained laminations (~5-50 pm-
wide shards) have a higher porosity ~5-10 % (Fig. 4E). Such laminae compact around clasts
hosted within them (Fig. 4D). Shards are sub-rounded to rounded in shape but larger shards
>30 um across show a degree of irregularity in shape despite undergoing sintering (Fig. 4F).

Shards in both types of laminations show evidence of sintering, where complete sintering has
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occurred, shards can only be distinguished by halos of nanolites (Fig. 4F). Rare microlites are

observed within ash shards (Fig. 4F).

4.4 Host-V1 Interface

At the side boundary of V1 there is extensive evidence for the contorted and irregularly shaped
host bubbles being partially to completely filled with sintered ash shards (5-50 um in size) (Fig.
5A-D). Bubbles not immediately connected to those at the boundary (<500 pm away) are
sometimes filled with shards (Fig. SE), whilst others only show a degree of compaction much
like those found in more distal parts of the host (Fig. SE-F). Matrix material has infilled bubbles
following their overall alignment resulting in a ragged appearance to the vein edge (Fig. 5B).
Small injection style veins into bubbles not along the same alignment are observed (Fig. 5F).
In places ash has infilled parallel bubbles resulting in the host material between bubbles
becoming isolated when viewed in 2D (Fig. 5G). Bubble (or vein) walls are rarely straight in
appearance but often have a rounded morphology representing their pre-fracture shape (Fig.
5H) or are compacted around matrix material in the vein (Fig. 51-J). Collapsed bubble trails are
made apparent by nanolite chains (Fig. 5I). The same nanolites can be found between matrix
shards (Fig. 5J). The top boundary of V1 with the host shows a lesser degree of interaction of
between bubbles and matrix ash. The vein wall is largely parallel, ash matrix can be found

infilling small open voids in places (e.g. Fig. 3C).

4.5 V2-Host Interface
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The V2-Host interface is largely parallel throughout the sample with minimal host entrainment
(Fig. 1, Fig. 4). Where there is a step feature (e.g. Fig. 6) there is generally a greater degree of
interaction between host vesicles and matrix shards. Shards can be found in vesicles <150 um
from the interface (Fig. 6B). The edges of the host melt that would have previously been
bubbles walls are sharp and angular (Fig. 6B). At the base of the step feature large angular
clasts of host and transported tuffisite form a layer of poorly sorted and sintered clasts, some
of these clasts are lodged in open vesicles (Fig. 6C). Vesicles near these features show a high
degree of compaction, nanolite chains are found extending from pinching out bubbles (Fig. 6D)

near the vein-host boundary.

4.6  Failed Fractures and Injection veins

Within the host, angular and irregular-shaped clasts can be observed in zones of higher porosity
(e.g. Fig. 7). The clearest of these clast-filled fracture features extend from the tuffisite vein
(V1 and V2). Although they are difficult to distinguish in photomicrographs, (Fig. 7A) they
are clearer in BSE images because of their differing porosity to both the host and main vein
material (Fig. 7B, G). Clast edges are also easier to define in BSE images. Clasts, where
vesicular, have similar internal bubble textures to those found in the host material (Fig. 7H). In
addition, sintered ash material can be found in host void spaces neighbouring the vein (Fig.
7C). Voids are partially filled with sintered and rounded (<10 pm-sized) shards; angular non-
sintered <5 pm-sized shards; and larger angular clasts of host material (Fig. 7D-E). Broken
bubbles walls can be found jutting into the void space (yellow arrows, Fig. 7D). Ash material

is sintered both onto larger angular shards and the walls of the void space (Fig. 7E-F). Fractures
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cut through some shards and bubbles resulting in a jigsaw-style fit of material either side of the

crack (e.g. Fig. 7F).

4.7 Element Maps

Element (EDS) mapping of the host, sintered, and angular vein material indicate the
composition of the host does not vary on either side of collapsed bubble textures (Fig. 8, Fig.
S.1). Sintered vein shards and host are similar in composition despite the subtle greyscale
variations in BSE images between the two. The darker greyscale rinds and sintered ash are
lower in Fe, Mg and Ca but none of the other elements analysed appear elevated (Fig. 8).
Neither Na nor K show any variation between host and vein material. These results are
comparable to Paisley et al. (in prep) who show that the vein and host have similar
concentrations for a wide-range of elements with the exceptions being TI and Pb depletion in
the vein, which they suggested was caused by gas fluxing. Elevated Fe, Mg and Ca indicate
the presence of orthopyroxene nanolite crystals (Fig. S.2). Plagioclase (high Na, Ca and Al),
clinopyroxene (Ca, Mg) and oxides (Fe, Ti) microlites and phenocrysts can be more easily
distinguished in the EDS maps than in BSE maps, particularly the broken crystal fragments in
vein material (Fig. 8, Fig. S.1). Diffuse halos of lower Al are observed around some plagioclase
microlites. Angular ash shards in void spaces have anomalously high Ca, Mg, Na and in rare

cases Si (Fig. 8).

