E% University of
OPEN (") ACCESS d BRISTOL

This electronic thesis or dissertation has been
downloaded from Explore Bristol Research,
http://research-information.bristol.ac.uk

Author:
Yip, Stanley T H

Title:
Volcanic deformation and degassing

the role of volatile exsolution and magma compressibility

General rights

Access to the thesis is subject to the Creative Commons Attribution - NonCommercial-No Derivatives 4.0 International Public License. A
copy of this may be found at https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode This license sets out your rights and the
restrictions that apply to your access to the thesis so it is important you read this before proceeding.

Take down policy

Some pages of this thesis may have been removed for copyright restrictions prior to having it been deposited in Explore Bristol Research.
However, if you have discovered material within the thesis that you consider to be unlawful e.g. breaches of copyright (either yours or that of
a third party) or any other law, including but not limited to those relating to patent, trademark, confidentiality, data protection, obscenity,
defamation, libel, then please contact collections-metadata@bristol.ac.uk and include the following information in your message:

*Your contact details
Bibliographic details for the item, including a URL
*An outline nature of the complaint

Your claim will be investigated and, where appropriate, the item in question will be removed from public view as soon as possible.



Volcanic deformation and degassing:
the role of volatile exsolution and
magma compressibility
By

Stanley Yip Tze Hou

School of Earth Sciences
UNIVERSITY OF BRISTOL

A PhD dissertation submitted to the
University of Bristol in accordance with the
requirements for award of the degree of
Doctor of Philosophy in the Faculty of Science

1 January 2024
Supervised by Juliet Biggs & Marie Edmonds

Word count:
38598






Abstract

Integrating multi-parameter observations of volcanic processes is crucial for volcano
monitoring. Qualitative models demonstrate that combining observations of volcanic
deformation, gas emissions, and other parameters enhances the detection of volcanic
unrest and provide insights into the magma plumbing system. Despite the progress

made in this field, quantitative models that link these observations are still lacking.

Thermodynamic models have been used to constrain the characteristics of magma prop-
erties and its plumbing system. In this thesis, I develop models based on melt inclusion
data and thermodynamics to reconstruct magma properties such as compressibility,
and investigate how magmatic volatile content and magma storage conditions influence

observations of volcanic deformation and SO2 degassing.

By comparing mafic systems in arc and ocean island settings, I provide evidence for
the lack of deformation observed during water-rich arc eruptions. In contrast, despite
having low magmatic volatile content, ocean island eruptions have high SO9 emissions
due to their high diffusivity, which results in co-eruptive degassing. By comparing model
predictions and observations, I show that all magmatic systems experience a certain
degree of outgassing prior to an eruption, consistent with current conceptual models
of transcrustal magmatic systems. Additionally, integrating time series of deformation,
degassing, and extrusion flux can reveal the evolution of magma properties. Using this
framework, I provide evidence for the increase in bulk magma compressibility following

the removal of the degassed magma during the 2004 eruption of Mount St. Helens.

This study contributes to the better understanding of the effects of magmatic volatile
content and pre-eruptive gas segregation on the physicochemical properties of magma,
and provides a framework for modelling magma properties that can be applied to global

volcano monitoring.
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Chapter 1

Introduction

1.1 Motivation

Monitoring volcanic activity and eruption processes heavily rely on observational sciences.
Geophysical techniques involve making measurements near the surface of a volcano
to understand magmatic processes occurring at depth, and geochemical analyses use
magma and volatile compositions to provide insights into subsurface magmatic conditions.
Volcanic processes are fundamentally linked, yet these observations are often treated
as independent measurements due to the lack of multiparameter sensors that is not

available in the majority of the world’s 1400 subaerial volcanoes (Loughlin et al., 2015).

Magmatic volatile content (dissolved and exsolved) modulates magma properties, which
in addition to crustal properties, affect ground deformation. While it is known that
gas content in a reservoir suppresses volume change of a reservoir, and thus ground
deformation, the extent in which the gas content in the reservoir suppresses ground
deformation is unclear. Moreover, the gas content in the reservoir changes before and
during an eruption - what does this inform us about the pre-eruptive magma storage

conditions, and how does this affect eruption styles?

The eruption style of a volcano is modulated by magma properties (Cassidy et al., 2018),
which evolves continuously during an eruption. The transition between explosive and
effusive eruption can pose a significant hazard to life and surrounding infrastructures.
Understanding magma properties is therefore key to reducing the associated risks and

improving the preparedness of communities living in close proximity to volcanoes.



CHAPTER 1. INTRODUCTION

In this thesis, I use thermodynamic models to reconstruct the process of volatile exsolu-
tion and simulate the resulting changes in magma properties, such as compressibility.
The magma properties predicted by the model are compared with observations of SOg
and deformation, normalised by the volume erupted, to characterise the challenges
in volcano monitoring, particularly volcanic deformation in different tectonic settings

(Chapter 2), magma composition (Chapter 3), and eruptive transitions (Chapter 4).

1.2 Volcano remote sensing

Many types of volcano remote sensing data are available, such as thermal anomalies,
gas emissions, surface deformation, topographic change, and ash clouds (e.g., Yamaguchi
et al., 1998; Biggs and Pritchard, 2017; Carn et al., 2017; Lechner et al., 2018; Dualeh
et al., 2023) (Figure 1.1a). Multidisciplinary measurements have provided crucial inform-
ation for tracking volcanic unrest leading to an eruption (e.g., 2020-2021 eruption of La
Soufriére volcano, St. Vincent Joseph et al., 2022). In fact, integrating multiparameter
dataset does not only provide insights into magmatic processes, it also improves eruption
forecasting and detecting signals of volcanic unrest that may not be readily observable
in all sensors (Cameron et al., 2018; Furtney et al., 2018; Reath et al., 2020).

In this section, I present an overview of various data types used in my study (Figure
1.1). SO9 emissions can be utilised to reflect the gas content in the reservoir and the
permeability of the reservoir (Section 1.2.1). Ground deformation data can provide
estimates of volume change of the reservoir, which can be used to identify magma
properties such as compressibility (Section 1.2.2). The volume of erupted materials that
alters the morphology of a volcano can be used to estimate the extrusion rate of lava
(Section 1.2.3). Notably, the erupted volume in this study serves as a normalisation factor

for SO2 emissions and ground deformation data.

1.2.1 SO, emissions

Volcanic gas emissions is crucial to volcano monitoring as it provides insights into
volcanic activity and forecasting potential eruptions. Volcanic gases are dominated by
COg at pressures of over 50-100 MPa, which can become enriched with HoO at lower

pressures (e.g., Papale, 2005; Burgisser et al., 2015; Liggins et al., 2020). However,

2
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CHAPTER 1. INTRODUCTION

FIGURE 1.1. (page 3): (a) Schematic diagram illustrating the various data types
available for monitoring volcanoes, which can provide valuable insights
into the underlying volcanic processes. The exsolution of volatiles into the
gas phase can lead to increased SO9 emissions and cause the magma to
become more compressible, resulting in muted ground deformation. (b-c)
The left panels show the time series spanning 17 years at Sierra Negra
Volcano, Ecuador (Reath et al., 2020) and the right panels show co-eruptive
SO emissions and ground deformation of the 2005 eruption (Geist et al.,
2008; Yang et al., 2009). (b) Time series of SOy emissions from the Ozone
Monitoring Instrument (OMI) (Carn, 2016; Carn et al., 2017). OMI data
is available from 2005 and is only analysed until 2016 (from Reath et al.,
2020). OMI detected SOz emissions associated with the 2005 eruption on
23 October (from Yang et al., 2009). (c) Time series of ground deformation
acquired from different satellite sensors (from Reath et al., 2020). The
time series and the interferogram generated using synthetic aperture radar
images between 24 September and 29 October recorded co-eruptive deflation
associated with the 2005 eruption (from Geist et al., 2008).

SOq gas is the most frequently monitored volcanic gas due to its detectability against

background concentrations (e.g., Shinohara et al., 2003; Mori and Burton, 2006).

Volcanic SOs gas can be measured using ground-based, airborne, and satellite-based
techniques (Figure 1.1a). Ground-based methods incorporate the use of spectrometers
to measure SOy concentrations in the plume discharged from the volcano (e.g., Mori
and Burton, 2006; Wilkes et al., 2017), while airborne methods involve traversing the
volcano with specialised instruments that measure the concentration of SOy in the
plume (e.g., Gerlach et al., 1997; Shinohara et al., 2003; Liu et al., 2020). Satellite-based
methods detect and quantify SO9 emissions from space using a range of ultraviolet and
infrared sensors such as the Ozone Monitoring Instrument (OMI) or the TROPOspheric
Monitoring Instrument (TROPOMI) (e.g., Carn et al., 2016; Taylor et al., 2018; Theys
et al., 2019). In fact, OMI has recorded SO9 emissions from at least 100 volcanoes based
on a decade of measurements between 2005 and 2015 (Carn et al., 2016). Figure 1.1b
shows detection of SO emissions at Sierra Negra during the 2005 eruption. While
typically measured during explosive and effusive eruptions, SO emissions can also be
detected in non-eruptive phases through passive degassing (Carn et al., 2017), and thus,

passive SOg measurements are included in this study where available.

Monitoring changes in SO9 emissions can not only detect volcanic unrest, it also provides

4



1.2. VOLCANO REMOTE SENSING

insight into the composition and content of volcanic gases in the reservoir (Shinohara
et al., 2003; Aiuppa et al., 2009). Notably, volcanic SOy emissions observed through
remote sensing techniques can differ by several orders of magnitude from those predicted
based on the initial amount dissolved in pre-eruptive silicate melts, due to various pre-
and co-eruptive processes described in Section 3.3.1 (e.g., Gerlach et al., 1994; Wallace,
2005; Yip et al., 2022).

1.2.2 Ground deformation

Volcanic deformation is a critical component of volcano surveillance that provides valu-
able insights into the behaviour of volcanic systems. Volcanic deformation occur for
various reasons, including magma intrusion or withdrawal from a region in the crust
(e.g., Bato et al., 2021; Bemelmans et al., 2021), exsolved volatiles migrating to shallow
reaches of magma chambers (e.g., Anderson, 1995; Boudreau, 2016), and pressurisation
of a hydrothermal system (e.g., Hutchison et al., 2016; Albino et al., 2019), cooling and
crystallisation of magma (e.g., Tait et al., 1989; Townsend, 2022).

Volcanic deformation can be measured using satellite and ground-based techniques
(Figure 1.1a). While ground-based Global Positioning Systems (GPS) measurements offer
high temporal resolution of horizontal and vertical movements of the volcano, they are not
available at all volcanoes. In cases where ground-based measurements are not available,
I use space-borne Interferometric Synthetic Aperture Radar (InSAR) measurements that
provide consistent acquisitions for volcanoes over a wide area globally. InSAR measures
changes in the surface elevation using phase changes between two satellite radar images
based on the look angle of the sensor, which is also known as the line-of-sight (LOS).
Figure 1.1c shows the time series of ground deformation at Sierra Negra and illustrates
the co-eruptive deflation associated to the 2005 eruption. The term LOS displacement
is used to refer to these measurements, while the radial component is used for GPS

measurements.

Deformation signals are usually derived from the upper parts of the crust since changes
in pressure in shallow magma reservoirs result in a higher magnitude of ground deform-
ation (Ebmeier et al., 2018). When combined with source models, deformation signals
can be used to determine the location and size of magma chambers, as well as the
volume change of a reservoir during an eruption (Bagnardi and Hooper, 2018; Jiang and
Gonzalez, 2020).
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Unfortunately, not all eruptions are accompanied by deformation (e.g., Ebmeier et al.,
2013b; Delgado et al., 2017; Lesage et al., 2018). Several factors can contribute to
the absence of volcanic ground deformation, including the depth of magmatic sources
and interference from atmospheric noise for InNSAR measurements (Moran et al., 2006;
Fournier et al., 2010; Ebmeier et al., 2013b; Remy et al., 2015; Yip et al., 2019). In this
study, I focus on the effects of magmatic volatile content, such as water, and the presence
of an exsolved volatile phase (gas bubbles) on the physicochemical properties of magma
(e.g., Wallace, 2005; Edmonds and Woods, 2018). The presence of gas bubbles within the
magma introduces a significant layer of complexity when measuring volcanic deformation.
Gas bubbles, due to their higher compressibility compared to the surrounding magma,
enhances magma compressibility and may thus suppress volume changes of the reservoir
despite changes in the reservoir pressure (Rivalta and Segall, 2008; Kilbride et al., 2016;
Yip et al., 2022). The lack of volume changes of the reservoir results in muted volcano
deformation, and thereby introduces discrepancies and uncertainties when assessing the
size and geometry of magma reservoirs. This, in turn, amplifies the challenges associated

with assessing risks and hazards during volcanic crises.

1.2.3 Erupted volume

Monitoring volcano extrusion flux is crucial to assessing the rate of magma ascent and
understanding the dynamics of volcanic eruptions (Cashman et al., 2013; Ryan et al.,
2010). Extrusion flux refers to the rate at which magma is extruded from the volcano’s
vent during an eruption, which can be used to can be used to estimate the volume of

erupted materials.

The erupted volume can be estimated from direct measurements, or extrusion flux from
ground-based monitoring or satellite-based remote sensing. Direct measurements, such
as field mapping, use the thickness and area of tephra deposits to provide estimates
erupted volume (e.g., Pyle, 1989; Alfano et al., 2011; Pistolesi et al., 2015). Ground-based
monitoring techniques, such as the use of video cameras or thermal imaging, can provide
real-time estimates of extrusion flux during an eruption (e.g., Coppola et al., 2015; Coltelli
et al., 2017). Satellite-based techniques include the use of Synthetic Aperture Radar
(SAR) or comparison between digital elevation models (DEM), which estimates extrusion
flux by measuring changes in the shape of the volcano’s surface (e.g., Wadge et al., 2012;

Delgado et al., 2019; Dualeh et al., 2023). Considering the uncertainties associated

6
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with measuring erupted volume, such as uncertainties in field data and erosion, the

estimations are likely to be underestimated.

Variations in extrusion rate can provide insights into changes in magma properties such
as rheology (Melnik and Sparks, 1999; Melnik et al., 2005; Rutherford, 2008), and pre-
eruptive storage conditions (Popa et al., 2021). Additionally, changes in extrusion rate
can provide critical information about the transitions between eruption styles, which is
essential for accurately assessing potential hazards associated with an eruption, includ-
ing the risk of lava flows, pyroclastic flows, and ash fall (e.g., Sparks, 1978; Calder et al.,
1999; Cassidy et al., 2018). For example, prior to the 2010 eruption of Merapi volcano,
monitoring of extrusion flux from the lava dome was used to assess the magnitude of the

eruption and determine the extent of necessary evacuations (Pallister et al., 2013).

While monitoring the volume of erupted material is crucial, measurements are often
limited due to the risks of field mapping near an erupting volcano, especially during
explosive eruptions. Post-eruption mapping can underestimate the total erupted volume
due to uncertainties such as erosion or rainfall. Additionally, it is often challenging
to determine the exact volume of material that was erupted on the date of interest,
particularly during the beginning of an explosive eruption. While satellite techniques

have been useful in quantifying the erupted volume, data availability is limited.

1.3 Thermodynamic modelling

Determining the magmatic volatile content at various pressures (and therefore depths)
is critical for understanding the physicochemical properties of magma and the behaviour
of magmatic systems. The solubility of volatiles in magmas is dependent on various
conditions such as pressure, temperature, melt composition and oxygen fugacity (Scaillet
and Pichavant, 2005; Duan, 2014). The primary volatile content in the exsolved phase
is COq as it has a low solubility compared to HoO, but the exsolved phase can become
enriched with HyO at shallow pressures (e.g., Holloway and Blank, 1994; Dixon et al.,
1995; Papale, 2005). At equilibrium, a fraction of the volatiles are dissolved in the magma,

while the remaining fraction are in the exsolved phase (Scaillet and Pichavant, 2005).

Exsolved volatiles plays a critical role in the physicochemical properties and the eventual

eruption of magma. In particular, exsolved HoO gas bubbles have high compressibility
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FIGURE 1.2. Examples of inputs and outputs of a thermodynamic model. A
thermodynamic model can be initialised using magmatic volatile content,
such as HoO, CO9 and S, at a specified pressure/ depth. The thermodynamic
model uses solubility constants of volatiles at various pressures to calculate
for the (a) weight fraction of dissolved volatile remaining in the melt and
the (b) mole fraction of exsolved volatile in gas phase. The annotations are
used to guide the reader on the process of volatile exsolution.

that can accommodate changes in pressure with little volume changes of a reservoir
(Agee, 2008; Kilbride et al., 2016; Yip et al., 2022). Compressible magma can expand or
contract like a ‘magma sponge’ (Rivalta and Segall, 2008) in response to the injection

or withdrawal of magma, which may impede effective volcano monitoring (Biggs and
Pritchard, 2017).

While numerous models are available to constrain magma properties (e.g., Papale et al.,
2006; Duan, 2014; Burgisser et al., 2015; Wieser et al., 2022; Allison et al., 2022), it is
important to select an appropriate model for a specific purpose. Thermodynamic models
utilise mass balance and equilibrium constants to determine the mass and composition of
the exsolved volatile phase (e.g., Ohmoto and Kerrick, 1977; Gaillard and Scaillet, 2014).

The models use solubility laws of each volatile species to determine concentration of each
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corresponding volatile species that is exsolved at a particular temperature and pressure
(Burgisser et al., 2015). For example, the decrease in reservoir pressure decreases the
solubility of volatiles such as HoO and COg9, and as a result, the dissolved volatiles are

exsolved into gas phase (Figure 1.2).

Similarly, it is important to consider sulfur speciation when modelling sulfur degassing.
Sulfur in the melt phase (S2~ and S®*) behaves differently during degassing, and thus
influence SOz and HgS content in high-temperature gas phase (e.g., Zajacz et al., 2012;
Zajacz, 2015; Fiege et al., 2015). Recent experiments that have provided insights into
sulfur partition coefficients in magmas (e.g., Zajacz et al., 2012; Fiege et al., 2015; Nash
et al., 2019; Gennaro et al., 2020) should be taken into account when selecting an
appropriate thermodynamic model, as they are not included into many existing model

calibration.

In this study, I employ the Python degassing model EVo (Liggins et al., 2020, 2022). EVo
utilises recently released thermodynamic models including the COg solubility model
of Eguchi and Dasgupta (2018), the sulfide capacity law from O’Neill (2021) and the
sulfate capacity law from Nash et al. (2019), which is applicable at pressures of 300 MPa
or less, to predict the physicochemical properties of magmas as a function of various
input parameters such as melt composition, magmatic volatile content, temperature,
pressure, and oxygen fugacity. The model can also be initialised by calculating the
saturation pressure for a given composition (e.g., initial gas content = 0%). Every model
has limitations, and this model is no exception. This model uses the sulfide capacity law
of O’'Neill (2021), which is most suitable for more reduced melts than those considered in
our study. However, a recent study by Ding et al. (2023), which compared the different
sulfide and sulfate capacity laws of Nash et al. (2019) and O’Neill and Mavrogenes (2022),
shows that for a given temperature and composition the sulfur degassing pathways are
similar regardless of the different laws used. Similarly, the recently published degassing
model by Hughes et al. (2023b) shows very similar sulfur degassing behaviour to Sulfur_X
(Hughes et al., 2023a).

Outputs from thermodynamic models, such as melt composition, can be used to un-
derstand the physical properties of magma, such as magma density (Spera, 2000) and
compressibility (Kilbride et al., 2016; Yip et al., 2022). The magma density calculated
by EVo operates on the assumption of the ideal gas law (Liggins et al., 2020, 2022),
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which correlates positively with gas density, molar mass, and pressure while inversely
correlating with temperature. This assumption is valid for gases such as HoO and COq
under atmospheric conditions. However, fluids approach or enter the supercritical state
at high pressure, which is typical in volcanic systems. In non-ideal states, fluids nearing
its critical point experiences a gradual decrease in density and transition from a liquid to
a supercritical phase. Supercritical fluids have densities closer to liquids and therefore is
less compressible compared to gases. Consequently, this implies that volume changes in

supercritical fluids are larger than those observed in gases that obeys the ideal gas law.

By modelling changes in magma properties over time, thermodynamic models can offer
valuable insights into the evolution of magmatic systems and transitions in eruptive
styles, as well as provide accurate assessments of hazards (Woods, 1995; Degruyter
et al., 2012; Cassidy et al., 2018; Joseph et al., 2022). This is crucial for effective hazard
mitigation. Additionally, modelling changes in magma composition is essential for un-
derstanding the potential hazards associated with volcanic eruptions, such as the risk
of explosive eruptions, and predicting the potential for gas emissions, which can pose
significant hazards to human health and the environment (Williams-Jones and Rymer,
2015; Edmonds, 2021).

To summarise, thermodynamic modelling of magma properties is critical for understand-
ing the behaviour of magmatic systems and predicting volcanic activity. By utilising
empirical data and theoretical calculations to determine magma properties, thermody-
namic models can provide valuable insights into the dynamics of volcanic eruptions and

the potential hazards associated with them.

1.4 Thesis structure

This thesis investigates the magma properties and the corresponding observations of
volcanic SOy emissions and deformation using a thermodynamic framework developed

over the course of my PhD.

In Chapter 2, I develop a Python-based thermodynamic framework for estimating
the deformation and gas emissions associated with magmas with different magmatic
volatile and gas contents. The framework was integrated with the EVo thermodynamic

model and presented as a means to model magma properties such as compressibility,
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providing a quantitative link between observations of volcanic deformation and degassing.
I explore the parameter space that are known to influence observations of volcanic SOq
emissions and ground deformation, namely HyO, COg, S, fo, and crustal shear modulus
(u). The magma properties are modelled using a generic basaltic composition (48 wt%
Si092) at a temperature of 1200 °C, and the parameters including magmatic volatile
content (Hz0, CO2 and S) and oxygen fugacity fo, are listed in Table 2.1. I find that
magmas with high magmatic HoO content exhibit high volumes of exsolved gas in
the chamber, leading to high magma compressibility, which results in muted surface
deformation during eruptions. The results obtained from exploring the parameter space
were extended to natural eruptions. Since volatile content of magmas varies between
tectonic settings, the magnitude of ground deformation and the extent of degassing during
eruptions. Due to the water-rich nature of arc eruptions, many ground deformation at
arc volcanoes are not detected by satellite observations despite being highly explosive.
Overall, the thermodynamic framework helped to improve the understanding of the
effects of magmatic volatile content and degassing on the physicochemical properties of
magma. This chapter is published in Geochemistry, Geophysics, Geosystems and has been
selected as the Editors’ Highlights in Eos.

Chapter 3 further extend the thermodynamic framework developed in the previous
chapter to account for pre-eruptive gas segregation, specifically gas accumulation or
loss, and its impact on observations of volcanic SOy emissions and deformation. The
parameters used to model the properties of generic basalts and rhyolites, including the
temperature, SiOg content, magmatic volatile content (HoO, CO2, and S), and the oxygen
fugacity (fo,), can be found in Table B.1. While reservoir depth and magmatic volatile
content influence volume changes of a reservoir, the variation in eruption data suggests
that other factors, such as pre-eruptive gas segregation, also have an impact. Using
the extended framework, I find that pre-eruptive gas accumulation results in increased
SOg emissions and reduced co-eruptive deformation, while pre-eruptive outgassing has
the opposite effect. Extending my findings to natural systems show that mafic systems
exhibit higher co-eruptive volume changes and a wider range of SOy emissions than
intermediate-silicic systems due to their high volatile diffusivity and tendency for effusive
eruptions (co-eruptive degassing). Model predictions indicate that all magmatic systems
undergo some degree of outgassing prior to an eruption — the gas content of the reservoir
from an eruption is gas-rich when compared to predictions based on melt-inclusion data

but partially depleted in gas content when compared to predictions based on fractional
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crystallisation. These findings are consistent with models of transcrustal magmatic

systems. This chapter is published in Earth and Planetary Science Letters.

Chapter 4 introduces the time component into the thermodynamic framework to invest-
igate the role of evolving magma properties during an eruption and eruptive transitions.
I model for a two-layered magma reservoir that has a degassed plug or a gas-rich cap on
the upper layer and a magma that had undergone closed-system degassing at the bottom
layer. The simulated eruption is that of a generic basaltic composition (48 wt% SiOy),
and the parameters such as magmatic volatile content, oxygen fugacity, temperature,
and pre-eruptive gas segregation constant & value are listed in Table 4.1. The temporal
evolution of the properties of the two-layered magma are determined through a weighted
average of the magma on the upper layer and the underlying magma. The model shows
that the removal of a degassed plug increases the bulk magma compressibility and
suppresses volume change of the reservoir, while the collapse of a gas-rich cap reduces
the bulk magma compressibility. I analyse the 2004 eruption of Mount St. Helens and the
2011 eruption of Cordén Caulle, which were determined to have a degassed magma and a
gas-rich magma, respectively. The input parameters for the forward models are outlined
in Table 4.2-4.3. T used 189 forward models based on the thermodynamic framework
to quantify the evolving magma properties of the 2004 eruption of Mount St. Helens. I
find that the erupted volume of the extensively degassed magma is 5.2x107 m?3, which
accounts for 0.55 of the total erupted volume. The underlying magma had undergone a
certain degree of pre-eruptive degassing, but remains relatively gas-rich compared to
the degassed magma. This is consistent with the differences between the total erupted
volume and the estimated volume change of the reservoir, which can be explained by

magma compressibility.

Chapter 5 presents preliminary studies conducted on several eruptions using the ther-
modynamic framework and the time-dependent model. The focus is on demonstrating
the capability of the thermodynamic framework to estimate the total SOg budget and
ground deformation by using melt inclusion data, with the 2011 eruption of Grimsvétn
serving as an illustrative example. Next, three eruptions were selected as case studies to
demonstrate the application of the time-dependent model in monitoring the temporal
changes in magma properties. These case studies showcase the potential benefits and
limitations of the time-dependent model. I will also discuss limitations in volcano mon-

itoring data and provide an outlook to the future, offering perspectives to improve the
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thermodynamic framework. Lastly, I present a flowchart of a webtool for the thermody-
namic framework, which can facilitate volcanologists in utilising the thermodynamic
framework to understand magma compressibility and encourage collaboration between

volcanologists.

Finally, Chapter 6 summarises the main results of the thermodynamic framework and
the time-dependent model, highlighting their implications for volcano monitoring. The
chapter concludes by emphasising the potential of utilising satellite data for near-real-
time monitoring of magma properties, which can significantly enhance our understanding
of volcanic processes and contribute to the improvement of early warning systems for

volcanic activity.
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CHAPTER 2. CONTRASTING VOLCANIC DEFORMATION IN ARC AND OCEAN
ISLAND SETTINGS DUE TO EXSOLUTION OF MAGMATIC WATER

Abstract

Two of the most widely observed co-eruptive volcanic phenomena - ground deforma-
tion and volcanic outgassing - are fundamentally linked via the mechanism of magma
degassing and the development of compressibility, which controls how the volume of
magma changes in response to a change in pressure. Here we use thermodynamic models
- constrained by petrological data - to reconstruct volatile exsolution and the consequent
changes in magma properties. We use the fraction of SO exsolved during decompression
to predict co-eruptive SO flux and magma compressibility to predict co-eruptive surface
deformation (both normalised by erupted volume). We conduct sensitivity tests using
properties of typical basalts to assess how varying magma volatile content, crustal prop-
erties, and chamber geometry affect co-eruptive deformation and degassing. We find that
magmatic HoO content has the most impact on both SOg flux and volume change. Our
findings have general implications for typical basaltic systems in arc and ocean island
settings. The higher water content of arc magmas makes them more compressible than
ocean island magmas and leads to muted or non-existent deformation being observed
during arc eruptions. Our models are consistent with observation: deformation has been
detected during 48% of basaltic eruptions in ocean island settings (16/33) during the
satellite era (2005-2020), but only 11% of basaltic eruptions in arc settings (7/61).
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2.1 Introduction

The increasing number of satellite missions launched in the past decade has driven an
explosion in data for studying the Earth’s dynamic processes (Chaussard et al., 2013;
Morales Rivera et al., 2016; Carn et al., 2017; Furtney et al., 2018; Biggs and Wright,
2020). The array of sensors onboard satellites routinely provide near real-time observa-
tions of volcanic eruptions such as SOy plumes and clouds (e.g., Carn et al., 2016; Carboni
et al., 2016; Ge et al., 2016) and ground deformation (e.g., Biggs and Pritchard, 2017,
Ebmeier et al., 2018; Pritchard et al., 2018), both of which are key indicators of eruption
progress and may be used to track eruptive activity and understand pre-eruptive magma
storage conditions. However, observations reveal that not all volcanoes exhibit pre- or
co-eruptive deformation (Rivalta and Segall, 2008; Biggs et al., 2014; Reath et al., 2020);
the causes of the wide variation in deformation systematics between volcanoes and
between tectonic settings are not well understood (Piochi et al., 2005; Ebmeier et al.,
2013b; Chaussard and Amelung, 2014).

Reconciling observations of volcanic deformation and degassing can help identify the
conditions that lead to the lack of observations of ground deformation (Kilbride et al.,
2016; Reath et al., 2020). The magmatic processes that drive volcanic deformation and
degassing are fundamentally linked: exsolution of volatiles from silicate melt in crustal
magma reservoirs (during isobaric cooling and crystallisation, also termed as ‘second
boiling’, or due to decompression) causes magma to become compressible, thereby allow-
ing it to change its volume in response to pressure perturbations experienced by the
magma during eruption and recharge (Woods and Huppert, 2003; Kilbride et al., 2016;
Wong et al., 2017; Wong and Segall, 2020). While it is becoming increasingly common
to compile multisensor data (e.g., Furtney et al., 2018; Reath et al., 2019, 2020), until
recently there has not been a quantitative framework to jointly interpret observations
of volcanic deformation and degassing, including CO2 and SOq gas fluxes (Girona et al.,
2014; Kilbride et al., 2016; Wong and Segall, 2020).

Thermodynamic models, constrained by petrological data, may be used to calculate
the varying proportions of melt, crystals and exsolved volatiles in shallow magmatic
reservoirs under a range of pressure, temperature and magma composition conditions
(e.g., Papale et al., 2006; Gualda et al., 2012; Burgisser et al., 2015; Liggins et al., 2020,

2022). The total volume of gas emitted during an eruption is a combination of gas stored
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in the chamber (generated by decompression prior to reaching the chamber and second
boiling), and additional gas exsolved during decompression and ascent from the chamber
to the surface. For explosive intermediate and silicic eruptions, it has been proposed
that much of the sulfur outgassed is derived from a pre-existing exsolved volatile phase
(Wallace, 2001, 2005). For effusive eruptions however, where magma ascends more slowly
to the surface, the outgassed sulfur is derived from both second boiling and shallow
decompressional degassing. Since the physicochemical properties of magmas are inter-
dependent, magma properties such as density and compressibility can be calculated
using the law of conservation of mass (Spera, 2000; Huppert and Woods, 2002). The
compressibility of magma and the properties of the chamber, including geometry and host
rheology, control the co-eruptive volume change, which consequently affects co-eruptive
ground deformation at the surface (Dieterich and Decker, 1975; Huppert and Woods,
2002; Edmonds et al., 2019; Head et al., 2019; Zhan and Gregg, 2019; Sigmundsson et al.,
2020).

Previous work by Kilbride et al. (2016) introduced a thermodynamic framework for
reconciling satellite observations of atmospheric sulfur yield and volcanic deformation
during discrete explosive eruptions (where there is assumed to be little volatile exsolu-
tion during magma ascent; i.e. all of the outgassed sulfur is derived from a pre-existing
volatile phase; (Wallace, 2003)). The framework uses thermodynamic models to illustrate
the effect of initial magmatic volatile content (H2O, CO2) and oxygen fugacity on SOg9
degassing and volcanic deformation. Sensitivity analyses were performed for magma of
rhyolitic composition to provide model predictions of magma properties as a function of
depth (Kilbride et al., 2016). Kilbride et al. (2016) then compared their model predictions
to observations from 11 discrete explosive eruptions to illustrate the factors controlling

volcanic deformation and degassing.

In this study, we use a thermodynamic framework to evaluate observations of volcanic
deformation between eruptions of arc and ocean island basalts (which have more and
less magmatic water respectively, see later for ranges). We extend the thermodynamic
framework developed by Kilbride et al. (2016) to enable large-scale analyses, such as
sensitivity tests and Monte-Carlo simulations, for basaltic eruptions (see Table 2.1).
The sensitivity tests use properties typical for basaltic magmas (i.e., 45-52% SiO3) to
explore how varying initial magmatic volatile contents (H20, CO4, S) and oxygen fugacity

affect magma properties such as density and compressibility, and consequently volcanic
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deformation and degassing. We also consider the effects of variable crustal shear modulus
1 and chamber geometry on co-eruptive volcanic deformation. Finally, we compare the
properties of basaltic magmas from arc and ocean island settings arising from their
different volatile contents using Monte-Carlo simulations and discuss the implications

for satellite observations of deformation during eruptions in different tectonic settings.

