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Abstract

The growth of bubbles drives volcanic eruptions and plays a major role in determining eruption
style. Therefore, understanding bubble growth processes is essential for forward modelling of
volcanic eruptions and for interpretation of vesicular eruptive products. Decompression
experiments at high temperature and pressure have been widely used to investigate bubble growth
processes. However, most studies neglect bubble resorption, which occurs during the quench
process as water solubility increases with decreasing temperature. Resorption may alter final
textures, so accounting for this process is important for interpretation of experimental products.

This study quantifies the extent to which bubble resorption during cooling/quenching modifies the
gas volume fraction (¢) of the products of a series of decompression experiments. A numerical
model is applied that captures bubble growth and resorption over arbitrary pressure-temperature-
time (P-T-t) pathways to a published experimental dataset. The analysis proceeds in three stages:
1) Reconstruct the experimental P-T-t pathways and determine how ¢ evolves with time, in order
to reconstruct pre-quench values. 2) Vary values of experimental parameters, such as bubble
number density (N,) and cooling rate to show when quench modification is most important. 3)
Carry out a parametric sweep and advise on the best experimental conditions to use to avoid over-
printing of experimental samples via resorption.

Resorption occurs in all experimental samples that are analysed. In one sample, the final ¢ is over
a 50% decrease of the original bubble growth, consistent with values determined by a previous
study. The analysis indicates that thermal resorption must be accounted for in the interpretation of
experimental results and that greater resorption occurs when N,, is high and cooling rate is low. In
some instances, this leads to bubbles resorbing completely from a peak ¢ value as high as 0.10.
The numerical model can be used as a tool to design experiments and minimise the effect of
resorption, and it is anticipated that this will support more meaningful interpretation of vesicle
textures and size distributions.
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1. Introduction

1.1 Thesis Rationale

Bubble growth drives volcanic eruptions, and the understanding of bubbles/vesicles is imperative
in understanding eruption styles. Bubble resorption is a crucial process, creating smaller bubbles
than would be predicted from bubble growth as bubbles migrate up the volcanic conduit and the
pressure drops. Thermal resorption modifies the textures of volcanic products, particularly
vesicularity, so that the textures are different from what would be expected at the point of eruption.
It also modifies textures of experimental products so that textures are different from how they were
during experiments. Resorption needs to be understood if bubbles/vesicles are to be correctly
interpreted. A better understanding of bubble processes is required to improve volcanological
knowledge of conduit behaviour, which influences the explosivity or effusivity of a volcanic
eruption and any subsequent activity. Being able to further understand conduit behaviour will
improve volcanic hazard planning and safety efforts.

Bubble properties have been linked to the explosivity of eruptions; bubble content can control
magma rheology/viscosity and viscosity changes may create an explosive or effusive eruption
(Cassidy et al., 2016; Di Genova et al., 2017). Bubble connectivity and bubble number density
(Np,) can control magma porosity and permeability whereby a higher porosity may promote more
outgassing and can alter fragmentation (Sparks, 2003; Cashman, 2004; Mueller et al., 2005;
Mueller et al., 2008; Rust et al., 2011; Degruyter et al., 2012). The presence of gas bubbles in
magma can increase buoyancy and ascent speed (Gardner, 2009) which will lead to an explosive
eruption (Winson et al., 2014). Evidence for the consequences of bubble growth has been found in
natural samples from the explosive eruption of Mount Pinatubo in 1991. This suggests that growth
of gas bubbles during magma ascent leads to intense shear and possibly fragmentation at the
conduit walls (Polacci et al., 2001). These properties will all be influenced by a variety of factors
at play in the volcanic conduit.

Observation of bubble growth changes in situ is difficult; requiring a combination of analytical
methods to understand bubble growth in natural samples and experimental methods to understand
how bubbles grow at magmatic conditions. In natural samples vesicles are examined as bubbles
frozen in time and used to constrain how the volcanic product is formed and under what conditions
(Kaminski and Jaupart, 1997; Larsen and Gardner, 2000; Giachetti et al., 2010). In decompression
experiments, synthetic samples are used to characterise bubble growth by simulating volcanic
conditions. Despite these methods, many unanswered questions remain, such as: 1) Do
experimental studies make valid assumptions about what is happening to bubbles during
experiments? 2) What are the key influences on bubble resorption following experimental
decompression? And 3) What can be learnt from analysis of experimental resorption about natural
resorption?

Bubble growth can be influenced by 1) the pressure and temperature conditions in the volcanic
conduit; 2) magmatic properties; and 3) volcanic behaviour. The changing physical parameters of
bubbles will then, in turn, influence: 1) rheology of the magma (Manga et al., 1998; Lejeune et al.,
1999; Pal, 2003); 2) buoyancy (Corsaro, 2004); 3) compressibility (Killbride, 2016); 4)
connectivity and permeability (Klug and Cashman, 1996; Blower, 2001; Mueller et al., 2008;
Westrich and Eichelberger, 1994); and 5) shear stress partitioning into thinning melt films between
bubbles (Rust et al., 2003; Caricchi et al., 2011). This study will address how resorption affects
bubbles during decompression experiments.
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1.2 Bubble Growth in VVolcanism

Magmas contain dissolved volatiles (e.g., C0O,, H,0) and the gradient between magma storage
pressure and atmospheric pressure, supersaturates the magma in these volatiles, forming a free gas
phase at low pressures. The presence of volatiles influences the bulk density of the magma and in
turn controls the magma ascent rate, influencing the explosivity of a volcano.

Bubble formation and growth occur under low pressure conditions when magma is supersaturated
with volatile species. The first stage is bubble nucleation which occurs when volatiles begin to
form as a vapor phase in the magma. As the magma rises, pressure falls and the solubility of the
volatiles decreases with the magma becoming saturated or supersaturated with respect to the
volatiles, causing bubble growth (Gardner et al., 1999). Often, significant supersaturation is
required to form the bubbles at all (Toramaru, 2006). At depths shallower than saturation, bubbles
that have formed will grow as the magma continues to rise, initially following an isothermal
pathway (Mastin, 2002; Gonnermann and Manga, 2007). Therefore, decompression will always
result in bubble growth.

The depth at which saturation takes place is constrained by; the percentage of volatiles dissolved
in the magma, the solubility of the volatiles and additional factors such as the presence of crystals.
Crystals create a more complex bubble system when the oxides are used as nucleation sites, aiding
bubble nucleation (Mangan and Sisson, 2000; Martel et al., 2001; Hammer and Rutherford, 2002).
When volatile solubility in the melt decreases, volatiles exsolve from the melt into the bubble
(Blank et al., 1993; Dixon et al., 1995, Carroll et al., 1997; Blower et al., 2001). Solubility is a key
factor controlling the ascent rate of bubbles, along with magma viscosity and the decompression
rate, which influences how quickly the bubbles will grow and reach the surface (Verhoogen, 1951;
Toramaru, 1995; Larsen and Gardner, 2000; Blower et al., 2001). The decompression of magmatic
volatiles causes the process of rapid expansion and fragmentation at the surface, and therefore the
explosivity of an eruption is a product of bubble growth (Taylor etal., 1983; Toramaru, 1995; Rust
et al., 2004; Castro et al., 2012; Carey et al., 2013).

Diffusion of volatiles into the bubble will affect bubble growth rate as it controls the gas volume
fraction of the bubble and the subsequent increase in bubble size (Proussevitch and Sahagian, 1998;
Blower, 2001). The equation of station (EOS) is a thermodynamic equation relating state variables,
used to describe the state of matter under a given set of physical conditions — in this case
representing how pressure and temperature influence the state of H,0 in the bubble. In bubble
growth, this is often represented by the ideal gas law, which considers pressure, volume,
temperature, and the amount of substance.

Acting to resist bubble growth are viscous forces of the bubble walls and surface tension which act
against the viscosity and the EOS (Gaonac’h et al., 1996; Proussevitch and Sahagian, 1998). A
bubble growth model needs to account for all these effects as they are all relevant during ascent.