5. Discussion
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5.1 Discerning between syn-eruptive and post-eruptive textural features

Distinguishing fractures formed syn-eruptively (e.g. tuffisites), post-ejection (e.g.
expansion/quench fractures due to inflation/cooling) and those added later during sample
preparation (e.g. during sample cutting or resin impregnation) is not always straightforward.
Examples of sample preparation fractures in this sample are sub-micron wide cracks with sharp
edges and a jigsaw-like fit between opposing sides. The presence long cracks is seemingly
random throughout the sample, supportive of a sample preparation origin (Figs. 2D, 2F, 3G).
Furthermore, smaller cracks are common in areas that are structurally weaker, such as the edges
of thin bubble walls or through isolated sintered particles that can be easily broken during
preparation (e.g. Fig.7D, 7F). The lack of evidence for post-fragmentation inflation (e.g.
breadcrusting) or shrinking (e.g. cooling cracks) in this small hand sample, or ductile
morphologies of these cracks, is further evidence for a sample preparation origin of these

features.

Apart from these small fractures, other features that could be the result of sample preparation
are small angular shards observed in void spaces. These shards are not sintered to themselves
or bubbles walls. They are most common in predominantly large, irregularly-shaped and
isolated bubbles or in zones of large neighbouring bubbles that are connected in 3D (Fig. 2D,
2@, 7C-F). Figure 2D shows how some bubbles are completely filled whilst others only have
ash in concave or sheltered parts of their void spaces with central, empty circular voids. This
material could represent primary, syn-eruptive movement of ash particles by a gas phase
through a connected void space in the host (Owen et al., 2019). Indeed their non-random

deposition would support this assumption. However, we interpret this to be is a secondary,
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post-eruptive artefact in our sample for several reasons. Firstly, larger ash shards within the
same void spaces show rounding and sintering, implying they spent sufficient time above the
glass transition temperature (Tg) for surface tension driven relaxation and rounding. Given the
angular ash shards we observe are smaller than these, they too should be rounded had they been
deposited during a similar period. Only if their depositional event occurred later in the life
cycle of the sample and below T, can their angular texture be preserved. Secondly, the
organised distribution of particles can be explained by exposed IBFs creating weaker areas
more prone to sample preparation failure. Figures 7D and 7F highlight how IBFs intrude into
large coalesced bubble spaces and can be easily broken at their edges. In smaller bubble voids
these IBFs are not present and thus there are fewer sources of glass that can be broken to
generate ash shards, hence why shards are more common in larger void spaces. The empty,
circular void spaces observed are bubbles within the epoxy resin where the sample has not been
fully filled. Thirdly, we observe small angular material within cracks formed during sample
preparation, thus the ash shards must have formed concurrently with crack formation and not
before. In EDS maps these shards appear to have particularly anomalous Na, Ca and Mg (Fig.
8), which we argue are edge effects related to the depth of penetration of the electrons vs. the
small size of these shards (Kanaya and Okayama, 1972). Thus we argue that both small
fractures and angular shards are not syn-eruptive features but represent unavoidable sample

preparation issues common with fragile, vesicular samples.

5.2 Pre-existing porous network

Contrary to the vesicles filled with angular shards, vesicles infilled with sintered ash shards at

the host-vein interfaces imply the host was vesicular prior to fracturing and tuffisite formation.
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Previous work has largely focused on tuffisites in dense host domains (e.g. Castro et al., 2012b;
Berlo et al., 2013; Kendrick et al., 2016; Saubin et al., 2016). Complex sinuous bubble textures,
bending of bubble walls, and pinching out of bubbles point to coalescence and partial collapse
of the vesicular melt. There is also ample evidence of multiple phases of fracturing and
sintering within the host too, such as rounding of material lodged within large bubbles and
sintering of touching bubble walls (e.g. Fig. 2D, F, I). Furthermore, there is evidence for zones
of large, uneven shaped clasts sitting in zones of higher porosity (Fig. 7A-B, G). The internal
textures of these clasts match the general textures of the host (Fig. 7G-H). These clasts resulted
from localised fragmentation of the vesicular melt but there was no long-range transportation
of clasts (greater than mm-scale in this case), which instead remain in situ and sinter back
together (e.g. Fig. 2D-E). It is likely that many fragmentation events are not preserved in areas

that have undergone significant sintering and healing, with only sinuous void space remaining.

There is a difficulty in defining the original degree of vesicularity of the host prior to V1
propagation, in particular the degree to which pore spaces were connected. Magmatic foams
are considered to have >74 vol. % bubbles whilst a sub-critical foam is defined as having
thicker bubble walls that largely prevent coalescence (Proussevitch et al., 1993; Cashman and
Mangan, 1994). The host’s preserved porosity is significantly lower at <40 % and even bubbles
distal from the vein are contorted so there is no preservation of rounded bubbles that would be
indicative of a primary texture. Castro et al., (2012a) found that IBFs >8 pum across did not
show deformation (dimpling). Many IBFs observed in this host are >8 pm and show evidence
of both brittle and viscous deformation. Fractured and broken IBFs in large void spaces (e.g.
Fig. 2G) suggest voids became connected or coalesced via fracturing of bubble walls, not only
via IBF stretching described by Castro et al., (2012a). The alignment of voids within the host
(above the tuffisite vein, e.g. Fig. 2E) was a pre-existing texture as vein material infills into the
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host along this configuration (Fig. 4B). Shearing would aid in the deformation and coalescence
of bubbles accounting for the elongated, aligned and large bubbles observed in the host
(Okumura et al., 2008; Burgisser and Degruyter, 2015). However, this shearing is only
preserved in the dense zone above the tuffisite vein, further away the alignment is lost (Fig. 21I)
suggesting that the shearing was localised. The bubble alignment corresponding to the V2-host
interface is discussed separately in Section 5.4. The sample did not undergo post-ejection
vesiculation, as evidenced by the lack of rounded bubbles in both the dense and vesicular parts
of the host. Thus the dense zone of melt either side of the vein is dense due to pre-eruption

degassing and compaction and not a lack of vesiculating upon ejection.