2.2 Background: Observations Of Volcanic

Deformation and Degassing

Satellites with short repeat time and high spatial resolution provide consistent spatio-
temporal coverage for monitoring volcanoes on regional to global scales (e.g., TerraSAR-
X, Sentinel-1), which is particularly valuable for monitoring volcanoes with few or no
ground-based stations (e.g., Telling et al., 2015; Carboni et al., 2016; Ebmeier et al.,
2016; Delgado et al., 2017; Pritchard et al., 2018; Coppola et al., 2020). Interferometric
Synthetic Aperture Radar (InSAR) is a satellite technique that measures the phase
change between pairs of satellite radar images to generate maps of surface displacement,
which may be used to monitor volcanoes exhibiting deformation in response to changes
in magma activity. However, while many volcanoes exhibit pre-eruptive inflation asso-
ciated with magma intrusion and/or co-eruptive deflation during magma withdrawal,
some do not (Moran et al., 2006; Rivalta and Segall, 2008; Biggs and Pritchard, 2017;
Ebmeier et al., 2018). One possible cause of the lack of deformation is the presence of
an exsolved gas phase in the magma at chamber depths that is more compressible than
the surrounding crust and silicate melt (Huppert and Woods, 2002; Woods and Huppert,
2003; Kilbride et al., 2016).

The most volumetrically significant volcanic volatile species produced during an eruption
are HoO and COg, yet it is difficult to distinguish these volatiles from atmospheric
background in satellite measurements. In contrast, volcanic SOg has a strong absorption
signal in the near-ultraviolet and infrared spectrum, and thus can be measured using
satellite-based spectrometers (e.g., Carn et al., 2016; Carboni et al., 2016). The total
mass of SOy emitted from a volcano is the integrated sum of degassing in the chamber

and during ascent of magma to the surface.

Conceptual models of magmatic systems may be used to understand different degassing

configurations and their impact on monitoring signals (Figure 2.1). Volatiles including
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FIGURE 2.1. Conceptual model of magma degassing during eruptions of dif-
ferent styles. (a) Volcano with chambers at different depths, prior to an
eruption. Magmatic volatiles are more soluble in deep magmatic chambers
and thus a higher proportion of the total volatile load will be dissolved in
the silicate melt. In the shallow chamber (at a lower pressure) there is a
higher proportion of exsolved volatiles, with degassing being driven both by
decompression as magma moves up from the lower chamber, and by isobaric
cooling and crystallisation. (b) During explosive eruptions of silicic magmas,
magma is removed from the chamber and decompressed rapidly, with little
volatile exsolution during magma ascent. Much of the volatiles emitted as
gases during the eruption represents a pre-eruptive exsolved volatile phase
that was present in the chamber prior to decompression (and which made
the magma compressible). In this ‘explosive’ case we expect the volume
change inferred from ground deformation at the surface to to be related to
the amount of volatiles emitted during eruption (both normalised by erup-
ted volume). (c) Effusive eruptions, on the other hand, are characterised by
a low magma ascent rate between the chamber and the surface, allowing
extensive volatile exsolution in the conduit, i.e., co-eruptive degassing. The
volcanic gases observed at the surface are mostly derived from decompres-
sional degassing and do not constrain the compressibility of the chamber.
In this ‘effusive’ case, we do not expect a relationship between the amount
of gases released during the eruption and the volume change inferred for
the ‘source’ chamber during eruption.
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H30, CO2 and SOg, are more soluble at higher pressures and hence they are largely
dissolved in silicate melt in deep magmatic systems (Figure 2.1a). Volatiles exsolve
during magma decompression, but if magma stalls in a chamber and cools, volatiles

also exsolve during isobaric cooling and crystallisation, a process termed ‘second boiling
(Candela and Piccoli, 1998).

For an explosive eruption, the high magma ascent rate limits volatile exsolution between
the chamber and the surface (Figure 2.1b) and we make the simplifying assumption
here that the gas emitted during the eruption is sourced entirely from the pre-eruptive
exsolved volatile phase. In this case the amount of gases released (per unit of magma
erupted) may be used to constrain the compressibility of the magma in the chamber
prior to eruption, which will be related to the amount of deformation observed. In
contrast, effusive eruptions involve a low magma ascent rate, such that volatiles exsolve
extensively in the conduit (Figure 2.1c). In this case, the gases released during eruptions
are mostly produced during magma ascent and cannot simply be related to the properties
of the magma in the chamber prior to eruption without careful reconstruction of the
degassing process using a thermodynamic model. Owing to the high diffusivity of volatiles
in basaltic melts at high temperature, basaltic magma is likely to undergo extensive
degassing during shallow magma ascent and eruption (e.g., Zhang and Stolper, 1991;

Sigmarsson et al., 2013; Hurwitz and Anderson, 2019).

2.3 Methodology

2.3.1 Thermodynamic modelling

Volatile solubility can be defined as the concentration of a volatile species that may be
dissolved in magma at a particular set of pressure, temperature, melt composition and
oxygen fugacity conditions (e.g., Scaillet and Pichavant, 2005; Duan, 2014; Burgisser
et al., 2015). At equilibrium, the fugacity of each volatile species in the melt is equal to
its fugacity in the fluid (Scaillet and Pichavant, 2005), such that a fraction of volatiles are
dissolved in magma and the remainder are exsolved in the gas phase. Since magmatic
volatiles are less soluble at low pressure, magma decompression is a principal driver for

volatile exsolution (e.g., Papale, 1999; Duan, 2014; Burgisser et al., 2015).

Thermodynamic models based on mass balance and equilibrium constants may be used
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to calculate the mass and composition of the exsolved volatile phase in the chamber and
this may be then used to estimate bulk magma properties such as density and compress-
ibility (Ohmoto and Kerrick, 1977; Gaillard and Scaillet, 2014). The concentration of
each volatile species exsolved at any given pressure and temperature can be calculated
using its corresponding solubility laws (e.g., Burgisser et al., 2015). Here, we use the
Python degassing model EVo, as implemented in EVolve (Liggins et al., 2020, 2022),
which uses the HoO and COq solubility constants from Burgisser et al. (2015), along
with the sulfide capacity law of O’Neill (2021) and the sulfate solubility model of Nash
et al. (2019), to predict the physicochemical properties of basaltic magma, such as the
composition of the gas phase and magma density, as a function of melt composition,
magmatic volatile content, oxygen fugacity of magma, temperature and pressure. We
note there are limitations in this model for predicting sulfur behaviour, in that it uses
the sulfide capacity law of O’Neill (2021) that is more appropriate for sulfur in more
reduced melts than those considered here, and the lack of sulfate capacity law that limits
the accuracy of the model at high fo, conditions (Liggins et al., 2020, 2022).

We use EVo to calculate magma and fluid compositions in the C-O-H-S-Fe system during
magma decompression (Liggins et al., 2020, 2022). We initialise the model using the
weight fraction of the volatile species HoO, CO2 and S as input parameters. The oxygen
fugacity (fo,) is adjusted relative to the Ni-NiO buffer (NNO). EVo can be initialised by
either 1) specifying starting pressure (p), and gas weight fraction (w), or 2) calculating
the saturation pressure for the given composition (i.e., w; = 0 wt%). Here we use the sat-
uration point based on melt composition to find an appropriate starting pressure/depth
(Liggins et al., 2022). We do not consider the processes of crystallisation or magma

recharge implicitly in our model, for simplicity.

At a specified depth, the gas volume fraction (V,) is controlled by the total gas weight
fraction (w.) and gas density (pg):

MPA-wy),

Ve=(1+
g = RTpywg

) (2.1)
where M is the average molar mass of the gas phase, R is the universal gas constant
(8.31 Jmol 1 K™1) and pyy is the volatile-free magma density (e.g., Burgisser et al., 2015).
Magma density (p,,) is a function of the density and volume fraction of both melt and
gas (Spera, 2000):
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Pm=pgVg+pm(l-Vy). (2.2)

V, increases during magma decompression and hence decreases p,,. Since p,, changes
with p, magma compressibility (f,,) can be linked to the density and density gradient of
magma with respect to pressure (Huppert and Woods, 2002):

16
B = — 2Pm

=— " (2.3)
Pm Op

Given how p,, changes with V,;, magma compressibility is dominated by the weight
fraction of exsolved gas phase and hence magmatic volatile content (Kilbride et al., 2016;
Edmonds et al., 2018).

Permeability develops when gas bubbles coalesce to form porous networks, thereby
allowing exsolved volatiles to percolate through magma efficiently (Lowenstern, 1994;
Candela, 1997; Bachmann and Bergantz, 2006; Collins et al., 2009; Lindoo et al., 2017).
Magma becomes permeable when it reaches critical porosity, which is also defined as the
percolation threshold (¢.). In this study, we use gas volume fraction (V) to represent
magma porosity and assume that magma becomes permeable and degasses as it reaches
the percolation threshold. The value of ¢, is widely variable, ranging from ~ 17-78 vol%,
due to the complex interplay between magma properties and physical processes such
as melt viscosity and decompression rate (Rust and Cashman, 2011; Burgisser et al.,
2017; Colombier et al., 2020). For melts with low viscosity and overpressure, such as the
basaltic melts considered here, bubbles can grow and rise buoyantly, which reduce the
likelihood of the bubbles coalescing to form a porous network. Colombier et al. (2020)
suggest that low viscosity melts would become permeable at ¢, > 37 vol% and we use
that threshold here.

2.3.2 Linking magma properties to observable parameters
2.3.2.1 Deformation

Observations of subsurface volume change (derived from inverting measurements of sur-
face deformation) may be compared to the model of magma properties during degassing.
We define the normalised volume change, V, as the ratio between the subsurface volume

change (AV,) and the volume erupted (V,; assuming dense-rock equivalent, DRE):
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— AVC ﬁm _1
V= =(1+—) ", (2.4)
Ve Be
where f3,, is magma compressibility and f. is chamber compressibility (Rivalta and
Segall, 2008; Kilbride et al., 2016). Note that the definition of V is the inverse of that

from Kilbride et al. (2016), i.e., r = VL. In an elastic half-space, chamber compressibility

is affected by host rock properties and chamber geometry, which can be defined as

3
Spherical point source: . = i
v
1
Prolate chamber: . = — (2.5)
1
la3d 3

where p is the shear modulus of the crust and ¢ is the ratio of major to minor semi-axes

of an oblate ellipsoid (Amoruso and Crescentini, 2009; Anderson and Segall, 2011).

For compressible magmas, AV, would be less than V, (i.e., V < 1), such that compressible
magmas with low #+, have low volume change per unit erupted (Voight et al., 2010),
while AV, would be approximately equal to V, (i.e., V = 1) for incompressible magmas
and high #,,. Since chamber geometry and host rock properties also affect 8. and hence
the magnitude of V, volcanoes with compressible magmas and rigid surrounding crust
(i.e., high u and low .) cause small volume changes during an eruption (Rivalta and
Segall, 2008; Kilbride et al., 2016).

A directly observable parameter is surface deformation. Here we define normalised
displacement Z as the maximum vertical displacement per unit volume erupted (i.e.
located directly above the source). For simplicity, we only calculate the normalised
displacement for a spherical point source in a uniform and elastic half-space (Mogi,
1958), 2=V 1_7" d—12, where v is Poisson’s ratio and d is the depth of magma chamber,
although other models are also available (e.g., Okada, 1985; Yang et al., 1988; Fialko
et al., 2001; Masterlark, 2003; Albino et al., 2019; Zhan et al., 2019).

2.3.2.2 Degassing

Observations of SOy degassing are made by satellite-based sensors (e.g., Prata and
Kerkmann, 2007; Carn et al., 2016; Theys et al., 2019). We define normalised SO (S) as
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the observed SOs emitted (E5°2), normalised by the volume of magma erupted (V,). S

estimates the mass of SO9 per unit volume of magma:

g B0 _mTMepewg 2.6)
V. M, ‘

where m592 is the mole fraction of SOs in gaseous phase, M5°2 is the molecular mass
of SO2, p. = 2800 kgm™2 is the erupted rock density typical for basalts (Stolper and
Walker, 1980; Wu et al., 2020), and M is the mean molecular mass of the gas phase. We
consider all sulfur species in the degassing model, but we extract the SO flux to compare
to observations. For explosive eruptions, we assume that the mass of SOy emissions
at the surface (ES92) is the same as the mass of SOy in equilibrium with magma at
chamber depth, meaning that there is no additional degassing as magma rises from
the chamber to the surface (Figure 2.1b). For effusive eruptions, volatiles exsolve in the
conduit as magma ascends slowly such that SOy degassing is dominated by co-eruptive
degassing (Figure 2.1c). For simplicity, we assume all exsolved SOq is emitted as SOq
in the plume (i.e., there are no other sulfur-bearing species present) and that all SO9
can be detected by satellites. We ignore sulfur loss due to leaching, sulfur scrubbing by
hydrothermal systems, and the formation of sulfide globules during sulfide saturation.
We note that these assumptions may break down during some eruptions, which has been
demonstrated for the 2011 eruption of Grimsvétn (Sigmarsson et al., 2013) and the 2018
eruption of Kilauea (Wieser et al., 2020).

2.4 Omne-at-a-time Sensitivity Tests

In this section, we explore the sensitivity of the calculated magma properties to initial
magmatic HyO content (w'20), magmatic COq content (w°02), oxygen fugacity (fo,)s
magmatic S content (w®S), crustal shear modulus () and chamber geometry. We conduct
one-at-a-time sensitivity tests by holding other parameters constant and varying the
chosen parameter. The ranges in each parameter were chosen to represent the natural
variation within typical basalts (45-52% Si0O3). For each example, we first consider the
general sensitivity of the model to changing magma properties by looking at the greatest
percentage changes over a range of depths, and then provide an illustrative example
for a chamber at a depth of 5 km (i.e., pressure of 137 MPa). While this provides a clear
understanding of the role of each parameter, it does not consider the co-dependence of

input variables, which may result in parameter combinations that are not physically
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TABLE 2.1. Parameter space used for sensivity tests (Section 2.4) and Monte
Carlo simulations of arc and ocean island basalts (Section 2.5.1): initial
H50, COg and S contents, and oxygen fugacity (fo,). The sensitivity tests
vary the chosen parameter (bracketed) while holding all other parameters
constant (unbracketed).

Parameters H>0 (wt%) COg (ppm) fo, S (ppm)
Sensitivity test 2.0 3000 NNO 2000
(1.0-3.0)  (1000-5000) (NNO-1-NNO +2) (1000-3000)
Arc basalts 3.9+404 4000+ 1000 3000 +1000 NNO+1.4+1
Ocean island basalts 1.0+0.2 6500+ 3500 1600 + 1000 NNO+0.7+0.9
realistic.

Bulk magma volatile contents are informed by observations of dissolved volatile content
from melt inclusions of basalts. For simplicity, we assume an isothermal magma at
1200 °C. We use values of w29, €02 and wS that are typical for basaltic magmas (e.g.,
Wallace, 2005; Ruscitto et al., 2012; Plank et al., 2013), in the ranges of 1.0 to 3.0 wt%
H20, 1000 to 5000 ppm COg, and 1000 to 3000 ppm S, respectively (Table 2.1). We use
fo, from NNO-1 to NNO+2, which are calibrated for basaltic systems (Konecke et al.,
2019), to explore the effects of oxygen fugacity on the solubility of volatile species. Since
fo, has a minimal effect on both HoO and CO3 concentrations over the range we consider,
we expect that varying fo, will primarily affect the proportions of HoS and SOs in the

vapour phase.

To test how chamber compressibility (8.) affects volcanic deformation, we use u from
0.1 to 30 GPa (Heap et al., 2020), and consider three chamber geometries: a spherical
point source, a vertical prolate ellipsoid (pipe-like chamber) and a horizontal oblate
ellipsoid (sill) (Gudmundsson, 2008; Amoruso and Crescentini, 2009; Anderson and
Segall, 2011). Although we do not expect the gas to remain in contact with the magma
when V, exceeds the percolation threshold at which magma becomes permeable, i.e., ¢.
> 37 vol% (Colombier et al., 2020), we run our sensitivity tests all the way to the surface.
This is because basaltic magmas have high volatile diffusivities due to high temperature
and the sulfur left dissolved in the melt may continue to exsolve during ascent such
that the actual amount of SO9 emitted is in equilibrium with surface pressure. Table 2.2
summarises the greatest percentage change over the depth range of each parameter for

the estimated values of S, V and Z.
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2.4.1 Effects of H,O content on magma properties

First, we vary the initial dissolved HoO content (w™2°) in the melt and investigate how
it affects magma properties p,, and f3,,, and observables S, V and z (Figure 2.2). In this

H20 ranges from 1.0-3.0 wt% and the constant parameters are w02 =

sensitivity test, w
3000 ppm, fo, = NNO, wS = 2000 ppm. We assume a fixed chamber compressibility for a

spherical cavity (Equation 5) where u = 2.1 GPa (i.e., B, = 3.6x10710 Pa~1).

Solubility decreases with decreasing pressure for each volatile component, so as pressure
decreases, the mass fraction dissolved in the melt (w},) decreases and the mole fraction
that has exsolved to the gaseous phase (mj) increases (Figure 2.2a-b). Higher w20
reduces the solubility of CO2 and S (Figure 2.2a), thus increasing the mole fraction of
m?zo, mgOQ and mg (Figure 2.2b). Normalised SOy (S) represents the mass of exsolved
SOs per unit volume of magma, assuming that the exsolved SOy remains in the bulk
magma and does not segregate. By increasing w20 by a factor of 3, S increases up to a
maximum of ~ 170% at 0.51 km depth (Figure 2.2c). Gas volume fraction (V) increases
as volatiles exsolve and gas bubbles expand at lower pressures. Since V, is dominated by
wH20 V, increases up to a maximum of ~ 210% at 0.65 km depth when increasing w20
from 1.0 to 3.0 wt% (Figure 2.2d).

The increase in w20

increases V, which decreases magma density (p,,; Equation 2.2;
Figure 2.2e) and increases magma compressibility (f,,; Equation 2.3; Figure 2.2f). There-
fore, with the increase of w™2° from 1-3 wt%, f,, increases up to a maximum of ~ 650%
at 2.1 km depth (Figure 2.2f), and normalised volume change (V) decreases up to a
maximum of ~ 68% at 3.5 km depth (Figure 2.2g). Based on the simple Mogi model, there
is a trade-off between volume change and depth, such that the same volume change
will cause a larger displacement at a shallow depth. However, when V, and §,, are
considered, the maximum vertical displacement per unit volume (2) does not vary in a
simple way; the increase in V, towards the surface causes a local minimum in zZ at 0.5
km depth. Given that Z is controlled by chamber depth and V, increasing w2 thus
causes a relative decrease in the normalised displacement (2) up to a maximum of ~ 83%

at 1.8 km depth (Figure 2.2h).

To illustrate these results, we give specific values for a chamber depth of 5 km. Varying
w20 from 1.0 to 3.0 wt% increases S from 0.064 kgm™3 to 0.16 kgm™2 (Figure 2.2c).

V, increases from 1.2 vol% to 2.8 vol%, which corresponds to the increase in f3,, from
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FIGURE 2.2. Physicochemical properties of basalts when varying the initial
magmatic HoO from 1.0-3.0 wt%. (a) Weight fraction of dissolved HoO, CO9
and S in melt (w3,). (b) Mole fraction of exsolved HyO, COg2 and SOg in
gas (myg). (c) Mass of SOz gas per unit volume of magma, also defined as
normalised SOy (S). (d) Volume fraction of exsolved gases in magma (Vo). (e)
Magma density (p,,). (f) Magma compressibility (f,,). (g) Model predicted
volume change normalised by unit volume of magma (V). (h) Maximum
vertical displacement normalised by unit volume of magma (2). Panels a, b,
d and e show magma properties as a function of depth and panels ¢, g and h
represent the model value for a unit volume of magma that instantaneously
erupted from a particular depth. The grey lines represent magma properties
after exceeding percolation threshold ¢ = 37 vol%. Fixed parameters: w02
= 3000 ppm, fo, = NNO, w®S = 2000 ppm and y = 2.1 GPa.
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FIGURE 2.3. Physicochemical properties of basalts when varying the initial
weight fraction of dissolved COs (w®%2) from 1000 to 5000 ppm. Same
general format as for Figure 2.2. Fixed parameters: w20 = 2.0 wt%, f 0y =
NNO, w®S = 2000 ppm and p = 2.1 GPa.

1.9x10710 Pa~1! t0 4.9x10710 Pa~! (Figure 2.2f). As a result, V decreases from 0.65 to
0.42 (Figure 2.2g) and 2 is reduced from 6.3mkm™2 to 4.0mkm~3 (Figure 2.2h). The

model thus predicts that basalts with high initial HoO content have high S and f,,, and
as a result, low V and z (Figure 2.2).

2.4.2 Effects of CO; content on magma properties

Here, we vary the initial dissolved COg2 content in the magma to understand how it

affects magma properties and observables S, V and z (Figure 2.3). We use w®®? in the
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range of 1000 to 5000 ppm and fixed w™2° = 2.0 wt%, fo, = NNO, w® = 2000 ppm and p
= 2.1 GPa for this model.

Figure 2.3a shows that increasing w®°2 from 1000 to 5000 ppm increases the amount
of dissolved w](f,loz up to a maximum of 73% at 1.5 km depth, but decreases w]}‘IfO and
wﬁ’l by <12% and <11%, respectively. This results in a relative increase in the amount
of exsolved SOgq (m§O2) and S up to a maximum of ~120% and ~180%, respectively, at
1.5 km depth (Figure 2.3b-c). Similarly, varying initial CO2 content increases V; up to a
maximum of ~110% at 1.5 km depth (Figure 2.3d). Increasing w®°2 corresponds to an
increase in f,, up to a maximum of <250% and a decrease in V up to a maximum of 53%
at 3.3 km depth (Figure 2.3f-g), which correlates to the decrease in Z up to a maximum
of 58% at 2.8 km depth (Figure 2.3h).

Here, we quantify these results for a depth of 5 km to illustrate the sensitivity to w®02.
Increasing initial COg from 1000 to 5000 ppm increases S from 0.0082 kgm™2 to 0.163
kgm™2 and Vg from 0.14 vol% to 3.0 vol% (Figure 2.3c-d). This corresponds to an increase
in B, from 1.2x 10710 Pa1 t0 3.8x1071% Pa~! (Figure 2.3f). As a result, V decreases from
0.75 to 0.49 (Figure 2.3g) and Z is reduced from 7.2mkm™3 to 4.7mkm 3 (Figure 2.3h).
The model shows that increasing initial COg content from 1000 to 5000 ppm causes
significant changes to both V and z, similar to that of varying initial HoO content from
1.0 wt% to 3.0 wt%.

2.4.3 Effects of sulfur content on magma properties

Here, we vary initial dissolved sulfur (S) content to understand how it affects magma
properties and observables S, V and z (Figure 2.4). We use w® in the range of 1000 ppm
to 3000 ppm and fixed w20 = 2.0 wt%, w92 = 3000 ppm, fo, =NNO and p = 2.1 GPa

for this model.

Figure 2.4a shows that wzsw increases by <200% at ~12 km depth with increasing w®
from 1000 ppm to 3000 ppm, which corresponds to the increase in m§02 and S up to a
maximum of ~122% and ~109% at the surface, respectively (Figure 2.4b-c). The total gas
volume fraction, however, increases by only <3.7% at 1 km depth (Figure 2.4d). Since
varying initial S content has minimal impact on Vy, f,, only increases by <0.24% at

surface depth (Figure 2.4f), which results in <1% decrease in both V and z (Figure 2.4g-h).
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FIGURE 2.4. Physicochemical properties of basalts when varying the initial
weight fraction of dissolved S (w®) from 1000 to 3000 ppm. Same general
format as for Figure 2.2. Fixed parameters: w20 = 2.0 wt%, w®°2 = 3000
ppm, fo, = NNO and p = 2.1 GPa.
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We quantify these results for a depth of 5 km to illustrate the effect of varying w® from
1000 ppm to 3000 ppm. This range of sulfur is less than the sulfur content at sulfide

S increases S from 0.045 kgm ™3 t0 0.14 kgm 3 (Figure

saturation. Increasing magmatic w
2.4c), which is so minimal that V, remains constant 1.6 vol% despite increasing w® from
1000 ppm to 3000 ppm (Figure 2.4d). This corresponds to indistinguishable changes
in B, at 2.5x 1072 Pa~! (Figure 2.4f). As such, both V and Z are 0.59 and 5.6mkm3,
respectively (Figure 2.4g-h). The model shows that basalts with high initial w® release

high S but B,, and hence co-eruptive deformation is only minimally affected.

2.4.4 Effects of oxygen fugacity on magma properties

Figure 2.5 shows how varying oxygen fugacity (fo,) affects magma properties, and con-
sequently observables S, V and 2. We vary fo, from NNO-1 to NNO+2 and fix w20 =
2.0 wt%, w02 = 3000 ppm, wS = 2000 ppm and y = 2.1 GPa for this model.

COq H>O
M Wy

w]Su up to a maximum of 2.2%, 6.6% and 21%, respectively, at 1 km depth, because f¢, is

The model predicts that varying fo, from NNO—-1 to NNO+2 increases w and

primarily affecting the fugacities of HoS and SO; in the gas phase and only indirectly
affects HoO and COg as a result. (Figure 2.5a). The significant increase in wzsw causes
a relative increase mgoz and S up to a maximum of 176% and 183%, respectively, at

surface depth (Figure 2.5b-c).

However, V, is reduced by only <7% at 2.8 km depth so varying fo, has minimal impact
on p,, and fB,, (Figure 2.5e). In fact, increasing f o, from NNO-1 to NNO+2 decreases f3,,,
by 6.9% at 3.6 km depth (Figure 2.5f) and hence V of oxidised basalts is <4.3% greater
than its reduced counterpart at 3.7 km depth (Figure 2.5g). While z is controlled by
chamber depth and V, the maximum increase in Z of less than 4.8% also occur at 4.2 km

depth due to insignificant difference in V when varying fo, (Figure 2.5h).

Next, we quantify the predictions for a depth of 5 km. Varying fo, from NNO-1 to
NNO+2 increases S from 0.020 kgm™3 to 0.077 kgm ™3 (Figure 2.5¢). However, Vg de-
creases from 1.6 vol% to 1.5 vol%, which corresponds to a decrease in f3,, from 2.6x 10710
Pa~1 to 2.5x10710 Pa~! (Figure 2.5f). As a result, V and Z increases from 0.58 to 0.59
and 5.5mkm ™2 to 5.6mkm 3, respectively (Figure 2.5g-h). The model thus predicts that
while oxidised basalts have greater S than reduced basalts, variations in oxygen fugacity

of basalts has minimal impact on co-eruptive deformation.
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FIGURE 2.5. Physicochemical properties of basalts when varying fo, of magma
storage from NNO-1 to NNO+2. Same general format as for Figure 2.2.
Fixed parameters: w20 = 2.0 wt%, w92 = 3000 ppm, wS = 2000 ppm and

@ =2.1GPa.

34

Depth (km)



2.4. ONE-AT-A-TIME SENSITIVITY TESTS

Crustal shear modulus
a) b_)l
0 A 0
50 2
100 4
— \ -4
©
[ 1 =
s ! £
o 1501 \ =
- <
=1 \l 6 g
wn
¢ 1 a
& 200 1
H 8
] @ =
250 18 off & |2
i 35i2 |2
13 2318 |gr10
] o=l 5 N
] yll cell e |5
300 s is R
1075 1073 107! 10! 103 10> 1073 107! 10! 103
BclBm Bc/Bm
c) d)
0 —I _I 0
504 : L2
100 \
_ \ r4
g ! -
= 1} ;E‘
o 150 1 \ =
= 1 =
=1 \ 6 2
: 8
a 200 1
d L8
1
250 i
1
: 10
300 A H
L

0.0 0.5
Normalised
volume change,
%

0.0 0.5 1.0
Normalised
volume change,
v

=
o

FIGURE 2.6. Physical properties of basalts when varying the crustal shear
modulus (¢) and chamber geometry. (a) The ratio of s, to illustrate the
effects of crustal shear modulus and chamber geometry. The p used are 0.1
GPa, 2.1 GPa and 30 GPa (Heap et al., 2020), and the chamber geometry
considered is of a spherical point source. (b) The ratio of #/, for a spherical
point source, a vertical pipe-like chamber and a horizontal sill with u =
2.1 GPa. The major to minor semiaxis of the horizontal sill, £, is 100. (c)
V for a spherical point source with varying p. (d) V for a spherical point
source, a vertical pipe-like chamber and a horizontal sill with u = 2.1 GPa.
Fixed parameters: w20 = 2.0 wt%, w2 = 3000 ppm, fo, = NNO, and wS

= 2000 ppm. The grey lines represent magma properties when percolation
threshold exceeds ¢, = 37 vol%.
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2.4.5 Effects of chamber compressibility

Crustal properties and chamber geometry are known to have a major role in determining
surface deformation (e.g., Gudmundsson, 2008; Amoruso and Crescentini, 2009; Ander-
son and Segall, 2011; Heap et al., 2020). Here we investigate the two parameters that
directly affect our simplified model using the same sensitivity analysis as for the other
parameters. V is a function of 8,, and B., and the two parameters we explore in this
section are crustal shear modulus and chamber geometry that control . (Equation 2.4).
We use a range of crustal shear modulus (¢) from 0.1 GPa (compliant crust) to 30 GPa
(non-compliant crust), which is typical in volcanic areas (Gudmundsson, 2005; Rivalta
and Segall, 2008). It is noted that u depends primarily on porosity and hence degree
of fracturing of the host rock (Heap et al., 2020), which does not vary systematically
with tectonic setting. u changes with depth but for simplicity, we assume a constant
u at all depths. We considered three representative chamber geometries, which are a
spherical point source, a vertical prolate ellipsoid (pipe-like chamber) and a horizontal
oblate ellipsoid (sill), and use ¢ = 100 for the horizontal sill (Equation 2.5) (Amoruso and
Crescentini, 2009; Anderson and Segall, 2011). We use a Poisson’s ratio v of 0.30 based
on the average value for volcanic rock with average porosity and fracture density (Heap
et al., 2020). The sensitivity test uses fixed parameters of w20 = 2.0 wt%, w°2 = 3000
ppm, fo, = NNO, and w20 = 2000 ppm.

To understand how crustal properties affect volcanic deformation, we first discuss the
effects of u and chamber geometry on the ratio of #/,. Since . is inversely proportional
to u, a crust with u = 0.1 GPa results in 4, = 30 for a chamber at 5 km depth, while
befg,, = 0.099 for a crust with u = 30 GPa (Figure 2.6a). From Equation 2.5, the crustal
compressibility §. for chambers with a vertical pipe-like shape is 33% higher than a
spherical point source and thus increases the #+/, of a vertical pipe-like chamber by 33%
when compared to that of a spherical point source (Figure 2.6b). An ellipsoid with ¢ =
100 has the highest . among the three chamber geometries (i.e., 60 times greater than
a spherical point source) and therefore has the highest 4, consistent with analytical

results from Anderson and Segall (2011).

Here we quantify the effects of varying p and the chamber geometry on V (Figure 2.6¢-d).
The V for crustal rocks with u = 0.1 GPa is up to a maximum of ~ 360% greater than
that with p = 2.1 GPa at 2.5 km depth. In contrast, V is reduced up to a maximum of ~
73% at 9.1 km depth for a crust with u = 30 GPa when compared to u = 2.1 GPa. At 5 km

36



2.4. ONE-AT-A-TIME SENSITIVITY TESTS

depth, the V for u = 0.1 GPa, 2.1 GPa and 30 GPa are 0.97, 0.59 and 0.090, respectively
(Figure 2.6c). The effects of different chamber geometries on V are shown in Figure 2.6d,
with u = 2.1 GPa and Poisson’s ratio v of 0.30 (Heap et al., 2020). The normalised volume
change V is greatest for horizontal sills and smallest for spherical point source, such
that V = 0.99 and 0.58, respectively, for a chamber at 5 km depth. Based on the effects of
¢ and chamber geometry on #+,, we find that a volcano with low #+,, (i.e., spherical, high
shear modulus) has low V which indicates muted volcanic deformation. In contrast, a
volcano with high #+, (i.e., horizontal sill, low shear modulus) has high V. For example,
at 5 km depth, V = 0.090 for a spherical point source with u = 30 GPa, but V = 1.0 for a
sill with u = 0.1 GPa.

The main takeaways from the sensitivity analysis of chamber compressibility is that 1)
spherical point sources and vertical pipe-like chambers have similar #/;, and V, whereas
sills have higher #+, and thus high V (Figure 2.6b,d) and 2) crustal properties, specifically
shear modulus, have a significant influence on V, with lower crustal shear modulus
contributing to larger volume changes (Figure 2.6a,c) (Heap et al., 2020; Hautmann
et al., 2010).

2.4.6 Summary of sensitivity analyses

Here we summarise the results from each sensitivity test. A summary of the greatest
percentage change of S, V and Z over the depth range of each parameter is shown in
Table 2.2. Our simplified model predicts that explosive eruptions of water-rich basaltic
magmas have high SO2 emissions and little deformation for a particular volume of
magma erupted. While initial magmatic COg causes insignificant changes to the total
amount of SOy degassing during eruptions, it has significant impact on the observed
co-eruptive deformation, i.e., CO2-rich magmas are more compressible than COq-poor
magmas with the same amount of HoO. Additionally, we find that varying magmatic
COg content from 1000 to 5000 ppm affects the observed co-eruptive deformation at a
magnitude similar to that of varying initial magmatic HoO content from 1.0 to 3.0 wt%,
which implies that initial magmatic COq content also plays an important role in magma
compressibility and thus co-eruptive deformation. Initial magmatic S and oxygen fugacity
have a strong influence on the magnitude of SOy degassing but have a minimal impact on
the magnitude of the co-eruptive deformation. Magmas with a high oxygen fugacity yield
high SOg emissions during an eruption, but this does not impact co-eruptive deformation

significantly. Magmatic reservoirs with strong surrounding crustal rocks (i.e., high u)
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and spherical geometry may display muted co-eruptive deformation when compared to

compliant host rocks (i.e., low ¢) and horizontal sills.