The pressure-temperature-time pathway controls the changing bubble size (Sparks, 1978) and is
dependent on where the bubble is forming within the magmatic system. This pathway can have
constant pressure and temperature throughout (isobaric, isothermal), a constant pressure and
changing temperature (isobaric, polythermal), a changing pressure and constant temperature
(polybaric, isothermal) or a changing pressure and changing temperature (polybaric, polythermal).
These different pathways and subsequent conditions are presented in figure 1.1.
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1.3 Experimental Volcanology

To constrain bubble growth processes, reconstruction of in-conduit conditions during
transportation and eruption is carried out via experiments to replicate the different pressure-
temperature-time pathways that are illustrated in figure 1.1. This is done by developing an
understanding of the physics of each process and by looking at a spectrum of compositions and
conditions. This laboratory-scale volcanic plumbing provides experimental access into the Earth’s

subsurface.

i. Convective 1i. Accreting to iii. Accreting to
exchange reservoir wall conduit wall
Cycling of material creating Bubble resorption Bubble Resorption
isothermal repressurisation _1;_n0 change — P= no change

P=1
T=no change

v. Cooling of tephra urial in
clast 051’[
Quenching at the surface

P=no change

.,

N

—
Bubble Growth S

P=] Bubble Resorption
T=]|

.......
oo .,

Figure 1.1 The different environments present in a volcanic system; i) the process of cycling between two separate
magma reservoirs is shown (Moussellam et al., 2015; Sparks et al., 2019), ii) bubble resorption can happen as magma
accretes to the reservoir wall, causing a decrease in temperature (Hansteen and Krugel, 1998), iii) similarly, accreting
to the conduit as magma ascends also occurs which can also cause resorption (Heap et al., 2017). For iv) as the
bubbles travel up the vent, they degas as temperature and pressure decrease, causing bubble growth as the magma
reaches the top of the conduit (Scandone et al., 2007; Rutherford, 2008), v) as magma fragments when erupted and
there is rapid quenching at the surface where resorption occurs (Gonnermann, 2015; White and Valentine, 2016), and
vi) once erupted, rapid burial via pyroclastic density current (PDC), causing repressurisation of the magma and
resorption (Petcovik and Dufek, 2005; Sparks et al., 1999).
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Decompression experiments at high temperature and high pressure are used to simulate bubble
growth (Mourtada-Bonnefoi and Laporte, 2004; Burgisser and Gardner, 2005; Gardner, 2007;
Shea, 2017) and by creating a controlled pressure and temperature environment, enable bubble
pathways to be studied in detail. A typical experimental set-up involves an externally heated
pressure vessel, fitted with a rapid-quench attachment (Jacobs and Kerrick, 1980), which creates
the polybaric-dwell, isothermal-then-quench environment required for resorption. This is used to
mimic the decompression processes by first equilibrating the sample and then applying a specified
decompression under pressure, temperature, and time constraints. A small aliquot of a natural
sample is placed in tubing and welded shut, typically after water has been added to the sample to
ensure volatile saturation at the start of decompression, creating an initial equilibrium population
of bubbles. Many studies involve samples which are held at constant pressure and temperature
before being decompressed quasi-instantaneously to reach equilibrium (figure 1.2), although
studies may also investigate samples at disequilibrium for different desired results (Mangan and
Sisson, 2000; lacono-Marziano et al., 2007).

Time(s)

Temperature (K)

()
‘ » Fraction, a
Gas Volume i i

Bubble :
Geometry: ® Q Q

\ )

Bubble growth: driven by decompression

Bubble shrinkage: driven
by decreasing temperature

Figure 1.2 Schematic figure displaying the changing bubble size in a typical decompression experiment, a bubble
growing due to decreasing pressure and steady temperature before bubble resorption, represented by an increase in
gas volume fraction, then occurs due to decreasing temperature and constant pressure.

Experiments can vary in terms of operation and one such operation is to reproduce observed
pyroclasts and eruption products such as the vesicle number density (VND) and vesicle size
distribution (VSD) (Kaminski and Jaupart, 1997; Lavallee et al., 2015; Pappalardo et al., 2018).

All modes of operation in experimental volcanology aim to use sample results of experiments as a
textural record of the pressure-temperature pathway. However, a key feature of experiments is that
the samples must be cooled down to inspect the results. At low pressures (< 300MPa) cooling
results in an increase in solubility — which can undo the growth of bubbles via resorption. This
thesis aims to test the assumption that experimental products are tied to the target conditions of the
experiments prior to quenching.

Understanding resorption and the impact it has on bubbles under different conditions can influence
future research into bubble growth and enable a better understanding of conduit conditions.
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1.4 Bubble Resorption

Bubble resorption occurs when increasing solubility increases the water concentration at the bubble
wall, creating a chemical potential gradient in the melt which drives volatiles away from a
shrinking bubble, into the melt, causing the bubble to shrink. Depending on the quench rate, this
water concentration profile can be preserved when the melt quenches to glass (Zhang and Ni, 2010;
Watkins et al., 2012; Mclntosh et al., 2014); if it quenches slowly then the gradients relax through
diffusion. Unless highly supersaturated, a growing bubble during decompression becomes a
shrinking (resorbing) bubble when quenched. Most studies neglect bubble resorption that occurs
during the quenching process. However, resorption may alter final textures, so accounting for this
process is important for interpretation of experimental products. Resorption occurs in several
different volcanic environments, as pictures in figure 1.1.

Within the volcanic conduit resorption occurs during accretion to the conduit wall as there is a
decrease in temperature as the melt moves to the outer regions but no change in pressure. Similarly,
rapid quenching at the surface, creates a sharp decrease in temperature, after the pressure drop
during magma ascent triggers bubble growth. Following the eruption, burial in PDCs decreases the
temperature and increases the pressure, influencing solubility of the melt and thus, resorption.

Mclntosh et al. (2014) describes the processes of resorption and provides experimental evidence
based on re-analysis of vesicular rhyolite samples from rapidly quenched decompression
experiments (taken from Burgisser and Gardner, 2005). Upon rapid cooling of decompression
samples, spatial distribution of the water concentration around the bubbles is preserved, allowing
insight into the pre-eruptive conditions. It is assumed that water will decrease towards the bubble,
representing a quenched snapshot of the situation during bubble growth however what is found is
that the water increases towards the bubble, indicating that resorption has occurred. Textural
evidence indicates that resorption occurs before the melt solidifies. The water content is quantified
using Back-Scatter Electron Microscopes (BSEM) and Fourier Transform Infrared (FTIR),
producing images which display a distinct resorption halo around the quenched samples.

1.5 Numerical Modelling of Bubble Growth and Resorption

Bubble growth modelling has been a goal of volcanology since Verhoogen (1951), and a versatile
mathematical description is required to constrain the required bubble growth conditions. Numerical
modelling is a necessary player in understanding bubble growth because when bringing together
all factors at play in the volcanic conduit, it is impossible to summarise these processes with only
simple equations, without broad assumptions, such as the pressure and temperature conditions that
are followed. However, if the aim is to explore the complexities of the volcanic conduit, then these
assumptions cannot be made without falsely representing the volcanic system.

Numerical models are often used to test complex mathematical scenarios such as bubble growth.
In this study, a numerical model is used to evaluate bubbles in equilibrium conditions and how
they grow and resorb with changes in pressure, N, and cooling rate. Resorption, a process only
recently understood and documented, is a crucial process in bubble pathways and is influenced by
changing water concentration at the bubble wall. The processes that can increase and decrease the
amount, rate, timescale, or the amplitude of bubble resorption are poorly understood despite their
impact on volcanic eruptions and products.

Coumans et al. (2020) develops a numerical model which can capture bubble growth and the
resorption process over arbitrary pressure-temperature-time pathways using published datasets.
Coumans et al. (2020) uses data from Burgisser and Gardner (2004), Mourtada-Bonnefoi and
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Laporte (2004) and Hamada et al. (2010) to demonstrate how the numerical model works and how
it quantifies resorption based on experimental parameters.

In Coumans et al (2020) the numerical model is used to improve and/or correct interpretations of
high-pressure high-temperature experiments and is then applied to natural volcanic systems, while
the influence of resorption on various experimental and natural scenarios is investigated. The
numerical model has potential to be applied to a range of studies in the future, including: the
optimisation of decompression experiments for the simulation of continuous magma ascent
(Marxer et al., 2015); bubble formation in evolved alkaline melts (Buono et al., 2020) and using
high-temperature high-pressure vesiculation experiments to highlight bubble growth dynamics in
post-fragmentation volcanic bombs (Browning et al., 2020). Natural scenarios include looking at
repeated cycles of decompression (Gardner et al., 2018), quenching and heating post-eruptive
expansion of bubbly pyroclasts (Kaminski and Jaupart, 1997; Giachetti et al., 2010), and post-
emplacement cooling-driven resorption in pyroclasts (Watkins et al., 2017). The above studies
have all made conclusions based on textural characteristics and use these to infer the process of
bubble growth. Applying the numerical model could alter the conclusions made and offer
alternative explanations. Alternately, the numerical model could provide evidence that resorption
does not play a significant role in the bubble growth process.