Prior to tuffisite formation the host was a vesicular, sheared melt, or sub-critical foam, that had
undergone cycles of fragmentation, sintering and suturing of clasts back together, akin to
pyroclasts found in erupted tephra (Gardner et al., 2017). Shear deformation of the magma,
combined with breaking of the bubble walls, enhances the connectivity and permeability of
this pre-existing porous network (Okumura et al., 2009). These processes continued after vein
formation in addition to compaction so, although we argue the host had a high degree of
connectivity of its pore space prior to vein formation, we cannot accurately quantify it. The
preserved porosity in the host is thus a minimum estimate of the porosity prior to tuffisite

formation and bubble compaction.

The onset of permeability via viscous processes (shear-enhanced bubble coalescence similar to
that described above) occurred in the upper 1-1.5 km of the conduit (Schipper et al., 2013). In
addition, extensive fracturing and fragmentation occurred within the conduit plug (Whattam,

2018; Paisley et al., in prep.). This sample preserves evidence of both processes and we argue
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the small bomb represents a particularly vesicular, but ultimately brecciated and sintered part
of the conduit plug. However, this sample is analogous to a highly vesicular melt ascending
within the conduit below a volcanic plug and thus can provide great insights into the interaction

of fractures with vesicular melts and a combined brittle-ductile degassing of magma at depth.

5.3 Fracturing of vesicular melts, tuffisite sources, and timescale estimates

Evidence of Fracturing

Figure 4 shows how the pre-existing porous network is exploited by fracturing (associated with
V1 formation). Gas and ash shards are injected into void spaces that have lower gas pressures
than incoming over-pressured gas from depth, the connected porosity allows for a reduction in
the overpressure of the system and therefore simultaneously reduces fragmentation of the
localised pre-existing textures and attenuates the pressure wave propagating through the melt
(Richard et al., 2013). Fracturing must have occurred between bubble walls in places to allow
for the continued propagation of material through the pore network, this is best recorded by the
host clasts that become isolated as a result of fragmentation (e.g. Figs. 3C, 4C, 5C, 5G, 7E).
Clasts within the vein have uneven edges, both ragged and rounded. The rounded sides are the
pre-existing bubble walls whilst the angular sides represent where brittle fragmentation
occurred between two neighbouring void spaces. Material intrudes furthest along the alignment
of the bubbles, pore space off this alignment can be partially filled with ash but there is no
progressive fracturing to continue infilling along that orientation (Fig. 5F). We also note
reservoir zones of sintered tuffisite material, defined by Tuffen and Dingwell, (2005), where

void space off-shooting from the central vein is filled with ash. These zones are not associated
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with the overall alignment of bubbles but are related to V1’s propagation through the host and

deposition of its clastic material (Fig. 7C-F).

In summary, the vein is not a simple tuffisite but comprised of two clear overlapping sub-veins,
the second of which is has alternating fine-grained and coarse-grained laminations and
overprints the first (e.g. Fig. 1). These textures are evidence that at least one later period of
fracturing occurred, forming V2. The fracture underwent transient pressure gradients resulting
in the sorting and deposition of matrix ash (Tuffen and Dingwell, 2005). Step features in the
vein (Fig. 6) where wide bands of melt between bubble walls are broken through at the host-
vein interface suggest this secondary fracturing event was of higher energy, supported by the

smaller grain size of the matrix in V2 (Zimanowski et al., 2003) (see Section 5.4).

The porosity of V1 is <20 % and the vein has not undergone complete sintering or compaction
relative to the neighbouring host melt that has a porosity of <10 % and has compacted, narrow
bubbles. To determine whether the host or V1 would fracture first based on their strength
properties, we use the pore-emanating crack model to estimate the unconfined compressive

strength (ou) required to fracture each material:

1325 K¢
On = $0-414 \[1ra (1)

where @ is porosity (as a fraction between 0 and 1); Kic is a critical stress intensity factor and
is ~0.66 for silicate glasses (Yu et al., 2015); and a is an estimated pore radius (m) (Zhu et al.,
2010). Host material near the vein has an ® ~0.1 and a ~25 pm, whilst V1 has a @ ~0.15 and a
~25 pm and therefore a higher compressive strength is required to fracture the host (251 MPa

vs. 196 MPa). V1 thus provides a structurally weaker zone that would be easier to fracture. As
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tuffisites are often hydro-fractures (Heiken et al., 1988) their failure is in tension, even under
compressive regimes, which would require lower overpressures for failure (e.g. Rutter, 1986;
Lavallée et al., 2013). The major caveat of this estimation being the host and vein likely
underwent further compaction post V2 emplacement, so it is difficult to estimate their previous
porosity and pore radii at the time V2 propagated through. Thus, these estimates are
conservative but provide quantitative insight into why fracturing occurred through V1. It is not
possible to say whether V2 intruded V1 at its edge or through a particular weak zone in the

middle of the vein, as much of V1 has been overprinted by V2.