2.5 Comparison Between Arc Basalts and Ocean

Island Basalts

2.5.1 Thermodynamic modelling of magma properties

We now examine how tectonic setting influences the physicochemical properties of
basaltic magma and consequently its impact on observed volcanic deformation and SOq
degassing. Here we compare arc basalts and ocean island basalts by considering realistic
parameter combinations and the co-dependence of parameters. Basaltic magma in arc
settings tend to have higher water contents than basaltic magma from ocean island
settings (e.g., Wallace, 2005; Zimmer et al., 2010; Plank et al., 2013). Melt inclusion data
suggest that, on average, arc basalts contain 3.9+0.4 wt% H20, 4000+1000 ppm COq,
and 3000+1000 ppm S, and ocean island basalts contain 1.0+0.2 wt% Hs0, 6500+3500
ppm CO9 and 1600+1000 ppm S (e.g., Wallace, 2005; Ruscitto et al., 2012; Plank et al.,
2013; Rasmussen et al., 2022). We note that the COy content for ocean island basalts is
at the high end of previous estimates and has high uncertainty, and this is because it was
chosen to include COs-rich ocean island eruptions like Kilauea (e.g., Dixon and Clague,
2001; Gerlach et al., 2002). These values represent the dissolved volatile abundances at
shallow crustal levels, in which the volatiles recorded in the melt inclusions are primarily
controlled by solubility. We take typical values of fo, of arc basalts and ocean island
basalts at NNO+1.4+1 and NNO+0.7+0.9, respectively (e.g., Matjuschkin et al., 2016;
Brounce et al., 2017; Konecke et al., 2019). Crustal compressibility also influences the
magnitude of volcanic deformation (Section 2.4.5), and thus we use u = 2.1 GPa, which is
typical in volcanic areas, and assume a Mogi deformation source for simplicity (Mogi,
1958; Gudmundsson, 2005; Heap et al., 2020). The range of parameter values used for
the analyses described below are based on the magma composition typical for arc basalt
and ocean island basalt (Table 2.1).

Monte-Carlo simulation allows repeated random sampling over a given input parameter
space and hence allows us to estimate the possible range of model outputs. Here we use
the range of magma compositions in typical arc and ocean island basalts to estimate

the ranges of volume change, ground deformation and SO, flux expected for eruptions
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in different tectonic settings. We performed 1000 simulations for each type using the

Hy0
b

distribution of each variable (w w02 1S, fo,) provided in Table 2.1 as input parame-

ters for the thermodynamic model. Parameters that are distributed below the detection

H20

limit are readjusted accordingly (i.e., w < 100 ppm, w®%2 < 25 ppm and w® < 50 ppm

are changed to w™2° = 100 ppm, w®°2 = 25 ppm and w® = 50 ppm, respectively). The
thermodynamic model has a starting temperature of 1200 °C, a Poisson’s ratio v of 0.30,
and we find the starting pressure/depth using the saturation point of each melt com-
position. After 1000 Monte-Carlo simulations, we calculate the mean and the standard
deviation for each model output, such as normalised SO2, magma compressibility and
normalised volume change. Since we started each simulation at the saturation point
for that composition (see Section 2.3.1), we apply a filter to discard the values for any

pressure/depth with less than 100 successful simulations.

In Figure 2.7 we present the model predictions for arc basalts and ocean island basalts
to illustrate the effects of tectonic settings on magma properties and co-eruptive observa-
tions. The high fo, environment of arc basalts will tend to produce more exsolved SO3 at
the expense of HaS and Sg, whereas ocean island basalts, which have a lower fo,, have
less exsolved SOg in the gas phase (Figure 2.7b). With a higher mole fraction of exsolved
SOy gas, the predicted S (i.e., SOg gas in the reservoir) of arc basalts is higher than that
of ocean island basalts (Figure 2.7c). In contrast, for basaltic eruptions that undergo
co-eruptive degassing, such that additional sulfur is loss from melt during the final
ascent to the surface, the difference in S would be expected to result from differences
in initial magmatic sulfur content and fo,. The higher magmatic volatile content of arc
basalts translates to a higher V, (Figure 2.7d), suggesting that in general, arc basalts are
more compressible than ocean island basalts (Figure 2.7f). We note that while our study
uses a higher COs content for ocean island basalts than arc basalts (Table 2.1), water-rich
arc basalts remain more compressible than ocean island basalts, which highlights that
the range of H2O content in basalts plays a more important role in determining magma
compressibility than CO2 content. The increased magma compressibility indicates that

arc basalts have a lower V and z than ocean island basalts (Figure 2.7g-h).

Here we give specific values for arc basalts and ocean island basalts assuming a magma
chamber at 5 km depth (Figure 2.7). If an explosive eruption should occur from a
chamber at 5 km depth (where we assume that volatiles are in both exsolved and

dissolved form in the magma chamber and that no co-eruptive degassing occurs during
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magma ascent), the predicted S of arc basalts is 0.60 kgm ™3, greater than that of ocean
island basalts at 0.14 kgm™2 (Figure 2.7c). For a chamber at 5 km depth, arc basalts
are more compressible than ocean island basalts at f,, = 12x1071° Pa~! and 3.3x1071°
Pa~1, respectively (Figure 2.7f), and thus arc basalts have V = 0.24 and Z = 2.3mkm ™3
as compared to ocean island basalts that have V = 0.52 and z = 5.0mkm™3. It is noted
that ocean island basalts eruptions are usually effusive in nature (i.e., they will exhibit
extensive co-eruptive degassing; see Section 2.2), and thus we expect S to be dominated
by decompressional degassing and hence much higher than predicted the gas content in
the chamber.

2.5.2 Comparison to Satellite Observations

In this section, we compare the magma properties predicted by the thermodynamic
framework with observations of eruptions to understand published catalogues of volcanic

deformation and degassing.

2.5.2.1 Data Compilation

Here we compiled deformation and SOy degassing data for 94 basaltic eruptions during
the satellite era (2005-2020) to understand how theoretical estimates from thermody-
namic modelling compare with observed eruptions (Supplementary Table A.1). The
primary magma composition and the dates for past eruptions are drawn from the Global
Volcanism Program (2013). The compilation only considers volcanoes of basaltic compos-
ition. For eruptions with poorly constrained starting or ending dates, particularly for
long-lived eruptions, we select the dates at which significant eruptions occur such as the
the 2018 eruptions of Kilauea, Ambrym and Fuego (e.g., Neal et al., 2019; Hamling et al.,
2019; Naismith et al., 2019).

We compile 23 episodes of pre- and co-eruptive deformation detected with InSAR from
the published catalogues of Biggs and Pritchard (2017) and Ebmeier et al. (2018) and 58
satellite observations of SO9 degassing from individual studies (Supplementary Table
A.1), published catalogues (Carn et al., 2016, 2017) and Global Volcanism Program (2013).
For eruptions that are less well studied (e.g., Chikurachki, Pagan, Semisopochnoi), evid-
ence for SO2 degassing are crosschecked with the Global Sulphur Dioxide Monitoring
homepage (https://so2.gsfc.nasa.gov/). Persistently degassing volcanoes (e.g.,

Shishaldin, Saunders, Korovin), including those whose emissions can be detected by
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FIGURE 2.8. (a) Number of arc basalt and ocean island basalt eruptions with
volcanic deformation (either uplift or subsidence) and SOy degassing meas-
ured by satellites during the satellite era (2005-2020). (b) Arc basalt and
ocean island basalt eruptions with erupted volume greater than 10° m?.
Columns are colour-coded for deformation and SOy degassing detectable by
satellites. Uncertainties in the erupted volume, where available, are shown
as horizontal error bars. Eruptions with a colour gradient use VEI index as
a very rough indicator to estimate the erupted volume. We assume VEI 4
eruptions to have a volume > 10% m3.
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satellites (e.g., Masaya, Miyakejima, Telica) (Carn et al., 2017), and submarine eruptions
(e.g., Mayotte, Axial Seamount, Bristol Island) are not considered in this compilation. We
also do not consider volcanoes that have approximately equal passive and eruptive SO9
degassing such as Rabaul (Carn et al., 2016), with the exception of VEI 4+ eruptions (e.g.,
the 2005 and 2014 eruption of Manam and the 2019 eruption of Ulawun). We do, however,
include eruptions that are significantly explosive (e.g., 2018 eruptions of Ambrym and
Kilauea).

We find that observations of deformation and SOy degassing are not available for every
eruption despite similar erupted volume or volcano (Figure 2.8b). In fact, there is no
clear correlation between satellite observations and erupted volume, consistent with
previous studies (Kilbride et al., 2016), largely due to the challenges in volcano monitor-
ing such as atmospheric noise, ice cover, or limitations in satellite sensors (e.g., Ozone
Monitoring Instrument (OMI) row anomaly for the 2012 eruption of Tolbachik). For
example, satellite sensors could not measure the deformation associated with the 2011
eruption of Grimsvétn due to ice cover. Similarly, satellite measurement of SO9 degassing
is not available for the 2012-2013 eruption of Tolbachik, despite being one of the most
voluminous arc basalt eruptions (Belousov et al., 2015), due to the OMI row anomaly
(see https://so2.gsfc.nasa.gov/pix/daily/1112/kamchat$_$1112z.html).

Overall, deformation was detected at 25% of eruptions (23/94) and SO4 degassing at 62%
of eruptions (58/94) (Supplementary Table A.1). A similar analysis conducted by Furtney
et al. (2018) uses multiple satellite data spanning 1978-2016 to synthesise observations
of volcanic deformation and degassing. Their study yielded similar results to ours: of the
250 volcanic eruptions between 1978-2016, 28% of eruptions have satellite observations
of volcanic deformation, and SOz degassing is observed at 67% of eruptions (Furtney
et al., 2018). We note that the Furtney et al. (2018) study includes a wider range of
magma composition than we do here, so the slightly higher proportion of volcanoes with
satellite-detected deformation and degassing analysed by Furtney et al. (2018) is likely
caused by the inclusion of magma of varying compositions and also pre- and post-eruptive
observations. The overall proportion of satellite observations of volcanic deformation and

SOq degassing appears to be fairly consistent between studies.
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2.5.2.2 Comparison between tectonic settings

Our compilation shows that co-eruptive deformation has been observed at 48% of erup-
tions involving ocean island basalts (16/33), while only 11% of arc basalt eruptions had
observed deformation (7/61) (Supplementary Table A.1; Figure 2.8a). The lower frequency
of detectable deformation at arc basalt eruptions can be attributed to the higher volatile
contents of arc magmas, which our thermodynamic model predicts will increase magma
compressibility and reduce surface deformation (Figure 2.7f-h). Systematic satellite
observations of deformation spanning 1992-2010 analysed by Biggs et al. (2014) shows
that the proportion of deforming volcanoes that erupted is higher for volcanoes in hotspot
setting (66%; ocean island) as compared to those in subduction setting (53%; arc). For
example, there are few InSAR observations from the Central American Volcanic Arc,
where parental melts are water-rich (Ebmeier et al., 2013b; Wallace, 2005). Although
this is an indirect comparison, the study agrees well with our results that observations of
volcanic deformation are dominated by ocean island basalt eruptions. However, we note
that other potential factors may also contribute to the lack of detectable deformation
at volcanoes, independently or collectively (e.g., the rate of magma recharge, chamber
geometry, depth of magma storage, viscoelastic crustal rheology, an open conduit, pre-
eruptive degassing, atmospheric noise (Ebmeier et al., 2013a,b; Chaussard et al., 2013;
Head et al., 2019; Yip et al., 2019; Mullet and Segall, 2022)) meaning that the models

are very uncertain.

Volcanic SOy degassing was observed at all 33 ocean island basalt eruptions in our
compilation but at only 41% of the arc basalt eruptions (25/61) (Supplementary Table
A.1; Figure 2.8a). While the higher magmatic volatile content of arc basalts might be
expected to produce a higher detection rate (Figure 2.7c), the high rate of detection at
ocean island basalt can be attributed to co-eruptive degassing during effusive eruptions.
Conversely, the explosive nature of arc basalt eruptions may mean there is no co-eruptive
degassing and the only volatiles released are those in equilibrium at chamber depth.
Additionally, technical difficulties in spectrometers, such as the OMI row anomaly that
obscures the spectrometer’s field of view (e.g., 2019 eruption of Klyuchevskoy, 2012
eruption of Tolbachik; see https://so02.gsfc.nasa.gov/) prevents routine volcano

monitoring.

We find that satellite observations of both volcanic deformation and degassing to be

higher for ocean island basalt eruptions (16/33) than arc basalt eruptions (4/61) (Figure
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2.8a). We note that despite the much higher number of arc eruptions in our catalogue
than ocean island eruptions, there are very much fewer observations of deformation
for arc eruptions. Similarly, all ocean island basalt eruptions have been observed by
at least one satellite sensor, while 3 of the 61 arc basalt eruptions were not detected
by either sensors. The lack of satellite observations of arc basalt eruptions highlights
the difficulties in monitoring explosive eruptions with high magmatic volatile contents
and thus compressible magmas (Huppert and Woods, 2002; Rivalta and Segall, 2008;
Kilbride et al., 2016), and volcanoes with deep magma storage prior to eruptions (Moran
et al., 2006; Ebmeier et al., 2013b).

Finally, we further analyse 28 eruptions with erupted volume = 10° m? (Figure 2.8b) to
ensure comparable detection thresholds (Supplementary Table A.2). We note that there
is a lack of data on the erupted volume, which may result in sampling bias and therefore,
we extend our search using the VEI index drawn from the Global Volcanism Program
(2013) with the assumption that VEI 4 eruptions produce = 10> m® DRE and that they
are significantly explosive. All 19 ocean island basalt eruptions with erupted volume
> 10° m?® have satellite observations of SOy degassing of which 13 have deformation
measured by satellites (Figure 2.8b). For the case of arc basalt eruptions, there are only
9 instances of eruptions with = 10° m® DRE, of which 3 are estimated from the VEI
index (the 2005 and 2014 eruption of Manam and the 2019 eruption of Ulawun) (Figure
2.8b). We find that one arc eruption has satellite observation of co-eruptive deformation,
four have satellite observations of SOy degassing and two have observations of both
deformation and degassing. The two remaining eruptions, the 2014 eruption of Manam
and Villarica, were not detected by satellites, probably due to atmospheric noise (lack of
co-eruptive deformation at Villarica, Delgado et al., 2017) and OMI row anomaly (see
https://so2.gsfc.nasa.gov/). As such, we find no link between erupted volume >
10° m? and satellite observations of SOy degassing and deformation (Figure 2.8b), in
agreement with the wider catalogue and previous studies (Kilbride et al., 2016). This
highlights the challenges for satellites to detect surface deformation, particularly for

eruptions of more evolved, volatile-rich arc magmas that are more compressible.

In summary, the thermodynamic framework and satellite observations of deformation
agree well with each other such that volcanic deformation of volatile-poor ocean island
eruptions are more likely to be detected by satellites as compared to volatile-rich arc

eruptions (Figure 2.7g-h; Figure 2.8a). This is because volatile-rich arc basalts are highly
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compressible, which results in muted surface deformation. Predictions of SOy degassing
from our thermodynamic framework show that volatile-rich arc basalts have higher rates
of SOy degassing at chamber depths, yet satellite observations show that ocean island
eruptions outgas more SOg9 per unit of magma erupted (Figure 2.7c; Figure 2.8a), due to
extensive co-eruptive degassing. We note that while the water content of arc basalts is
two times greater than that of ocean island basalts, the sulfur content in basalts from

both tectonic settings are similar (Table 2.1).

2.6 Limitations of our model

The high magmatic volatile contents of arc basalts, and their oxidised nature, lead to a
substantial amount of exsolved volatiles being present in the chamber prior to eruption,
which increases magma compressibility and lessens the magnitude of volcanic deforma-
tion (Figure 7). Co-eruptive deformation is less likely to be detected at arc volcanoes than
at volcanoes in ocean island settings (Figure 8). However, we note that the high initial
volatile content of a magma body is not the only factor that affects the magnitude of
volcanic deformation. Other potential factors include 1) magma chambers with different
geometries (e.g., Gudmundsson, 2008; Amoruso and Crescentini, 2009; Anderson and
Segall, 2011), 2) the influence of the viscoelastic response of the crust (e.g., Hickey et al.,
2013; Head et al., 2019; Gottsmann et al., 2020), and 3) the presence of a ‘transcrustal’
mush surrounding the magma body (e.g., Cashman et al., 2017; Sparks et al., 2019). It
has been shown that the magnitude of the syn-eruptive surface deformation signal for
a volcano overlying a transcrustal mush system would be less than that with a simple
magma body in a rigid sub-solidus country rock, and this effect increases with the melt
fraction of the mush (Mullet and Segall, 2022). Estimates of magma compressibility and
the volume change of a magma reservoir are likely to be underestimated assuming the
magma body is contained within an elastic half space rather than a mush-like system
(Mullet and Segall, 2022).

Our model also predicts that explosive eruptions of arc basalts will produce a higher
syn-eruptive SO flux than ocean island basalt eruptions. However, sulfur in basaltic
magma has a high diffusivity and can continue to exsolve extensively during magma
ascent, particularly during effusive eruptions (Figure 2.1c). Differences between the
predicted SOq gas per unit volume of magma in the chamber and that observed during an

eruption may be modified by 1) co-eruptive degassing, 2) epistemic uncertainties in model
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parameters associated with initial magmatic sulfur content and f,, 3) pre-eruptive gas
accumulation and loss (e.g., Wallace, 2005; Edmonds et al., 2014; Edmonds and Woods,
2018), 4) sulfur loss due to scrubbing or formation of sulfide globules (e.g., Sigmarsson
et al., 2013; Anderson and Poland, 2016; Hurwitz and Anderson, 2019). Furthermore, we
note that the solubility of sulfur species are calculated using a sulfide capacity law that

is more appropriate for sulfur in reduced melt (O’Neill, 2021; Liggins et al., 2020, 2022).

The simplicity of this model is useful for considering general trends, and we note that
oversimplification reduces the applicability to individual eruptions. The assumption of a
typical elastic shear modulus may be appropriate for the sensitivity tests, but crustal
rheology varies enormously between volcanoes (e.g., Gudmundsson, 2005; Head et al.,
2019; Huber et al., 2019; Heap et al., 2020). We also consider that only depth (i.e.,
pressure) affects the amount of exsolved gas content in bulk magma for a given set of
initial conditions, such that the magma does not undergo crystallisation nor magma
recharge, which is very simplistic. Additionally, we did not consider the effects of pre-
eruptive gas accumulation and loss on magma properties, which in reality could affect
co-eruptive observations (e.g., Wallace, 2001; Huppert and Woods, 2002; Rivalta and
Segall, 2008). While simplistic, our principal findings remains robust and we highlight
the importance of exsolved magmatic H2O in controlling magma compressibility, which

helps to explain the lack of volcanic deformation that accompanies many arc eruptions.

2.7 Conclusion

The thermodynamic framework presented in this study provides a quantitative link
between observations of volcanic deformation and degassing. The framework is used to
explore the sensitivity of magma properties to several controlling parameters (magmatic
H50, magmatic COg, magmatic S, oxygen fugacity fo,), which vary systematically
between tectonic setting. We demonstrated that the results from thermodynamic models
can be used to calculate the volume of gas in the reservoir, which can be related to SOq

emissions and surface deformation. The conclusions of this study are as follows:

1. Magmas with a high magmatic HyO content have high volumes of exsolved gas
in the chamber, leading to high magma compressibility, which results in muted
surface deformation during eruptions. While high magmatic COg9 has little effect
on SOy degassing, it increases magma compressibility and thus reduces surface

deformation. Varying oxygen fugacity from NNO-1 to NNO+2 and increasing
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magmatic S contents increases SOy gas emissions but has little effect on magma

compressibility.

2. The volatile content of magmas varies between tectonic settings and this influences
both ground deformation and the extent of degassing during eruptions. Arc basalts,
which tend to have higher magmatic volatile contents, have more muted ground
deformation than ocean island basalts, which is reflected in observations over the

satellite era.

With results from the thermodynamic framework, we have developed a better under-
standing of the effects of magmatic volatile content and degassing on the physicochemical
properties of magma. Our future work will explore pre-eruptive gas segregation processes
such as gas accumulation and percolative gas loss to understand their implications for
observations of volcanic deformation and degassing. Future studies should refine this

framework for specific circumstances to resolve additional complexities.
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CHAPTER 3. THE ROLE OF PRE-ERUPTIVE EXSOLVED VOLATILE SEGREGATION
ON OBSERVATIONS OF VOLCANIC DEFORMATION AND DEGASSING

Abstract

The presence of exsolved gas bubbles influences measurements of both volcanic surface
deformation and SOg emissions. In a closed-system, exsolved volatiles remain within the
melt but in an open-system, the decoupled gas phase can either outgas or accumulate,
leading to large variations magmatic gas fraction. Here we investigate the role of gas
volume fraction and gas segregation processes on magma properties and co-eruptive
monitoring data. First we use thermodynamic models of gas exsolution to model gas
volume fraction and magma compressibility, and use these to calculate SOy emissions
and co-eruptive volume change. We find that volume change is equally sensitive to
magma compressibility and chamber compressibility over realistic parameters ranges,
and both must be considered when interpreting surface deformation data. Reservoir
depth and magma composition are the dominant controls on gas volume fraction, but the
initial content of HoO and S have strong influences on volume change and SOy emissions,
respectively. Pre-eruptive gas accumulation produces increased SOg emissions and muted
co-eruptive deformation, while degassing has the opposite effect. We then compare our
models to a compilation of data from 20 recent eruptions where measurements of volume
change, SOy emissions and erupted volume are available. To the first order, shallow
reservoirs produce smaller volume changes per volume erupted and silica-poor magmas
yield greater co-eruptive volume changes than silica-rich systems, consistent with closed
system degassing. Co-eruptive degassing causes high SOy emissions during effusive
eruptions. Comparison between model predictions and observations suggests that all
magmatic systems experience a certain degree of outgassing prior to an eruption. Our
findings are consistent with current conceptual models of transcrustal magmatic systems
consisting of heterogeneous mixtures of gas and melt and have important implications
for the interpretation of surface deformation and SOy emission signals at all stages of

the eruption cycle.
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3.1 Introduction

Measurements of surface deformation and SOy emissions are becoming increasingly
routine and can be used to study volcanic and magmatic processes and in the forecasting
of eruptions (Biggs and Wright, 2020; Pritchard et al., 2022). However, most studies
consider either deformation or SOy emissions in isolation (e.g., Sigmarsson et al., 2013;
Hreinsdottir et al., 2014; Hotta et al., 2019) or combine them in a qualitative manner
(e.g., Sheldrake et al., 2017; Reath et al., 2020; Joseph et al., 2022). We seek to develop a
robust physics-based framework that can combine measurements of deformation and SO
degassing to provide new insights into magmatic processes. The key to this framework is
the exsolved volatile content of the magma which determines magma compressibility,
and hence modulates observations of both surface deformation and SOy emissions (e.g.,
Kilbride et al., 2016; Yip et al., 2022).

Volatiles typically make up a few weight percent of magmas, yet are of significant
importance in controlling the magnitude and style of volcanic eruptions (e.g., Woods and
Huppert, 2003; Cashman, 2004; Cassidy et al., 2018). Volatile solubility is controlled
by pressure, temperature and melt composition, and volatile exsolution can be driven
by either magma ascent or isobaric crystallisation (e.g., Candela, 1997; Burgisser et al.,
2015; Liggins et al., 2020). Once exsolved, the gas bubbles can decouple from the melt
and whether they accumulate (e.g., Oppenheimer et al., 2015; Parmigiani et al., 2016), or
escape via permeable networks (e.g., Chiodini et al., 2005; Kushnir et al., 2017; Colombier
et al., 2021) has significant implications for the magnitude of co-eruptive deformation
and degassing. We hypothesise that the accumulation of exsolved volatiles will 1) produce
‘excess’ SOy emissions during eruptions (e.g., Wallace and Gerlach, 1994; Wallace, 2001)
and 2) reduce syn-eruptive surface deformation by increasing magma compressibility
(Rivalta and Segall, 2008; Kilbride et al., 2016; Yip et al., 2022). Conversely, inter-eruptive
degassing will reduce syn-eruptive SO2 emissions and reduce magma compressibility
such that the volume of material erupted is roughly equal to the subsurface volume

change.

In this study, we use thermodynamic models to investigate the effects of exsolved gases
on magma properties, deformation and SO2 emissions. In Section 3.2, we explore the
effects of varying magma composition and initial volatile contents and in Section 3.3,

we explore the role of pre-eruptive volatile segregation processes (i.e., exsolved volatile
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accumulation at the reservoir roof, or the formation of a ‘degassed plug’). Finally, in
Section 3.4, we compare observations of real-world eruption data to our model predictions
and discuss the implications of pre-eruptive exsolved volatile segregation on observations

of volcanic deformation and SOy emissions.

3.2 Model Setup

3.2.1 Thermodynamic framework

Volatile solubility is controlled by melt chemistry, pressure and temperature conditions
and fugacity. Magmas can reach volatile saturation by either decompression during
ascent or isobaric crystallisation during cooling (e.g., Candela, 1997; Edmonds and
Woods, 2018). Thermodynamic models (e.g., MELTS (Ghiorso and Sack, 1995; Asimow,
1998); SolEx (Witham et al., 2012); D-Compress (Burgisser et al., 2015)) use solubility
laws and petrological data to predict the proportion of each species (e.g., HoO, COg, S)
that will exsolve at given pressure, temperature, melt composition and fo, and hence
the gas fraction of each species. However, these models do not include sulfide and sulfate

capacity laws to model sulfur behaviour (Ding et al., 2023).

Here we use the Python-based model, EVo (Liggins et al., 2020, 2022), to model the
exsolution of HoO, CO9 and SO species in a C-O-H-S-Fe system during magma de-
compression. EVo uses the recently released thermodynamic models including the COy
solubility model of Eguchi and Dasgupta (2018), the sulfide capacity law from O’Neill
(2021) and the sulfate capacity law from Nash et al. (2019) which is applicable at pres-
sures of 300 MPa or less. We note that the sulfide capacity law used is most suitable for
more reduced melts than those considered in our study (O’Neill, 2021). However, a recent
study by Ding et al. (2023), which compared the different sulfide and sulfate capacity
laws of Nash et al. (2019) and O’Neill and Mavrogenes (2022), shows that for a given
temperature and composition the sulfur degassing pathways are similar regardless of

the different laws used.

The thermodynamic model requires an estimate of initial volatile contents to begin
calculations, which can be obtained using melt inclusions for basaltic magmas (Yip
et al., 2022). However, for evolved magmas, where gas exsolution starts deep and a

gas phase co-exists with the liquid magma during entrapment, melt inclusions often
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underestimate actual volatile content (Johnson et al., 1994; Scaillet and Pichavant, 2003).
Thus we consider two types of models: those using initial volatile contents estimated
from global compilations of melt inclusion studies (Wallace, 2005; Ruscitto et al., 2012)
and those based on the formation of rhyolitic magmas by fractional crystallisation of
a primitive basaltic melt (Supplementary Material B.1). For basalts with 3 wt% water,
90% fractional crystallisation would result in rhyolites with over 30 wt% water. Such
high volatile content is unlikely to be retained, therefore, we select a parameter range
between the calculated values for rhyolite and the primitive basalt: 5-15 wt% H20O; 1-3
wt% COg and 1800-4200 ppm S (Supp. Table B.1).

We chose the model starting depth by calculating the volatile saturation pressure for the
specified composition and volatile content following the method of Liggins et al. (2022).
We then decrease the pressure in a step-wise manner, calculating the mole fraction
of exsolved volatiles for a number of species (e.g., HoO, CO9, SO9, HsS) at each step
assuming closed-system degassing and thermodynamic equilibrium. From this, we can
calculate the total gas fraction and magma density for a chamber at any given depth (Yip
et al., 2022), and in Section 3.4, we then compare these general models to specific case

studies where the chamber depth is known from geophysical or petrological constraints.

We assume the amount of exsolved SOs is equal to the co-eruptive SOy yield (Kilbride
et al., 2016; Yip et al., 2022). In order to account for differences in eruption size, we define
normalised SOs (S) as the observed SOy emitted (ES92), normalised by the volume of

magma erupted (V,; assuming dense-rock equivalent, DRE):

g B0 _mPR MO pewg 3.1)
V. My,

where mS%2 is the mole fraction of SOy in gaseous phase, M5°2 is the molecular mass of
SOq, p. is the erupted rock density, w, is the gas weight fraction, and M, is the mean
molecular mass of gas phase. In reality, co-eruptive exsolution and/or SOgy scrubbing
may modulate this value and these secondary processes are discussed further in Section
3.3.1.

We use the estimated magma density (p,,) to calculate the magma compressibility using

the equation §,, = me% (Rivalta and Segall, 2008). The normalised volume change
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during an eruption can then be denoted as V:

-1
V= AVe _ (1+ /3—’”) , (3.2)

Ve Be

where (. is the compressibility of the chamber, which depends on its geometry and
material properties (e.g. Amoruso and Crescentini, 2009; Yip et al., 2022). For our model
simulations, we use f. = 1071% Pa~! for our initial models and explore this further in
Section 3.2.3.

3.2.2 Effect of Magma Composition

Our goal is to apply this framework to understand global patterns of degassing and
deformation, spanning the full range of eruption types and magma compositions. Here
we conduct sensitivity tests for rhyolitic magmas, building on the work of Yip et al. (2022)
who conducted similar tests for basaltic magmas. We then compare our results across
the full range of magma compositions.

We explore the effects of varying the weight fraction of magmatic volatile content (w20,
w®02 1S) and oxygen fugacity by performing one-at-a-time sensitivity tests, which vary
a chosen parameter while keeping the other parameters constant (Figure 3.1; Supp.
Table B.2). The sensitivity analysis reveals the role of each parameter on degassing and
deformation, but does not consider the co-dependence of input variables, meaning some

parameter combinations are not physically realistic.

The effects of varying wH20 1yC02 1,8 and f 0, in rhyolitic magmas are similar to those
reported by Yip et al. (2022) for basalts. Namely, 1) water-rich magmas generate higher
S than water-poor magmas and are more compressible, meaning V is lower, 2) increasing
S and fo, results in a higher S, but these parameters have minimal impact on V; and
3) increasing COy causes a small increase in S and a small decrease in V (Figure 3.1;
Supp. Table B.2). For comparison, we also show the model results using melt inclusions
to determine the initial volatile content (red lines; Figure 3.1). These are only applicable

at depths 5 km and show a lower S and higher V due to the much lower volatile contents.

Next we compare our model results for 1) water-poor rhyolite (w20 = 5.0 wt%) and
2) water-rich rhyolite (w™2° = 15 wt%) with the model results of Yip et al. (2022) for

3) water-poor basalts from ocean island settings (w™2° = 1.0 wt%) and 4) water-rich
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FIGURE 3.1. Sensitivity tests showing the physicochemical properties of rhy-
olite when varying magmatic volatile content and oxygen fugacity. The
observable parameters, namely (a-d) normalised SO (S) and (e-h) normal-
ised volume change (V), are shown when varying HyO, COs, S and oxygen
fugacity, while the rest of the parameters are kept constant. S and V calcu-
lated using melt inclusion data (MI) are shown as red lines. The grey lines
in each panel represent magma properties after exceeding the percolation
threshold, ¢, = 17 vol%. Initial volatile contents are w20 =10.0+£5.0 wt%,
w®02 = 2.0 +1.0 wt%, fo, = NNO+1 and w® = 3000+ 1200 ppm (Supp. Table

B.1).
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F1GURE 3.2. Comparison of model predictions for basaltic eruptions (blue) and
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The grey lines represent magma properties after exceeding the percolation
threshold: ¢. = 17 vol% for rhyolites and ¢. = 37 vol% for basalts. The
grey shaded area in panel f-g are to mask out erroneous results caused
by the fluctuations in density gradient at high pressure due to numerical
artefacts during modelling. Additionally, the modelling results for magma
compressibility and normalised volume change at such depths (20 and 25
km for basalt and rhyolite respectively) would not be very reliable.
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basalts from arc settings (w20 = 3.3 wt%) (Figure 3.2). Full details of the initial volatile
contents are given in Supplementary Table B.1. As expected, we find that both water-rich
and water-poor rhyolites exsolve more HoO and SOg gas than even the most water-rich
basalts and hence produce greater S (Figure 3.2a-c). Not only do the rhyolitic magmas
have a higher initial sulfur content, the sulfur also preferentially partitions into the HoO
gas phase which forms at at higher pressures in rhyolitic magmas (Figure 3.2¢). Since
water content is the primary control on magma compressibility, rhyolitic magma, which
contains more exsolved HoO gas than basaltic magma (Figure 3.2a), is more compressible
and has lower V (Figure 3.2f-h).