1.6 Thesis Structure

This thesis will explore the concepts behind bubble growth and resorption, expanding beyond what
is written in this introduction. The theory behind the Coumans et al. (2020) numerical model as
well as additions made to the model during this project, will also be included.

Firstly, the background of the project will be discussed in Chapter 2 and 3, in relation to previous
work and the Burgisser and Gardner (2005) study, with an in depth look at the experimental set up
and results. The numerical methods are also discussed along with the key features of the model
applicable to this study. Chapter 2 — a conceptual understanding, looks at the underlying concepts
of bubble growth and Chapter 3 — a theoretical understanding, looks at the theoretical aspects of
the numerical model.

In Chapter 4 the importance of resorption will be investigated. This will look at the equilibrium
sample from Burgisser and Gardner (2005) and its validity while also discussing how the samples
are computed in the numerical model. The difference between linear and newton cooling pathways
is discussed and how these two pathways can be investigated using two different approaches. One
pathway will be selected for use in the rest of the study.

In Chapter 5 resorption driven by quench is looked at. Four samples from Burgisser and Gardner
(2005) are put into the numerical model to investigate initial signs for resorption. The effect of
changing the decompression rate, final pressure (controlled variables) and N,, (stochastic variable)
are investigated using four samples.

In Chapter 6 a parametric investigation of quench resorption is undertaken. This will involve a
study of the key influences involved in bubble resorption (N, cooling rate, initial pressure, and
pressure change) and how resorption is affected by these changes. Real world studies of different
pressure and temperature environments is discussed in relation to these results e.g., how much
resorption may a submarine volcano experience?

Chapter 7 sums up the study and any implications, final conclusions, and suggestions for further
work. This includes what changes are recommended to be made to future studies of bubble growth
and decompression experiments. This study is summarised, and the main conclusions highlighted.
Finally, implications for the field of volcanology are examined.
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2. A Conceptual Understanding of Bubble Modelling

2.1 Introduction

Modelling of bubble growth yields a deeper understanding of volcanic processes and can highlight
the relevant parameters behind growth and resorption. The current understanding of bubble growth
in relation to the Coumans et al. (2020) study is discussed and questions arising from the study are
then outlined.

The growth and rise of bubbles are a key factor in creating either an effusive or explosive eruption
such as by influencing porosity and magma rheology and so it is important to understand the inner
workings of the volcanic conduit and the physics of rising bubbles. The study of bubble growth
and subsequent modelling has existed for many decades with mathematical equations to explain
the relevant processes behind bubble growth being published by Verhoogen (1951). The
Verhoogen (1951) study highlights how the kinetics of gas evolution, specifically, bubble number
density (N,), is what is crucial to ash formation based on mathematical analysis, and not viscosity
as proposed by Rayleigh (1917) and Lamb (1932). As bubble resorption is still a newly developed
concept, there is limited modelling of the process.

2.2 Modelling of Bubble Growth

2.2.1 Early Research

Early research into volcanic conduit systems demonstrates that it is important to understand how
bubbles behave as they rise to the surface and influence an eruption. Verhoogen (1951) proposes
mathematical equations which demonstrate that small bubbles in magma experience higher
velocities when rising up the volcanic conduit in comparison to magma that contains larger
bubbles. This is the difference between lava ‘boiling” and lava fragmentating and represents the
link between bubbles and volcanic behaviour. This initial vesiculation theory by Verhoogen (1951)
has laid the groundwork for modelling of bubble growth.

Verhoogen’s research has been expanded upon and modified (McBirney, 1963; McBirney and
Murase, 1970; Bennett, 1974). McBirney (1963) finds that the rate at which bubbles ascent is slow
compared to the rate of ascending magma in volcanic conduits and thus Verhoogen’s (1951)
findings have a limited application to the volcanic environment. Environments such as lava lakes
are applicable to Verhoogen’s study because there is little vertical movement in the conduit, but
submarine volcanism is not suitable because it does not follow Verhoogen’s assumptions that
ascent rate of bubbles and magma are equal.

Verhoogen (1951), McBirney (1963) and McBirney and Murase (1970) all use various equations
in relation to pressure, bubble volume and radius to discuss the open questions that remain such as
influences on bubble growth rate. Sparks (1978) is the first to use a numerical model to investigate
bubble processes and growth rates.

Sparks (1978) develops a model which considers the effect of growth due to: decompression,
magma ascent rate, magma viscosity, gas solubility, gas content, and volatile species diffusivity,
on bubble growth rates. A numerical model is developed to calculate bubble growth rate during
volcanic eruptions of basaltic and rhyolitic magmas. Sparks concludes that most bubbles stop
growing prior to explosive disruption of magmatic froth because bubbles cannot expand further
due to an increase in viscosity of the melt which has to be forced between closely spaced
neighbouring bubbles, along very thin paths. This view continues to change into the current
understanding of today, yet it remains an important concept in the study of bubble growth. The
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limitations of the Sparks (1978) model are: 1) the bubble is assumed to grow in an infinite liquid;
2) the diffusion equation is not solved fully but approximated by Scriven’s law; 3) the advective
flux of volatiles towards the bubble wall as the bubble grows is neglected, and 4) both volatile
diffusivity and viscosity are assumed to be independent of water content.

Following Sparks (1978), Proussevitch and Sahagian (1998) and Blower (2001) both make
significant contributions to modelling bubble growth. Their contributions will be discussed below.

Each parameter controlling bubble growth can be determined using numerical modelling — as
determined by Proussevitch and Sahagian (1998). Their model accounts for the energetics of
volatile degassing and melt deformation as well as the interactions between viscosity, volatile
concentration, and diffusivity. Proussevitch and Sahagian (1998) recognise that bubbles require a
model with spherical coordinates thus in numerical modelling, bubbles must be computed
differently to a simple 2D shape. Proussevitch and Sahagian (1998) model decompression bubble
growth as a unit cell which includes a single bubble surrounded by a finite volume of melt (figure
2.1). The volume of the shell reflects the N, while its growth is driven by diffusion of volatiles
from the surrounding melt. These bubbles are uniformly spaced to ensure simultaneous nucleation
because an event distance between bubbles eliminates the need to compute nucleation dependence.
This model uses a spherical coordinate system with its origin at the bubble centre. This is unlike
previous models (Sparks, 1978) as the adjective flux of volatiles towards the bubble wall as the
bubble grows and the diffusion equations are fully solved. This results in a model which simulates
the presence of other bubbles in the system.

17



Q00 R

6 6 o Evolution A
= > D00 :
000

Xw 1

Spherical approximation
of bubble's domain

=
S
* B
£
e
=
)

A is affected by heat of
1. Dissipation
2. Vitnfication

> <
2 B

n = f(x,7)
Spec. & Temp.
Diffusion
Py / E—
Water Diffusivity

Bubble Temperature Ambient Pressure A

T, is affected by ) Dyp20 = f(x,T)

1. 'Vaporization cooling 1. Constant .

2. {;’V cooling 2. Decompression

3. Heating from melt =
Bubble Pressure Interface concentration

Pg=Pt*+Pc tPy xg =f(pg)

Figure 2.1 The Proussevitch and Sahagian (1998) model of a bubble. Initial bubbles are in a closely packed structure
which define a unit cell which includes a single bubble surrounded by a finite volume of melt. The polygonal structure
is approximated as spherical with a bubble at its centre thus reducing the 3D computational domain to 1D. The model
accounts for interaction between parameters all of which are dependent on temperature and volatile content. T, is the
glass transition temperature, p, is the pressure of the gas, p; is ambient pressure, p,; is pressure due to surface tension
and p,, is pressure due to viscosity. The plots on the right side of the figure show the changing volatile concentration,
temperature, viscosity, and water diffusion with time. It should be noted that for the conclusion Proussevitch and
Sahagian (1998) are considering, the water diffusivity should decrease towards the bubbler wall.

The Proussevitch and Sahagian (1998) model allows for changing concentration, temperature,
viscosity, and water diffusivity to be considered in relation to a water-saturated rhyolitic magma.
The spherical coordinate system is used by Proussevitch and Sahagian (1998) and is expanded by
Blower (2001) into Lagrangian coordinates.