Source material for tuffisite clasts and matrices

Tuffisites have two main sources of their clastic and matrix material, both are linked to
fracturing (Saubin et al., 2016; Owen et al., 2019, Paisley et al., in prep.). The first source,
particularly for these sub-veins, is local. This includes fracturing and isolation of large areas of
host melt to form angular clasts, which preserve bubble and microlite textures from the host.
The same observations were made by Saubin et al. (2016) who note dense obsidian host
material accounts for ~35% of clasts in a large tuffisite vein found at Chaitén. We argue that
much of the matrix material is also local because at vein edges it is apparent how even smaller
clasts and matrix material look similar texturally to the host, particularly in photomicrographs
(Fig. 3), as well as being compositionally similar (Fig. 8). In experiments by Okumura et al.
(2010) ash shards <50 um in size were formed during brittle deformation of vesicular melts.
Much of the matrix material in these veins is <<50 um and is likely formed by the fracturing
of the bubble melt walls as the vesicular host is broken apart by the intruding and overprinting
vein. This material is carried through the fracture by gases, becoming a distal source if vein

connectivity is on the order of hundreds of metres (e.g. Cloos, 1941; Castro et al., 2014; Saubin
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et al., 2016). An alternative local source specific to V2 would be vein material from V1. The
re-fracturing of the vein would have resulted in a degree of recycling of material by V2,
particularly at the boundary in the finer-grained laminations as material present was fragmented
during fracture propagation. Rare clasts of host material found in V2 highlight that it too

sourced from the local melt.

The second source of tuffisite material is more distal as clasts are transported through fractures.
Texturally complex clasts that preserve sintered ash and dense banding cannot be locally
sourced given they are distinct from the host. Instead they preserve old fracturing events,
deeper in the conduit, which underwent healing and subsequent fracturing. Transport through
the vein juxtaposed them against the vesicular melt host. Clast textures and bubble distributions
have been used to assess the connectivity of tuffisite veins (Saubin et al., 2016). Chemically
our tuffisite material is compositionally similar to the host (Fig. 8, Paisley et al., in prep),
however other studies show how chemically distinct country rock and old dome material can
be found within veins indicating fracturing is not confined to the conduit (Saubin et al., 2016;

Owen et al., 2019, Paisley et al., in review).

Timescale estimates of processes

Rounding and sintering of matrix shards indicate they were exposed to temperatures above the
glass transition temperature (Tg) for a period of time subsequent to fracturing. Both their shape
and degree of sintering can be used to obtain first-order estimates of healing timescales of each
of the sub-veins. Ash shards would have been angular prior to healing and thus calculated
timescales must account for both shard rounding and subsequent sintering. We use the

characteristic timescale of bubble relaxation (A), i.e. rounding, from Gardner et al. (2017) to
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estimate the timescale of shard relaxation, as the equation can be used a proxy for clast

rounding (Owen et al., 2019).

Ao = B )

(o}

where 1 is melt viscosity (Pas), R is particle radius (m) and o is surface tension (Nm™). The

sintering timescale (1s) is described by a similar equation:

Ts = Y 3)

where v is the melt-vapour interfacial tension (Nm™') (Vasseur et al., 2013). A value of 0.3 Nm™
!'is used for both 6 and y, a common estimate for a dry silicic melt (e.g. Gardner and Denis,
2004; Sumner et al., 2005). We use the model of Giordano et al. (2008) to estimate the Cordén
Caulle melt viscosity at the eruptive temperature of 900 °C (assumed to be constant) with the
bulk chemical composition described by Castro et al. (2013). Melt viscosity is strongly
dependent on water concentration and the preserved water concentrations in the erupted
products at Cordon Caulle are <0.35 wt. % H2O (Schipper et al., 2013; Castro et al., 2014).
Thus, we model melt viscosity (~10%> — 107> Pas) over a small range of water concentrations
(0.1-0.5 wt. %) to estimate timescales of healing of partially to fully degassed melts in the
shallow conduit plug. Given the similarities between equations (2) and (3), calculated
timescales of particle rounding and sintering, and how they vary with particle radius, are the
same and are summarised in Figure 9. First-order estimates for the timescales of healing, i.e.
the rounding of particles and subsequent loss of pore space via sintering, are then double the
length of time of the processes summarised in Figure 9. We assume that healing time begins
after the sample crosses above T, and ends with the quenching of the sample. We further
assume that compaction timescales are not influenced by changing stresses or gas pressure

during sintering.
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Fine-grained laminations (R <15 um) in V2 are fully healed, whilst coarse-grained laminations
(R <25 pum) have sub-rounded shards and residual porosity (Fig. 4E). Timescales of healing
must be between ~20 and ~32 minutes (assuming ~0.25 wt. % H20) to account for the complete
healing of certain laminations but not others (Fig. 9). Clasts in V1 (R >50 um) are still highly
angular suggesting this vein underwent <1 hour of total healing (including healing time that
would occur in parallel with V2). Therefore, the intervening time between V1 and V2
emplacement could not have been more than tens of minutes. These timescale estimates also
highlight why large clasts preserve their uneven shapes, as clasts >200 um across require hours
of time to round given the low water concentrations (Fig. 9). Healing timescales are comparable
to degassing timescales recorded by trace element variation in samples from the same eruption

(Paisley et al., in prep.).