3.2.3 Effect of chamber compressibility

Chamber compressibility can vary over orders of magnitude depending on crustal mater-
ial properties and chamber geometry (Rivalta and Segall, 2008; Anderson and Segall,
2011) and may also change over time due to fracturing and alteration (Carrier et al.,
2015; Heap et al., 2020). Here we use our model to compare the relative effects of magma
compressibility and chamber compressibility on volume change. We use the model of
Heap et al. (2020) to estimate realistic elastic moduli for intact and fractured host rocks
at depths of 2-10 km (Fig 3a). Assuming a spherical or prolate reservoir, this gives
chamber compressibilities in the range 6.0 x 10"11Pa~1 < B, < 3.3 x 1071°Pa~1, but oblate
reservoirs are less compressible with values as high as f. = 1.6 x 1078 Pa~! (Fig 3b). This
range is similar to the range of magma compressibilities at similar depths (1.5 x 10710
Pa~! < B,, <2.0x1078 Pa~1). We then use these values to calculate the ratio 5—; and V
for the range of magma compositions and volatile contents considered in Section 3.3.2
(water-rich rhyolites, water-rich basalts, water-poor rhyolites and water-poor basalts).
The results show that the normalised volume change is equally sensitive to variations
in magma compressibility and chamber compressibility over realistic ranges, and both

must be considered when analysing individual case studies (Fig 3c,d).

3.3 Pre-eruptive gas segregation

3.3.1 Conceptual Model

The terms ‘open’ and ‘closed’ are often used to describe simple conceptual models of
volcanic behaviour, but are used by different communities in different ways (e.g., Newhall,

2007; Chaussard et al., 2013; Burgisser et al., 2015). When applied to degassing processes,
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FIGURE 3.3. Sensitivity tests showing the effects of chamber compressibility on
deformation. (a) Crustal shear modulus as a function of depth calculated
using the model of Heap et al. (2020) for intact rocks and the rock mass. (b)
The chamber compressibility as a function of shear modulus for different
geometries calculated using the equations from Anderson and Segall (2011).
(c) The ratio of chamber to magma compressibility (5—;) and (d) V for the
range of magma compositions and volatile contents, which are listed in
Supplementary Table B.1.
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FI1GURE 3.4. Conceptual model of gas segregation within magmatic system. (a)
Volcano with chambers at different depths. Magmatic volatiles are highly
soluble in deep magmatic chambers and thus remain dissolved in the silic-
ate melt. In the shallow chamber, volatiles exsolve during closed system
degassing and/ or isobaric crystallisation. (b) A closed volcanic system in
which the exsolved gas phase segregated from the melt rises buoyantly
and accumulates in the roof zone of a magma reservoir. (¢c) An open vol-
canic system with interconnected permeable pathways that allows magma
outgassing, removing exsolved volatiles from the reservoir. (d) Explosive
eruptions with rapid magma removal and decompression, which results in
little volatile exsolution during magma ascent. (e) Effusive eruptions have
a low magma ascent rate between the chamber and the surface, allowing
volatile exsolution in the conduit, i.e., co-eruptive degassing.
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the terms ‘open’ and ‘closed’ describe whether the exsolved volatiles remain in contact
and in equilibrium with melt or not (e.g., Burgisser et al., 2015). For closed degassing,
exsolved volatiles remain in physical contact with the melt and propagate at the same
speed, while open degassing implies that exsolved volatiles are removed instantaneously
(Burgisser et al., 2015). When applied to volcanic systems, the term ‘closed’ means that
the system is sealed: no gas can escape from the reservoir (i.e., gas accumulates) and
deformation may occur due to the build-up of pressure. Conversely, open volcanic systems
may allow outgassing without observable deformation (Chaussard et al., 2013) (Figure
3.4b-c). In reality, most volcanoes show time-varying behaviour including elements of

both open- and closed-systems and degassing processes (Reath et al., 2019).

Here, we use the term ‘pre-eruptive gas accumulation’ to refer to open degassing in
a closed volcanic system - exsolved volatiles segregate from the melt and accumulate
in shallow reaches of the reservoir, forming a gas-rich cap (Figure 3.4b). We use ‘pre-
eruptive degassing’ to refer to open degassing in an open volcanic system whereby
exsolved volatiles are removed entirely (also called ‘passive degassing’) (Figure 3.4c).
We use the term ‘co-eruptive degassing’ to describe an effusive eruption where magma
rises sufficiently slowly from the reservoir to the surface that additional exsolution
and open degassing occurs during the eruption itself (Figure 3.4e). During an explosive
eruption, we assume that no additional volatiles exsolve during magma ascent and that
the volatiles are in equilibrium with reservoir pressure (Figure 3.4d). However, we note
that volatiles can continue to exsolve to a certain extent during explosive eruptions. For
instance, despite the explosive nature of the 2011 eruption of Grimsvoétn, the volatile
content in the groundmass is observed to be less than that in melt inclusions (Sigmarsson
et al., 2013). This means that our model may underestimate the normalised SO of an
eruption if we were to extract the calculated value at reservoir depth. This is further
discussed in Section 3.4.2 as we model SOy emissions as a function of depth. In both cases,
secondary processes including high-temperatures gas-fluid, gas-magma and gas-rock
interactions may reduce the observed SO2 emissions (Symonds et al., 2001; Casas et al.,
2019).

The efficiency by which exsolved volatiles can outgas from magmatic systems is governed
by permeability and pore connectivity (Colombier et al., 2017). To the first-order, the
transition between closed- and open-system degassing occurs at a critical porosity, called

the percolation threshold (¢.), which depends on the pore size distribution, ground mass
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crystallinity, degree of deformation and vesiculation processes amongst others (Colombier
et al., 2017, 2020). The resulting wide range and natural variability in percolation
thresholds prevents us incorporating these concepts directly in our numerical models.
However, Colombier et al. (2020) identify two distinct regimes — at low melt viscosity or
low gas overpressure, viscous bubble growth dominates and the percolation thershold,
¢ > 0.37, whereas at high viscosity or high gas overpressure systems, fracture-driven
processes dominate and the percolation threshold is much lower ¢, ~ 0.17. Therefore, we
indicate the point at which the gas volume fraction (V) reaches the percolation threshold

of ¢, = 0.17 using grey lines in Figures 3.1, 3.2 and 3.5.

It is worth noting that magma below the percolation threshold can still undergo pre-
eruptive degassing (e.g., Rust and Cashman, 2004; Parmigiani et al., 2017; Colombier
et al., 2022). This process includes bubble deformation through shearing (Oppenheimer
et al., 2015; Lindoo et al., 2017), partial bubble collapse (Westrich and Eichelberger,
1994; Rust and Cashman, 2004) and fracture-driven processes (Oppenheimer et al.,
2015; Parmigiani et al., 2017; Collombet et al., 2021). Additionally, crystal content in the
magma increases bubble number density (Hurwitz and Navon, 1994; Burgisser et al.,
2017; Caceres et al., 2020), promotes bubble coalescence (Blower, 2001; Caceres et al.,
2022) and redistributes porosity (Laumonier et al., 2011; deGraffenried et al., 2021),
which can enhance outgassing even at low porosity and deep in the conduit (Colombier
et al., 2022).

3.3.2 Modelling Gas Segregation

To model magmatic systems where the gas segregates from the melt and either accumu-
lates in certain areas or degases prior to eruption, we adjust the gas volume fraction (V)
calculated by EVo and consider the effect on magma density and compressibility. We use
a proportion, &, to calculate the gas volume fraction accounting for pre-eruptive exsolved

volatile accumulation or loss from magma (Vg’,):
Véﬁ =Vg+kV;g. 3.3)

Positive k represents pre-eruptive gas accumulation, while negative £ represents pre-
eruptive degassing, where £ is always —1 < k£ < 0. Magma density (p,,) is the weighted
average of the volatile-free magma density (py) and the gas density (p,):
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FIGURE 3.5. Model predictions considering pre-eruptive gas segregation pro-
cesses. (a) Conceptual model of pre-eruptive volatile segregation, where
constant k& represents volatile segregation processes. Positive k represents
pre-eruptive gas accumulation and negative &, such that -1 <k <0, rep-
resents pre-eruptive degassing. (b-g) Magma properties of rhyolite with
pre-eruptive volatile segregation. £ = 0.8 is included in panel d-g. The grey
lines represent magma properties after exceeding percolation threshold ¢,
= 17 vol%. Fixed parameters: w20 = 10.0 wt%, w®°2 = 2.0 wt%, w® = 3000
ppm. Explanation for grey shaded area is in Figure 3.2.

62

- 30

- 35

Depth (km)



3.4. COMPARISON TO OBSERVATIONS

The magma density with varying gas content (p/,) can then be calculated by combining
Equation 3.3 and 3.4 (see also B.2):

;P +Velpg(1+E)—puyl
= . 3.5
Pm 1+kVy 35

3.3.3 Model Results

We use this model to explore the effects of pre-eruptive gas accumulation and degassing
on magma properties and co-eruptive observations of S and V (Figure 3.5). We vary
k from —1 to +1 and use the default parameters of w20 = 10.0 wt%, w02 = 2.0 wt%,
wS = 3000 ppm and f 0, = NNO. For % = +1, the gas volume, V, is twice that predicted
by a closed system model (¢ = 0) and S is also doubled (Figure 3.5b-c). The additional
volume of exsolved gas reduces the magma density (up to a maximum of 26% at 4.4 km
depth) and increases compressibility (up to a maximum of 73% at 11.5 km depth) (Figure
3.5d-e) which reduces V by up to 27% at 20.4 km depth (Figure 3.5f-g). For magmas with
even higher values of k&, the gas content exceeds the percolation threshold of 17 vol%
(Colombier et al., 2021) and although our model predicts a highly compressible magma
with very low V, this is unlikely to be physically realistic.

For k£ = —0.5 (partial degassing), S and V, are lower than for closed-system degassing.
The reduced magma compressibility increases V up to a maximum of ~ 30% at 16.2 km
(Figure 3.5f-g). A completely degassed magma (k£ = —1) will have no gas content, and
hence produce no emissions (S = 0; Figure 3.5b-c). However, because completely degassed
magma is denser than the volatile-rich magma at depth (Figure 3.5d) (Stevenson and
Blake, 1998), magma density (pjs) actually increases with decreasing pressure (< 25
km). Consequently, we cannot use this model to estimate compressibility when 2 < —0.8
(Figure 3.5e-g) (Supp. Table B.2).

3.4 Comparison to Observations

In this section, we compile observations of ground deformation, SOy emissions, volume of
magma extruded and reservoir depth for eruptions with a range of magma compositions
and compare them to our model results. The goal is to understand pre- and co-eruptive

degassing processes and their implications for interpreting volcano monitoring data.
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TABLE 3.1. Compilation of observations of normalised volume change, V,s, and

normalised SOgq, S5, source depth and magma composition for 20 recent
eruptions. Further details are provided in Supplementary Table B.3-B.9.

Volcano Eruption Date Si09 Depth Vobs Sobs
wt% km Tgkm3
Augustine, USA Jan 2006 575+15 4.65° 0.64052
Bezymianny, Kamchatka Oct 2007 56.7+0.2 7.5 2.643-38
Calbuco, Chile Apr 2015 545+0.5 8232 0.22037  0.6605]
Chaitén, Chile May 2008 75.3+0.3 1033  0.25032  0.019:92
Eyjafjallajokull, Iceland Apr-May 2010  47.4+15 4437 0.04005 3.7355)
Fernandina, Galapagos May 2005 485+05 5.050 0.8003 6.67507
Fogo, Cape Verde Nov 2014-Feb 2015 455+25 16.5 10.653:0
Grimsvotn, Iceland May 2011 49.9+0.8 1777 010038  1.41388
Kelut, Indonesia Feb 2014 56.1+7.3 2125  0.03095 0.95}-32
Merapi, Indonesia Nov 2010 57.8+2.6 1530 3.705:31
Mount St. Helens, USA 2004-2008 64.9+0.1 5653 025032 0.31037
Sierra Negra, Galapagos Oct 2015 49.0+£0.9 2.1?:? 0.528:;2 12.4%%2
Okmok, USA Jul-Aug 2008 55.0+0.3 3.012 0.32083  0.65[73
Piton de la Fournaise, France Mar-Apr 2007 50.0+0.4 2.3%7 0.01%02  0.99}-%
Puyehue-Cordén Caulle, Chile Jun 2011 75.4+0.7 6.07 0.1132%  0.54070
Raikoke, Kuril Islands Jun 2019 49.8+0.5 5.052 3.42522
Redoubt, USA Mar-Apr 2009 60.0+25 9.2;%% 0.50078 2.25%89
Sarychev Peak, Kuril Islands Jun 2009 54.2+0.2 3.5?:2 5.843:28
Sinabung, Indonesia Dec 2013-Apr 2014 59.0+0.3 8479 0.3137  0.70089
Jebel al Tair, Saudi Arabia 2007-2008 49.5+0.6 17.03% 8.61132

3.4.1 Data compilation

Earth-observing satellite missions are now providing global and frequent measurements
of volcanic activity, including deformation and SO¢ degassing (Carn, 2016; Furtney et al.,
2018; Ebmeier et al., 2018), while erupted volume can be estimated from many different
methods depending on deposit type (Galetto et al., 2023). However, each measurement
type has limitations in terms of spatial and temporal resolution meaning that surpris-
ingly few eruptions have measurements of all three parameters required to estimate V
and S, namely volume change, SOy emissions and volume erupted. Therefore, we start
with the compilation of Kilbride et al. (2016) which lists ‘sulfur yield’ which is equal
to S and the ratio, r = %, for 11 eruptions. We then expand this dataset by conducting
a literature search for additional datapoints based on the Global Volcanism Program
(2013) catalogue.
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We identified 20 eruptions with known erupted volume and source depth and measure-
ments of co-eruptive SOy degassing or deformation (Figure 3.6). Table 3.1 provides an
overview with detailed descriptions provided in Supplementary Table B.3-B.9. Magma
compositions are taken from published geochemical studies and divided into two cat-

egories: silica-poor eruptions (SiOg < 50wt%) and silica-rich eruptions (SiOg > 50wt%)
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FIGURE 3.6. (page 65): Observations of deformation and SOy degassing from
20 eruptions between 2005-2021 (Supp. Table B.3-B.9). The compilation
consists of co-eruptive volume change and SOy gas emissions, both norm-
alised by the erupted volume. (a-b) Normalised volume change (V,3) and
normalised SOs (S,5s) as a function of SiOg content. The colours are defined
using the GVP classifications and correspond to the following ranges of SiOq
content: basalt 45-52 wt%; basaltic andesite-andesite 52-63 wt%; dacite
63-70 wt%; rhyolite >70wt%. (c-d) Normalised volume change (V,3;) and
normalised SOz (S,5s) as a function of reservoir depth. Shaded regions
represent the range of observations. (e-f) Frequency plot for Vs and S,ps.
All data points are colour-coded for magma composition, and the different
symbols represent the different reservoir geometry. Data are shown for
the following eruptions: (Aug) Augustine, 2006; (Bez) Bezymianny, 2007;
(Cal) Calbuco, 2015; (Cha) Chaitén, 2008; (Eyj) Eyjafjallajokull, 2010; (Fer)
Fernandina, 2005; (Fog) Fogo, 2014; (Fou) Piton de la Fournaise, 2007; (Gri)
Grimsvotn, 2011; (Kel) Kelut, 2014; (Mer) Merapi, 2010; (MSH) Mount
St. Helens 2004; (Neg) Sierra Negra, 2005; (Okm) Okmok, 2008; (Puy)
Puyehue-Cordén Caulle, 2011; (Rai) Raikoke, 2019; (Red) Redoubt, 2009;
(Sar) Sarychev Peak, 2009; (Sin) Sinabung, 2013; (Tai) Jebel at Tair, 2007.

(Figure 3.6). Eruption volumes range from 107-10° m? and are collated from published
studies using a range of techniques including photogrammetry, digital elevation models
and analyses of tephra fall deposits (e.g., Romero et al., 2016; McKee et al., 2021; Galetto
et al., 2023). SO2 measurements are available for all the eruptions using space-borne
spectrometers (e.g., Carn, 2016; Ge et al., 2016), except for the 2004 eruption of Mount
St. Helens, USA. Volume change estimates are available for 13 eruptions, of which 8 are
from InSAR and 5 from GPS (e.g., Hreinsdéttir et al., 2014; Hotta et al., 2019). Reservoir
depths are primarily based on geodetic and seismic data, but petrological estimates are
used where no geophysical measurements were available (Supp. Table B.7). All depths
are equivalent to pressures of less than 300 MPa, compatible with the sulfide and sulfate
capacity laws used in our thermodynamic model, EVo (Liggins et al., 2020) with the
exception of the 2010 eruption of Merapi.

Ideally, our compilation would also include estimates of chamber compressibility on
a case-by-case basis. Of the 20 examples in our compilation, 12 have point or prolate
sources, 7 are unknown or complex geometries and only 1 is sill-like (Figure 3.7). How-
ever, insufficient information is available on aspect ratios or material properties to

calculate individual chamber compressibilities so we consider end member values of

66



3.4. COMPARISON TO OBSERVATIONS

chamber compressibility of 6 x 10! Pa~! and 3.3 x 1071° Pa~! based on Figure 3.3. These
assumptions affect the interpretation of individual systems, but should not affect our

overall conclusions (Figure 3.8).

3.4.2 Sulfur Dioxide, S

Observations of S,ps from silica-poor eruptions (SiOs < 50wt%) range from <1 kgm™

for the 2007 eruption of Piton de la Fournaise, France, to 9 kgm™3 at the 2019 eruption
of Raikoke, Japan (Figure 3.6b,d,f). The total mass of SOy emitted is consistent with
model predictions for source depths of <2 km even though the reservoirs are at depths of
more than 4 km (Figure 3.7a). We attribute this to co-eruptive degassing between the
reservoir and the surface, consistent with the low sulfur contents of basaltic lava flows
(e.g., Sigmarsson et al., 2013; Donovan et al., 2018). In contrast, there is little evidence
for co-eruptive degassing in silica-rich eruptions (SiOs > 50wt%), which have S5 <5
kgm™2 and do not cluster around the 0-2 km interval of the model predictions (Figure
3.7b). Co-eruptive degassing preferentially occurs in mafic magmas due to 1) the high
temperature, which causes high volatile diffusivity (Baker et al., 2005), and 2) the slow

ascent rate of effusive eruptions (Gonnermann and Manga, 2006).

In Figure 3.7c,d we compare the observations of silica-rich eruptions (SiOg > 50wt%)
to the model predictions. We estimate initial HoO and COg2 content using the model
of fractional crystallisation and a broad range of initial sulfur contents to represent
natural variability (1800-4200 ppm). Six of the silica-rich eruptions have S,p; in the
range predicted by the closed-system model (Figure 3.7¢) but the other six lie close to
the £ = —1 line, consistent with almost complete pre-eruptive outgassing (Figure 3.7d).
However, all the observed eruptions have S, greater than the model predictions when
initial volatile contents are estimated from melt inclusions (Figure 3.7b-c), consistent
with the presence of a gas phase (e.g., Wallace and Gerlach, 1994; Wallace et al., 1995).

3.4.3 Volume Change, V

Measurements of normalised volume change, V,s, range from 0.03 to 0.74 with generally
lower values for silica-rich eruptions at comparable depths, consistent with higher initial
volatile contents (Figure 3.6a,c,e). Both silica-rich and silica-poor categories show a broad
trend with larger V,;, for deeper reservoirs and smaller V,;, for shallower reservoirs.

This is consistent with closed-system behaviour: shallower reservoirs are more gas-rich
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FIGURE 3.7. (page 68): Comparison between model predictions and observations
of (a-d) SOy degassing and (e-h) co-eruptive volume change (Supp. Table
B.3-B.9). The magma composition used for the models are that of a generic
basalt and rhyolite, which are presets in EVo, and the volatile content used
in the models has been listed in Supplementary Table B.1. (a) Relationship
between the erupted volume (dense-rock equivalent, DRE) and the total
mass of SOq released for eruptions eruptions with SiOg < 50wt%. The diag-
onal lines are modelled using an ocean island basalt composition (w20 =
1.0 wt%, w®02 = 1.0 wt%, fo, = NNO and w® = 1600 ppm ; Supp. Table B.1)
assuming a closed degassing system. (b) Same as panel a but for eruptions
with SiOg > 50wt%. The diagonal lines are modelled using magma com-
position of rhyolite formed by fractional crystallisation (5.0 wt% HsO; full
line) and melt inclusion data from typical rhyolitic magma (dotted line). (c)
Normalised SOy, S, for eruptions with SiO9 > 50wt% compared to model
predictions using different sulfur content (full and dashed lines) and melt
inclusions (dotted line) as a function of depth. (d) S,5s for eruptions with
Si0g > 50wt% compared to model predictions for 5 wt% HsO rhyolite (full
line), with dotted lines representing pre-eruptive exsolved volatile segrega-
tion, such that 2 = +1 represents pre-eruptive gas accumulation and 2 = -1
represents pre-eruptive degassing. (e) Normalised volume change Vs of
eruptions with SiOg < 50wt% compared to model predictions for water-rich
(dashed line) and water-poor basalts (full line) with chamber compress-
ibilities of 6 x 10711 Pa~! and 3.3 x 1071 Pa~!. (f) Vs of eruptions with
Si0g < 50wt% compared to model predictions for water-poor basalts (full
line), with dotted lines representing pre-eruptive exsolved volatile segrega-
tion, such that £ = +1 represents pre-eruptive gas accumulation and 2 = -1
represents pre-eruptive degassing. (g) V,ps of eruptions with SiOs > 50wt%
compared to model predictions for water-rich (15 wt% HO; dashed line),
water-poor rhyolites (5.0 wt% HyO; full line) and melt inclusions (dotted
line) and chamber compressibilities of 6 x 107! Pa~! and 3.3 x 10710 Pa~! .
(h) Vs of eruptions with SiOg > 50wt% compared to model predictions for
water-poor rhyolites that underwent closed-system degassing (full line) and
pre-eruptive gas accumulation and degassing (dotted lines). See Figure 3.5
for additional information on pre-eruptive exsolved volatile segregation. *In
¢, the water content is 5wt% for the model run with a sulfur content of 1800
and 3000 ppm and 10 wt% for the model run with a sulfur content of 4200
ppm. All data points are listed in Table 3.1 and colour-coded for magma
composition. The different symbols represent the different (a-b) reservoir
depths and (c-h) reservoir geometry. Abbreviations are shown in Figure 3.6.
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and compressible and hence produce less deformation per unit volume erupted (Kilbride
et al., 2016; Yip et al., 2022). However, the scatter suggests that other factors modulate
the relationship, such as magmatic volatile content, pre-eruptive gas segregation and

chamber compressibility.

In Figure 3.7e, we compare observations of silica-poor eruptions SiOg < 50wt% to the
model predictions for basaltic magmas with a range of water contents (1-3.3 wt% HsO)
and chamber compressibilities (6 x 1071 Pa~1; 3.3 x 10710 Pa~1). Three of the eruptions
have a higher V,;, than expected, even for water-poor basalts and high chamber com-
pressibilities, indicating the magma is less compressible than can be explained using
a closed-system model (Figure 3.7e). Figure 3.7f shows that these eruptions lie in the
—1 <k <0 domain indicating that the magma was partially depleted by outgassing prior
to eruption, consistent with observations of passive degassing at mafic volcanoes (e.g.,
Barry et al., 2014; Carn et al., 2016). The other two eruptions have lower V,;; and can
either be explained by a low chamber compressibility or pre-eruptive gas accumulation.
In the case of the 2010 eruption of Eyjafjallajokull, Iceland, previous studies have sug-
gested that some magma was sourced from a deeper reservoir and hence the co-eruptive

volume change is an underestimate (Sigmundsson et al., 2010).

In Figure 3.7g, we compare the observations of silica-rich eruptions (SiOg2 > 50 wt%) to
the model predictions using initial HoO contents of 5 and 15 wt% HoO from the model
of fractional crystallisation (Table 1) and chamber compressibilities of 6 x 10711 Pa~!
and 3.3 x 1071% Pa~! (Figure 3.3). For roughly half of the eruptions, V,;s lies within
the range predicted for closed-system degassing of a chamber with high compressibility
(Figure 3.7g), while the others have V,;, greater than the predictions for even water-poor
rhyolite and high chamber compressibility and lie in the pre-eruptive outgassing regime
(Figure 3.7h). However, all but one of the observations can be explained by closed-system
degassing, if we use a lower initial water content of 3.3 wt% based on melt inclusion

studies (Figure 3.7g).

3.4.4 Combining V,;; and S,

Interestingly, although our compilations of V3 and S5 both indicate that many vol-
canoes experience pre-eruptive outgassing, the measurements are not consistent for
individual volcanoes (e.g., V,5s may be in the pre-eruptive outgassing regime but S, is

in the pre-eruptive gas accumulation regime or vice versa). This apparent discrepancy
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can be explained by the heterogeneity in sulfur concentration in the melt and uncer-
tainties in SO9 detection. For example, the 2008 eruption of Chaitén, Chile lies in the
predicted range for V, but not S, and the anomalously low SOy emissions have previously
been explained by SOg scrubbing (Carn et al., 2016; Casas et al., 2019).

3.5 Discussion

This study provides new insights into the influence of pre-eruptive magma storage condi-
tions and co-eruptive processes on observations of volcanic deformation and degassing.
We use numerical models to investigate the role of reservoir depth, water content, sulfur
content, chamber compressibility and pre-eruptive gas segregation on observations of
volcanic deformation and SOy emissions. The models predict that reservoir depth, cham-
ber compressibility and magma composition will have first-order controls, but that gas

segregation processes will also have a significant impact.

Our compilation of eruption data confirms the first-order trend between normalised
volume change and reservoir depth, such that shallow reservoirs produce small volume
changes. While this is qualitatively consistent with a model of closed-system degassing
in which shallow reservoirs contain gas-rich, compressible magma, the scatter suggests
that other factors modulate the volume changes of the reservoir, namely magmatic water

content and pre-eruptive gas segregation.

Comparison to model predictions suggests that all magmatic systems undergo a certain
degree of outgassing prior to an eruption. For evolved magmas, the amount of degassing
is similar to or lower than expected if we assume closed system fractional crystallisation,
but greater than expected if we only consider the dissolved volatile content preserved in
melt inclusions. This is consistent with the model of a transcrustal magmatic system, in
which exsolved gas separates from the melt and rises buoyantly to accumulate in different
parts of the system. Thus, the gas content of the reservoir from which the magma erupted
may be gas-rich compared to predictions based on melt-inclusion data and also partially
depleted in gas compared to predictions based on fractional crystallisation. We also find
that mafic eruptions typically experience co-eruptive degassing, producing relatively
large amounts of SOy per volume erupted despite their low magmatic sulfur content.
However, considering the input parameters represents that of a generic basalt and

rhyolite, it is also important to acknowledge that the normalised SO2 and normalised
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Mafic Intermediate-silicic

o

Pre-eruptive Co-eruptive Dissolved >
degassing < degassing melt inclusion

Pre-eruptive
gas accumulation

Pre-eruptive
degassing

{

F1GURE 3.8. Conceptual model comparing the magmatic systems feeding silica-
rich and silica-poor eruptions. The colour gradient represents magma com-
position, with red representing primitive melt (i.e., least evolved) and yellow
representing evolved, silicic magma. Silica-poor systems (left) have high
volatile diffusivity due to high temperature, which allows co-eruptive de-
gassing during magma ascent to the surface. Silica-rich systems (right)
have complex transcrustal magmatic systems. Volatile enrichment occurs
during the fractional crystallisation of the primitive melt. The volatiles
exsolved may accumulate as gas-rich caps or be lost due to outgassing at dif-
ferent parts of the system. The reservoir from which an eruption occurs may
therefore be gas-rich or gas-poor relative to the initial magmatic conditions
and thus modify observations of co-eruptive volume change and degassing.
A fraction of volatiles that is already exsolved may not be recorded in melt
inclusion data, thereby underestimating the pre-eruptive gas content in the
reservoir and total SOy emissions.

volume changes predicted by the model might exhibit discrepancies when compared to

the actual data from specific eruptions.
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However, these models are clearly oversimplified and our analysis is limited by a lack of
suitable data. We were only able to identify 20 eruptions for which data was available on
erupted volume, volume change and SOy emissions. Although satellite data now provides
compilations of SO emissions and surface deformation (Carn et al., 2016; Ebmeier
et al., 2018), these are not provided on an operational basis and not all eruptions are
included. To illustrate the challenge, we compared the three best currently-available
catalogues: Galetto et al. (2023) for erupted volume, Ebmeier et al. (2018) for volcanic
deformation and Carn (2016) for SOy emissions (Figure 3.9). Ebmeier et al. (2018)
compiled 308 deformation episodes between 1990-2015, of which 78 were related to an
eruption. However, source depths were only provided for 45 of these eruptions and there
is no information on volume change. Galetto et al. (2023) compiled 682 estimates of
mass erupted between 1961-2020, which relates to 209 individual eruptions. Carn (2016)
compiled estimates of SO9 loading for 47 eruptions between 1979-2014. If we restrict
these to the overlapping date range of 2005-2014, we are left with 48 eruptions from the
Ebmeier et al. (2018) catalogue, 79 eruptions from the Galetto et al. (2023) catalogue and
29 eruptions from Carn (2016). However, of these, there are only 9 eruptions for which
all three measurements are available: Chaitén, Chile 2008; Puyehue-Cordén Caulle,
Chile, 2011; Sierra Negra, Galapagos, 2005; Tolbachik, Russia, 2012; Jebel at Tair, Saudi
Arabia, 2007; Eyjafjallajokull, Iceland, 2010; Piton de la Fournaise, France, 2007 and
Merapi, Indonesia, 2010.

Even less information is available about crustal shear modulus (u). Seismic tomography
can be used to estimate material properties, but is only available at a small number
of well-studied volcanoes. For example, the compilation of Paulatto et al. (2022) only
includes one of the volcanoes in our list: Merapi. Heap et al. (2020) provide a method of
estimating depth-dependent rock mass Young’s moduli for volcanic rocks; their empirical
data is from room pressure or shallow tunnels and it is not yet clear whether the

relationships are applicable to rock masses at depths greater than a few hundred metres.

3.6 Conclusions

This study provides new insights into the influence of pre-eruptive magma storage condi-
tions and co-eruptive processes on observations of volcanic deformation and degassing.
We use numerical models to investigate the role of reservoir depth, water content, sulfur

content, chamber compressibility and pre-eruptive gas segregation on observations of

73



CHAPTER 3. THE ROLE OF PRE-ERUPTIVE EXSOLVED VOLATILE SEGREGATION
ON OBSERVATIONS OF VOLCANIC DEFORMATION AND DEGASSING

209 eruptions

682 data points
1961-2020

Erupted volume
(Galetto et al., 2023)

FIGURE 3.9. Illustration of the three best currently-available catalogues for
volcano monitoring: Galetto et al. (2023) for erupted volume, Ebmeier et al.
(2018) for volcanic deformation and Carn (2016) for SOg emissions (Figure
3.9). Each catalogue has a different observation period. With an overlapping
date range of 2005-2014, there are only 9 eruptions for which all three
measurements are available.

volcanic deformation and SOg emissions. The models predict that reservoir depth, cham-
ber compressibility and magma composition will have first-order controls, but that gas

segregation processes will also have a significant impact.

Our analysis of silica-poor eruptions is consistent with a simple conceptual model of
a single short-lived reservoir that undergoes some minor degassing prior to eruption,
followed by an effusive eruption with significant degassing taking place between the
reservoir and the vent (Figure 3.8a). SO9 emissions from mafic systems are dominated
by co-eruptive degassing, meaning that mafic systems are big SOy gas emitters despite

the fact that our analysis of volume change measurements shows that the reservoirs
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have undergone some pre-eruptive degassing.

In contrast, our analysis of eruptions involving silica-rich compositions is more consistent
with current models of transcrustal magmatic systems (e.g., Cashman et al., 2017), in
which the exsolved volatile phase may undergo pre-eruptive degassing or gas accumus-
lation at various depths prior to an eruption (Figure 3.8b). In this conceptual model, a
fraction of the volatile content inherited from the primitive basalt is outgassed prior
to the formation of melt inclusions, but subsequently, exsolved gas may accumulate as
gas-rich caps. The complexity of the magma storage in silica-rich systems ultimately
complicates the interpretation of volcanic deformation and SOg degassing (Figure 3.8).
Indeed, many andesitic eruptions alternate between explosive and extrusive phases
suggesting that the gas content in the erupting magma varies during an eruption (e.g.,
Jaupart and Allegre, 1991; Cassidy et al., 2018).