2.2.2 Blower (2001) and Lagrangian Coordinates

Lagrangian coordinates are a more simple and accurate way to represent a system which changes
geometrically over time. The Lagrangian flow field models show fluid motion as following an
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individual fluid parcel as it moves through space and time (Badin and Crisciani, 2018). This
contrasts with the fixed coordinate system used by Proussevitch and Sahagian (1998), where the
coordinates change with a changing bubble wall, making it difficult to identify where bubble
boundaries lie. Blower (2001) uses Lagrangian coordinates as an improvement on the Proussevitch
and Sahagian (1998) model.

The Blower (2001) model (figure 2.2.) contains equations for the diffusion of water into the bubble,
hydrodynamics of motion of fluid, mass balance of water molecules, internal bubble pressure,
solubility of water, viscosity, and diffusivity. These equations are based on the previous models
discussed (Sparks, 1974; Proussevitch and Sahagian, 1998). The model finds that viscosity and
diffusivity remain intertwined in bubble growth however Blower (2001) also finds that bubble
growth is not affected by the choice of equation of state (EOS).

(a)

melt shell

Figure 2.2 How Blower (2001) envisions the bubble growth model. A) initial conditions. The water concentration is
uniform throughout the melt shell. B) conditions after time, t. The shading illustrates the increase in viscosity near the
bubble wall due to volatile depletion. The bubble has grown from an initial radius, R, to a radius, R. The melt shell
initially between R, and X is now contained in the region from R to A. S, is the initial radius of the shell.

Blower (2001) concludes that the bubble model is sensitive to boundary conditions at the
bubble/melt interface. Small variations of these conditions have implications for the bubble growth
rates due to the sensitivity of melt viscosity to water content at low concentrations. This importance
is highlighted in the additions to the numerical model used in this study, whereby the pressure
arising from surface tension of the bubble is included to calculate initial bubble conditions.

Bubble growth due to a linear pressure drop is also modelled by Blower (2001). In the case of the
Burgisser and Gardner (2005) study the stage which creates a bubble population is a linear pressure
drop (see section 2.5). However, Blower (2001) does not consider the process of resorption
following bubble growth which is explored in the Coumans et al. (2020) model.

2.2.3 Coumans et al. (2020)

Coumans et al. (2020) discusses this issue of non-linear bubble processes and proposes a more
complex model simulation of bubble growth to create a more flexible, accurate and numerically
stable model. The Coumans model is purpose built to allow for any past decompression
experiments to be applied to it.
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Like Blower (2001), Coumans et al. (2020) uses Lagrangian coordinates. This is more
computationally efficient when considering logarithmic spacing of nodes within the bubble wall
which is used when computing bubble wall thickness in relation to its expansion and contraction.

Bubble growth is shown in figure 2.3 using the Coumans et al. (2020) model which has been
validated against continuous in situ experimental data (Mourtada-Bonnefoi and Laporte, 2004;
Burgisser and Gardner, 2005; Hamada et al., 2010), the experimental data being based on similar
compositions but slightly different experimental procedures (continuous vs. discontinuous
experiments). The aim of the model is to completely quantify the growth and resorption of a
bubble, from equilibrium to the end of quench. Figure 2.3 displays one of the model outputs which
plots gas volume fraction (¢) of a bubble against time. The model has been run for several different
N, to determine how this effects a growing bubble. The model allows for arbitrary temperature-
pressure pathways and accounts for the impact of spatial variations in dissolved H, O concentration
on viscosity and diffusion.
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Figure 2.3 Output of the Coumans et al. (2020) model. The gas volume fraction (¢) changes as the experiment
proceeds. Varying N, influences the amount of bubble growth and resorption that occurs. From 0 — 40s the bubble
grows by varying degrees while from 40-43s the bubble resorbs during quenching.

The Coumans et al. (2020) model uses the Mcintosh et al. (2014) study to model and quantify how
much of a change in bubble size there is. The Mclntosh et al. (2014) study concludes that resorption
occurs based on Fourier Transform Infrared (FTIR) and Back-Scatter Electron Microscope
(BSEM) observations (see section 2.3) of the Burgisser and Gardner (2005) decompression
experiments but the Coumans et al. (2020) model gives this resorption a numerical value. The
model can confirm and quantify conclusions made by Mcintosh et al. (2014) that bubble resorption
has taken place.

The Coumans et al. (2020) model is used in this thesis due to its transferrable nature and application
to many different types of experimental data sets. The model is created in MATLAB, a commercial
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programming and numerical computing platform, however the model script written by Coumans
et al. (2020) is open-source and provided as supplementary material. This makes the production of
plots and modelling relatively simple and is the best option for the study of a changing bubble
environment. The numerical model acts as an accumulation of the work of Blower (2001),
Verhoogen (1951), and Proussevitch and Sahagian (1998).

The modelling of bubble growth is built on several decades of research into what impact changing
bubble size has on a volcanic system. Over time the input of factors such as diffusivity and EOS
have been correlated with bubble growth to explain volcanic behaviour. Based on recent textural
and geochemical findings, modelling is utilised to reveal a hidden resorption process in the final
stages of a bubbles journey.

2.2.4 Using Bubble Textures to Understand Volcanic Behaviour

Aside from utilising numerical models to understand bubble behaviour and growth, bubble textures
are also used. Using micro- and macroscopic images of a volcanic sample can reveal more about
its formation. An example of this is Houghton et al. (2010) who uses binary images of pumices
from the lower stratigraphic units of Taupo (Houghton et al., 2010; figure 2.4). These images reveal
more diversity in the samples than expected based on density data and macroscopic textures. From
these images, the heterogeneity of the clasts, in terms of vesicle distribution, size, shape, and
elongation are inferred which is used to reflect strain localisation.
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Figure 2.4 SEM images from clasts representative of the maximum (left), modal (middle), and minimum (right)
vesicularity in samples from different units of the Taupo stratigraphic sequence (Houghton et al., 2010).

Pappalardo et al. (2018) use volume rendering showing 3D microstructures from Pomici di Base
trachytic and latitic-shoshonitic rocks (Pappalardo et al., 2018; figure 2.5). The 3D rendering
reveals that the trachytic pumices have a high degree of vesiculation and are characterised by large
coalescent bubbles separated by thin glass walls. These features indicate that during
decompression, bubble growth occurred for exsolution up to a certain vesicularity threshold.
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Figure 2.5 Volume rendering showing 3D microstructures of Pomici di Base trachytic (A-D) and latitic-shoshonitic
(E-F) rocks. Cylinder diameter: 1000um. Vesicles are black, melt/feldspars/pyroxenes are grey and oxides are white.
The white numbers refer to the sample numbers (Pappalardo et al., 2018).

Bubble textures can reveal a wealth of information about a bubbles behaviour however there is
currently a limited understanding on how bubble resorption presents itself in natural samples. In
the next section, the process of bubble resorption will be outlined alongside the current evidence.

2.3 Bubble Resorption

2.3.1 The Understood Process

Resorption is driven by an increase in solubility of water due to a temperature decrease and/or a
pressure increase. An increase in H,O solubility causes the H,O at the bubble wall to increase
above the concentration of H,0 dissolved in the melt, and so H, O diffuses from the bubble down
the concentration gradient back into the melt (Watkins et al., 2012; Mclintosh, 2013; Mclntosh et
al., 2014; Allabar et al., 2020a). Resorption varies depending on specific pressure-temperature
conditions and the magmatic conditions as discussed in the introduction. It is an important process
when considering volcanic history and when looking at a variety of experimental scenarios and
natural products. Resorption can influence final bubble size and in turn any experimental
conclusions that are drawn from analysing bubble textures. There are currently only a few studies
which find evidence for and/or consider resorption (Watkins et al., 2012; Carey et al., 2013;
Mclintosh et al., 2014; Allabar et al., 2020a).

The modelling of continuous experimental data to quantify a change in bubble size against
experimental parameters allows for a better understanding of resorption. Bubble size is evaluated
by measuring ¢ which increases for a growing bubble. Burgisser and Gardner (2005) experiments,
that have been unknowingly overprinted by resorption, are used in this thesis to investigate how
easy it is for bubbles to resorb in magmas in experimental situations and how this may be
quantified.
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2.3.2 Textural Evidence for Resorption

Evidence for resorption has been provided with textural and geochemical data. Allabar et al.
(2020a) and Carey et al. (2013) both use textural analysis to confirm resorption has taken place.