5.4  Evidence for gas fluxing

Tuffisite veins at many volcanic centres texturally and chemically preserve evidence of gas
fluxing through their permeable pathways (e.g. Tuffen et al., 2003; Stasiuk et al., 1996; Berlo
et al., 2013; Castro et al., 2014). We have evidence in our sample for multiple stages of
degassing that we summarise in Figure 10. Stage One is the shearing and fragmentation of a
vesicular melt forming a complex but connected network of pore spaces. Stage Two is fracture
propagation that results in V1. The pre-existing porous network is exploited but no significant
evidence of shearing is found. The transport of distally sourced clasts, which preserve relic
fracturing events, is evidence for extensive gas transport through this vein. Compaction of the

host around clasts intruded into bubbles at the vein edge is evidence of some degree of
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degassing during this stage. Healing and sintering of material in V1 occurred but was not
sufficient in length (10s of minutes) to reduce the porosity of V1 to below that of the
compacting host and, because it is weaker, V1 is re-fractured during Stage Three and V2 is
formed. The alternating laminations of fine- and coarse-grained material are evidence of the
fluidised flow through this pathway (Tuffen and Dingwell, 2005). There is extensive evidence
for compaction solely related to V2 emplacement and degassing. A crystal at the interface of
V2 and the host (Fig. 7A) acts as a compaction indicator and records no evidence of shear (e.g.
pressure shadows) but does show compaction of the surrounding melt. This is supported by the
parallel bubble orientations with respect to the V2-host interface (Fig. 2B). Vesicles align with
V2’s orientation through the sample and not with the pre-existing orientation preserved at the
Vl1-host interface. Alignment of microlites with the vein is further evidence for this
compaction. The densified zone is ~2 cm wide but the compaction of bubbles extends far
beyond into the distal vesicular zone <4 cm away. The width of this zone of compaction far
exceeds any diffusively degassed boundary at tuffisites and fractures discussed in the literature
where fractures are preserved in dense glasses (<500 um-wide, Cabrera et al., 2011; Castro et
al., 2012b; Berlo et al., 2013) and is evidence this vein depressurised and extracted gas from
the porous and connected network over a significant scale. Although it is hard to distinguish
how much compaction this melt had undergone prior to V2, the change in the alignment of
bubbles, even distally, would suggest that most compaction was related to the V2 formation
and subsequent degassing. Stage Four is elemental exchange that occurred concurrently with
sintering. The differing greyscale values in BSE images of small matrix ash shards and bubble
walls across much of the host (Fig. 8) implies the exchange was concurrent with a time when
gases were fluxing through, depositing shards, and exchanging volatiles with bubble walls
(host) and transported shards. Otherwise only bubble walls or shards would have differing

greyscale values, not both. McIntosh et al. (2014) show how H>O resorption around bubbles
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can be noted by differing BSE values. However, they observe a subtle gradation into the far-
field greyscale values whilst our zones are more defined rinds depleted in Mg, Ca and Fe (Fig.
8). Nanolites are present between shards and in zones of pinched out bubbles where sintering
has occurred, and thus we argue it is a concurrent process with sintering and gas fluxing. Either
elemental diffusion of these elements towards void-melt interfaces results in the nucleation of
growth of these Mg-Fe-Ca-rich orthopyroxene crystals at gas-melt interfaces, or they are
forming as precipitates from the gas phase as seen in high-temperature fumaroles (e.g.
Wahrenberger, 2002). Indeed, these nanolites are widely observed in banded obsidian and
brecciated volcanic bombs from this eruption that preserve old gas-fluxing pathways that have
since healed (Whattam, 2018; Paisley et al., in prep). A degree of hydration may have occurred
at a late stage to contribute to the changing greyscale values but low water concentrations in
samples from this eruption and the small width of the rinds prevent us in quantifying this
process. Hydration would reduce melt viscosity and reduce the welding and compaction

timescale, thus eliminating porosity in the vein.

In summary, we show how tuffisites are capable of degassing highly porous networks by
exploiting void spaces and occasionally fracturing between voids. Breaking of bubble walls in
foams would lead to rapid outgassing (von Aulock et al., 2017). The extraction of gas and

resultant loss of pressure results in compaction of the host material around the vein.

6. Conclusions

Tuffisites have long been shown to be efficient outgassing pathways and contribute to the
changing eruptive behaviours observed at silicic centres as eruptions progress (e.g. Castro et
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al., 2012b; Berlo et al., 2013). We show that the interaction of fracture and porous networks
can result in degassing and compaction of a vesicular melt. Fractures exploit and propagate
through pre-existing porous networks and, in the process, generate fine-grained ash and larger
clasts that constitute the textural make-up of many types of tuffisites. The re-fracturing of the
tuffisite vein highlights how previously propagated veins provide a rheologically weaker zone
of material that can be re-exploited. The compaction of a vesicular melt on a cm-scale
highlights how tuffisites can extract gas over a long-range when they interact with an already
connected pore-space network. This study addresses the fundamental question of where
tuffisites source their gases from and reinforces the notion that gas extraction from deeper

vesicular and permeable melts, via fracturing, can be key to diffusing explosive behaviour.
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0. Figures

Figure 1:

Tuffisite-hosting volcanic bomb. (A) Overview of hand specimen with two overlapping veins
(V1 and V2) surrounded by a dense zone of glass (<2 cm-wide either side of the vein) within
a vesicular host. Two thin sections (B) and (C) were prepared. (D) Summary of respective
orientation and positions of thin sections within the hand specimen relative to the planar V2-

Host interface (orange surface). V1 pinches out over hand specimen scale.
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Figure 2:

Images of typical textures in host. Yellow arrows highlight textural features. White arrows
indicate sample preparation fractures or particle-filled vesicles. (A) Overview of thin sections
one (left) and two (right). (B) Collapsed and aligned bubbles typical in the distal host material
below the vein. (C) Photomicrograph of strongly aligned microlites and minimal bubbles in
dense host close to the vein. (D) Bubble aligned ~32° to vein orientation close to, and above,
vein. Evidence of pinching out and compaction of bubbles. (E) Pinched out and compacted
bubbles have similar alignment to vein orientation in the distal portions of the host. (F)
Example of bending of bubble walls; pinching out of bubbles; and sintering where two bubble
walls come into contact in distal host. (G) Example of fractured bubble walls that have
undergone subsequent viscous recovery. (Hi) Sintered trapped ash shard in a compacted bubble
in distal host. (Hii) Image with enhanced contrast: dashed yellow lines indicate darker rinds
preserving old collapsed bubbles and host microlite (red lines). (I) Stretching, pinching and
compaction of bubbles, along with sintering of melt, in distal host with minimal bubble

alignment.
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Figure 3:

Images of typical textures in V1. Yellow arrows highlight textural features. Overview of vein
in thin sections one (A) and two (B). (C) Photomicrograph of poorly-sorted, angular clasts of
host material (dashed yellow lines). Matrix ash infills voids in host at interface (arrows). (D)
BSE image of angular clasts in vein with crystals fragments (arrows). (E) Large rectangular
banded (arrows) clast set in a matrix of angular clasts (dashed lines). (F) Vesicular clast that
has undergone degree of compaction. (G) Complete crystals more commonly found in clasts
rather than isolated. Ash matrix shards sinter to larger clasts (arrows). (H) Clast preserves a
~40 um-wide band of fully-compacted and sintered shards, nanolites record their outlines.

Arrows indicate sintering matrix ash to clast.
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Figure 4:

Images of typical textures in V2. Yellow arrows highlight textural features. Overview of vein
in thin sections one (A) and two (B). (B) Concentration of coarse clasts visible in centre of
vein. Banding of fine- and coarse-grained ash is noted in rest of vein. (C) Nanolites commonly
found on edges of larger, angular clasts as well as matrix shards. Arrows indicate where matrix
has filled in void in a clast. (D) Angular clast that preserves old banding (arrows). Ash matrix
laminations compact around clast. (E) Fine- and coarse-grained laminations have differing
degrees of sintering and porosity. (F) Microlites found in matrix ash shards. Edges of shards

made apparent by microlite chains.
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Figure 5:

Textures found at V1-host interface. Overview of vein in thin section one (A). (B)
Photomicrograph mosaic of V1-host boundary, vein material becomes finer and harder to
distinguish near interface. (C) Photomicrograph of isolated host material in vein and ash
material infilling bubbles that are aligned with microlites. (D) Individual ash shards sintered
together, boundaries defined by nanolites, ash material infilling host voids (arrows). (E) BSE
overview image showing connectivity of bubbles in 3D. Ash matrix fills certain bubbles but
not all further from interface. Evidence of compaction of bubbles near interface and infilling
along a general alignment. Injection veins partially infill bubbles off main alignment. (F) Partial
infilling of bubbles by sintered, rounded ash shards. Neighbouring open bubbles show
incomplete connection of bubble network in 3D. (G) Ash matrix infills large, open, parallel-
oriented bubbles isolating interstitial host material and incorporating host into vein as clasts.
(H) Vein walls are not parallel but rounded. Inset: enhanced contrast image showing subtle
greyscale variations between host, matrix material and <5 pm of host wall. (I) Bubble walls
have compacted around larger tuffisite clasts (yellow dashed lines). (J) Some bubbles

completely filled with shards, nanolites found at shard interfaces (arrows).
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Figure 6:

Textures found at V2-host interface. Overview of vein in thin sections two (A). (B) BSE
overview image of stepwise shift. Tuffisite matrix partially infills bubbles <150 um into host
material. Bubbles in host heavily compacted and pinched out. (C) Angular, coarsely-grained
material (yellow dashed lines) at bottom of step feature. Clasts fill and block bubbles. (D)

Nanolite chains extend from pinched out bubbles near V2-host interface.
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Figure 7:

Examples of injection veins and fracturing into host material. (A) Fracture with angular uneven
walls within host material. Arrows indicate compaction of host and vein material around crystal
near boundary. (B) Fracture feature made more apparent in BSE image by angular, poorly
sorted clasts with higher interstitial porosity than the tuffisite vein or host. (C) Injection vein
into vesicular host material whose bubble orientation does not align with tuffisite vein
orientation. (D) Void space partially filled with sintered ash and angular clasts. Arrows indicate
broken bubble walls at edges of void space. (E) Angular clast of host material with microlites
(red dashed lines). Ash material sintered to clast edges. (F) Sintered ash material connected to
bubble walls of void. Shard fractured due to sample preparation. Small angular ash material
infills parts of void. (G) Vesicular clast found in host material (see Fig. 2A for location). Zone

of host comprised of angular clasts. (H) Clasts have vesicle textures similar to host material.
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Figure 8:

Annotated compositional maps and BSE image showing sintered ash shards in a small <25 pm-
wide, partially-healed vein (dashed white lines). Colours represent relative element abundances
with brighter colours representing a higher elemental abundance. Collapsed bubbles and the
vein material are surrounded by a <5 pm-wide rind that has lower relative Mg, Ca and Fe
abundances. Sintered ash shards are also depleted in Mg, Ca and Fe. Na or K show no
depletions in the vein. Microlites of plagioclase (Plag), clinopyroxene (CPX), orthopyroxene
(OPX) and oxides in the host and within sintered ash shards are made apparent by their differing
chemical composition to the silicic melt. Angular shards fill certain void spaces and have

anomalous Na, Ca and Mg abundances.
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Figure 9:
Calculated timescales of rounding/sintering of particles as a function particle radius and H,O
concentrations of the melt. The healing time is a combined rounding plus sintering time and is

double the values shown here (see text).
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Figure 10:

Schematic summary of the four key stages of fracturing and degassing. Stage One: A pre-
existing network of pore spaces is developed via the coalescence of bubbles and fracturing and
sintering of melt. Stage Two: Fracturing and injection of ash shards through the pre-existing
networks results in the formation of Vein One. Gases exploits the open network of pore spaces
and fracturing between bubble walls aids in vein propagation and formation of vein clasts.
Stage Three: After a short period of healing (minutes) a secondary fracturing event propagates
through the partially healed V1 and results in the deposition of fine- and coarse-grained ash
and the formation of V2. V2 undergoes <30 minutes of healing time before the sample was
ejected as a bomb and quenched. Stage Four is a period of rind formation via elemental
exchange between the gas and melt that likely occurs concurrently with gas fluxing and

sintering prior to quenching. The formation of nanolites is tied to this exchange process.
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10. Supplementary Figures

Figure S.1:

BSE image (top) and corresponding compositional map (bottom) of sintered ash intruding into
bubbles within the host. Colours relate to specific elements with brighter colours indicating a
higher relative abundance; Fe = red, Ca= green, Mg = blue. Crystal fragments within the vein
are hard to decipher in BSE images but are clearer in compositional maps (green and red
crystals), along with nanolites (green and blue) in and around sintered shards. Subtle depletions

in Mg, Ca and Fe of bubble rinds and smaller ash material in vein are apparent.
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Figure S.2:

BSE image (top) and corresponding compositional map (bottom) of sintered ash within the
tuffisite vein. Colours relate to specific elements with brighter colours indicating a higher
relative abundance; Mg = orange, Fe = red, K = blue, Ca = green. Nanolites of OPX between
sintered shards are elevated in Ca, Mg and Fe. Rare shards with relatively lower K abundances

are found within the vein. Microlites can be preserved within the sintered shards.
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General Conclusions

1. Major Findings

The recent eruptions at Chaitén and Cordén Caulle demonstrated a need to understand how
processes that occur in the volcanic conduit (e.g. fracturing and degassing) facilitate outgassing
and influence eruptive behaviour. In this thesis I used textural and chemical techniques that
span a wide range of analytical scales (dm-nm) to better constrain these processes. This
approach was effective as questions that remained unresolved after one technique could be
answered by another method. For example, taking a chemical approach allows for an
understanding of where volatile metals are scavenged from or resorbed/adsorbed by silicic
melts within the conduit, processes that cannot be constrained texturally. Similarly, assessing
fracturing at multiple scales constrained its role in both generating tuffisite material (clasts and
matrix) at the micron-scale and creating transient pathways along which material is fluxed to
the surface at the dm-scale. Overall, I show fracturing and degassing processes are intimately

linked. The key conclusions of this thesis are as follows:

= At a bulk-vein scale trace elements record gas streaming through fractures and the
interaction of gases with the transported clasts at both Chaitén and Cordon Caulle.
However a degassing signature is not preserved in the 2!°Pb-??°Ra isotope record. The
disparity between these geochemical signals is due to the brevity of the degassing
events (<day) and the relative volumes of degassing magma and tuffisite veins (conduit-

wide degassing reservoirs required for typical sized, cm-to-m-wide veins).
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The lack of preserved 2!°Pb enrichments in the tuffisite veins is used to place an upper
limit on the degree of gas transport by fractures from deeper, gas-rich magmatic foams.
For example, the mass ratio between veins and their reservoirs had to be <4,500
(Chapter One, Figure 6) at Chaitén given their approximate lifespans. The isotope
model used to constrain this can be applied to future isotope studies at other volcanic
centres and highlights the need for longer durations of degassing through veins to result

in 2'°Pb enrichments.

Physical processes other than degassing are chemically preserved within tuffisite veins.
These include preferential transport of glass over crystals in veins at Cordon Caulle,
and the incorporation of non-juvenile material, that has undergone its own degassing
and crystallisation history, into veins at Chaitén. This highlights the need to study a

wide suite of trace elements and not just volatiles.

Chemical and textural variability is strongly correlated at Cordon Caulle. Significant
metal scavenging by the gas phase occurred within permeable gas fluxing zones and is
preserved as depletions in metals in vein and breccia matrices. The extensive and
systematic variations of volatile elements (e.g. Li, Rb, Cs, Cu, Zn, Pb, Tl and Bi)
highlights how trace elements can be used as an alternate method for assessing

degassing in systems that are depleted in H>O and COs,.

At Cordon Caulle, deep and early degassing events were on the order of minutes, whilst

fluxing near to the surface, in the waning phases of the eruption, occurred for hours at

a time. These correlate with observations made of the eruption and is the first study to
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be able to put time constraints on sub-surface, syn-eruptive processes during this

eruption.