Our results emphasise the need to reconcile multiparameter observations from different
disciplines of volcanology (e.g., geophysics, geochemistry, petrology) when interpreting
monitoring data. However, our analysis is limited by a lack of a systematic approach to
collecting monitoring data (gas, deformation, volume) and basic characteristics (magma
composition, crustal properties). Analyses that focus on a single data type are unable
to obtain a full picture of the system and may be biased by assumptions. Thus further
integration of multiparameter datasets with physical models is critical for understanding

magmatic plumbing systems, as well as improve our understanding of monitoring data.
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Understanding the temporal
evolution of magma gas content and
compressibility using observations of

volcanic deformation and degassing
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Abstract

Magma reservoirs are heterogeneous meaning magma properties, including gas content,
vary during volcanic eruptions. Here we investigate the effect these variations have
on monitoring data, specifically surface deformation and SO9 emission measurements.
We simulate an eruption from a two-layered magma reservoir model and track the gas
content in the reservoir, bulk magma compressibility and volume change. When the
upper layer is gas-poor (a degassed plug), its gradual removal increases the gas content
and bulk compressibility of the magma in the reservoir, thus suppressing the volume
change but increasing SOy emissions. The converse is true when the upper layer is
a gas-rich cap. We compare these predictions to the 2004-2005 eruption of Mount St
Helens which involved a degassed plug and the 2011-2012 eruption of Cordén Caulle
which involved a gas-rich cap. We show that magma compressibility increased during
the eruption of Mount St Helens, but for Cordén Caulle, there was no change during
the effusive phase of the eruption. The two-layer model provides a reasonable fit to the
Mount St Helens data assuming the upper layer is 99.9% degassed and the lower layer
is 40% degassed, but oversimplifies the observed variations in compressibility. These
models emphasise the importance of integrating multi-parameter monitoring data to

constrain the change in magma properties during an eruption.
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4.1 Introduction

Monitoring changes in volcanic activity using multiparameter data is crucial for under-
standing magmatic properties and processes (e.g., Reath et al., 2019; Wong and Segall,
2020; Wasser et al., 2021) and as a basis for forecasting eruptions (e.g., Biggs and Wright,
2020; Pritchard et al., 2022; Christophersen et al., 2022). However, most studies focus
on isolated aspects of volcanic behavior, such as deformation or SO9 degassing (e.g.,
Sigmarsson et al., 2013; Hreinsdoéttir et al., 2014; Hotta et al., 2019; Primulyana et al.,
2019), combine them in a qualitative manner (e.g., Reath et al., 2020; Joseph et al., 2022)
or treat an eruption as a single discrete event (Kilbride et al., 2016; Wong and Segall,
2020; Yip et al., 2022). Here, we explore how temporal variations in exsolved volatile
content during eruptions affect magma compressibility and subsequently observations of

ground deformation, and SOy emissions.

Exsolved volatiles, such as water and carbon dioxide, play an important role in determ-
ining the explosiveness (e.g., Gardner, 2009; Burgisser and Degruyter, 2015; La Spina
et al., 2022) and eruptive behaviour of volcanoes (e.g., Gonnermann and Manga, 2006;
Métrich and Wallace, 2008; Kilbride et al., 2016; Edmonds and Wallace, 2017; Wasser
et al., 2021). Reservoir gas content cannot be directly measured during an eruption, but
it controls magma compressibility and hence modulates surface deformation which is
commonly measured. (Huppert and Woods, 2002; Woods and Huppert, 2003; Kilbride
et al., 2016; Wasser et al., 2021; Yip et al., 2024). Exsolved gases can escape via per-
meable networks (e.g., Mount St. Helens, 2004; Chiodini et al., 2005; Gerlach et al.,
2008; Dzurisin et al., 2015; Colombier et al., 2021) or accumulate within the roof zone
of a magma reservoir (e.g., Cordon Caulle, 2011; Jay et al., 2014; Oppenheimer et al.,
2015; Parmigiani et al., 2016). Previous studies have shown that magmatic systems with
accumulated gas in the roof zone will 1) generate explosive eruption (Cashman, 2004;
Gonnermann and Manga, 2006), 2) produce ‘excess’ SOg emissions (e.g., Wallace and
Gerlach, 1994; Wallace, 2001) and 3) have reduced syn-eruptive surface deformation due
to high magma compressibility (Yip et al., 2024). In contrast, pre-eruptive degassing
promotes effusive eruptions with reduced syn-eruptive SOy emissions (assuming no
co-eruptive degassing) and reduced magma compressibility such that the volume of
material erupted is roughly equal to the subsurface volume change. Here we consider
how the gas content in the reservoir evolves during an eruption with either a gas rich

cap or a degassed plug. Assuming an interconnected reservoir, the proportion of gas in
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the reservoir increases as a degassed plug is being removed, and the proportion of gas
in the reservoir decreases as a gas-rich cap collapses. Here we investigate the effect
the corresponding changes in magma compressibility have on observations of surface
deformation. This raises two questions: 1) how does the gas content affect our ability
to estimate magma volumes from deformation monitoring? and 2) can we use volcano

monitoring data to estimate the gas content of a magma reservoir?

We use a simple two-layer model to explore the temporal evolution of bulk magma
properties during an eruption, and the impact on observations of deformation and
degassing. In our model, the lower layer consists of undegassed magma while the upper
layer can be either a gas-rich cap or a degassed plug. We gradually remove material from
the upper layer and explore how the changing gas content affects bulk compressibility
and hence surface deformation. We apply our model to the 2004 eruption of Mount St.
Helens, which involved a degassed plug (Gerlach et al., 2008; Lisowski et al., 2008;
Anderson and Segall, 2013). We also consider the application to explosive eruptions,
using the 2011 eruption of Cordén Caulle as an example of an eruption involving a gas-
rich cap (Carboni et al., 2012; Jay et al., 2014). Our results emphasise the importance
of considering gas content when interpreting observations of surface deformation and
integrating multiparameter monitoring data to accurately forecast volcanic behavior and

mitigate potential hazards.

4.2 Two-layer Model

In this section, we describe a simple two-layer model designed to investigate how the
gas content in the upper layer of the reservoir affects time series of SOy emissions and
surface deformation. We consider three different factors: 1) the gas content of the upper
layer (gas-rich cap or degassed plug), 2) connectivity between upper and lower layers,
and 3) eruptions with varying extrusion rate. For each scenario, we calculate time series
of bulk magma properties (gas volume fraction, V,, and magma compressibility ,,) and
observations (normalised SOy emissions, S and volume change, V). A complete list of

symbols is provided in Table 4.1.
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FIGURE 4.1. (a) Simple box plot of a two-layered magma plumbing system. The
upper layer (grey) consists of a degassed or a gas-rich magma, underlain by
a closed system degassing magma (orange). The model is initialised using
an upper layer fraction (¢r7) = 0.7 and lower layer fraction (¢, = 1-¢y) =0.3.
When the upper layer has been depleted, ¢y = 0 and thus ¢, = 1, such that
the properties of the magma remaining in the reservoir is that of the magma
at the lower layer. Temporal changes in the weighted average of (b) gas
volume fraction, (c) SOz gas per unit volume, (d) magma compressibility and
(d) volume change per unit volume during the removal of a (red) degassed
plug or a (blue) gas-rich cap. Dotted data points represent a well-connected
magma plumbing system, while squares represent disconnected magma
plumbing system, i.e., poor connectivity between reservoirs.
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4.2.1 Model Setup

To calculate the gas content of each layer, we follow the method of Yip et al. (2022, in
submission). First, we use the thermodynamic model, EVo (Liggins et al., 2020, 2022), to
determine the gas volume fraction of an ocean island basalt (HoO = 1.0 wt%, CO = 1
wt%, S = 1600 ppm and fo, = NNO, 1200 °C, 48 wt% SiO3) at the chosen depth (5 km) by
assuming closed system degassing of a magma with a starting depth calculated using
the volatile saturation pressure (Liggins et al., 2022). We then account for pre-eruptive
gas segregation by modifying the gas volume fraction (V) using a proportion &, where
—1 <k <0 corresponds to pre-eruptive degassing and % > 0 represents pre-eruptive gas
accumulation. For the lower layer, we use £ = 0 to represent the underlying undegassed
magma and for the upper layer we use either £ = —0.8 for a degassed plug, or £ = 1 for a
gas-rich cap. We calculate the compressibility of each layer based on the magma density

(om), which is a function of melt and gas volume fraction (Vy),

16
B = — 2Pm 4.1)
Pm Op

where p is pressure.

We simulate an eruption by progressively removing magma from the upper layer, U,
first and then from the lower layer, L. Thus, initially the volume fraction of the upper
layer (¢y) decreases and the fraction of the lower layer (¢1) increases (Figure 4.1). For
simplicity, we initially model eruptions using a constant eruption rate, before considering
more realistic scenarios: 1) a magma reservoir with a gas-rich cap and a decreasing
eruption rate, and 2) a magma reservoir with a degassed plug and increasing eruption

rate.

We then calculate the bulk properties of the two-layer reservoir during the eruption. To
represent a well-connected system, we use a weighted average of the properties of the
individual layers and for the disconnected system, we use the properties of the upper
layer until it is completely removed and then switch to those of the lower layer. For

example, the bulk magma compressibility is given by,
$uPu+¢rPr  if connected

Bm = if oy >0 (4.2)
bu v if disconnected
pr ifpy=0
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We then calculate the two observable parameters - volume change and SOy emissions,
each normalised to the volume erupted in each timestep. The normalised volume change

of the reservoir, V can be calculated using

V= (1+/3_m)_1, 4.3)
Be
where S, is the crustal compressibility (Rivalta and Segall, 2008; Kilbride et al., 2016;
Yip et al., 2022). For our simple model, we assume deformation from a spherical point
source (fB. = %) with constant crustal shear modulus (u = 2.1 GPa) (Mogi, 1958; Heap
et al., 2020) but use tailored parameters for specific case studies. Measurements of
surface deformation are typically calculated cumulatively as this reduces uncertainties,
therefore we calculate both incremental and cumulative values of volume change and

SOy emissions.

4.2.2 Model Results

Figure 4.1 shows the results for models using a constant eruption flux. The initial volume
of the upper layer is 5x10° m?3 and the lower layer is 2x10° m? and we remove 0.5x10°
m? in each timestep. For a well-connected reservoir with a gas-rich cap (blue circles),
the gas volume fraction (V) decreases with time leading to decreasing normalised SO»
(S) and magma compressibility (8,,), and increasing normalised volume change (V)
(Figure 4.1b-e). Conversely, in a reservoir with a degassed plug (red circles), V; increases
resulting in increasing S and f,,, and decreasing V (Figure 1b-e). Following the complete
removal of the plug or cap, the bulk magma properties match those of the underlying

undegassed magma, resulting in constant values of Vg, S, Bm, and V (Figure 4.1b-e).

In contrast, for a disconnected system of isolated reservoirs with different exsolved
volatile contents, the resulting time series show a step function (squares). The magma
properties (B, Vg, S, V) initially match those of the upper layer, but once this is
exhausted, there is a step change to the properties associated of the lower layer. This
difference in behaviour highlights the influence of reservoir architecture and connectivity

on magma properties and monitoring data.

Figure 4.2 shows the effect on SOz and volume change of a time-dependent eruption flux:

Figure 4.2a-d shows the absolute incremental values; Figure 4.2e-h shows the absolute
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TABLE 4.1. Symbols and their representative values. The initial parameters for
the simulated eruption is included here (Section 4.2.1).

Symbol Description Parameter space
V. Volume change of reservoir?® -
Ve Volume erupted® -
% Normalised volume change® -
ESO2 SOy emissions® -
S Normalised SO,* -
Bm Magma compressibility® -
Be Crustal compressibility® -

Starting parameters for simulated eruption (Section 4.2.1)

U Proportion of upper layer 0.7
oL Proportion of lower layer 0.3
ku Proportion % of upper layer 0.8 (degassed)

+1.0 (gas-rich)

kr Proportion % of underlying magma 0
w20 H0 content 1.0 wt%
wC0:2 COg9 content 1.0 wt%

wS S content 1600 ppm

we Excess gas content 0 wt%
fo, Oxygen fugacity NNO

T Temperature 1200 °C

Si09 content 48 wt%
7 Crustal shear modulus 2.1 GPa

¢ Symbols in the main text with superscript i and superscript ¢ represent incremental
and cumulative values, respectively. For example, incremental and cumulative volume
change of the reservoir are shown as V! and V, respectively.
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FIGURE 4.2. Temporal variation of SO2 emissions and volume changes predicted
from the simulated eruption associated with a two-layered magma reservoir
with a degassed plug (red) or a gas-rich cap (blue). (a) Incremental SO
emissions assuming the volume erupted (V,; black) is constant throughout
an eruption. Results are shown for well-connected (circles) and disconnected
(squares) reservoirs. (b) Incremental SO emissions for eruptions with
increasing V, (triangle) and decreasing V, (inverted triangle). Incremental
volume change of a reservoir when the extrusion rate is (c) constant and
(d) increasing/ decreasing. Panels e-h illustrates the cumulative values for
the results shown in panels a-d. The normalised SOz S for an eruption
with (i) constant and (j) increasing/ decreasing volume erupted. The squares
represent the cumulative S for a disconnected reservoir, and the circles
and bars represent the cumulative S and incremental S for a connected
reservoir, respectively. (k-j) Normalised volume change V for an eruption
with different rate of V,. The grey-shaded region illustrates the time step at
which the plug/ cap is being removed, and the unshaded region represents
the removal of the underlying undegassed magma.
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cumulative values and Figure 4.2i-1 shows the normalised values. For a degassed plug
with an increasing eruption rate, the SO2 flux increases more rapidly than for the
constant flux case (Figure 4.2b) . The increasing eruptive flux means the absolute
volume change still increases with time even though the increasing gas content increases
compressibility and decreases normalised volume change (Figure 4.2d). The effect of
changing flux rate opposes the effect of compressibility and the balance will depend on

the precise values chosen. The converse is true for eruptions involving a gas-rich cap.

In practice, time-series data are often presented as cumulative values, but these have
a temporal lag relative to their incremental counterparts (S¢ and V?). Although both
cumulative and incremental parameters display similar trends, the incremental meas-
urements provide more immediate insights into magma transitions and eruption styles,
highlighting the importance of calculating incremental changes and normalising to

eruptive volume for capturing crucial changes during eruptions (Figure 4.2i-1).

4.3 Case study

To understand the temporal evolution of magma properties during an eruption, we
analyse and compare observations of SOy emissions, surface deformation and extrusion
flux data to our forward model as case study examples. In our case study, we have
selected two distinct eruption events to serve as end members: the 2004-2005 eruption of
Mount St. Helens, which has already been attributed to the removal of a degassed plug
(Gerlach et al., 2008; Anderson and Segall, 2013); and the 2011-2012 eruption of Cordéon
Caulle, which is characterised by gas-rich pre-eruptive magma (Jay et al., 2014). The
dynamics of these two eruptions can be related to Figure 4.1-4.2: a degassed plug exhibits
increasing S and decreasing V during an eruption (red data points), while a gas-rich
cap displays decreasing S and increasing V (blue data points). For each example, we
use the observed deformation and erupted volume to constrain the evolution of magma

properties, specifically gas content.

4.3.1 Case Study 1: Degassed Plug

We apply our model to the 2004-2005 eruption of Mount St. Helens for which observations

of SOy emissions, surface deformation and extrusion flux are available and the presence
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FI1GURE 4.3. Conceptual model of the 2004 eruption of Mount St. Helens. The up-
per layer consists of degassed magma that is pushed out by the lower layer
magma. The model is constrained by observations of ground deformation
and volume erupted, and qualitatively compared to SO9 emissions.

of a degassed plug has already been inferred (Gerlach et al., 2008; Anderson and Segall,
2013)

4.3.1.1 Observations of the 2004-2005 eruption of Mount St. Helens

After nearly 20 years of quiescence, Mount St. Helens began to erupt on 27 September
2004 with the growth of a dacitic lava dome in the vent of the 1980 eruption (Vallance
et al., 2008). Low volatile contents in the matrix glasses suggests that the ascending
magma was depleted in exsolved volatiles due to degassing prior to its eruption (Pallister
et al., 2008; Gerlach et al., 2008). The semi-solid degassed plug was forced out of the
conduit along well-developed ring faults (Cashman et al., 2008) from the top of an
ellipsoidal chamber (d7 = 5.2 km) with a centroid depth of d.; = 8.6 km (Mastin et al.,
2008) (Figure 4.3). The eruption continued until early 2008 with a steady decline in
the extrusion rate and ground deformation (Schilling et al., 2008). We focus on the first

205 days of the eruption, for which co-eruptive deformation, SOy emissions and erupted
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volume data are available.

Co-eruptive deformation was observed through GPS measurements from a station (JRO1)
located approximately 9 km north of the volcano. The deformation data showed minimal
precursory deformation signals until the onset of the eruption (Anderson and Segall,
2013, Supplementary Table C.1), which coincides with the first detection of a seismic
swarm on 26 September (Lisowski et al., 2008). During the first two weeks of the eruption,
a rapid deflation up to 10 mm was recorded, known as the vent-clearing phase (cyan
shaded area; Figure 4.4) that is characterised by increased seismicity, several phreatic

explosions and lava extrusion beneath the glacier (Moran et al., 2008; Anderson and

50 100 150 200

wv

0
i
: oA
£ 1
_Z s
T <
T -10-
[J]
&= g —15 —— Cumulative ~—— Observed
° -=-- Incremental —— Simulated
2 20+
=25
0 50 100 150 200
6 IE7: 1 1 1 1 106 C L 1 1 1 le5 8
B | —— Volume erupted E, —==- Volume erupted -~
_ 57 | == Volume change ! % o--% === S0, L6 £E
Tad 5 105 4 f‘ ¥ RN 3
= I =5 - -1 *--o ’~\ <
i e [ D2 il TT - PR SN <3
234 | < O se="" Wag
I IN] | ——— [J]
% 2 ! 8 104 4 ! _ o
S [ ul! v Eo €
[ 0! e 25
14 I 1! bkl 3
[ 1! >
0 ; : 103 +—4 0
R 10—7 L 1 1 1 1 30 1 Il ! 1 1
z (of - F|
ES B 1 2.5 1
=S 10 8 | I ,,’ I-‘ o5~ < I
g - : - \ O X {
[ -9 | I r’ . 273 2.0 1 i
5o 10 i = 5 22 I
I I A e sel57 i
] -10 I - S > |
S 10 E P o T 104 -
£ = 1 g es L =TT
1014 | I —
o : 0.5 } 7
S T ; ; 0.0 +—=2 ; ;
1.0 1.0
™ 0.8 S 0.8
- 9 Q
o 2 0 o
2 5 0.6 T 061
e 5 o
£ 004 T 204
2S£ En
0.2 2 021
0.0 T T 0.0 T T
2004-09 2004-12 2005-03 2005-06 2004-09 2004-12 2005-03 2005-06
Time - Time -

88



4.3. CASE STUDY

FIGURE 4.4. (page 88): Temporal evolution of eruption data for the 2004 erup-
tion of Mount St. Helens. (a) Radial displacement from GPS measurements
(Lisowski et al., 2008; Anderson and Segall, 2013). (b) Volume of extruded
lava measured using digital aerophotogrammetry (Schilling et al., 2008)
and volume change of reservoir estimated from the total co-eruptive volume
change and ground deformation. (a-b) The raw data are shown as scat-
ter points and they are fitted by solid lines using spline function. (c) In-
cremental changes of magma compressibility estimated from normalised
volume change using Eq. 4.3. (d) Cumulative and incremental normalised
volume change calculated by normalising the fitted volume change to the
fitted volume erupted. (e) Incremental SOg flux from airborne gas measure-
ments (Gerlach et al., 2008) and model prediction. The incremental volume
erupted is included in the plot for comparison. (f) Incremental gas volume
fraction in the magma. (g) Normalised SO predicted from the model. The
top and bottom axis of the plots show the day and date of eruption. The
blue shaded area represents the vent-clearing phase which lasted for two
weeks since the commence of the eruption (Anderson and Segall, 2013). The
model predicted the degassed magma accounts for the whole study period
assuming a constant 2y = —0.99 (grey shaded area). The underlying magma
that erupted after the study period has a constant 27, = —0.4, i.e., undergone
certain extent of pre-eruptive degassing.

Segall, 2013). Following an explosion on 5 October, the deformation rate slowed down
(Lisowski et al., 2008).

The volume of erupted lava was estimated using digital aerophotogrammetry (Schilling
et al., 2008, Supplementary Table C.2), which is then converted to the dense-rock equi-
valent by assuming a porosity of 10% (Gerlach et al., 2008; Anderson and Segall, 2013).
A zone of highly fractured ice uplifted the neighbouring crater-floor debris, referred to as
the ‘welt’, with a volume of ~10 x10° m3 before the lava appears on the surface (Vallance
et al., 2008). The volume of this welt was added to subsequent estimates of the extruded
volume to determine the total erupted volume (Anderson and Segall, 2013). The eruption
exhibited a declining trend in the rate of dome growth from ~7 x10% m?3 day~! until the
eruption ends (black line; Figure 4.4b) (Iverson et al., 2006; Moran et al., 2008; Schilling
et al., 2008).

To compare ground deformation and erupted volume, we fit a univariate spline (Python
package SciPy.Interpolate; B-spline basis with 2 knots) to each of the measurements

(Figure 4.4a-b). We estimate the cumulative time series of volume change by assuming
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the volume change of the reservoir is directly proportional to the ground deformation,
such that there is just one deformation source that is stationary and has a fixed geometry
(blue line; Figure 4.4b). In other words, the volume change at each time step is equal to
the displacement at that time step multiplied by the ratio between the total co-eruptive
volume change (V, = 2.2x107 m?) and the total displacement (~13 mm). We calculate
the normalised volume change (V) using the interpolated values of both the volume
change and volume erupted (Figure 4.4d). Figure 4.4d shows that cumulative V, V¢,
decreases with an exponential decay from 1 to ~0.4, and when measured incrementally,
V' decreases from ~1 to ~0 after 136 days, followed by an increase to ~0.5. Since Vi is a
function of magma compressibility, we can use V* to provide insights into the gas volume
fraction of magma in the reservoir (i.e., low V corresponds to high magma compressibility

and gas volume fraction) (Yip et al., 2022).

SOs emissions were measured through aircraft sampling of the plume (Gerlach et al.,
2008, Supplementary Table C.3). During the initial 10 days of the eruption, SO9 emissions
were below the detection limit (blue; Figure 4.4e), indicating that the gas had been
scrubbed or degassed before eruption (Gerlach et al., 2008). Emissions rose above the
detection limit on 7 October 2004 as the eruption progressed (Figure 4.4e), peaking twice
on 27 October 2004 and 17 December 2004, followed by consistent SO9 emissions (Gerlach
et al., 2008). We interpolate the SO2 emissions using a B-spline function with 5 knots,
which is then normalised by the interpolated erupted volume to calculate normalised
SOs (S; Figure 4.4g). We find that cumulative S, S¢, increases up to ~0.38 kgm™2 after
erupting for 120 days, followed by a gradual decline to ~0.36 kgm~3. When measuring S
incrementally, S¢ increases up to a maximum of 0.79 kg m~2 on 13 December 2004 before

decreasing to ~0.3 kgm™3 (Figure 4.4g).

4.3.1.2 Temporal changes in magma properties

During the vent-clearing phase of the eruption, which lasted for the first two weeks of
the eruption, the cumulative volume change (V) and the cumulative volume erupted
(V) are similar (Figure 4.4b). This is also illustrated by the high cumulative normal-
ised volume change (V¢ = ~1) (blue line; Figure 4.4d), which can be associated to the
presence of a magma with low compressibility, analogous to a degassed magma. This
interpretation is supported by the low SOg flux during this phase, which was below
background level (Figure 4.4e). This is consistent with previous studies that suggested a

semi-solid degassed plug that is depleted in exsolved volatiles at the top of the chamber
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(e.g., Gerlach et al., 2008; Mastin et al., 2008).

Following the vent-clearing phase, the rate of volume change decreased more rapidly than
the rate of extrusion (Figure 4.4b), leading to a decrease in V¢ (Figure 4.4d). By the end of
the study period (205 days), the total co-eruptive volume change accounts for 40% of the
total erupted volume. This suggests the existence of a relatively gas-rich, compressible
magma beneath a degassed magma, consistent with previous interpretations (Gerlach
et al., 2008; Mastin et al., 2009).

The existence of a relatively gas-rich magma can be evidenced by the changes in bulk
magma compressibility ,, at different stages of an eruption. Therefore, it is best quanti-
fying B,, using incremental values. First, we calculate incremental normalised volume
change (V) by normalising the incremental V! to the incremental V/ using Equation
4.3.

Considering that Mount St. Helens has a prolate ellipsoidal chamber, here we use crustal

compressibility B, = % (% _%

ellipsoidal chamber and crustal shear modulus p = 20 GPa (Anderson and Segall, 2011,

), where w = 5 is the major to minor semi-axes of the

2013). We test the same values (w and p) in our forward model in Section 4.3.1.3. We find
an exponential increase in B, from 2.0x107'2 Pa~! that reaches its peak on 10 February
2005 (i.e., after 137 days) at 3.8x1078 Pa~!, and later followed by a decrease in f,, to
8.0x107! Pa~! (Figure 4.4c), consistent with the changes in the fluid content in magma
(Gerlach et al., 2008). The fluctuating f,, can be explained by the presence of pockets of
relatively gas-rich magma underneath a degassed magma (Mastin et al., 2008; Iverson
et al., 2006), such that 3,, increases during the extrusion of the degassed magma and
decreases when the relatively gas-rich magma is erupting. However, we note that the
average B, in this eruption period, including the spike, is 2.7x107 Pa™!, an order of
magnitude greater than previous estimates (e.g., 0.2-5x1071% Pa~1; Mastin et al., 2009;
Wong and Segall, 2020).

4.3.1.3 Numerical Model

To model these time series, we use the two-layer model described in section 2, with
additional constraints from geophysical and petrological data (Figure 4.3, Table 4.2). The
upper layer consists of extensively degassed magma and the lower layer representing an

underlying relatively gas-rich magma and we assume the layers are well-connected. We
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TABLE 4.2. Input parameters and the range of parameters explored in the for-
ward models for Mount St. Helens, 2004. Values enclosed in curly brackets
represent the extreme or end-member values.

width

Symbol Description Parameter space
Upper layer
U Proportion of upper layer {0-1}
ky Proportion £ of upper layer -0.99
dr Depth of top of chamber 5.2 km
wEZIO, w](‘jgz H0 and COg content in melt inclusion 4.4 wt%, 37 ppm
wﬁl I Excess gas content in melt inclusion 1.2 wt%
Lower layer
1033 Proportion of lower layer {1- ¢y}
k1, Proportion % of underlying magma {-0.99—-+1.0}
den Centroid depth of chamber 8.6 km
w?hzo, wcc}?z H50 and COg content in melt 5.0 wt%, 350 ppm
wfh Excess gas content in melt 0.2 wt%
Model parameters
Si0O9 content 76 wt%
fo, Oxygen fugacity NNO
T Temperature 850 °C
) Crustal shear modulus 20 GPa
w Chamber aspect ratio (’;fiicfgf) 5
Misfit analysis
I Crustal shear modulus {2.1-40} GPa
W Chamber aspect ratio (height) {3—10}
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estimate the gas content and compressibility of the magma using the thermodynamic
model EVo (Liggins et al., 2020, 2022). For the upper layer, we use ky = —0.99 to
represent significant pre-eruptive gas loss and extract the gas volume fraction and
magma compressibility at a depth of 5.2 km which represents the top of the chamber
(Figure 4.3) (Anderson and Segall, 2011). We use initial volatile contents of wI‘H,IZIO =
4.4 wt%, wgﬁz = 37 ppm and wﬁﬂ = 1.2 wt% based on melt inclusion data (Gerlach
et al., 2008) which gives a gas fraction of 0.01 vol% and magma compressibility S,
= 4.5x10712 Pa~!. For the lower layer, we extract magma properties at a depth of 8.6
km which represents the centre of the chamber (Figure 4.3) (Anderson and Segall,
2011). We use initial volatile content of wi{hzo = 5.0 wt%, wS,?Z = 350 ppm and wfh =
0.2 wt% for the lower layer based on data from the 1980 eruption of Mount St. Helens,
which has similar magma composition to the 2004 eruption (63 and 65 wt% SiOo,
respectively) (Gerlach et al., 2008). We use an initial starting temperature for both the
upper and lower layers at 850 °C, and the SiOg is 76 wt%, which corresponds to a generic
rhyolite composition. We note that the volatile content, in particular COq, assigned to the
lower layer is an underestimation. According to Blundy et al. (2010), phase and crystal
assemblages inferred an initial COg content at 1.5 wt%. Nevertheless, we expect that
this underestimation does not affect our modelling results because the influence of CO2
on volume changes is minimal (Yip et al., 2022), although that sensitivity test is based
on lower COg contents. Since the eruption was primarily effusive, we calculate the mass
of SO3 gas in equilibrium with the surface pressure and we also assume no SOy was lost

due to scrubbing.

This model contains two unknown parameters: the extent of pre-eruptive gas segregation,
k1 and the proportion of upper (¢y) and lower (¢r = 1 - ¢y) layers. We conduct a
grid search consisting of 1890 forward models exploring the parameter space between
k1, = —0.99 (gas fraction of 0.002 vol%; B,,=9.0x10712 Pa~1) and % = 1 (gas fraction of 4
vol%; Brn=1.0x10"2 Pa~1) and ¢y between 0.1 and 1 (Table 4.2). Chamber compressibility
depends on crustal shear modulus, u, and chamber aspect ratio, w, both of which are
poorly constrained: Anderson and Segall (2011) used w = 5 and u = 20 GPa, Mastin et al.
(2008) used u = 40+4 GPa based on seismic and density data and Wong and Segall (2020)
used w = 3.3. Given this uncertainty, we also conduct a grid search for v =[3,5,10] and
u=12.1,20, 40] GPa. We use the root-mean-square error (RMSE) between the model’s
predicted volume change and the observed interpolated volume change (Figure 4.4b) to

evaluate model performance. Although we also compare the predicted and observed SO,
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flux, we did not use this information to constrain the RMSE or select the best-fitting

model.

Our best-fit model is an elongated ellipsoidal chamber (v = 5 and y = 20 GPa) that
initially contains an extensively degassed magma (ky = —0.99) and a partially degassed
magma (k7, = —0.4). The upper layer comprises 99.9% of the initial reservoir volume (¢
= 0.999). As the upper layer is gradually removed, the modelled bulk compressibility
increases from 10712 Pa—! to 1071° Pa~! and the gas volume fraction increases from 0.01
to 1.2 vol% (Figure 4.4c,f). There is a strong trade-off between k1, and ¢y as a higher ¢y
requires a greater £z, to produce an equivalent bulk magma compressibility (Figure 4.5e).
Despite this the results consistently show that the lower layer is volumetrically small
and relatively gas-rich but has nonetheless undergone a certain amount of pre-eruptive
degassing. The values are also consistent with studies by Anderson and Segall (2011),
Mastin et al. (2009) and Gerlach et al. (2008). The root-mean-square error (RMSE)
between the modelled and observed volume change is 1.4x10% m2, which is equivalent to
6.5% of the total volume change (V, = 2.2x107 m?; Figure 4.5¢).

When plotted cumulatively, the modelled V matches the observations well and the
residuals are smaller than the data uncertainties (solid lines; Figure 4.4d). However,
when plotted incrementally, the two-layer model predicts a simple exponential decay,
but the observations reveal more complex behaviour (dashed lines; Figure 4.4d). Most
noticeably the period between days 115-156 is characterised by low volume change (V
<0.05) and a peak in B,, with values up to 3.8x1078 Pa~! (Figure 4.4c,d). This cannot be
matched by a simple two-layer model and suggests gas fraction within the reservoir is

highly variable .

The SOy emissions do not contribute to the misfit calculation, but provide a qualitative
check on the results. Although the model predictions are a similar order of magnitude as
the observations for the majority of the study period there is a significant discrepancy in
the first two weeks (Figure 4.4e). The SO9 emissions were below the detection limit, and
although the model predicts a low value of S, the erupted volume was high, giving an
overall emission rate of SOy emissions ~1.5x10% kg/ day. For the remainder of the study
period, the mean SOy emission predicted by the model is 5.0x10* kg/ day, which is 0.6 of
the observed value of 8.5x10* kg/ day.
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FIGURE 4.5. Misfit plot between observed and modelled volume change when
varying plug fraction ¢y and proportion £ of magma %y, (grid). The default
parameter combination (i.e., panel e) used are crustal shear modulus u
= 20 GPa and chamber aspect ratio w = 5 (Anderson and Segall, 2011).
Considering the different ranges of parameters reported in previous studies
(Mastin et al., 2008; Wong and Segall, 2020), we also explore u = 2.1-40
GPa and w = 3-10. The values of RMSE from each grid are interpolated and
illustrated using a filled contour. The star represents the best parameter
combination for each model, and the white contour lines represent 5%
confidence interval from the lowest RMSE.
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4.3.2 Case Study 2: Gas-rich cap

We then apply our model to the 2011-2012 eruption of Cordon Caulle, Chile. This is the
first rhyolitic eruption to be instrumentally recorded and the presence of a gas-rich cap
has already been inferred (Castro et al., 2013; Jay et al., 2014; Wendt et al., 2017; Delgado
et al., 2019; Lara et al., 2004). The eruption started on 4 June 2011 and can be divided
into two phases: explosive (4-15th June 2011) and effusive (16th June 2011-March 2012).
The eruption products from 2011-2012 had nearly identical petrology to those from the

1960 eruption, suggesting it was derived from the same reservoir (Jay et al., 2014).
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FIGURE 4.6. (page 96): Temporal evolution of eruption data for the 2011 erup-
tion of Cordon Caulle. (a) LOS displacement from InSAR measurements
(Delgado, 2021). (b) Volume of extruded lava estimated from tephra map-
ping and differences between pre- and post-eruptive DEM (Pistolesi et al.,
2015; Delgado et al., 2019) and volume change of reservoir estimated from
the total co-eruptive volume change and ground deformation. (a-b) The
data (dots) are smoothed using splines (solid lines). (¢) Incremental changes
of magma compressibility estimated from normalised volume change us-
ing Eq. 4.3. (d) Cumulative and incremental normalised volume change
calculated by normalising the fitted volume change to the fitted volume
erupted. (e) Incremental SO¢ flux measured with IASI (Theys et al., 2013).
The incremental volume erupted is included in the plot for comparison. (f)
Incremental gas volume fraction in the magma. (g) Magma compressibility
with varying pre-eruptive volatile segregation. The depth of the reservoir
is represented by data points, with orange indicating the depth of the two
deflation sources during the explosive phase and blue indicating the depth
of the reservoir during the effusive phase. In panels a-f, the vertical dashed
line indicates the start of the eruption which occurred on 4 June 2011, while
the dotted dashed line indicates the point at which the eruption transitioned
into an effusive phase on 15 June 2011.