Allabar et al. (2020a) quantifies the extent to which vesicle shrinkage occurs during decompression
experiments. A series of decompression experiments from Allabar and Nowak (2018) and Allabar
et al. (2020b) are used to quantify resorption in Vesuvius phonolitic melts (VAD79). The Allabar
et al. (2020a) study uses many aspects that the Coumans et al. (2020) numerical model is based on
including equations for solubility, EOS, and viscosity. It is also acknowledged that vesicle
shrinkage can only be analysed when the conditions prior to quench are known and properties such
as porosity can be calculated. Resorption is quantified for measuring water content, using FTIR
micro-spectroscopy and Raman micro-spectroscopy (RMS) observations.

RMS allows for the H,O concentration between two bubbles to be measured and for the samples
collected by Allabar et al. (2020a) a clear H,O resorption halo can be seen around both bubbles.
Distance profiles are measured between two bubbles under the surface and the H,O concentration
plotted along the profile. Allabar et al. (2020a) also provides experimental guidance on what the
impact of different experimental quench techniques may have on bubble resorption (Allabar et al.,
2020a; figure 2.6).
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Figure 2.6 Experimental guidance by Allabar et al. (2020a) on conducting decompression experiments. Depending
on the experimental pathway chosen, therefore, different possibilities for bubble resorption.

The Allabar et al. (2020a) study highlights the impact resorption has on experimental results, with
the degree of resorption varying with experimental technique and quench style. However,
additionally there is a need to provide detailed guidance on the correct experimental conditions to
use to minimise resorption, which this thesis aims to produce.

In many ways the Allabar et al. (2020a) study is like the Coumans et al. (2020) study. The same
resorption problem is addressed by both studies, and both manage to quantify any subsequent
resorption results. With Allabar et al. (2020a) doing it via calculations for a large data set while
Coumans et al. (2020) achieve it via a numerical model. A numerical model makes for faster
generation of results and allows for a look at a broader range of compositions and scenarios
simultaneously.
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Textural evidence for resorption is also found by Carey et al. (2013) (figure 2.7). When considering
the importance of resorption in experimental studies this can be extrapolated out to also consider
the importance of resorption in natural scenarios such as indirect evidence found by Carey et al.
(2013) in basaltic clasts from an eruption of the Halema’uma’u lava lake. The amount of bubble
resorption is inferred from vesicle populations where large vesicles, surrounded by a halo of small
vesicles, indicates a change in H, O concentration in the large vesicles.

Figure 2.7 X-ray microtomographic renderings of segmented images from a clast erupted from the Halema uma’u
lava lake in 2008. In each image, haloes containing a high number of small, isolated round bubbles are used to indicate
bubble resorption. A. 3D rendering where bubbles are black and glass is translucent, B. small bubble population. The
blue bubbles are bubbles with a diameter of 180um or less, C. spatial distribution of small bubbles within the volume,
D. the large bubbles within the volume (Carey et al., 2013).

2.3.3 Geochemical Evidence for Resorption

Mclntosh et al. (2014) and Watkins et al. (2012) both use geochemical results as evidence for
changing bubble size. Despite resorption being an understood process, it has been difficult to find
evidence of resorption occurring, as samples need to be analysed during the quench process.
Watkins et al. (2012) generate a model on volatile concentration based on natural samples from
the Mono Craters in California. H,0 and €0, concentrations in obsidian pyroclasts are analysed.
By finding samples which have large, undeformed, and isolated bubbles that are preserved during
the eruption this study represents one of the first studies where resorption is found to be occurring
in natural samples, based on geochemical results with timescales being defined using model
results. H,O is enriched in glass surrounding the bubbles, indicated that there is an increase in H,0
solubility and resorption of bubbles just prior to the eruption. These observations are based on H,0
concentration profiles which provide evidence that the bubbles and surrounding melt are not in
equilibrium with respect to H, O at the time of quench. Possible resorption can be linked to magma
cooling at depth (Liu etal., 2005), multiple episodes of pressure changes (Gonnermann and Manga,
2003; Tuffen et al., 2003) or an increase in C0, content (Rust et al., 2004). This represents a case
where quantifying resorption can be used to infer eruption conditions.
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The H, 0 concentration profiles of the samples are used to quantify a timescale for pressure changes
for a model of isothermal, diffusion-controlled bubble resorption (Watkins et al., 2012; figure 2.8).
An expected concentration profile for a resorbing bubble aligns with the data collected. This model
holds similarities to the Coumans et al. (2020) numerical model used in this study. The model
proposed by Watkins et al. (2012) neglects the effects of C0O, concentration on water solubility
and assumes that water diffusion begins after compression of the bubble, based on pressure
increase, and ceases upon guench. However, as the samples are not based on decompression
experiments, but natural samples, the exact sample conditions are unknown and not applicable to
be tested using the Coumans et al. (2020) model.
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Figure 2.8 Outcome from a study by Watkins et al. 2012. Model results for diffusion of water away from resorbing
bubbles. Decreasing H,0 (wt.%) away from the bubble indicates the migration of water from the bubble and into the
melt. The comparison of the top and bottom plot indicates that bubble A is resorbing for 2-7hr prior to eruption.

The Mclintosh et al. (2014) study measures water distribution around vesicles in experimentally
vesiculated samples created by Burgisser and Gardner (2005) and several unpublished studies by
Schipper, C.J. and Larsen, J.F. The sample characteristics are quantified within the study.

Secondary lon Mass-Spectrometry (SIMS)-BSEM and FTIR imaging are used to quantify
resorption rather than a numerical model. Infilled vesicles are revealed by grinding down the
exposed surfaces and SIMDS total water (H,0,) data is used to calibrate BSEM images to extract
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quantitative H,O data at a high spatial resolution. Resorption is seen in images and when plotting
H, 0 profiles (Mclntosh et al., 2014; figure 2.9).
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Figure 2.9 Images from Mclintosh et al. (2014). Water speciation distributions for samples by Larsen, J.F. a)
Transmitted light image of the sample, b) Total water (H,0,), and c) Molecular water (H,0,,,) distributions obtained
by FTIR imaging. White bar is 100um. Both samples show enrichment in H,0,, and OH profiles for the observed
H, 0, profiles in d) assuming equilibrium speciation at the experimental run temperature.

H,0 concentration increases towards vesicles, indicating that water is resorbing from bubbles
during cooling while textural evidence suggests that resorption occurs before the melt solidifies.
This textural evidence includes samples containing cracks with thin water-rich margins, indicating
that some hydration occurs. The cracks also terminate in the outer part of the resorption halo.
However, what can be said about resorption being used to analyse eruption conditions?

The Mclntosh et al. (2014) results challenge the conclusions proposed by Watkins et al. (2012) —
that resorption indicates fluctuating pressure conditions. Based on experimental observations,
Mclntosh et al. (2014) indicate that temperature also needs to be considered. The Coumans et al.
(2020) numerical model directly references the Mcintosh et al. (2014) study to support the notion
that studies that use the final vesicle size of experimental or natural samples to make inferences
about bubble growth, degassing mechanisms or eruptive processes may need to be revised. Since
Mclntosh et al. (2014) the study of resorption has continued to evolve.

Although resorption has been quantified in the past, this thesis will expand upon previous
observations to generate a deeper understanding of what influences resorption and to what degree.
These results will be applicable to a variety of different studies of the same rhyolitic composition.

2.4 Decompression Experiments

Decompression experiments are used to study the growth of bubbles, mimicking what takes place
in a volcanic conduit under different pressure-temperature conditions. The parameters of a
decompression experiment are required inputs to the Coumans et al. (2020) numerical model.
Theoretically any composition and conditions are applicable if the correct solubility, EOS,
viscosity, and diffusivity functions are used.
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The aim of the Coumans et al. (2020) model, to examine if bubble resorption is happening, does
not require knowledge of resorption to be a pre-requisite. The model aims to look at studies which
do not consider resorption but may have results that have been overprinted by it. The numerical
model requires all pre-experimental conditions as inputs as well as stochastic variables such as N,,.
This stochastic variable is usually published in the results for experimental studies, so it is likely
that experiments must be completed before being applied to the model. However, it is rare to find
a study which describes all the required variables of the model, and each study needs to be treated
individually. Details of ideal studies for the numerical model are given below.