= Fractures will exploit any pre-existing permeable network, such as connected bubbles.
During fracturing and vein propagation, host material can become incorporated into the
vein as large, angular clasts and matrix ash. The clast textures can preserve previous

fracturing and healing events.

= The intersection of permeable and connected void spaces by fractures allows for the
efficient outgassing of melt over a cm-scale and will result in compaction and degassing
of the source. The intersection of magmatic foams (or vesicular melts) by tuffisite veins

is necessary for fractures to be an efficient mechanism for degassing.

In conclusion, this thesis has furthered the understanding of sub-surface processes that can
contribute and control rare but hazardous behaviour at silicic volcanic centres. This is a key
step to mitigating the impacts of eruptions. In the event of future high-silica eruptions, research
presented here allows for a greater understanding of potential volcanic hazards associated with
transitional eruptive behaviour and how this behaviour can evolve (e.g. timings of blasting and
jetting events, trace volatiles that may that be degassed). A wider theoretical knowledge base,
in turn, allows for the improved communication of potential impacts to relevant community

groups and better preparations to minimise the risk to the affected populous.
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2. Contributions to Original Knowledge

The work presented in each of the chapters in this thesis sheds new light on our understanding
of degassing via fracturing using different and novel techniques and methods. Chapter One
represents the first 2'’Pb->2Ra isotope study on tuffisite veins and on rhyolitic deposits. It is
the first study to also do bulk trace element analyses on tuffisites. It highlights how the two
types of analyses in combination can be used to understand the complete history of a tuffisite
vein and its interaction with surrounding gas, melt and country rock. Chapter Two represents
the first study to chemically constrain degassing processes at Cordon Caulle. Prior to this study
little had been discussed as studies with a focus on water concentrations by other scientists had
not been fruitful. The chapter highlights an alternate approach to assessing degassing processes.
Chapter Three addresses a fundamental question of how tuffisites interact with deeper volatile,
vesicular magmas. By focusing on the interaction between fracture and bubble networks; two
permeable networks that are traditionally focused on in isolation, we better understand the
complexities of syn-eruptive fracturing. These chapters all describe models (e.g. isotope
disequilibria modelling) and analytical strategies (e.g. combined textural and LA-ICP-MS
diffusion profiling) that can be used, and built upon, to further constrain eruption dynamics of
other high-silica systems. In summary, each chapter addresses important questions using novel
techniques and provides a more cohesive understanding of syn-eruptive processes (e.g.

fracturing and degassing) that occur in silicic systems.

All three chapters assess samples from the 2011-2012 Cordon Caulle eruption. This thesis as a
whole enhances our understanding of the spatial and temporal evolution of the conduit plug

that was confined between a shallow laccolith and a growing rhyolite flow. Early in the eruption
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fracturing processes at depth sourced gas and ash from porous and connected networks.
Brecciation of magma formed short-lived permeable pathways through the upper conduit
channelling gases towards the surface where vent structures allowed for outgassing. Gases
carried and juxtaposed material of differing volatile contents, recording the long-range
transport of clasts. As the eruption progressed fracture pathways in the extensively brecciated
and heterogeneous conduit plug were open for longer, allowing for extended periods of
outgassing from stable sub-vents and the progressive depletion of volatiles from the magma,
likely contributing to the decline in explosive behaviour. Degassing processes during this
eruption largely scavenged metals from zones that underwent gas fluxing, a chemical signature
contrary to those preserved in tuffisite veins from the 2008 Chaitén eruption. This observation
expands our understanding of how gases interact with the transported clasts and how the depth
of the degassing regime influences the preserved trace chemical signatures. The 2011-2012
eruption at Cordon Caulle was only the second rhyolite eruption scientifically observed in
detail, providing an opportunity to greatly improve our understanding of syn-eruptive processes
and their influence on eruptive behaviour in high-silica systems. The key conclusions of my
thesis address this and show how fracturing and degassing processes evolved, and were

preserved, during this silicic eruption.
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3. Topics for Further Research

Although considerable research has been undertaken into magma fracturing and degassing in
the last decade, many outstanding questions remain. From a textural perspective, there is
evidence from the Cordon Caulle eruption that tuffisite textures vary with time during eruption,
which could reflect a changing and developing volcanic plug. This would be an exciting avenue
of research to explore as currently many tuffisite textures have been noted at different volcanic
centres but they have yet to be related to timing of fracturing during different phases of an
eruption. Studies with time-constrained ejecta would be useful to address the changing role of

fracturing with eruption duration.

From a chemical perspective, further work into the behaviour of trace elements during
outgassing of high temperature volcanic gases from rhyolitic eruptions would directly link
studies like those described in this thesis to surface emissions. However, it must be noted this
information is absent primarily down to lack of rhyolitic eruptions and the hazards associated
with sampling. Experimental studies furthering our understanding of the diffusion of trace
elements in melts would aid in their use as timescale indicators, allowing for more precise
estimates to be made. Advances have been made into trace metal gas-melt partitioning
behaviour. Further constraining the changing behaviour of elements with ligands (e.g. Cl, S,
and F) would aid degassing studies as volcanic gas compositions vary with volcano. If future
studies continue to combine the textural and chemical preservation of fracturing and degassing
with permeability and porosity studies, I envision the development of a cohesive, conceptual
model of fracturing processes in the upper conduit during volcanic plug formation. This would

be analogous to a “conduit is a tuffisite vein” model.
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