4.3.2.1 Observations of the 2011-2012 eruption of Cordén Caulle

The explosive phase lasted for 11 days (4-15th June 2011) and produced a total volume
of ~1.0 km?, the majority of which erupted within the first three days (Pistolesi et al.,
2015). GNSS measurements were not available (Wendt et al., 2017), but InSAR measured
subsidence of ~1 m and 0.4 m, respectively, at the neighbouring volcanoes of Cordillera
Nevada and Puyehue, with model depths of 3.8 and 6.1 km (Jay et al., 2014). These
deflationary sources are ~10 km away from the vent, suggesting good connectivity
between distinct reservoirs within a mush system (Delgado, 2021). Jay et al. (2014)
inverted the interferograms and show that the co-eruptive deflation at the eruptive vent
is ~0.11 km?.

The effusive phase produced a rhyolitic lava flow with a volume of 0.45 km?, accompanied
by occasional explosive activity (Schipper et al., 2013; Coppola et al., 2017). During the
effusive phase, Cordén Caulle experienced a quasi-exponential subsidence of 2.2-2.5 m,
which can be modelled by a horizontal prolate spheroid at a depth of 5.2 km (Figure 4.6a)
(Jay et al., 2014; Delgado et al., 2019). The lava flow was accompanied by the intrusion of
a shallow laccolith with a combined volume of ~1.5 km? (Delgado et al., 2019). We create
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time series of surface displacement and erupted volume using the model of Delgado
et al. (2019), which assumes an exponential decay of the form (1-e %) based on a
deflating magma chamber with no magma recharge (e.g., Huppert and Woods, 2002;
Woods and Huppert, 2003; Mastin et al., 2008). We fit this equation to the data and
find values of 7. of 40 days for the displacement and 41 days for the erupted volume
(Figure 4.6a-b). To convert the displacement time series to volume change, we assume
that the volume change is proportional to displacement (i.e. the source geometry remains
constant) and use the ratio between the total co-eruptive volume change ~0.5 km?3 and
total displacement ~2.5 m to calculate the constant of proportionality (Figure 4.6b).
Finally, we normalise the estimated volume change by the erupted volume to give V
(Figure 4.6d).

SOq emissions were measured using the Infrared Atmospheric Sounding Interferometer
(IASI), which is best suited to the low levels of ultraviolet radiation and strong ozone
absorption during austral winter (Theys et al., 2013). The SO flux peaked on the first
day of the eruption at ~0.17 Tg, followed by a sharp decrease, and fell below the detection
limit on 10 June (Figure 4.6e) (Theys et al., 2013; Carbone et al., 2014). The total SOq
flux during the explosive phase is ~0.25 Tg. The occasional negative SOg flux in the time
series are caused by uncertainties due to the large and dispersed plumes (Figure 4.6e)
(Theys et al., 2013).

4.3.2.2 Temporal changes in magma properties

We calculate time series of cumulative normalised volume change, V, cumulative norm-
alised SOs flux, S, and magma compressibility, 8,,, during the effusive phase, but treat
the explosive phase as a single time step due to the lack of data (Figure 4.6¢,d,f). To
calculate chamber compressibility, we assume a horizontal prolate source with crustal

compressibility S, = % and a shear modulus p = 20 GPa (Delgado et al., 2019).

Normalising the co-eruptive volume change by the erupted volume during the explosive
phase yields V = 0.11, which corresponds to a magma compressibility of 6.1 x 10710
Pa~! (Figure 4.6¢c-d). Neither cumulative normalised volume change (V) nor magma
compressibility (f,,) change significantly during the effusive eruption. The incremental
value of V decreases from ~0.21 initially to ~0.18 and magma compressibility increases
from 2.8 x 10710 Pa~! to 3.6 x 1071° Pa~! suggesting a minor decrease in gas content

(Figure 4.6¢-d). The estimated compressibility is on the same order of magnitude (~ 10710
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TABLE 4.3. Input parameters and the range of parameters explored in the
forward models for Cordon Caulle, 2011. Values enclosed in curly brackets
represent the extreme or end-member values.

Symbol Description Parameter space
kL Proportion £ of underlying magma {-0.9-+1.0}

d Depth of chamber 5.2 km
wH20 1)C02  Hy0 and COy content in melt inclusion 3.9 wt%, 220 ppm
ws Excess gas content in melt inclusion 1.5 wt%
fo, Oxygen fugacity NNO-0.69
T Temperature 850 °C
u Crustal shear modulus 20 GPa

Si09 content 76 wt%

Pa~1) as the calculations by Jay et al. (2014) and Delgado et al. (2019). Comparatively,
the normalised volume change during the explosive phase is lower than in the effusive
phase, suggesting a decrease in gas content and magma compressibility between the two

eruption phases.

We estimate the degree of degassing by comparison to model predictions for closed system
degassing (Yip et al., 2022, 2024). In this case we start the model using melt inclusion
data from ~5.2 km depth which gives initial volatile contents of HoO = 3.9 wt%, COq
= 220 ppm and exsolved gas phase of 1.5 wt% which is 63% H20 and 36% CO2z (Jay
et al., 2014) (Table 4.3). The initial starting temperature is 850 °C, and the SiOs is
76 wt%, which corresponds to a generic rhyolite composition. We use EVo to calculate
compressibility for depths between 1-6 km and degree of pre-eruptive gas segregation
of —0.9 < k < 1.0 (Figure 4.6g). The observed values (~3.1x10710 Pa~!) fall within the
range of £ = —0.9 to —0.8, consistent with the observations of Delgado et al. (2019) who
noted substantial degassing of the magma following the explosive phase. This is also
consistent with the the lack of SO9 gas detected by satellites during the effusive phase
(Theys et al., 2013; Carbone et al., 2014).
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4.4 Discussion

Many volcanoes exhibit transitions between effusive and explosive behaviour within a
single eruptive episode. We used a simple two-layer model to show that variations in
gas content can cause changes in magma compressibility that are measurable using
time series of deformation and eruptive volume. Thus, the framework presented here
represents a new opportunity to quantify changes in magma properties during erup-
tions, allowing for a better understanding of magmatic systems and eruption dynamics.

However, there are a number of limitations:

¢ Simultaneous time series of volcanic deformation, SOy emissions and erupted
volume are still relatively rare. Even for the case studies discussed here, it was
necessary to interpolate the available data onto common time steps, and insufficient
data was available to look for changes in compressibility during the explosive phase

of the Cordén Caulle eruption.

¢ Minimal differences have been observed between the volatile contents of explosive
and effusive eruptions (Koleszar et al., 2012). Here we have focused on the extreme
differences in magma compressibility caused by gas-rich caps and degassed plugs,
but many changes in eruption style may not be accompanied by significant changes

in magma compressibility.

* The two-layer model is an oversimplification. For example, our analysis of the
2004-2005 Mount St Helens eruption suggests the presence of a gas-poor pocket
within the reservoir. While adding additional layers or gradients is possible, a more
appropriate approach may be to estimate the bulk gas fraction at each time step

and reconstruct the reservoir content in reverse.

¢ Many eruptions involve magma from multiple sources. The effect of the connectivity
between different pockets of a trans-crustal system remains to be explored (e.g.,

Gudmundsson, 2012; Sigmundsson, 2016; Roman and Lundgren, 2021).

* The framework would be challenging to apply to an eruption comprising multiple

phases, such as the 2006 eruption of Augustine (Wasser et al., 2021).

Despite these limitations, monitoring the changes in gas emissions, deformation, and

magma properties through continuous observations offer valuable insights into the
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evolution of the eruptive systems (Reath et al., 2019, 2020; Manley et al., 2021), and this

study presents a new conceptual framework within which they can be interpreted.

4.5 Conclusion

This study provides new insights into how changes in gas content during volcanic
eruptions affect monitoring data, notably surface deformation and SOy emission meas-
urements. We integrate time series of surface deformation, SOg emissions, and erupted
volume to investigate the changes in gas content and their impact on magma com-
pressibility. The models show that pre-eruptive gas segregation and gas content play
a substantial role in determining eruption behaviours, surface deformation, and SOy

emissions.

Our study focused on two eruption scenarios, each characterised by a two-layered magma
reservoir — one featuring a gas-rich upper layer and the other a degassed upper layer. In
the case of a well-connected reservoir with a gas-rich upper layer, the total gas content
within the magma decreased progressively over time, which led to a reduction in SOq
emissions and magma compressibility, while increasing the volume change. The opposite
is true when the upper layer is a degassed plug. Once the upper layer is depleted,
the bulk magma properties align with the underlying magma. Both cumulative and
incremental measurements show similar trends, but the incremental data provided
more immediate insights into magma properties, which emphasises the importance of

calculating incremental changes during eruptions.

Analysing two distinct eruption events — 2004-2005 Mount St. Helens and 2011-2012
Cordoén Caulle — revealed contrasting magma behaviors, with one involving a degassed
plug and the other a gas-rich cap, respectively. Our analysis show that magma compress-
ibility increased during the eruption of Mount St Helens, but no change was observed
during the effusive phase of the Cordén Caulle eruption. While the two-layer model
captured the dynamics of the Mount St. Helens eruption, the observed variations in
magma compressibility highlights the need for more sophisticated models to account
for the complexity of the reservoir. We also emphasise the lack of data during explosive

eruptions that limits the depth of comprehensive analysis.

Our results present a novel approach for assessing the changes in magma properties dur-
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ing eruptions. However, the lack of simultaneous time-series data (surface deformation,
SO emissions, and erupted volume) limits the analysis of changes in magma properties
during explosive eruptions. Analyses involving involving complex magmatic plumbing
systems and multiple eruption phases fall short in presenting a full picture of the sys-
tem and may be biased by assumptions. Therefore, increasing model complexity, such
as incorporating multiple layers, is crucial to capture the behaviour of magma during
eruptions and improve our understanding magmatic plumbing systems and monitoring
data.
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Chapter 5
Discussion

In this chapter, I present the additional sensitivity analysis and case studies that I have
investigated during my PhD research, as well as the limitations that have been identified
in the development of the thermodynamic framework. Furthermore, I explore the future
prospects of volcano monitoring and propose the development of a web tool based on the

thermodynamic framework to facilitate collaboration among volcanologists.

5.1 Effects of temperature on volatile solubility

Previous chapters have established the effects of initial magmatic volatile content (H2O,
CO2 and S), oxygen fugacity fo, and crustal compressibility (shear modulus p and
geometry) on observations such as normalised SOz (S) and normalised volume change
(V). However, it is also important to recognise the influence of temperature on volatile
exsolution, which has been briefly discussed in Chapter 2. In particular, basalts with
higher temperatures have higher volatile diffusivity, which promotes degassing during
shallow magma ascent (Figure 2.1). In this section, we conduct a sensitivity analysis to

explore the effects of temperature on basaltic systems.

The sensitivity analysis is performed using the same method outlined in Chapter 2, with
the following input parameters: a composition of generic basaltic magma (with 48 wt%
Si0y) with an initial magmatic volatile content defined by w20 = 3.3 wt%, w®°2 = 1.0
wt% and w® = 1600 ppm, and f. 0, = NNO (Table B.1). The parameter under investigation
is temperature, spanning the range of 1000-1200 °C, a typical temperature range for
basaltic eruptions. The crustal shear modulus considered here is p = 2.1 GPa, which

is consistent with typical values found in volcanic rocks (Colombier et al., 2020), and
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FIGURE 5.1. Physicochemical properties of basalts when varying the initial

temperature from 1000-1400 °C. (a) Weight fraction of dissolved HyO, COq
and S in melt (w},). (b) Mole fraction of exsolved HyO, COg2 and SOg in
gas (myg). (c) Mass of SOz gas per unit volume of magma, also defined as
normalised SOy (S). (d) Volume fraction of exsolved gases in magma (Vo). (e)
Magma density (p,,). (f) Magma compressibility (f,,). (g) Model predicted
volume change normalised by unit volume of magma (V). (h) Maximum
vertical displacement normalised by unit volume of magma (2). Panels a, b,
d and e show magma properties as a function of depth and panels ¢, g and h
represent the model value for a unit volume of magma that instantaneously
erupted from a particular depth. The grey lines represent magma properties
after exceeding percolation threshold ¢, = 37 vol%. Fixed parameters: w20
= 3.3 wt%, w®%? = 1.0 wt%, fo, = NNO, w® = 1600 ppm and u = 2.1 GPa.
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the chamber geometry is represented as a Mogi point source within a uniform elastic
half-space (Mogi, 1958). The sensitivity analysis reveals the role of each parameter on
degassing and deformation, but does not consider the co-dependence of input variables,

meaning some parameter combinations are not physically realistic.

Figure 5.1 shows the effects of varying temperature in basaltic magmas. Increasing
the temperature of magma from 1000-1200 °C has minimal impact on HyO and COg
content, both dissolved and exsolved, while producing a slight increase in exsolved SO
gas content (Figure 5.1a-b). Consequently, hotter magmas generate higher normalised
SOy (S) than cooler magmas, albeit minimal (Figure 5.1c). Given that HyO content is
the dominant volatile that controls magma compressibility, there are minimal changes
on normalised volume change (V) and normalised displacement (2) (Figure 5.1f-g). To
summarise, hotter magmas generate greater SO2 emissions and reduce volume changes
of reservoir when compared to cooler magmas, but these effects are relatively minor
when compared to the impacts of magmatic volatile content, oxygen fugacity and crustal
compressibility, and thus varying temperature does not affect our main conclusions in

the previous chapters.

5.2 Additional case studies

5.2.1 Applicability of thermodynamic framework

Here we demonstrate the applicability of the thermodynamic framework developed in
Chapter 2 to an eruption. This analysis requires all six essential datasets to illustrate the
relationship between magmatic volatile content and observations of volcanic deformation
and degassing, namely: 1) co-eruptive deformation, 2) SO9 budget, 3) erupted volume, 4)
petrological data, 5) chamber depth and 6) chamber geometry (Table 5.1). The specific
eruption chosen for this case study is the 2011 eruption of Grimsvétn in Iceland, situated
beneath the Vatnajokull ice cap and thus known for its phreatomagmatic activity (Bjorns-
son and Einarsson, 1990; Greiner and Geirsson, 2021). The 2011 eruption of Grimsvotn
has a Volcanic Explosivity Index (VEI) of magnitude 4, which is the largest since 1873.
This eruption prompted detailed geophysical and geochemical studies that provide the
constraints required for the thermodynamic model (Table 5.1) (e.g., Reverso et al., 2014;
Hreinsdoéttir et al., 2014; Haddadi et al., 2017).
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FIGURE 5.2. The magma and crustal properties of the 2011 eruption of Grims-

votn versus pressure/depth. (a) Dissolved volatile contents (in wt%) and
(b) Exsolved volatile contents (in mole fraction). (¢) Normalised SOs (S).
Satellite observed S and predicted S when considering the SOy budget (i.e.,
difference between melt inclusions and groundmass) are shown as orange
and purple data points with error bars, respectively (Sigmarsson et al.,
2013). The inset figure shows S from surface to 1 km depth. (d) Volume frac-
tion of exsolved gases in magma (V). (e) Magma density (p,,) and (f) magma
compressibility (8,,). (g) Normalised volume change (V). (h) Normalised
vertical displacement (Z) with 3.5+0.2 km horizontal offset (Hreinsdéttir
et al., 2014). In panel g-h, the purple data points with error bars represent
observations made from the GPS station and Mogi modelling (Hreinsdéttir
et al., 2014). Different crustal shear moduli are used to identify the possible
value of crustal shear modulus best fitted with the observation. The hori-
zontal line with shaded region represents the reservoir depth at 1.7+0.2 km.
The grey lines from panels a-h represent magma properties after exceeding
percolation threshold ¢. = 37 vol%. Initial conditions of basalt: HoO = 0.66
wt%, CO2 = 960 ppm, fo, = NNO-0.14, and S = 1700+£330 ppm (Sigmarsson
et al., 2013; Haddadi et al., 2017). Adapted from Figure 2.2.
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TABLE 5.1. Model parameters for the 2011 eruption of Grimsvétn and their
comparison to the model results.

Parameter Observed This study
Model parameters
SOq budget (kg) 3.8 x108¢ -
Total erupted volume (m?) 2.7+0.7 x108 -
Total volume change (m?) 0.27+0.3 x107 -
Total vertical displacement® (m) 0.25+0.01 -
Reservoir depth® (km) 1.7+0.2 -
Chamber geometry Mogi point source -
Poisson’s ratio 0.25 -
Petrological data
Melt inclusion HyO (wt%) 0.66 wt% -
Melt inclusion COg (ppm) 960 -
Melt inclusion S (ppm) 1700+£330 -
Groundmass S (ppm) 650+200 300
fo, NNO-0.14 -
Key results
Normalised SOy (kgm™3) 1.4+0.3¢ 6.9
Normalised volume change 0.10+0.03 0.14°
0.447
Normalised displacement (mkm™3)  0.93+0.24 0.99+0.13°
3.1+0.437

@ Sigmarsson et al. (2013) predicted SO budget of 1.5+0.35 x10°

b GPS measurements 3.5km from source.

¢ Reservoir depth estimated from geodesy.

4 Sigmarsson et al. (2013) predicted normalised SOy of 5.4+2.0 kgm ™3
¢ When crustal shear modulus p is 10 GPa

f When crustal shear modulus p is 2.1 GPa
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Geochemical analysis of erupted products show that the melt inclusions from an average
crystallisation depth of 15+5 km consist of HaO = 0.66 wt%, CO2 = 960 ppm and fo,
= NNO-0.14 (Table 5.1) (Haddadi et al., 2017). The sulfur content measured in melt
inclusions is 1700+330 ppm but measurements of the erupted groundmass show a sulfur
content of 650+200 ppm (Sigmarsson et al., 2013). This discrepancy suggests that co-
eruptive degassing was significant during this eruption (Sigmarsson et al., 2013). Mass
balance calculations reveal that some sulfur may have been lost from the emitted gases
by scrubbing, by adhering to tephra glass and some sequestered as sulfide globules
(Sigmarsson et al., 2013). Satellite measurements estimated the SOq yield to be 3.8
x108 kg, which is less than the SO output as estimated from the difference in sulfur
concentration between the groundmass glass and melt inclusions at 1.5+0.35 x10° kg
(Table 5.1) (Sigmarsson et al., 2013; Carn et al., 2016). As satellite observations of SO9
are challenging at high latitudes due to reduced ultraviolet, this sulfur ‘deficit’ suggest

that the satellite observations are an underestimate.

An erupted volume of 2.7+0.7 x108 m® dense-rock equivalent of basaltic magma is
estimated based on tephra mapping, and a total vertical subsidence of 0.25+0.01 m is
observed throughout the eruption period using a GPS site located 3.5 km from the source
(Table 5.1) (Hreinsdéttir et al., 2014). The ground deformation measured by geodesy
estimated a reservoir depth of 1.7+0.2 km and a co-eruptive volume change of 0.27+0.3
x10” m? using a Mogi model and assuming a Poisson’s ratio of 0.25 (Hreinsdéttir et al.,
2014). However, deformation signals observed over three eruptive cycles (eruptions of
1998, 2004, and 2011) suggest that Grimsvétn has two sill-shaped magma reservoirs at
3 km and 10 km depth (Reverso et al., 2014). Additionally, numerical modelling using
Finite Element Method reveals that Grimsvotn has a complex heterogeneous crust, such
that the caldera is filled by weak crustal rocks in addition to being surrounded by stiff
crustal rocks (Greiner and Geirsson, 2021). According to numerical modelling by Greiner
and Geirsson (2021), the crustal shear modulus u for Grimsvotn varies from surface to 3
km below summit, in which the weak crustal rocks filling the caldera have y = 0.6-9.8

GPa while the stiff surrounding crustal rocks have u = 1.6-18 GPa.

Here we use petrological data obtained from melt inclusions (H2O = 0.66 wt%, COg =
960 ppm and S = 1700 ppm). The oxygen fugacity (fo,) is set at NNO-0.14, and the
initial temperature is set to 1200 °C. These values serve as input parameters for the

thermodynamic model (Table 5.1). Magmatic processes from the shallow reservoir have
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greater contributions to co-eruptive signals than a deep reservoir and thus, for simplicity,
we apply the thermodynamic framework for a single shallow magma source using a Mogi

model.

The thermodynamic model EVo (Liggins et al., 2020, 2022) predicts that the sulfur
content of the erupted lava is 300 ppm, which is less than the observed value of 650+200
ppm in the matrix glass (Figure 5.2a) (Sigmarsson et al., 2013). The greater sulfur
concentration observed in the matrix glass as compared to the model suggests that
at least some fraction of the sulfur in the matrix glass is not in equilibrium with the

atmosphere (i.e., sulfur degassing is incomplete).

The normalised SO estimated using measurements from satellite and erupted volume
is 1.4+0.3 kgm™3 (Table 5.1; Figure 5.2c). However, it has been reported that sulfur
scrubbing occurs during magma ascent (Sigmarsson et al., 2013), which results in the
underestimation of SOy detected by satellites and thus normalised SO2. Using melt
inclusion data, the framework predicts a normalised SOs value of 6.9 kgm™2 with the
assumption that the magma have undergone co-eruptive degassing, where volatiles
continue to exsolve during magma ascent. This is consistent with the previous prediction
of the SO budget (5.4+2.0 kgm™3; Sigmarsson et al., 2013).

Using the model outlined in chapter 2, we compute normalised volume change (V) and
normalised displacement (2) using ¢ = 10 GPa and assume a homogeneous crust. The
model predicted V = 0.14 and z = 0.99+0.13mkm 3 at 1.7 km depth, which is comparable
to the GPS measurements of V = 0.10+0.03 and Z = 0.93+0.24mkm ™3 (Hreinsdéttir
et al., 2014) (Table 5.1; Figure 5.2g). For a homogeneous crust with u = 2.1 GPa, that of
typical volcanic rocks (Heap et al., 2020), the model predicts that at 1.7 km depth V =
0.44 and Z = 3.1+0.43mkm ™3 (Table 5.1; Figure 5.2g). This overprediction of V suggests
that the host rock at Grimsvotn is stronger than typical volcanic rocks. While the model
demonstrated a quantitative link between volcanic deformation and degassing using
simple model assumptions (e.g., homogeneous crust, Mogi source), the complexity of the
surrounding crust has significant implications on volcanic deformation, which highlights
the importance of considering crustal heterogeneity and crustal compressibility for

specific volcanoes.
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5.2.2 Time series analysis

In this section, we evaluate the framework presented in Chapter 4 and highlight its
limitations using three additional examples of co-eruptive time series, namely the 2011
eruption of Grimsvétn, the 2010 eruption of Eyjafjallajokull and the 2006 eruption of
Augustine (Figure 5.3). Here we analyse the change in normalised radial displacement
(2r) to investigate the variations in magma properties throughout an eruption. Zp is
calculated by normalising ground deformation data (specifically, the radial component of
GPS measurements) to the corresponding erupted volume, which is obtained from various
measurements such as aerophotogrammetry, ground-based cameras and satellite images.
Given the varying frequency and timing of these measurements, the sparser datasets
are interpolated to match the denser datasets. The Zr values serve as an indicator to
the changes in magma compressibility relative to the onset of eruption, where high zp
suggests low magma compressibility and low Zr indicates more compressible magma.
Comparing the normalised radial displacement to SOg emissions provides a qualitative

check on the results and helps further our understanding of the magma plumbing system.

Many volcanoes exhibit changes in observation data within a single eruptive episode.
The variations in gas content can cause changes in magma compressibility that are
measurable using time series of deformation and eruptive volume. Here we analyse the
temporal changes of normalised radial displacement for the three volcanic eruptions and

compare them to SOy gas emissions to showcase the limitations of the framework:

¢ Grimsvotn, 2011: A rapid deflation and an upsurge in erupted volume were
evident within the initial 1.5 days of the eruption (Figure 5.3b-c) (Hreinsdéttir
et al., 2014). This results in a decrease in zZr, which suggests increased magma
compressibility during this period (Figure 5.3d). These observations imply the
presence of a degassed plug in the reservoir before the eruption. As this plug was
removed, the total gas content in the reservoir surged, as evidenced from the rise in
SOq emissions, though we note the presence of sulfide globules associated to sulfur
scrubbing (Figure 5.3a) (Sigmarsson et al., 2013; Prata et al., 2017). Notably, the
observation period was only 1.5 days, indicating the rapid changes in gas content

within the reservoir.

¢ Eyjafjallajokull, 2010: The volcano experienced rapid deflation that lasted for a
week, followed by minimal deformation for the rest of the eruption (Figure 5.3f)

(Sigmundsson et al., 2010). Conversely, there were multiple step increases in erup-
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FIGURE 5.3. Temporal evolution of magma properties during the eruptions of
Grimsvotn 2011 (left), Eyjafjallajokull 2010 (middle), and Augustine 2006
(right). Each row represents a different parameter (top to bottom): SO9
emission, ground deformation, erupted volume and the normalised radial
displacement. The normalised radial displacement is obtained by dividing
ground deformation by the erupted volume.

ted volume (Figure 5.3g). This resulted in an initial increase in Zg for a week,
followed by a gradual decline for the remaining duration of the eruption (Figure
5.3h). This preliminary analysis suggests that the magma initially showed charac-
teristics similar to that of a gas-rich cap with high compressibility, then became
less compressible for a week before again increasing compressibility. However, SOq
emissions remained consistently low during the initial three weeks, followed by
a rapid increase for four days before returning to background levels for the rest
of the eruption (Figure 5.3e) (Carboni et al., 2016). The low SO2 emissions could
be due to the sub-glacial nature of the eruption that involves the scrubbing of
magmatic SOq gas in the glacier-filled summit and the high water vapour content
of the atmosphere (Prata and Grant, 2001; Thomas and Prata, 2011; Delmelle
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et al., 2021). The rapid increase in SO9 emissions after three weeks of the eruption
was regarded as an indicator of a magmatic eruption (Thomas and Prata, 2011).
Due to scrubbing, using SO9 emissions for a qualitative check on observations of

volcanic deformation does not apply in this specific eruption.

* Augustine, 2006: The 2006 eruption occurred in multiple phases, each exhibiting
distinct behaviour (Power et al., 2006; Wasser et al., 2021). The initial phase saw
an increase in erupted material, with minimal changes in ground deformation
(Figure 5.3j-k) (Cervelli et al., 2010; Coombs et al., 2010). Measurements of SOy
emissions were elevated prior to the eruption but halved by the end of the initial
phase (Figure 5.3i) (McGee et al., 2010). In the second phase, the increase in
SO9 emissions and the rapid deflation were accompanied by a stepped increase
in the volume of erupted material. To analyse the magma compressibility during
these phases, we calculated the Zr relative to the onset of each phase (colour
coded as purple and pink in Figure 5.31). Both phases showed a decrease in zp,
suggesting an increase in magma compressibility relative to the beginning of each
phase. Notably, the initial phase (purple) showed higher Zr compared to the second
phase (pink), indicating less compressibility in the initial phase than during the
second phase. This is consistent with the qualitative comparison to SO9 emissions,
where SO9 emissions were initially low due to outgassing prior to the eruption
that results in the depletion of SO9 in the magma (McGee et al., 2010). However,
the increase in SOy emissions in the second phase is influenced by co-eruptive
degassing attributed to the effusive nature of this eruption phase (Coombs et al.,
2010; McGee et al., 2010). Therefore, we note that in this specific scenario, using

SO emissions for a qualitative check may lead to misleading interpretations.

The examples presented here show that the time-dependent thermodynamic framework
is a useful tool for monitoring the changes in magma properties, such as compressibility.
However, they also highlight the limitations within the framework. The lack of total
SOq budget during the early stages of the 2010 Eyjafjallajokull eruption due to sulfur
scrubbing results in the underestimation of SOy emissions, which is essential for provid-
ing a qualitative check for interpreting normalised displacement data. Additionally, the
model has difficulties in comparing SOz emissions and normalised displacement data
during the second phase of the 2006 Augustine eruption due to co-eruptive degassing,

which may result in overestimating the gas content in the magma and thus magma
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compressibility. These examples highlight the framework’s limitations in interpreting

deformation data in the absence of reliable measurements of SO9 emissions.

Despite these limitations, monitoring the changes in gas emissions and deformation
through continuous observations provide valuable insights into the evolution magma
properties and the magma plumbing systems (Reath et al., 2019, 2020; Manley et al.,

2021), and this study introduces a new conceptual framework for interpreting these data.

5.3 Limitations of data and model assumptions

5.3.1 Limitations of thermodynamic model

The thermodynamic model EVo operates on the assumption of the ideal gas law (Liggins
et al., 2020, 2022). However, this assumption is not valid when the volatile phase is
considered a supercritical fluid in magma reservoirs, which is typically subjected to
high pressures and temperatures. As a result, the model overestimates volatile density
and compressibility, leading to an underestimation of volume changes compared to to
scenarios where the volatile phase exists as a supercritical fluid. Nevertheless, Wasser
et al. (2021) indicate that this overestimation does not yield any significant difference in
the total volume of the exsolved volatile phase when compared with other equation of
state models (Redlich and Kwong, 1949; Duan and Zhang, 2006), which suggests that

the model can still approximate the volume of exsolved volatile phase reasonably.

5.3.2 Limitations of monitoring data

While ground-based monitoring methods are well established, syn-eruptive data, such
as deformation and erupted volume, are poorly constrained due to the limited spatial
coverage and the destruction of instruments near explosive eruptions. Moreover, the
risks associated with the eruption prevents timely data acquisition, which introduces
uncertainties in the data, including underestimation of tephra volume due to erosion
(e.g., the 2011 eruption of Cordén Caulle Pistolesi et al., 2015). The inability to quantify
erupted volume in a timely manner during explosive eruptions meant estimations such

as extrusion flux, which is a key parameter for our model, is limited.

An alternative approach to address the limitations in ground-based monitoring is the

use of satellite data. With the increasing number of satellites in space and monitoring
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techniques (Taylor et al., 2018; Morishita et al., 2020; Dualeh et al., 2023; Galetto et al.,
2023; Esse et al., 2024), satellite data can fill in the gaps in ground coverage and that
lack of ground monitoring. However, the sheer volume of data generated by satellites
can be excessive for manual analysis. Recent advancements in automated algorithms
can not only detect volcanic unrest (Anantrasirichai et al., 2018, 2019) but also quantify
these measurements (Lazecky et al., 2020; Morishita et al., 2020). While the use of
multiparameter satellite data has notably improved the detection of volcanic unrest
(Furtney et al., 2018) and provide insights into the magma plumbing system of volcanoes
(Reath et al., 2019, 2020), there are a number of limitations:

¢ Deformation: The different spatial resolutions and viewing geometries between
different satellite systems make it challenging to directly compare synthetic aper-
ture radar (SAR) images from various sources, and with the delays between data
acquisition and the delivery of SAR images, it can prevent rapid responses to
volcanic crisis. Additionally, it remains challenging to distinguish deformation
signals from various noises such as atmospheric noise (Yu et al., 2018; Yip et al.,
2019; Albino et al., 2022).

* Erupted volume: Access to SAR data is often restricted, and the limited amount
of data available for scientific use is only available after obtaining permission
from relevant authorities, such as TanDEM-X and Pléiades data (Kubanek et al.,
2021; Grémion et al., 2023). In fact, only a handful of studies have used Pléiades
data (Moussallam et al., 2019; Walter et al., 2022; Grémion et al., 2023), which

reinforces the need for improved data accessibility and availability.

* SO, emissions: Most sensors operate in the ultraviolet spectrum and thus can only
detect SO2 emissions during daytime. Moreover, the sensitivity to SO emissions
is limited by low ultraviolet radiation levels during austral winter and when there
is a high presence of water vapour in the atmosphere and clouds (Prata and Grant,
2001; Prata and Kerkmann, 2007; Theys et al., 2013).

Despite these limitations, the future prospects for improvement in volcano monitoring
is promising. Upcoming missions (e.g., NISAR and Harmony) and contributions from
commercial companies (e.g., ICEYE and Capella) can improve the global database on
volcanic activity. Collaborative efforts between space agencies can address gaps in

temporal resolution between different international satellite assets to ensure optimal
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data are collected for volcano monitoring (e.g., CEOS project, Pritchard et al., 2018).
Additionally, when data are processed in a timely manner and presented in a user-
friendly format, it can facilitate easy access for personnel responding to volcanic crises
(e.g., COMET volcano deformation database, NASA Global Sulfur Dioxide Monitoring
database). With adequate temporal resolution and rapid data processing, models such as
the time-dependent thermodynamic framework developed in this study can be applied to
volcanic eruptions, and thus enable near-real-time quantification of parameters such as

magma compressibility.