Larsen and Gardner (2000) study the interaction between bubbles in rhyolitic melts (from Little
Glass Butte, OR, USA) which are experimentally decompressed between 80 — 200MPa. Bubble
distances are measured, and size reduction is attributed to concentration gradients in the melt.
Experimental conditions are supplied in table format which can be input into the Coumans et al.
(2020) numerical model with ease. Larsen and Gardner (2000) make a distinction between
‘hydration’ bubbles and ‘decompression’ bubbles — this distinction is rarely made in other studies
(Larsen and Gardner, 2000; figure 2.10). ‘Hydration’ bubbles refer to bubbles in the relevant
experiments that use powders that are present before pressure is released (Gardner et al., 1999).
Thus, experimental data such as porosity are provided for both bubble types whereas in other
studies these bubble types may be grouped together and considered as only decompression bubbles.

Figure 2.10 Images bubble by Larsen and Gardner (2000). Hydration bubbles in samples illustrating the environment
surrounding large hydration bubbles. Around them are the elongation of much smaller decompression bubbles and a
zone of fewer decompression bubbles next to the surfaces of the hydration bubbles. These bubbles appear in a similar
fashion to other samples that have shown evidence for resorption (Watkins et al., 2012; Allabar et al., 2020a). The
scale bar is 20um.

Larsen and Gardner (2000) conclude that concentration gradients in the melt are responsible for
bubble size reduction and depleted zones around them, even for the lowest of pressures, indicating
that size distribution of small bubbles may be affected by concentration gradients in the depleted
melt shell, surrounding large bubbles. As with most volcanological studies the decompression
results are used to suggest processes in real world scenarios.
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Larsen and Gardner (2000) state that large bubbles present in an ascending magma, prior to a
subsequent nucleation event, can affect the growth of the smaller bubble population occurring
within the depleted melt shell of the larger bubbles and produce a bimodal vesicle size distribution
(VSD). VSD’s in natural samples are often used to determine physical aspects of explosive
eruptions with the distributions being interpreted as a product of continuous bubble nucleation
(Blower et al., 2001a). It is important to understand the N, of a melt to produce the final textures
observed in the quenched pumice clasts. These conclusions may be altered when considering the
full bubble growth path and subsequent resorption.

Decompression experiments usually take place using an externally heated argon pressure vessel
with a rapid quench set up. The rapid quench set up captures the resorption process in action, such
as in Marxer et al. (2015). In this set of experiments, H,O-bearing phonolitic melts are
decompressed at a super-liquidus temperature of 1323K.

Marxer et al. (2015) uses a similar process to Larsen and Gardner (2000) and creates a fused
powder mixture however Marxer does not consider ‘hydration’ bubbles, so it is not clear if they
take them into account. These discrepancies between decompression experiments need to be
normalised when used in the Coumans et al. (2020) numerical model. Marxer et al. (2015)
reference Mclintosh et al. (2014) in their study and state that significant H,0 concentration
gradients around the bubbles are not detected (Marxer and Nowak, 2013) — so do not signify the
process of resorption (Marxer et al., 2015; figure 2.11). Marxer et al. (2015) proposes that any
change in H,O gradient is due to a decrease of the molar volume of the exsolved water and the
excess H,0 in the capsule during rapid quench. However, putting this experiment into the
numerical model would be able to validate these findings and quantify if any resorption does occur.
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Figure 2.11 Results from Marxer et al., 2015. H,0 concentration distance profiles by FTIR measurements. The shaded
area corresponds to the solubility at the final pressure (x analytical error). This trend does not display severe
concentration gradients.

Another study applicable to the numerical model are 3 series of decompression experiments
performed by Mourtada-Bonnefoi and Laporte (2004) with the aim of characterising the effect of
ascent rates on the kinetics of bubble nucleation in a rhyolitic magma (Mourtada-Bonnefoi and
Laporte, 2004; figure 2.12). Kinetics of bubble nucleation controls two parameters essential to
determining eruption characteristics: critical nucleation pressure and N,,.
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The samples used are crystal-free which is ideal for the Coumans et al. (2020) numerical model as
a sufficient fraction of crystals present would otherwise interfere with the physics of the numerical
model. The study also provides the required functions for the model parameters such as the
composition quantities — a rhyolitic from Guney Dagi, Turkey.
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Figure 2.12 Experimental process of Mourtada-Bonnefoi and Laporte (2004). lllustration of the decompression device
set up and its stepwise decompression. Stepwise decompression is how a linear rate can be generated when the steps
are extended out into a single line.

Mourtada-Bonnefoi and Laporte (2004) make conclusions based on the decompression results and
subsequent textural analysis (Mourtada-Bonnefoi and Laporte, 2004; figure 2.13). The textural
analysis has the potential to be influenced by resorption and the study does measure water content
so can be analysed further. The conclusion made by Mourtada-Bonnefoi and Laporte (2004) is that
the values of N, in silicic pumices may be due to two successive nucleation events.
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Figure 2.13 Imaged bubbles from Mourtada-Bonnefoi and Laporte (2004). Taken from cores of homogeneous bubble
nucleation. Bubbly fractures can be seen in @) and are related to fractures that developed in the glass cylinders at the
beginning of the experiment.

The above studies make conclusions based on sample textures and relevant functions such as
solubility (Mourtada-Bonnefoi and Laporte, 2004) are provided. Where a function is not provided,
for instance a diffusion function is not provided by Marxer et al. (2015), an appropriate function
based on similar pressure and temperature conditions can be used. However, the intricacies of each
experiment need to be considered and any appropriate adjustments made.
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2.5 Burgisser and Gardner (2005)

2.5.1 Experimental Set-Up

Mclntosh et al. (2014) carry out an investigation into several different decompression studies and
find that they all show evidence for resorption. The Burgisser and Gardner (2005) study involves
an experimental set up which provides all the necessary parameters and functions to be utilised by
the Coumans et al. (2020) numerical model and thus this study. Burgisser and Gardner (2005)
explore the relationship between bubble growth and decompression rate and how this process links
to volcanic conduit dynamics, in particular two behaviours: degassing and permeability in magmas.

Hydrated rhyolitic glass from the Panum Crater Dome (PCD) is decompressed at high pressure
(60 — 150MPa) and temperature (573 — 1098K) using an externally heated pressure vessel fitted
with a rapid quench attachment (Suzuki et al., 2009; figure 2.14). The study follows a typical
decompression set up for 22 ‘ABG’ samples.

Furnace

Sample Thermocouple

Cone Closure Nut  Filler Rod Capsule Well

Figure 2.14 Cross section of a standard externally heated pressure vessel. The placement of the furnace is shown. The
scale is indicated. The rapid quench attachment is not shown (Suzuki et al., 2009; Tuttle, 1948).

For 5 days the rhyolitic samples are held at 1098K and 150M Pa to saturate with water, this creates
a bubble-free hydrated sample. Following the 5-day hydration, samples are decompressed
instantaneously to 100M Pa and held for 15 minutes, creating a bubble population in equilibrium
with the melt that is not influenced by nucleation Kkinetics. This 15-minute stage is essential to
creating samples which grow bubbles at the right time and only after equilibrium has been reached.
Burgisser and Gardner (2005) do not elaborate on why 15 minutes is the ideal time for an
equilibrium population of bubbles to form. As the decompression rate is instantaneous, these 15
minutes must allow for the bubble population to develop before nucleation kinetics take effect.
Gardner et al. (2018) state that there is a characteristic timescale over which the H,0 content of
the particles approach equilibrium with the H,O solubility at experimental conditions. This
hydration timescale, 44, is:

R? 1
W= (1)

where R is the mean particle radius and D is the diffusivity of H,0 in the silicate melt. Equation
(1) is used to estimate whether a particle is expected to be fully hydrated by comparing the
hydration timescale with the time, ¢, for which the particle is held at experimental conditions.

It is possible to use the Coumans et al. (2020) numerical model to demonstrate if equilibrium
bubbles are able to form before 15 minutes. For details on how the model works and an explanation
on the figures displayed below, see section 3.3 and chapter 4. In figure 2.15, the bubble reaches
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does not reach equilibrium by 900 seconds, evidence that more time should have been allowed for
equilibrium conditions to be reached.
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Figure 2.15 The Coumans et al. (2020) model outputs. A. The temperature and pressure pathways on the
experimental run and the evolution of the bubble growth (represented by gas volume fraction). B. The H,O¢
content of the bubble. The bubble has not reached equilibrium by 900 seconds.

A final decompression step takes place for all samples, except ABG1 which is held at equilibrium,
as a form of closed degassing (Burgisser and Gardner, 2005; figure 2.15). ABG1 acts as a control
sample to validate the decompression experiment and the subsequent results. This decompression
experiment allows the bubbles to grow and shrink, creating the experimental samples used in the
Mclntosh et al. (2014) study (experimental conditions seen in table 2.1). Quenching is achieved by
lowering the samples into the water-cooled based of the sample vessel after the final
decompression step. This allows the bubble process to be ‘frozen’ and analysed post-experiment.
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Sample Toxp Py P; Pf dPdt
Q) (MPa) (MPa) (MPa) (MPas™)
ABG1 825 150 100 100 N/A
ABG2 825 150 100 60 0.1
ABG6 825 150 100 80 0.1
ABG14 825 150 100 80 0.5
ABG15 825 150 100 60 0.5

Table 2.1 Details of the experimental conditions for the Burgisser and Gardner (2005) samples. T, is initial
temperature, Py, is pressure of sample synthesis, P; is intermediate pressure, Pf is final pressure and dPdt is
decompression rate (table simplified from Mclntosh et al., 2014).

Burgisser and Gardner (2005) assume that the samples quench instantaneously however they must
cool over a finite time interval. Due to conductive limits, it is arguably impossible to achieve an
instantaneous quenching. The effect of the cooling rate on each sample is investigated in further
detail in chapters 4 and 6. Sample ABGL is used as an equilibrium indicator as it is decompressed
from 150MPa to 100MPa to ensure a bubble population at equilibrium and is not decompressed
further so does not incur bubble growth and resorption, except when temperature drops.
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Figure 2.16 The experimental set up for closed degassing. In this thesis, closed degassing will be the focus as it
involves the decompression of samples with water present, allowing for resorption to take place.

Using thin section images, the bubble size distribution (BSD), N,, and porosities are measured and
used to make conclusions based on the parametric trends. Diameters of the bubbles are measured
using digital images acquired in transmitted light. While N, is calculated based on BSD
observations. Results from Burgisser and Gardner (2005) are used by Mcintosh et al. (2014) to
look at water distributions around vesicles, with high spatial resolution. Mclntosh et al. (2014)
finds evidence for resorption in these samples and one of the goals of this thesis is to quantify the
amount of resorption taking place.
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2.5.2  Findings

Porosity levels in this study are important as it links to magma permeability and a transition to an
effusive eruption. If magma can become permeable and lose part or all of its gas without
fragmenting, it reduces its porosity, thus limited further acceleration and possibly leading to an
effusive eruption (Eichelberger et al., 1986).

By looking at how much porosities of samples deviate from the porosities at equilibrium, two
distinct disequilibrium bubble growth regimes are defined, and these regimes are used to divide
the path of bubble growth within the conduit (Burgisser and Gardner, 2005; figure 2.16). These
regimes are split into a slow growth rate, a fast growth rate and an equilibrium regime. The first
disequilibrium regime of degassing is based on the findings that equilibrium bubble growth occurs
when the decompression rate is slower than 0.1MPas~! and porosity increasingly deviates from
equilibrium as pressure decreases but the magnitude of deviation does not change with
decompression rate. Higher rates cause porosity to deviate rapidly from equilibrium. In this regime
the faster pressure decreases, the faster the bubbles grow.

The assignment of these regimes is used to provide an indirect measure of the amount of water
super-saturation, because super-saturation increases with the difference between equilibrium
porosity and sample porosity.

80

Fast growth Slow growth Equilibrium
regime regime regime

50

Porosity (vol.%)

10 Pressure (MPa) 100 150

Figure 2.17 The division into the different decompression regimes, as designated by Burgisser and Gardner (2005),
a and P are porosity and pressure at the point of interest, a4, is the equilibrium porosity at a given P, A« is the
difference between a4, and a, a,ign: and F,q,, are the respective equilibrium porosity and pressure at a given a and
Aa,, corresponds to the critical super-saturation that delimits the fact and slow growth regimes.

Burgisser and Gardner (2005) use these results to support the established relationship between
super-saturation and growth: the amount of excess water drives bubble growth because the rate of
water diffusion into bubbles increases with the concentration gradient between the melt and the
bubble (Sparks, 1978; Proussevitch and Sahagian, 1998). However, in this understanding, the
additional process of resorption is not considered.
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Using the designated disequilibrium and equilibrium regimes, the growth of bubbles caused by a
constant decompression rate are approximated by Burgisser and Gardner (2005). What would
happen to these disequilibrium regimes when factoring in the process of resorption?

2.5.3 Application to the Coumans et al. (2020) Model

Burgisser and Gardner (2005) use textural evidence to support their conclusions which are used to
support the idea of separate disequilibrium regimes. These regimes are based on porosity
measurements from samples that undergo decompression.

There is also a link made to the natural environment which the results of the Burgisser and Gardner
(2005) study support. It must be assessed whether fragmentation criterion controlled by flow
conditions, occurs at different porosities. This can be done by looking at the regimes defined
(Burgisser and Gardner, 2005). Links to the natural environment should be made for a study to be
used in the Coumans et al. (2020) numerical model as resorption results have the potential to
influence any conclusions and links to the natural environment that are made.

Based on the disequilibrium regimes, Burgisser and Gardner (2005) conclude that fragmentation
depth is highly sensitive to the rate at which the different processes that control degassing occur in
the conduit (Burgisser and Gardner, 2005; figure 2.17). Knowing how much resorption occurs can
constrain these conditions.
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Figure 2.18 The simulation used by Burgisser and Gardner (2005) involves the comparison of pressure-depth
variations of 1D conduit flow simulations with and without equilibrium degassing. The stars represent fragmentation
depths for each run/ As magma rises in a steady state in the conduit, its porosity increases and the run stops when the
magma reaches fragmentation at a fixed porosity of 64vol%.

With these concluding statements considered, this study is applicable to the numerical model.
Mclintosh et al. (2014) choose this study to investigate resorption because the Burgisser and
Gardner (2005) experiments are manufactured under controlled pressure and temperature
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conditions and the experiments are designed to produce bubble populations with either equilibrium
or bubble growth profiles.

2.6 Conclusion

Bubble growth has been a topic of interest for decades with models being used to explain conduit
processes and to describe the natural phenomena seen. Resorption only recently became of interest,
especially its potential impact on past research.

Decompression experiments are used to mirror the processes that occur in the natural world and
by looking at past decompression studies; how bubble growth is measured and understood is
evaluated. Burgisser and Gardner (2005) investigate bubble growth and its influence on effusive
eruptions however their results could have been overprinted by resorption. This highlights the
importance of using the Coumans et al. (2020) numerical model to assess this study and if
resorption does occur and if so, to what extent.

Several questions have been posed in this chapter; this thesis aims to answer these questions via

various means of numerical investigation. The Burgisser and Gardner (2005) study is used as a
roadmap for looking into how resorption is influenced and its impact on decompression studies.
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3. A Theoretical Understanding

3.1 Introduction

This chapter introduces the background necessary to understand how the Coumans et al. (2020)
model works. The implementation comprises of three components: 1) the script the user mainly
interacts with where data is input; 2) a script which contains all the necessary functions for
solubility, viscosity, composition, diffusivity, and equation of station (EOS), and 3) the script
equipped to carry out the relevant modelling. The model is designed to be easily adapted for
different research aims by allowing editing in all three scripts and including descriptive comments
throughout the code.

In this chapter, | give an overview of the structure and mathematical basis of the model. I also add
detail of the modifications and additions that are made to add specific functionality required for
this study, including a newton cooling path, and calculations of equilibrium starting conditions
(see section 3.4).

Several features are added to the model during this study including an additional newton cooling
path and a function to calculate equilibrium bubble conditions which is necessary to compute initial
conditions for the Burgisser and Gardner (2005) samples.

3.2 Model Theory

The shell model (section 2.2) from Proussevitch et al. (1993) assumes that the bubbly melt can be
idealised as a collection of identical single-bubble-melt-shell units, and hence the evolution of the
physical properties of the bubble are identical to that of the bulk magma. The growth of a spherical
bubble in a finite incompressible shell of liquid needs to be computed and the shell model
understanding forms this basis for the geometric relationships within the numerical model.
Coumans et al. (2020) uses an equation which includes the influence of capillary pressure on the
bubble:

2y dR (1 ﬁ) )

where p., is the ambient pressure, ZR%/ = p. is the capillary pressure, and y is the gas-liquid

interfacial tension, R is the present bubble radii, t is time, S is the radius of the shell, and 7 is the
dependent melt viscosity. These terms represent the different variables at play in the shell model
(figure 3.1) with the gas pressure, p, being the pressure of the gas in the bubble which is acting
against p. which is acting to shrink the bubble, which the viscous term is resisting any change in
bubble size. The ambient pressure, or far-field pressure is acting inwards, thus a positive far-field
pressure acts to shrink the bubble.
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Figure 3.1 The geometry of the shell model. A) A single unit cell, the line x; — x, is a radial transect across the melt
shell, b-d) schematic representation of spatial variation in concentration of dissolved H,O0 melt viscosity, and
diffusivity of H,0 across the radial transect x; — x, during bubble growth (Coumans et al., 2020).