5.3.3 Limitations of crustal data

Crustal properties, such as crustal shear modulus (u), and the geometry of a magma
reservoir play a role in volcanic deformation (see Section 2.4.5 and Section 3.2.3). How-
ever, crustal shear modulus p varies with depth and does not vary systematically with
tectonic setting (Gudmundsson, 2005; Colombier et al., 2020). Thus, inappropriate values
of 1 used in models may lead to inaccurate predictions of volume changes of the reser-
voir and misinform our understanding of magmatic processes. To improve the models
developed in this study future studies should consider crustal heterogeneity and thus

appropriate values of yu with depth.

5.4 Outlook

Many studies highlight the significance of incorporating magma compressibility in monit-
oring volcanic deformation (e.g., Rivalta and Segall, 2008; Delgado et al., 2019; Wong and
Segall, 2019). Quantifying magma compressibility accurately is thus crucial for under-
standing the behaviour of magmatic systems as compressible magmas can accommodate
volume changes of the reservoir and thereby suppressing ground deformation (Johnson
et al., 2000; Rivalta and Segall, 2008). Given the widespread use of ground deformation
in volcano monitoring, obtaining precise constraints on magma compressibility should

be a priority.

The thermodynamic framework developed in this thesis uses thermodynamic models and
petrological data to determine the gas content in the reservoir, which are used to estimate
magma compressibility and subsequently, volume changes and SO9 gas emissions. The

model results can be used to evaluate observations of volcanic deformation and degassing
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Flowchart for webtool

Input parameters on Webtool:

- degassing system (closed)

- gas system (COHS)

- volatile content - EVo - EVo framework

- set reservoir depth/ Save as .yam| |Simulate magma properties| Save as .txt = |Calculate magma properties
find saturation depth

- starting temperature A Y l

| - magma composition (basalt) |

Replace chem.yaml

Webtool
Show results

- pre-eruptive gas segregation
(accumulate/ degas) Replace dgs_classes.py

FIGURE 5.4. The flowchart depicts the process of using the thermodynamic
framework webtool. This tool reads data from three separate files that
provide information on 1) the magma storage conditions and volatile content,
2) magma composition and 3) gas segregation prior to eruption. These
datasets are used by the thermodynamic model EVo to simulate the magma’s
properties, including its gas content and density. The resulting output from
EVo is then used as an input for the thermodynamic framework, which
calculates magma properties such as compressibility. The webtool presents
and illustrates the results from the thermodynamic framework to the user.

with natural eruption data. This has been demonstrated in Chapter 2, which is the
first quantitative study that shows water-rich arc eruptions exhibit less deformation
than ocean island settings. Additionally, this thesis quantifies the temporal changes
in magma properties such as gas content and compressibility using a combination of
deformation and erupted volume data, and shows that changes in gas content during an
eruption changes magma compressibility (Chapter 4). This demonstrates the importance

of volcano monitoring using multiparameter observations.

To foster interdisciplinary collaboration and facilitate calculations linking volcanic de-
formation and degassing, the crucial next step involves developing a webtool version of
the thermodynamic framework. This tool is designed to enable diverse users, including
geophysicists, geochemists, and petrologists, to perform simulations and gain insights
into the relationship between volcano monitoring signals and magma properties such
as compressibility. The flowchart in Figure 5.4 outlines the process. First, the webtool

requires data from three files that provide information on 1) magma storage conditions
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and volatile content, 2) magma composition, and 3) pre-eruption gas segregation. Next,
the webtool uses the thermodynamic model EVo (Liggins et al., 2020, 2022) to calculate
magma properties, including the gas content of each species and magma density. The
output data from EVo is further processed using a Python script to determine the magma
compressibility and subsequently, volume changes. Lastly, the webtool presents these
results in the form of Figure 2.2. By providing a user-friendly interface, the webtool
encourages widespread application of petrology and thermodynamics to interpret monit-
oring signals and support volcanologists in understanding magma compressibility and

gas content.
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Chapter 6

Concluding remarks

This thesis investigates how magmatic volatile content and pre-eruptive gas segregation
affect observations of volcanic deformation and degassing. However, this thesis only
provides an incremental step in fully understanding the evolution of magma properties
during an eruption. Exploiting the increasing number of models and data for volcano
monitoring and research will facilitate further development of multi-parameter physics-
based models capable of interpreting monitoring data as well as gaining further insights

into the complexities of the magma plumbing system.

Volcanic deformation and outgassing are two widely observed parameters during an
eruption, yet they are often treated as independent observations. While qualitative
comparison between volcanic deformation and outgassing have provided insights into the
underlying magma plumbing systems (Reath et al., 2019), quantitative measurements
are required to better constrain magma properties that modulate magma processes.
In Chapter 2, we develop a quantitative model to reconcile observations of volcanic
deformation and degassing. The model investigates the impact of magmatic volatile
content (Hz0, COg, S), oxygen fugacity fo, and crustal compressibility on volcanic
deformation and degassing. The results indicate that magma with high magmatic water
content results in a highly compressible magma, which suppresses volume changes in
the reservoir. While simplistic, this study remains robust and is the first to link volcanic
deformation and degassing quantitatively, and reveals that water-rich arc eruptions
exhibit less deformation than ocean island eruptions, which highlights the importance of

exsolved magmatic HoO for monitoring volcanic deformation, especially in arc settings.

The transition from the traditional concept of a magma chamber to a transcrustal
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mush system has provided explanations for diverse observations unaccounted for by
conventional models (Cashman et al., 2017; Head et al., 2019; Mullet and Segall, 2022).
In Chapter 3, we extend the thermodynamic framework from the previous chapter
to include pre-eruptive gas segregation processes, such as gas accumulation or loss.
Our results show that pre-eruptive gas accumulation leads to increased SOy emissions
and reduced co-eruptive deformation, consistent with our current understanding of the
magma plumbing system (Kilbride et al., 2016; Edmonds and Wallace, 2017). In contrast,
pre-eruptive outgassing results in decreased SO9 emissions and co-eruptive deformation
that is similar to the erupted volume. The global synthesis of volcanic systems reveals
distinct behaviours between mafic magmatic systems (SiOy < 50%) and intermediate-
silicic systems (SiO9 > 50%): Mafic systems generally exhibit higher co-eruptive volume
changes and wider ranges of SO emissions than intermediate-silicic systems due to the
high volatile diffusivity and tendency for co-eruptive degassing that is characteristic of
mafic systems. Our results emphasise the need to reconcile multi-parameter observations
across various disciplines of volcanology (e.g., geophysics, geochemistry, petrology) when
interpreting monitoring data. However, our current framework is limited by the lack
of systematic approach to collecting monitoring data (gas, deformation, volume) and

fundamental characteristics (magma composition, crustal properties).

The physicochemical properties of magma evolve throughout an eruption cycle. In
Chapter 4, we demonstrate how changes in gas volume fraction and magma compressib-
ility in a well-connected two-layered magma reservoir affect SO emissions and volume
change during an eruption that is associated with a degassed plug or a gas-rich cap. Our
results shows that the removal of a degassed plug increases the bulk magma compressib-
ility and suppresses volume change of the reservoir, while the collapse of a gas-rich cap

reduces the bulk magma compressibility.

Mount St. Helens is one of the most well monitored volcano, providing rich data for
analysis (e.g., Gerlach et al., 2008; Lisowski et al., 2008; Anderson and Segall, 2011; Dzur-
isin et al., 2015). Using the observed deformation and erupted volume during the 2004
eruption, we calculated the incremental magma compressibility and tracked changes in
magma compressibility over the 205-day study period. Our analysis revealed that the
magma that erupted during the first 205 days had undergone extensive outgassing prior
to the eruption, and subsequent magma that erupted had also undergone a certain extent

of pre-eruptive outgassing. While the model is able to fit the modelled volume change
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to the observed volume change, the analysis revealed the limitations of the two-layered
magma model. The current model configuration is not able to capture the complexities of
a magma plumbing system, and we suggest introducing additional layers to improve the

model accuracy.

There are several examples of effusive eruptions with good data for analysing the
temporal evolution of magma properties, but not many has gas-rich caps. One of the
best studied eruption is the 2011 eruption of Cordén Caulle, where measurements of
volcanic deformation, SO emissions and erupted volume are available. However, the
temporal resolution of the deformation and erupted volume is insufficient for rigorous
analysis; only three sets of erupted volume and deformation data are available during
the explosive phase that lasted for 10 days. The erupted volume were estimated from
tephra that deposited during the first three days of the explosive eruption (Pistolesi
et al., 2015), while the deformation data were acquired by satellites at different dates
(Delgado, 2021), such that the two measurements could not be directly compared and
thus restricts the analysis of this phase. As such, we focus on calculating the magma
compressibility during the effusive phase of the eruption, and we find that there is no
change in magma compressibility throughout the effusive phase, indicating that the
magma in the reservoir was homogeneous following the explosive phase. This raises two
questions: 1) how does highly heterogeneous conditions in a magma reservoir affect our
ability to estimate magma volumes from deformation monitoring? and 2) can volcano

monitoring data be used to estimate the gas content of a magma reservoir?

The valuable insights gained from the various case studies presented in Chapter 5
highlighted the limitations of the framework. External factors, such as sulfur scrubbing
by glaciers and co-eruptive degassing during an effusive phase, influence the total SO2
budget, which is essential for performing a qualitative check on deformation data. The
absence of reliable measurements of SOy emission restricts the framework’s capacity
to interpret deformation data. Nevertheless, continuous observations of changes in
gas emissions and deformation offer important insights into understanding magma
properties and the plumbing systems, and this study represents a step forward in

developing a framework for interpreting these data.

The success of this thesis in using thermodynamic models to model and quantify magma

properties is an incremental step towards integrating multi-parameter observations to
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reconcile observations of volcanic deformation and degassing. As routinely processed
satellite data and upcoming satellite missions continue to evolve, we will increasingly
be able to investigate the evolution of magma properties, quantify pre-eruptive magma

storage conditions, and gain a better understanding of the magma plumbing system.
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Introduction

This appendix includes the databases used in the statistical analysis of satellite-detected
deformation and SO emissions during basaltic eruptions in arc and ocean island settings,

as presented in Chapter 2.
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A.1 Supplementary Tables

Table A.1: Volcanic eruptions and satellite detection of deformation and SO9 emis-

sions for 94 basaltic eruptions during the satellite era (2005-2020).

Eruption Tectonic  Degas® Ref. Deform® Ref.
setting®
Alaid, 2012 ARC No - No -
Alaid ,2015 ARC No - No -
Alaid, 2018 ARC No - No -
Ambae, 2005 ARC Yes 4 No -
Ambae, 2011 ARC Yes ¢ No -
Ambae, 2017 ARC Yes 41, 54 No -
Ambrym, 2018 ARC Yes 9 Yes 29
Chikurachki, 2005 ARC Yes ¢ No -
Chikurachki, 2007 ARC Yes ¢ No -
Chikurachki, 2007 ARC Yes ¢ No -
Chikurachki, 2008 ARC Yes ¢ No -
Chikurachki, 2015 ARC Yes ¢ No -
Chikurachki, 2016 ARC Yes ¢ No -
Chikurachki, 2016 ARC Yes ¢ No -
Fuego, 2018 ARC Yes ¢ No -
Gorely, 2010 ARC Yes ¢ No -
Hudson, Cerro, 2011 ARC Yes d Yes 15
Iliwerung, 2013 ARC No - No -
Izu-Torishima, 2013 ARC No - No -
Kambalny, 2017 ARC Yes ¢ No -
Kasatochi, 2008 ARC Yes ¢ No -
Klyuchevskoy, 2005 ARC No - No -
Klyuchevskoy, 2007 ARC Yes 23 No -
Klyuchevskoy, 2008 ARC No - No -
Klyuchevskoy, 2009 ARC No - No -
Klyuchevskoy, 2011 ARC No - No -
Klyuchevskoy, 2011 ARC Yes ¢ No -
Klyuchevskoy, 2012 ARC No - No -

125



APPENDIX A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2

Klyuchevskoy, 2013 ARC Yes 23 No -
Klyuchevskoy, 2015 ARC No - No -
Klyuchevskoy, 2015 ARC No - No -
Klyuchevskoy, 2019 ARC No - No -
Klyuchevskoy, 2019 ARC No - No -
Llaima, 2007 ARC No - No -
Llaima, 2008 ARC Yes ¢ Yes 14
Manam, 2004 ARC Yes ¢ No -
Manam, 2014 ARC No - No -
Momotombo, 2015 ARC Yes d No 48
Montagu Island, 2001 ARC No - No -
Okmok, 2008 ARC Yes 22, 46 Yes 36
Pagan, 2006 ARC No - No 31
Pagan, 2009 ARC No - No 31
Pagan, 2010 ARC No - No 31
Pagan, 2011 ARC No - No 31
Pagan, 2012 ARC Yes ¢ No 31
Raikoke, 2019 ARC Yes 13 No -
Semisopochnoi, 2018 ARC No - No -
Semisopochnoi, 2019 ARC No - No -
Semisopochnoi, 2019 ARC No - No -
Slamet, 2009 ARC No - Yes 12
Slamet, 2014 ARC No - No -
Tolbachik, 2012 ARC No - Yes 38
Ulawun, 2019 ARC Yes 39 No 39
Villarrica, 2004 ARC No - No 21, 24
Villarrica, 2008 ARC No - No -
Villarrica, 2009 ARC No - No -
Villarrica, 2009 ARC No - No -
Villarrica, 2012 ARC No - No -
Villarrica, 2013 ARC No - No -
Villarrica, 2014 ARC No - No 14
Zavodovski, 2016 ARC No - No -
Cerro Azul, 2008 OIB Yes d Yes 25
Bardarbunga, 2014 OIB Yes 217, 56 Yes 18
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Eyjafjallajokull, 2010 OIB Yes d Yes 51
Fernandina, 2005 OIB Yes ¢ Yes 10
Fernandina, 2009 OIB Yes ¢ Yes 2
Fernandina, 2017 OIB Yes 59 No 59
Fernandina, 2018 OIB Yes 59 No 59
Fernandina, 2020 OIB Yes ¢ Yes 11
Piton de la Fournaise, 2005 OIB Yes ¢ No -
Piton de la Fournaise, 2005 OIB Yes ¢ No -
Piton de la Fournaise, 2006 OIB Yes 17, 57 Yes 16, 17
Piton de la Fournaise, 2008 OIB Yes ¢ No -
Piton de la Fournaise, 2009 OIB Yes ¢ No -
Piton de la Fournaise, 2010 OIB Yes ¢ No -
Piton de la Fournaise, 2014 OIB Yes ¢ Yes 43
Piton de la Fournaise, 2015 OIB Yes 30 No -
Piton de la Fournaise, 2016 OIB Yes 55 No -
Piton de la Fournaise, 2016 OIB Yes ¢ Yes 52
Piton de la Fournaise, 2017 OIB Yes ¢ No -
Piton de la Fournaise, 2017 OIB Yes ¢ No -
Piton de la Fournaise, 2018 OIB Yes ¢ Yes 47
Piton de la Fournaise, 2019 OIB Yes ¢ No -
Piton de la Fournaise, 2019 OIB Yes 58 Yes 58
Piton de la Fournaise, 2020 OIB Yes ¢ No -
Grimsvotn, 2011 OIB Yes 50 No 32
Karthala, 2005 OIB Yes 45 No

Karthala, 2005 OIB Yes ¢ No

Karthala, 2006 OIB Yes ¢ No 8
Karthala, 2007 OIB Yes ¢ Yes 8
Kilauea, 2018 OIB Yes 33, 34 Yes 37
Sierra Negra, 2005 OIB Yes 59 Yes 26
Sierra Negra, 2018 OIB Yes 59 Yes 59
Wolf, 2015 OIB Yes ¢ Yes 53, 61

2 ARC: arc; OIB: ocean island basalts.

b Satellite detection of deformation and SOy emission.

¢ SO emissions detected and shown by NASA’s Global Sulfur Dioxide Monitoring
Home Page (https://s02.gsfc.nasa.gov/).
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d References from Global Volcanism Program, 2013.
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Table A.2: Satellite detectability of deformation and SO9 degassing for 28 volcanic eruptions with erupted

volume equal or greater than 10° m3.

Eruption Tectonic Erupted volume Uncertainty (m®) Degas® Deform?® Ref.
setting® (m?)
Fuego, 2018 ARC 4.00x107 1.00x107 Yes No 43
Kasatochi, 2008 ARC 2.15x108 6.50x107 Yes No 60
Llaima, 2008 ARC 1.31x10° - Yes Yes 49
Okmok, 2008 ARC 3.00x108 - Yes Yes 35
Tolbachik, 2012 ARC 5.50x108 - No Yes 5,19
Manam, 2005 ARC 1.00x10° - Yes No ¢
Manam, 2014 ARC 1.00x10° - No No ¢
Villarica, 2014 ARC 4.70x108 1.00x10° No No 7
Ulawun, 2019 ARC 1.00x10° - Yes No ¢
Bardarbunga, 2014 OIB 1.36x10° 7.00x107 Yes Yes 18
Eyjafjallajokull, 2010 OIB 1.80x108 5.00x107 Yes Yes 28
Fernandina, 2005 OIB 1.40x107 - Yes Yes 10
Fernandina, 2009 OIB 4.27x107 - Yes Yes 59
Fernandina, 2017 OIB 9.70x10% 4.90x10% Yes No 59
Fernandina, 2018 OIB 5.90x108 3.00x108 Yes No 59
Pdl. Fournaise, 2006 OIB 1.50x108 - Yes Yes 17
Pdl. Fournaise, 2015 OIB 4.00x107 - Yes No 30
Pdl. Fournaise, Sep 2016 OIB 6.50x 108 - Yes No 44,55
Pdl. Fournaise, May 2016 OIB 5.00x105 - Yes Yes 52
Pdl. Fournaise, 2018 OIB 5.54x10° 1.66x10° Yes Yes 58
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Pdl. Fournaise, 2019 OIB 1.40x107
Grimsvotn, 2011 OIB 2.70x108
Karthala, 2006 OIB 1.80x107
Karthala, 2007 OIB 1.00x10°
Kilauea, 2018 OIB 5.93x108
Sierra Negra, 2005 OIB 1.20x108
Sierra Negra, 2018 OIB 1.41x108
Wolf, 2015 OIB 8.70x107

5.00x 108
7.00x107

1.10x107
7.00x107
7.10x107
3.38x107

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

58
32

37
59
59

¢ ARC: arc basalts; OIB: ocean island basalts.
b Satellite detection of deformation and SOy emission.

¢ VEI 4+ eruptions are assumed to produce =10° m3 DRE.
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APPENDIX B. SUPPLEMENTARY MATERIAL FOR CHAPTER 3

Introduction

This appendix contains additional information about the calculation of volatile content in
evolved magmas using fractional crystallisation. It also provides a detailed methodology
for determining magma density associated to gas segregation. Additionally, the appendix
presents a comprehensive database including volume changes, SO2 emissions, erupted
volume and reservoir depth, which is required for calculating normalised volume change

and normalised SOg for volcanic eruptions.

B.1 Fractional Crystallisation

Evolved magmas (i.e., andesite, dacite and rhyolite) are likely to be more volatile-rich
than less-evolved mafic magmas (i.e., basalt) due to fractional crystallisation from
primitive basaltic magmas (Marty and Zimmermann, 1999; Wallace, 2005). This is
because volatile enrichment occurs during fractional crystallisation, in which magma
differentiates and the crystals formed during cooling are removed from the gradually

solidifying melt (Rogers, 2015).
The equation for crystallisation is given as:

Cr/Co=FP1 (B.1)

Here, Cj is the original concentration of an element or species in the melt (e.g., water
concentration in basaltic melt as a mass fraction), and Cy, represents the final concentra-
tion after crystallisation (e.g., water concentration in the rhyolite melt). D denotes the
partition coefficient of water, which is the ratio between the concentration in crystals

and the melt. F represents the ‘melt fraction remaining’.

For simplicity, we assume that water is completely ‘incompatible’ by setting D to zero:

CL=Co/F (B.2)

Assuming 90% crystallisation of rhyolite, F is equal to 0.1. For example, if the basalt has
1 wt% HyO, then after 90% crystallisation the rhyolite melt will have Cy, = % =0.1,
meaning the rhyolite will have a water content of 10 wt%.

These calculations form the basis for determining the bulk water content of rhyolitic
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melt. However, it is important to note that during prolonged crystallisation in a magma
storage region, some exsolved fluids may be lost, which means that this method provides
an upper bound estimation. For basalts with 3 wt% water, rhyolites would result with
over 30 wt% water. Similarly, for basalts with 1 wt% carbon dioxide and 1500 ppm sulfur,
the rhyolite would have 10 wt% carbon dioxide and 15000 ppm sulfur, respectively. Such
high magmatic volatile content is unlikely to be retained by the magma, as at these
weight fractions, the magmatic volatiles are more likely to escape, particularly carbon
dioxide that has less solubility. Therefore, for our modelling, a reasonable range of values
for rhyolite would be 5-15 wt% water, 1-3 wt% carbon dioxide and 1800-4200 ppm sulfur.

B.2 Magma Density
Magma density is the weighted sum of melt density and gas density:
Pm =PMVm+pg Vg (B.3)

The melt volume fraction Vs and gas volume fraction V, is the volume of the melt vy,
and the volume of the gas v, per unit volume of magma that consists of melt and gas

respectively:
Pm = PM +Pg (B.4)

Here we introduce gas segregation v, into Equation B.4:

!
Pm = PM +pg (B.5)
UM +Ug+Ue UM +Ug+Ue

, PMUM+pg(Ug+Ve)
=

(B.6)
UM+ Vg + U,

where p}, represents magma density with additional or reduced gas content due to gas

segregation. By letting v, = kvg,

,  PMUM+pg(Vg+ERug)
=

(B.7)
VM +Ug+kRUg

;o pMUM+ngg(1+k)
vy tug(1+E)

(B.8)

where & > 0 represents pre-eruptive gas accumulation and —1 < k2 < 0, represents pre-

eruptive degassing. We divide vy +vg at both sides of the fraction:

, _ PMUM+PgUg(1+Fk) UM tUg

m

(B.9)

v +vg(1+k) ' UM +Ug
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. 1%
Since Viy = —%— and Vg = —£

UM+Ug vpMtug?

= B.10
Pm 1+kVy (5.10)

The volume fraction of melt can also be written as Vs = 1-V, and thus:
= B.11
Pm 1+kV, B1D

which is simplified as:
+V, 1+k)-

ro_ Pm g[pg( ) pM] (B.12)

Pm 1+kV,
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B.3 Supplementary Tables

Table B.1: Initial volatile contents used in EVo models based on melt inclusion data
(Wallace, 2005; Ruscitto et al., 2012) and our calculations of fractional crystallisation
(Supplementary Material B.1). Rhyolite and basalt have SiOg composition of 76% and
48%, and were initialised at a starting temperature of 850°C and 1200°C. For the
sensitivity analysis, a chosen parameter is varied, while the rest of the parameters are
held constant. Oxygen fugacity, fo,, is defined relative to the nickel-nickel oxide oxygen
buffer, NNO. The abbreviations for FC and MI are fractional crystallisation and melt
inclusions.

Parameters Weight fraction of HoO, Weight fraction of CO3, Oxygen fugacity, Weight fraction of S, Source
w20 (wt%) wC02 (wt%) fo, wS (ppm)
Rhyolite sensitivity test 10.0+5.0 2.0+£1.0 NNO=+1 3000+1200 FC
Water-poor rhyolite 5.0 2.0 NNO 3000 FC
Water-rich rhyolite 15.0 2.0 NNO 3000 FC
Rhyolite 3.3 0.0015 NNO 75 MI
Ocean island basalt 1.0 1.0 NNO 1600 MI
Arc basalt 3.3 1.0 NNO 1600 MI

Table B.2: Supplementary table summarising the maximum percentage change of rhyol-
itic magma for each observation over the depth range when varying the values of each
parameter (shown in brackets; e.g., increasing w20 from 5.0 wt% to 15.0 wt%) while
other parameters are held constant. For details regarding the sensitivity analyses for
basaltic magma, the reader is referred to Yip et al. (2022).

Parameters % Change in Depth | % Change in normalised Depth
normalised SOz, S (km) volume change, V (km)
Magmatic HyO, w20 (5.0-15.0 wt%) +260% 25 km —-54% 15 km
Magmatic COq, w02 (1.0-3.0 wt%) +49% 25 km -8.5% 10 km
Magmatic S, wS (1800-4200 ppm) +83% surface <-1.0% 10 km
Oxygen fugacity, fo, NNO-1-NNO+1) +79% 2.9 km +<1.0% 9.4 km
Pre-eruptive gas accumulation (0-+1) +100% surface -27% 20 km
Pre-eruptive degassing (0-—0.5) —-50% surface +30% 16 km
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Table B.3: General characteristics of eruptions and volcanoes, and satellite detection of deformation and

SOq degassing during corresponding eruption.

< n = = W) e ) n = =y,
3 3 2 2 3 s & & & %
] -+ a = =. o = ® = =
3 o D o 5 2. 5 5 3 S
1) -+ o V) [l @ o
5 g © > =1 o = 2 e
o] P a ol g =) ry wn
® S 8 0 = ° o
= = = 8§ =
: g = 5
3 ) =2 9
~ < =
125 3
z.
g‘.
=
Q
Augustine 13/1/06 28/1/06 16 A ARC no yes 1 11,41
Bezymianny 15/10/07 16/10/07 2 A ARC no yes 2 34
Calbuco 22/4/15 23/4/15 2 A ARC yes yes 3 45, 49
Chaiten 1/5/08 6/5/08 6 R ARC yes yes 4 8, 72
Eyjafjalla- 14/4/10 22/5/10 39 B OIB yes yes 5 6, 55,
jokull 63
Fernandina 13/5/05 29/5/05 18 B OIB yes yes 6 12,19
Fogo 23/11/14 8/2/15 78 B OIB no yes 7 23, 24
Piton de la 30/3/07 29/4/07 30 B OIB yes yes 8 17, 67
Fournaise
Grimsvotn 21/5/11 23/5/11 3 B OIB no yes 9 28, 62
Kelut 13/2/14 13/2/14 1 A ARC yes yes 10 9,79
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Merapi 1/11/10 4/11/10 4 A ARC yes yes 11 47, 58,
65
Okmok 12/7/08 19/08/08 39 A ARC yes yes 12 35, 36
Puyehue- 4/6/11 7/6/11 4 R ARC yes yes 13 3,29
Cordon
Caulle
Raikoke 21/6/19 21/6/19 1 B ARC no Yes 14 42
Redoubt 23/3/09 4/4/09 13 A ARC yes yes 15 4
Sarychev 11/6/09 19/6/09 9 A ARC no yes 16 7
Peak
Sierra Negra 22/10/05 30/10/05 9 B OIB yes yes 17 21
Sinabung 18/12/13 13/4/14 117 A ARC no yes 18 27
St. Helens 23/9/04 11/1/08 1206 D ARC yes no 19 16, 22,
32, 52
Jebel at Tair 30/9/07 16/6/08 261 T RIFT no yes 20 13,76

@ B: Basalt / Picro-Basalt; T: Trachybasalt / Tephrite Basanite; A: Andesite / Basaltic Andesite;
D: Dacite; R: Rhyolite.

b ARC: arc; OIB: ocean island basalts; RIFT: rift.

¢ Satellite detection of deformation and SO emission.

Footnotes

1. Augustine, 2006: Volume change during explosive phase suppressed by gas-rich magma; Large amount of SO9 released

during precursory phase.

2. Bezymianny, 2007: No information on deformation; Persistently degassing volcano.
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10.

11.

12.

13.

14.

15.

. Calbuco, 2015: Deformation detected by InSAR; SO measured using GOME-2 satellite is underestimated.

Chaiten, 2008: SOy measurements from OMI; Deformation measured using InSAR.

Eyjafjallajokull, 2010: SOy gas detected by various space-borne spectrometers; SOy gas peaks after two weeks of
eruption; Deformation detected by GPS and InSAR.

Fernandina, 2005: SO gas detected using OMI; Deformation detected by both GPS and InSAR.

Fogo, 2014: Effusive eruption; SO2 gas detected by OMI; Co-eruptive deformation measured using InSAR is associated

to the dyke intrusion; No significant deformation from shallow reservoirs.

Piton de la Fournaise, 2007: SO, gas detected by OMI; Topographic changes of the caldera collapse recorded by InSAR.

Grimsvotn, 2011: SO9 gas measured using OMI; Deformation recorded using GPS.

Kelut, 2014: SO2 detected by OMI; Pre-eruptive deformation not detected by InSAR; Co-eruptive deformation measured
using InSAR.

Merapi, 2010: Deformation detected using InSAR; SOq detected throughout eruption (initial phase, magmatic phase,

waning phase).
Okmok, 2008: Deformation detected using InNSAR; Modelled source depth increases through the 2008 eruption.

Puyehue-Cordon Caulle, 2011: SO9 gas retrievals using MODIS; Deformation measurements using InSAR reveals two

deflating sources during co-eruptive phase.

Raikoke, 2019: SOq gas detected by TROPOMI soon after the eruption, but the peak SO2 emission is only detected after
3 days of the eruption; Deformation not detected due to the short duration of the eruption.

Redoubt, 2009: Destruction of early domes during explosive phase.
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16.

17.

18.

19.

20.

Sarychev Peak, 2009: SO, measured using IASI only for a day.
Sierra Negra, 2005: SO measured using OMI; Deformation of caldera collapse detected by InSAR.
Sinabung, 2013: Deformation measured using GPS; SO9 detected using OMI.

St. Helens, 2004: Deformation measured using GPS and InSAR; SO9 gas emissions measured by direct sampling and

spectrometers on helicopter and fixed-wing aircraft.

Jebel at Tair, 2007: SO9 gas measured using OMI; Only co-eruptive deformation caused by the dike intrusion has been
detected by InSAR, i.e., no co-eruptive deflation detected.
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Table B.4: Co-eruptive volume change of eruptions.
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Augustine 13/1/06 28/1/06 16 - - - - 1 11
Bezymianny 15/10/07 16/10/07 2 - - - - - -
Calbuco 22/4/15 23/4/15 2 PS 0.099  0.050° 0.149° 2 45
Chaiten 1/5/08 6/5/08 6 com. 0.200 0.150 0.250 3 72
Eyjafjallajok- 14/4/10 22/5/10 39 Sill 0.014 0.013 0.015 4 63
ull
Fernandina 13/5/05 29/5/05 18 Mogi 0.012 0.010¢ 0.014° 5 12
Fogo 23/11/14 8/2/15 78 - - - - - -
Piton de la 30/3/07 29/4/07 30 com. 0.002 0.001 0.003 6 50
Fournaise
Grimsvotn 21/5/11 23/5/11 3 Mogi 0.027 0.024 0.030 7 28
Kelut 13/2/14 13/2/14 1 Mogi 0.007  0.006° 0.008¢ 8 9
Merapi 1/11/10 4/11/10 4 - - - - 9 -
Okmok 12/7/08 19/08/08 39 Mogi 0.140 0.130 0.150 10 35, 36
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Puyehue- 4/6/11 7/6/11 4 Mogi 0.110  0.088¢ 0.132°¢ 11 29

Cordon

Caulle

Raikoke 21/6/19 21/6/19 1 - - - - - -
Redoubt 23/3/09 4/4/09 13 PS 0.050 0.028 0.100 12 25
Sarychev 11/6/09 19/6/09 9 - - - - - -
Peak

Sierra Negra 22/10/05 30/10/05 9 com. 0.080 0.064° 0.096¢ 13 21
Sinabung 22/12/13 20/4/14 120 Mogi 0.021 0.014 0.027 14 27
St. Helens 23/9/04 11/1/08 1206 PS 0.026 0.019 0.032 15 32, 38
Jebel at Tair 30/9/07 16/6/08 261 - - - - 16 76

@ PS: Prolate spheroid; com.: Complex deformation sources.
b Volume change is estimated from the potency calculated using the compound dislocation model.
To account for uncertainties and inaccuracies, an error margin of 50% is applied here.

¢ For error not reported in literature, we attributed an automatic error of 20%.

Footnotes

1. Augustine, 2006: No deformation is evident prior to explosive eruption — below noise level; Slow extension throughout

explosive eruption; Volume change during explosive phase suppressed by gas-rich magma.

2. Calbuco, 2015: Deformation measured using InSAR; Volume change is estimated using the compound dislocation model;

An error margin of 50% is applied here.

3. Chaiten, 2008: Volume change represented by the three separate deforming bodies: a deep dipping reservoir, a dyke and
a narrow lath-like conduit; Modelled using InSAR images between 13 Feb 2008 and 21 May 2010, and 1 Dec 2007 and 8
Mar 2008.
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10.

11.

12.

13.

14.

Eyjafjallajokull, 2010: Combined InSAR and GPS data shows a deflating horizontal sill; Volume change may be

underestimated as the erupted magma is sourced from a deeper reservoir.

Fernandina, 2005: Co-eruption deformation measured using GPS and InSAR data; Volume change from deep deflating
point source (0.006 km?) is smaller than the combined volume of dyke intrusions and sill expansion (0.012 km?);
Interferograms used in the modelling are 2-4 months after the eruption, which may have included post-eruptive

reinflation.

. Piton de la Fournaise, 2007: Two stages of summit deflation measured using GPS: 0.001+0.0001 km? deflation of a

prolate spheroid between 2-5 Apr and 0.001+0.0005 km? deflation of an oblate spheroid between 5-6 Apr.
Grimsvotn, 2011: Deformation measurements from GPS with an offset of ~6 km.

Kelut, 2014: Volume change inverted from InSAR measurement.

Merapi, 2010: Deformation has been detected using InSAR, but no modelling of volume change has been done.

Okmok, 2008: Volume change of magma reservoir as a function of time is derived from the co-eruptive interferograms;

Deflation rate of reservoir decreases exponentially with time.

Puyehue-Cordon Caulle, 2011: Volume change modelled using InSAR images between 8 May and 7 Jun, and 8 May and
7 July); Two deflating point sources: one beneath Cordillera Nevada at 3.8 km depth and one beneath Puyehue at 6.1
km depth.

Redoubt, 2009: Deformation source during explosive phase is offset by 0.5 km east of dome.
Sierra Negra, 2005: Cumulative volume loss of a sill and a point source measured using GPS and InSAR.

Sinabung, 2013: Deformation source is ~7km offset from vent; Note that the dates for volume changes from GPS station

are different to the dates of volume erupted.
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15. St. Helens, 2004: Volume change estimated from GPS data for the entire eruption.

16. Jebel at Tair, 2007: No co-eruptive deflation detected using InSAR
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Table B.5: SOy emissions of eruptions.

< 7] &= = Q 7] =2 =2 ! =)
S 5 3 2 1 e F B 3 5
5 = & 2 = g % : 2 g
) e =8 o = =] o) % =4 5
= =g @ s = @ N %) ® 8
3 R g g e S 5 5
® & 5 g & 2 & 5

5 2 = %3 3 g, 2.

s S I - -

= & ®, 5 5

\U-)/ N

Augustine 13/1/06 28/1/06 16 no 0.034 0.027%  0.041¢ 1 41
Bezymianny 15/10/07 16/10/07 2 yes 0.066 0.053*  0.079¢ 2 34
Calbuco 22/4/15 23/4/15 2 no 0.295 0.231 0.359 3 49
Chaiten 2/5/08 6/5/08 5 no 0.010 0.010 0.012¢ 4 8
Eyjafjallajok- 14/4/10 22/5/10 39 yes 1.20 0.70 1.70 5 55
ull
Fernandina 13/5/05 17/5/05 5 yes 0.100 0.080% 0.120¢ 6 19
Fogo 23/11/14 8/2/15 78 yes 0.382 0.306% 0.4587 7 23
Piton de la 4/4/07 9/4/07 6 yes 0.231 0.189¢ 0.277¢ 8 67
Fournaise
Grimsvotn 22/5/11 23/5/11 2 yes 0.38 0.30¢ 0.46 9 62
Kelut 13/2/14 13/2/14 1 no 0.200 0.160*  0.240° 10 79
Merapi 1/11/10 4/11/10 4 no 0.270 0.220 0.320 11 65
Okmok 12/7/08 16/7/08 5 No 0.290 0.280 0.300 12 53
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Puyehue-
Cordon
Caulle
Raikoke
Redoubt
Sarychev
Peak

Sierra Negra
Sinabung?®
St. Helens
Jebel at Tair

4/6/11

21/6/19
23/3/09
11/6/09

23/10/05
18/12/13

217/9/04
30/9/07

7/6/11

21/6/19
4/4/09
11/6/09

29/10/05

13/4/14
23/1/08
4/10/07

4

1
13
1

7

116
1214

5

no

no

no

no

yes

no

no

yes

0.550

1.50
0.225
0.900

1.93
0.047
0.032
0.155

0.440¢

1.30
0.180¢
0.720¢

1.54¢
0.038¢

0.026
0.124¢

0.660¢

1.70
0.270¢
1.08¢

2.32¢
0.056°

0.039
0.186°

13

14
15
16

17
18
19
20

15
33
19

19
54
16, 22
13,76

@ For error not reported in literature, we attributed an automatic error of 20%.

b Campaign measurements of SOy at Sinabung is available for 46 of the 117 days of eruption.

Footnotes

1. Augustine, 2006: Assuming 0.003 Tg day ! for the first 10 days and 0.0007 Tg day~! for the last 5 days; Large amount

of SOy released during precursory phase, so the total SO9 gas in the reservoir is already underestimated.

2. Bezymianny, 2007: Persistently degassing volcano; gas emission is an underestimation.

3. Calbuco, 2015: 0.14+0.033 Tg produced by the first eruption and 0.155+0.031 Tg by the second eruption; Possible

underestimation of SO loading due to high SO2 column and presence of volcanic ash (signal saturation).

4. Chaiten, 2008: ‘Strikingly’ low SOg emission measured by OMI on 2, 6, and 8 May; Assuming 0.01 Tg is the minimum

estimate.
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10.

11.

12.

13.

14.

15.

16.

Eyjafjallajokull, 2010: SOz emissions measured using GOME-2; SO gas peaks after two weeks of eruption.

Fernandina, 2005: SOg emissions using OMI from compilation by Ge et al. (2016); Note the shorter measurement

duration compared to the erupted volume, i.e., SO2 emissions may be underestimated.
Fogo, 2014: SO9 measurements using OMI.

Piton de la Fournaise, 2007: SOy gas estimated using OMI and CALIOP; Note the shorter measurement duration

compared to the erupted volume, i.e., SOg emissions may be underestimated.

Grimsvotn, 2011: Satellite observations of SOg less than total SOg budget due to leaching and formation of sulfide

globules; Measurement provided here is the total SOy recalculated from melt inclusions.
Kelut, 2014: Based on comparing simulations with the OMI data.
Merapi, 2010: Estimated from the total SO9 released (0.44 Tg) during eruption period 26/10-4/11.

Okmok, 2008: SOy emissions from Kasatochi and Okmok were transported together in the first 3 days of the eruption;
Measurements become challenging after several days; Note the different duration of measurement compared to erupted

volume.
Puyehue-Cordon Caulle, 2011: SO9 gas retrievals from MODIS.

Raikoke, 2019: Peak SO9 emission only detected after 3 days of the eruption; Total SOy emission estimated using the
Met Office’s Numerical Atmospheric-dispersion Modelling Environment (NAME).

Redoubt, 2009: Airborne measurements not collected during explosive phase; OMI measurements shown here is only

during explosive phase; SOy emission is lower on periods of dome growth and absence of explosive eruptions.

Sarychev Peak, 2009: 1.2 Tg SO9 emission measured using IASI; An updated SO9 algorithm (Clarisse et al., 2012) found

a maximum SOy emission of ~0.9 Tg, consistent with algorithm of Carn et al., 2016.
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17.

18.

19.

20.

Sierra Negra, 2005: Cumulative daily SOg emissions from OMI.

Sinabung, 2013: SOy emissions measured during campaign.; Days at which no SOy measurements are reported is below
the detection threshold.

St. Helens, 2004: SO9 emissions below detection threshold from 27 Sep 2004 to 4 Oct 2004 and after 21 Sep 2007.

Jebel at Tair, 2007: SO9 emissions measured using OMI; Fissure eruption only lasted for first several hours of eruption.
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Table B.6: Volume erupted of eruptions.

< 2 = & < = = =y e
: - = £ £ F E g &
O -+ o =8 E . o] =
= o, 1) = < < o @
© ) o+ e @ =3 =3 = =
= < o® =) @ c c 3
Q — a [ c B B )
= o e g S| ® ®
® & 5 o o @ @
: S-S
: S = 7 %
] < g % = i
< = =
N gm Bc,o
Augustine 13/1/06 28/1/06 16 0.053 0.042% 0.064° 10 18
Bezymianny 15/10/07 16/10/07 2 0.025 0.020¢ 0.030% 2 34,78
Calbuco 22/4/15 23/4/15 2 0.446 0.254 0.638 3b 10, 18,
56, 69
Chaiten 1/5/08 6/5/08 6 0.800 0.700 0.900 4 72
Eyjafjallajok- 14/4/10 22/5/10 39 0.322 0.242 0.403 5% 18, 26
ull
Fernandina 13/5/05 29/5/05 18 0.015 0.010 0.016 6t 18
Fogo 23/11/14 8/2/15 78 0.036 0.033 0.039 75 18
Piton de la 30/3/07 29/4/07 30 0.234 0.164 0.305 g8b 18
Fournaise
Grimsvotn 21/5/11 23/5/11 3 0.270 0.200 0.340 9 28
Kelut 13/2/14 13/2/14 1 0.210 0.140 0.280 10 37
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Merapi 1/11/10
Okmok 12/7/08
Puyehue- 4/6/11
Cordon

Caulle

Raikoke 21/6/19
Redoubt 23/3/09
Sarychev 11/6/09
Peak

Sierra Negra 22/10/05
Sinabung 18/12/13
St. Helens 23/9/04

Jebel at Tair 30/9/07

4/11/10

19/08/08
7/6/11

21/6/19
4/4/09
19/6/09

30/10/05
13/4/14
11/1/08

16/6/08

4

39

13

9
116
1206

261

0.073

0.442
1.01¢

0.439
0.100
0.154

0.156
0.067
0.103

0.018

0.043

0.286
0.81

0.287
0.080
0.077

0.109
0.054“

0.099

0.010

0.113

1.163
1.21

0.672
0.120
0.231

0.203
0.081¢

0.107

0.027

11

1206
13

14
15
16

17
18
19

20°

18, 47,
65
18, 30
51

42
4
57

21
48
38, 60,
68
18

¢ For error not reported in literature, we attributed an automatic error of 20%.

b Volume erupted estimated from the compilation by Galetto et al. (2023). Mass is converted to

volume assuming ash density = 1000 kgm 3, PDC density = 1700 kgm 3

and lava density = 2600 kgm ™3, unless otherwise specified.

¢ The estimated erupted volume for Puyehue-Cordon Caulle is the cumulative volume

measured between 4-7 June, 2011.

Footnotes

1. Augustine, 2006: Volume estimates from Galetto et al. (2023).
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10.

11.

12.

13.

14.

Bezymianny, 2007: Eruptive mass of 66 x10° kg from the October 2007 eruption deposits is obtained from Zharinov and
Demyanchuk (2011) and converted to dense rock equivalent (DRE) volume of 0.025 km? (Lépez et al., 2013).

Calbuco, 2015: Volume estimates from Galetto et al. (2023). Estimated assuming ash density = 900 kgm 3, as noted
from IVESPA; Total erupted volumes estimates from previous studies are 0.27+0.007 (Romero et al., 2016), 0.56+0.28
(Van Eaton et al., 2016), and 0.38 km? (Castruccio et al., 2016).

Chaiten, 2008: Estimated erupted volume during the Plinian eruption and a new dome.

Eyjafjallajokull, 2010: Volume estimates from Galetto et al. (2023); Volume estimated from mass erupted assuming
tephra density = 1400 kgm ™2 and lava density = 2400 kgm 3 (Gudmundsson et al., 2012).

Fernandina, 2005: Volume estimates from Galetto et al. (2023).

Fogo, 2014: Volume estimates from Galetto et al. (2023).

Piton de la Fournaise, 2007: Volume estimates from Galetto et al. (2023).
Grimsvotn, 2011: Volume estimated from tephra discharge rate and plume height.
Kelut, 2014: DRE estimated from tephra fallout and PDC deposits.

Merapi, 2010: Erupted volume only available during magmatic phase; Initial phase (26/10-31/10) removed 0.006 km? of

non-juvenile material from summit.
Okmok, 2008: Volume estimates from Galetto et al. (2023).

Puyehue-Cordon Caulle, 2011: Erupted volume in the first phase (4—5 June) is ~0.75 km; Erupted volume in the second
phase (56 June) is ~0.21 km?; Erupted volume in the third phase (7 June) is ~0.05 km?.

Raikoke, 2019: Volume estimated from mass of plume assuming density 1000 kgm 2.
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15.

16.

17.

18.

19.

20.

Redoubt, 2009: Erupted volume considers DRE for four domes and fall deposits.

Sarychev Peak, 2009: Bulk volume 0.4km? is converted to DRE assuming tephra density 1000 kgm 3 and magma
density 2600 kgm~2; Estimated with an error of 50

Sierra Negra, 2005: Volume estimated from volume flux.
Sinabung, 2013: Derived from satellite measurements of extrusion rate.

St. Helens, 2004: Photogrammetry recorded a volume of 0.093+0.004 km?; 0.010 km? of welt was pushed out before the

lava extrudes.

Jebel at Tair, 2007: Volume estimates from Galetto et al. (2023).
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Table B.7: Reservoir depth of volcanic eruption.

5 2 = § ¢ § B EF 7 ¥
) ~ (9 = o = =] b S g
0 -+ = 8 = : 5 =
5 o & = = = & 3 S S
o 2 g 5 e = =l S ® 8
o @ 2 o 0 g8 =5 = 0
3 2 o g g - =
[¢”) & B ) B B =

z 2 5 g g

: =S -

<«
2
Augustine 13/1/06 28/1/06 16 PS 4.6 2.6 6.6 1 11, 41
Bezymianny 15/10/07  16/10/07 2 see 7.5 6.0 9.0 2 34, 66
notes
Calbuco 22/4/15 23/4/15 2 PS 8.2 6.6 9.5 3 45
Chaiten 1/5/08 6/5/08 6 com. 10 8 12 4 72
Eyjafjallajok-  14/4/10 292/5/10 39 Sill 4.4 4.0 4.7 5 63
ull
Fernandina 13/5/05 29/5/05 18 Mogi 5.0 4.0t 6.0° 6 12
Fogo 23/11/14 8/2/15 78 see 16.5 - - 7 1,39
notes

Fournaise, 30/3/07 29/4/07 30 com. 2.3 1.9 2.7 8 50
Piton de la
Grimsvétn 21/5/11 23/5/11 3 Mogi 1.7 1.5 1.9 9 28
Kelut 13/2/14 13/2/14 1 Mogi 2.1 1.7 2.5° 10 9
Merapi 1/11/10 4/11/10 4 PS 15 10 20 11 73
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Okmok 12/7/08 19/08/08 39 Mogi 3.0 1.5 4.5 12 35, 36

Puyehue- 4/6/11 7/6/11 4 Mogi 6.0 5.0 7.0 13 29

Cordon

Caulle

Raikoke 21/6/19 21/6/19 1 see 5.0 2.5 7.5 14 64
notes

Redoubt 23/3/09 4/4/09 13 PS 9.2 6.9 15.2 15 25

Sarychev 11/6/09 19/6/09 9 see 3.5 1.8 5.3 16 57

Peak notes

Sierra Negra 22/10/05 30/10/05 9 com. 2.1 1.7 2.5 17 22

Sinabung 22/12/13 20/4/14 119 Mogi 8.4 7.4 9.9 18 27

St. Helens 23/9/04 11/1/08 1206 PS 5.6 2.9 8.3 19 2,32

Jebel at Tair 30/9/07 16/6/08 261 Mogi 7 7 15 20 76

¢ PS: Prolate spheroid; com.: Complex deformation sources.

b For error not reported in literature, we attributed an automatic error of 20%.

Footnotes

1. Augustine, 2006: 2 models exist: closed pipe with depth ranging 4.5-10.5 km and open pipe with depth ranging 2.6-6.6

km; Open pipe is chosen considering SOg emissions prior to eruption.

2. Bezymianny, 2007: Depth of magma storage from 6 to > 9 km is estimated from seismic data and are supported by

estimated melt inclusion entrapment depths.

3. Calbuco, 2015: Depth calculated using compound dislocation model.
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10.

11.

12.

13.

14.

Chaiten, 2008: Multiple deformation sources, including a deep reservoir at 20 km depth, a dyke, and the reservoir;

Reservoir steeply dipping between 31° and 57°.
Eyjafjallajokull, 2010: Horizontal deflating sill; Deflating source is spatially offset from the pre-eruptive complex.
Fernandina, 2005: Magma from a deflating point source contributed to three dyke intrusions and sill expansion.

Fogo, 2014: Minimum depth of 16.5 km based on InNSAR measurements of the 1995 eruption (Amelung and Day, 2002);
Petrological estimates of the 2014 eruption indicated greater depths, with suggestions that the eruption was fed from a

deep mantle source (Mata et al., 2017).

Piton de la Fournaise, 2007: Two deflation sources measured using GPS: a prolate spheroid at 1.2-2.3+0.4 km depth
between 2-5 Apr and an oblate spheroid at 2.3+0.4 km depth between 5-6 Apr.

Grimsvotn, 2011: Mogi Point source modelled using GPS measurements.
Kelut, 2014: Best but not uniquely fitting point source model; Consistent with petrological data.

Merapi, 2010: Seismic tomography reveals fluid rich zone at <4 km depth and a main reservoir at ~10-20 km depth, in

agreement with petrological studies (4-15 km).

Okmok, 2008: Average Mogi source depth from InSAR before the 2008 eruption; Estimated with an error of 50%; Mogi
depth of the first 13 hours of the 2008 eruption is 1.9+0.3 km.

Puyehue-Cordon Caulle, 2011: Two deflating point sources: hydrothermal system beneath Cordillera Nevada and

shallow magma reservoir beneath Puyehue.

Raikoke, 2019: Petrological studies show plagioclase joining the crystallization of olivine, suggesting fractionation

occurred at shallow reservoirs; The parental magma responsible for the eruption had a basaltic composition, with

d XIANHddV

€ HHLAVHD HOd TVIHHLVIN AYVILNHNHTddNS



€91

15.

16.

17.

18.

19.

20.

the deepest level of fractionation at ~26 km depth; Petrological data of the eruption pyroclastics reveals that magma

evolution occurred at different depths.
Redoubt, 2009: Magma evacuated from a prolate spheroid with semimajor axis 4.5 and semiminor axis 0.475.

Sarychev Peak, 2009: Preliminary petrological observations suggest influx of basalt into a shallow magma reservoir
located at a depth of ~3-4 km; Added an error of 50%.

Sierra Negra, 2005: The best-fitting model has a sill and a point source, both located at 2.1 km depth.

Sinabung, 2013: Deformation source is ~7km offset from vent; Calculated dates of volume changes from GPS station

different to dates of volume erupted.

St. Helens, 2004: - The chamber geometry of the 2004 eruption is a prolate spheroid chamber with a centroid depth
of 9+0.5 km; The eruption is sourced from the top of the magma reservoir that is estimated to be between 2.9-8.3 km
depth.

Jebel at Tair, 2007: Co-eruptive deflation would have been detected for a Mogi reservoir shallower than 7 km; The lack

of a shallow magma reservoir at slow-spreading centers is not uncommon.
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Table B.8: Normalised volume change and normalised SOq of eruptions.

5 z = = 7z E E % B £
S & iy = 5 B 3 5 B 2
3 o, & £ o, Z Z, =) Z Z,
o [ = =] o = =] =)
] + (¢”] =] wmn =] = wm = —
® @ = o e B = e = =
= 2 & 5 < =2 = = P,
® . & S o e A w z
B -+ —_ n (@) 2]
2 5 g g g 3 9 g 3
a Zj > c5; S < = R wm
3 = = . 0 & o
< =~ ) 5 £ g o ¥ ¥
5 £ = 3 5 3 3
< = @ @ I (1]} 3
(1)} o o w ]
2 2 o 2
Q % = =
Augustine 13/1/06 28/1/06 16 - - - 0.64 0.45 0.82
Bezymianny 15/10/07 16/10/07 2 - - - 2.64 1.90 3.38
Calbuco 22/4/15 23/4/15 2 0.22 0.07 0.37 0.66 0.34 0.98
Chaiten 1/5/08 6/5/08 6 0.25 0.18 0.32 0.01 0.01 0.02
Eyjafjalla- 14/4/10 22/5/10 39 0.04 0.03 0.05 3.73 1.92 5.54
jokull
Fernandina 13/5/05 29/5/05 18 0.80 0.50 0.94 6.67 4.07 8.07
Fogo 23/11/14 8/2/15 78 - - - 10.6 8.32 13.0
Piton de la 30/3/07 29/4/07 30 0.01 0.00 0.01 0.99 0.64 1.35
Fournaise
Grimsvotn 21/5/11 23/5/11 3 0.10 0.07 0.13 1.41 0.94 1.88
Kelut 13/2/14 13/2/14 1 0.03 0.02 0.05 0.95 0.58 1.32
Merapi 1/11/10 4/11/10 4 - - - 3.70 2.03 5.37
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Okmok®
Puyehue-
Cordon
Caulle
Raikoke
Redoubt
Sarychev
Peak®

Sierra Negra
Sinabung

St. Helens®
Jebel at Tair®

12/7/08
4/6/11

21/6/19
23/3/09
11/6/09

22/10/05
22/12/13

23/9/04
30/9/07

19/08/08
7/6/11

21/6/19
4/4/09
19/6/09

30/10/05

20/4/14
11/1/08
16/6/08

39
4

13
9

9

119
1206
261

0.32
0.11

0.50

0.52
0.31
0.25

0.20
0.07

0.26

0.33
0.19
0.18

0.83
0.14

0.74

0.70
0.43
0.32

0.65
0.54

3.42
2.25
5.84

124
0.70
0.31
8.61

0.42
0.39

2.15
1.61
2.70

7.88
0.51
0.25
441

1.73
0.70

5.29
2.89
8.99

16.9
0.89
0.37
13.2

¢ Different duration of measurements for SO9 and erupted volume.
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Table B.9: Reservoir depth of volcanic eruption.

< @ = e @ oY
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= o+ o =t =
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o ) = IS g 28
o — a [ < w
= o e g
[¢”] % B Ey-

5 =3 3

> < a

~ &

z

Augustine 13/1/06 28/1/06 16 57.5+1.5 14
Bezymianny 15/10/07 16/10/07 2 56.7+0.2 61
Calbuco 22/4/15 23/4/15 2 54.54+0.5 10
Chaiten 1/5/08 6/5/08 6 75.3+0.3 47
Eyjafjallajokull 14/4/10 22/5/10 39 47.4+1.5 43
Fernandina 13/5/05 29/5/05 18 48.5+0.5 20
Fogo 23/11/14 8/2/15 78 45.5+2.5 39
Fournaise, Piton de la 30/3/07 29/4/07 30 50.0+0.4 70
Grimsvotn 21/5/11 23/5/11 3 49.940.8 62
Kelut 13/2/14 13/2/14 1 56.1+7.3 71
Merapi 1/11/10 4/11/10 4 57.8+2.6 75
Okmok 12/7/08 19/08/08 39 55.0+0.3 30
Puyehue-Cordon 4/6/11 7/6/11 4 75.4+0.7 74
Caulle
Raikoke 21/6/19 21/6/19 1 49.8+0.5 64
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Redoubt 23/3/09 4/4/09 13 60.0+2.5 59

Sarychev Peak 11/6/09 19/6/09 9 54.24+0.2 57
Sierra Negra 22/10/05 30/10/05 9 49.0+£0.9 51
Sinabung 22/12/13 20/4/14 119 59.0+0.3 44
St. Helens 23/9/04 11/1/08 1206 64.9+0.1 46
Jebel at Tair 30/9/07 16/6/08 261 49.5+0.6 40

Footnotes

10.

. Augustine, 2006: Pyroclastic flows initially rich in a low-silica andesite (57 wt% SiO9) that become progressively more

silica rich and voluminous.

Bezymianny, 2007: Bulk rock composition of erupted products.

Calbuco, 2015: Bulk rock composition of erupted products.

Chaiten, 2008: Phenocryst-poor obsidian and microcrystalline rhyolite.

Eyjafjallajokull, 2010: Whole-rock composition of basaltic eruption from volcano’s flank.
Fernandina, 2005: Wholerock composition of erupted products.

Fogo, 2014: SiO9 composition of glass data.

Piton de la Fournaise, 2007: SiO2 analysis from matrix glass scoria.

Grimsvotn, 2011: SiOg analysis from melt inclusions.

Kelut, 2014: Analysis from ash samples.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Merapi, 2010: Wholerock compositions from fresh interior slabs cut.

Okmok, 2008: Wholerock compositions cluster tightly (54.97+0.25 wt% SiOy).
Puyehue-Cordon Caulle, 2011: SiOg analysis of glass data.

Raikoke, 2019: Glass compositions of shards from air fall ash.

Redoubt, 2009: SiO9 composition of tephra and dome lavas.

Sarychev Peak, 2009: Wholerock compositions from fragments of volcanic bombs.
Sierra Negra, 2005: SiOy analysis of tephra.

Sinabung, 2013: Wholerock chemical compositions of lava samples.

St. Helens, 2004: Bulk rock composition from 2004—-2006 Mount St. Helens lava dome.

Jebel at Tair, 2007: SiO9 composition of lava.
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Table C.1: GPS measurements for the 2004 eruption of St. Helens spanning 2004-
2005 (Anderson and Segall, 2013).

Day Date Displacement (mm)
-117 31/05/2004 -0.26
-116  01/06/2004 -0.69
-114 03/06/2004 -3.44
-111  06/06/2004 0.90
-107 10/06/2004 1.75
-105 12/06/2004 -0.90
-104 13/06/2004 0.26
-101  16/06/2004 -2.70
-100 17/06/2004 1.32
-97  20/06/2004 -1.29
-96  21/06/2004 -0.53
-93  24/06/2004 -0.02
-92  25/06/2004 -1.96
-88  29/06/2004 -0.19
-87  30/06/2004 -0.87
-84  03/07/2004 0.83
-82  05/07/2004 -2.17
-81  06/07/2004 -0.78
-80  07/07/2004 1.33
-76  11/07/2004 0.23
-75  12/07/2004 2.27
=72 15/07/2004 -1.46
-71  16/07/2004 -0.44
-70  17/07/2004 0.66
-68  19/07/2004 1.76
-64  23/07/2004 -0.44
-62  25/07/2004 1.08
-57  30/07/2004 0.15
-56  31/07/2004 -0.78
-53  03/08/2004 0.91
-50  06/08/2004 1.67
-49  07/08/2004 -0.10
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-48  08/08/2004 -1.80
-44  12/08/2004 2.10
-43  13/08/2004 -0.27
-42  14/08/2004 0.74
-39  17/08/2004 -0.36
-39 17/08/2004 -1.63
-38  18/08/2004 0.57
-37  19/08/2004 1.50
-33  23/08/2004 -2.14
-32  24/08/2004 -1.04
-28  28/08/2004 0.74
-27  29/08/2004 1.33
-26  30/08/2004 -0.19
-25  31/08/2004 0.57
-22  03/09/2004 -1.12
-18  07/09/2004 -1.04
-17  08/09/2004 0.15
-16  09/09/2004 -4.34
-14  11/09/2004 -0.02
-11  14/09/2004 -0.61
-10  15/09/2004 2.52
-9 16/09/2004 -2.56
-8 17/09/2004 -1.80
-6 19/09/2004 0.15
-3 22/09/2004 0.66
-2 23/09/2004 -0.95
-1 25/09/2004 -1.04
0 26/09/2004 -2.14
1 217/09/2004 -2.98
2 28/09/2004 -3.58
3 29/09/2004 -5.52
5 01/10/2004 -3.91
6 02/10/2004 -5.18
7 03/10/2004 -10.77
8 04/10/2004 -5.69

182



10
11
14
15
16
23
24
25
26
27
28
29
31
34
35
36
38
40
44
46
47
48
51
52
53
55
56
58
62
64
66
67
70
71

05/10/2004
06/10/2004
07/10/2004
10/10/2004
11/10/2004
12/10/2004
19/10/2004
20/10/2004
21/10/2004
22/10/2004
23/10/2004
24/10/2004
25/10/2004
27/10/2004
30/10/2004
31/10/2004
01/11/2004
03/11/2004
05/11/2004
09/11/2004
11/11/2004
12/11/2004
13/11/2004
16/11/2004
17/11/2004
18/11/2004
20/11/2004
21/11/2004
23/11/2004
27/11/2004
29/11/2004
01/12/2004
02/12/2004
05/12/2004
06/12/2004

-9.08
-6.45
-7.39
-7.22
-8.74
-9.50
-10.86
-7.22
-8.99
-9.42
-3.49
-13.48
-8.40
-10.69
-9.42
-14.16
-11.62
-10.52
-9.67
-11.19
-14.24
-10.69
-9.84
-11.87
-12.21
-14.24
-9.76
-11.36
-12.13
-10.77
-12.38
-10.43
-11.70
-13.06
-15.77
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72 07/12/2004 -16.02
73 08/12/2004 -12.55
74 09/12/2004 -13.99
76 11/12/2004 -15.09
78 13/12/2004 -12.46
81 16/12/2004 -11.70
82 17/12/2004 -13.06
83 18/12/2004 -11.87
84 19/12/2004 -14.41
86 21/12/2004 -13.48
89 24/12/2004 -15.51
90 25/12/2004 -11.11
91 26/12/2004 -13.23
92 27/12/2004 -11.36
94 29/12/2004 -10.69
95 30/12/2004 -14.16
97 02/01/2005 -13.23
98 03/01/2005 -13.65
99 04/01/2005 -11.36
101  06/01/2005 -12.46
101  06/01/2005 -16.98
102  07/01/2005 -17.51
105 10/01/2005 -12.89
106 11/01/2005 -11.62
109 14/01/2005 -9.59
110  15/01/2005 -10.60
111 16/01/2005 -15.82
112 17/01/2005 -24.50
113 18/01/2005 -18.47
114  19/01/2005 -15.08
115 20/01/2005 -11.28
116  21/01/2005 -12.97
117  22/01/2005 -12.97
118  23/01/2005 -13.57
119  24/01/2005 -9.59
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120
121
124
125
128
129
130
133
135
136
137
138
140
143
148
149
151
152
153
154
155
159
160
166
167
168
171
175
178
179
182
183
184
186
188

25/01/2005
26/01/2005
29/01/2005
30/01/2005
02/02/2005
03/02/2005
04/02/2005
07/02/2005
09/02/2005
10/02/2005
11/02/2005
12/02/2005
14/02/2005
17/02/2005
22/02/2005
23/02/2005
25/02/2005
26/02/2005
217/02/2005
28/02/2005
01/03/2005
05/03/2005
06/03/2005
12/03/2005
13/03/2005
14/03/2005
17/03/2005
21/03/2005
24/03/2005
25/03/2005
28/03/2005
29/03/2005
30/03/2005
01/04/2005
03/04/2005

185

-10.35
-14.33
-12.46
-12.63
-14.76
-13.99
-11.45
-14.76
-10.86
-13.23
-15.77
-13.81
-15.60
-12.89
-13.23
-14.02
-9.26
-17.20
-10.11
-12.75
-13.82
-13.65
-14.87
-14.13
-12.65
-16.24
-13.81
-14.02
-12.54
-14.87
-13.39
-15.19
-14.23
-12.43
-12.54
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192 07/04/2005 -13.81
194  09/04/2005 -13.60
195 10/04/2005 -15.29
199  14/04/2005 -13.92
200 15/04/2005 -13.39
201  16/04/2005 -15.61
204  19/04/2005 -12.65
205  20/04/2005 -14.97
206  21/04/2005 -16.35
207  22/04/2005 -12.54
209  24/04/2005 -17.94
210  25/04/2005 -15.19
211  26/04/2005 -13.92
214  29/04/2005 -15.71
216  01/05/2005 -17.09
219  04/05/2005 -15.29
221  06/05/2005 -15.71
224 09/05/2005 -14.76
227  12/05/2005 -15.50
229  14/05/2005 -17.83
230  15/05/2005 -17.20
231  16/05/2005 -13.49
232 17/05/2005 -15.82
233  18/05/2005 -18.36
234  19/05/2005 -15.29
239  24/05/2005 -15.71
242 27/05/2005 -16.88
244 29/05/2005 -17.94
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Table C.2: Volume erupted for the 2004 eruption of St. Helens spanning 2004-2005
(Gerlach et al., 2008).

Day Date Volume extruded (x10% m?)

0 26/09/2004 0.00
8 04/10/2004 4.24
15 11/10/2004 9.02
17 13/10/2004 9.56
39  04/11/2004 19.73
64  29/11/2004 28.26
76 11/12/2004 32.03
99  04/01/2005 36.59
128 02/02/2005 40.69
148 22/02/2005 44.44
165 11/03/2005 46.83
205 20/04/2005 51.59
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Table C.3: SO2 measurements for the 2004 eruption of St. Helens spanning 2004-
2005 (Gerlach et al., 2008).

Day Date SO2 (t/d) SO2 (t)

1 27/09/2004 1 nan
3 29/09/2004 1 nan
4 30/09/2004 1 nan
5 01/10/2004 1 nan
7 03/10/2004 1 nan
8 04/10/2004 1 nan
11 07/10/2004 115 115
15 11/10/2004 70 370
17 13/10/2004 120 560
18 14/10/2004 148 694
24 20/10/2004 121 1501
31  27/10/2004 240 2764
39  04/11/2004 63 3976
45 10/11/2004 107 4486
47 12/11/2004 138 4732
55 20/11/2004 177 5993
82 17/12/2004 221 11370
99  03/01/2005 76 13893
120 24/01/2005 78 15509
135 08/02/2005 70 16619
152 25/02/2005 32 17485
165 10/03/2005 30 17888
207  21/04/2005 40 19347
212 26/04/2005 94 19681
241  25/05/2005 33 21522

256  09/06/2005 50 22145
290 13/07/2005 40 23675
304 27/07/2005 51 24312
320 12/08/2005 14 24832
339 31/08/2005 22 25174
367 28/09/2005 45 26112
387 18/10/2005 53 27092
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C.1. SUPPLEMENTARY REFERENCES

409 09/11/2005 88 28643
422  22/11/2005 75 29702
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1. Anderson, K., & Segall, P. (2013). Bayesian inversion of data from effusive volcanic
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2. Gerlach, T. M., McGee, K. A., & Doukas, M. P. (2008). Emission rates of CO2,
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