The Lagrangian coordinate system is used because the radial position, x of any infinitesimal shell
of melt does not change as the bubble grows or shrinks. The Lagrangian radial coordinate x is
related to the Eulerian radial coordinate A by conservation of volume:

A —R®=x%—R}, (3)

Evaluating equation (3) allows for the calculation of the spatial distribution of H,0 concentration
in the melt C(x) at time t. This is calculated by solving Fick’s second law in the Lagrangian
coordinate system (Braithwaite et al., 1999; Blower et al., 2001b):

ac 10 A*oC 4)
ot x20x\ x%20x)
D is the diffusivity of H,O in the melt, A is the Eulerian radial coordinate, and C is in wt.%. The

radial H, O concentration distribution is used to compute the mass m of gas in the bubble at time ¢
by assuming conservation of mass of H, O within the bubble shell unit:

4 S0 S0 5
m=mgy+ "Pm J C(x,0)x%dx — f C(x,t)dx ), ©)
100 \Jgo RO

m,, is the initial mass of gas in the bubble, p,, is the density of the melt. Calculating the mass of
gas is imperative for further calculation of mass m(t) and the bubble radius R(t) at any given
pressure and temperature, it is also essential in calculating the bubble pressure via the EOS. These
are the fundamental questions which the numerical model is based upon.
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3.3 Model Components

The general model requires constituent models for composition, diffusivity, solubility, viscosity,
and the EOS. The models included by Coumans et al. (2020) are the most comment and most likely
to be suitable to a wide range of decompression experiments. The constituent models, relevant to
this study are used by Burgisser and Gardner (2005), are discussed below.

The composition of the Burgisser and Gardner (2005) samples are natural crystal-free rhyolitic
glass from the Panum Crater Dome, CA. This composition is displayed in table 3.1:

Glass (wt.%) Bulk (wt.%)
Sio, 75.64 76.10
Al,04 12.38 12.66
Mgo 0.03 0.03
FeO 0.94 1.03
Tio, 0.08 0.07
CaO 0.54 0.59
K,0 4.72 4.68
Na,0 4.17 4.07
P,0¢ 0.01 0.03
MnO 0.07 0.05
Cl 0.06 0.07
H,0* NA 0.27
H,0~ 0.17 NA
co, ND NA
Total 98.81 99.65

Table 3.1 The Panum Crater Dome composition. From Westrich and Eichelberger, 1994; Mangan and Sisson, 2000.
NA = not applicable, ND = not determined.

The Giordano (2008) viscosity function predicts the viscosity of silicate melts as a function of
temperature and melt composition. To input the composition into the model, the values for:
Sio,,Tio,, Al,05,Fe0,Mg0, Ca0O,Na,0,K,0, P,0s, H,0 and F, 0 and must be listed in the same
order for each composition. It is input as wt.% and these values are used for further calculations in
relation to the composition.

For the solubility function, the Liu et al. (2005) model is used. This function is not directly
discussed in the Burgisser and Gardner (2005) paper, but it is chosen because of the function’s
pressure and temperature constraints. Liu et al. (2005) carry out experiments into H,O solubility
on synthetic haplogranitic and natural rhyolitic melts and measures the changing H,O0
concentration in samples as the temperature and pressure decreases. Combining these results with
other literature, an empirical model is developed for H,0 and CO, solubility, however only the
H, 0 equation is used for the Burgisser and Gardner (2005) study:

_ 354.94P)° + 9.623Py, — 1.5223Py°

(6)
2 Ot - T

+ 0.0012439P;°,

where H, 0 is total dissolved H,0 content (wt.%), Py, = X{:,P where X{V is the mole fraction of
H, 0 in the fluid, T is temperature and P is pressure in MPa. The Liu et al. (2005) solubility model
is valid over the range of 973 — 1473K and 0 — 500MPa. These conditions align with those used
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by Burgisser and Gardner (2005) and include pressure dependence, unlike the alternative solubility
model by Ryan et al. (2015) which is also included in the numerical model:

92.3
Hy0, = =~ +0.0287, ()

A pressure dependence in the solubility function is important for the Burgisser and Gardner (2005)
study because of the varying pressures used when carrying out a parametric sweep. A wide range
of pressure values are investigated (see chapter 6).

The diffusion model used is from a study by Zhang and Ni (2010), specifically equation 15 which
is applicable for a simple metaluminous sample. Zhang and Ni (2010) carry out a review of
H,0,C0, and 0, diffusion to develop several different equations for simple and non-simple
compositions. The simple equation is best suited in this instance because it neglects what the
species are and is suitable when the main objective of Burgisser and Gardner (2005) is to track
textural changes. The Zhang and Ni (2010) experiments have similar experimental conditions to
Burgisser and Gardner (2005): 676 — 1900K, 0 — 1900MPa and 0 — 8wt.% total H,0.

9699 + 3626P> ®)

DjRYolte = ¢y exp (—18.1 +1.888P — -
P is pressure in GPa and Cy, is Wt.% of H,0,. Djjr2" is the diffusivity of H,0, in rhyolite. The
non-simple equations that Zhang and Ni (2010) develop are suitable for looking at different species
concentrations such as in Buono et al. (2020) which examines the presence of CO,.

The viscosity function used for the Burgisser and Gardner (2005) study is the Giordano et al. (2008)
equation which has been calibrated for a range of melt compositions — including rhyolite. Giordano
et al. (2008) base their model on > 1770 viscosity measurements of multicomponent anhydrous
and volatile-rich silicate melts. The experimental conditions used are 798 — 1978K and 0 —
0.8wt.% total H,O0.

9
logion =1 +Ti—2]3' ®)

where J;, J, and J; represent adjustable parameters. The Giordano et al. (2008) equation for
temperature dependence of viscosity (n) is modelled by the Vogel-Fulcher-Tammann (VFT)
equation. The VFT equation is used to describe the behaviour of temperature-dependent viscosity
upon approaching the glass transition (Vogel, 1921; Fulcher, 1925).

nRyT (10)

Where V is volume of gas, n is amount of moles and R, is the ideal gas constant (8.3144Jmol 'K
D). The Ideal Gas Law is chosen because of its simplicity and ability to apply it to most, if not all,
experimental scenarios. It is found by Coumans et al. (2020) that there is minimal difference
between outcomes when using the Ideal Gas Law and the Pitzer and Sterner (1994) EOS models.
EOS gives the pressure in the gas (or supercritical fluid) phase and is important if considering
different stages of the melt during the experiment. Pitzer and Sterner (1994) develop an EQOS for a
wide range of pressures where the Ideal Gas Law would fail, including fluids which include both
H,0 and CO,.
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The Coumans et al. (2020) model includes three pressure-temperature-time pathways: 1) Constant
pressure and constant temperature, 2) constant pressure and decreasing temperature, and 3)
decreasing pressure and decreasing temperature. These three pathways are applicable to different
experimental scenarios based on the experimental set up. The constant pressure, decreasing
temperature pathway is applicable to the Burgisser and Gardner (2005) experiment sample ABG1
which, as it is under equilibrium conditions does not experience a pressure change but does
experience a temperature change. The decreasing pressure and decreasing temperature are
applicable to the remaining samples as it describes a decrease in pressure and a steady temperature
before transitioning into a steady pressure and a temperature quench. The time at quench (tgyencn)
is calculated with the initial and final temperatures while the time at which pressure decreases
(tpress) is calculated using the initial and final pressure:

N () (11)
quench dTdt i
(Pr — Py) (12)

)

Upress = ‘ dPdt

Where T and Ty, are the final and initial temperature (K), dTdt is the cooling rate (Ks™), P and
P, are the final and initial pressures (MPa) and dPdt is the decompression rate (MPas™).

To improve model functionality, a new pressure-temperature-time pathway is built into the model
for the purpose of this study — a newton cooling pathway (see section 3.4.2). To analyse the results
of a newton cooling pathway, comparisons between linear and newton cooling are carried out (see
section 4.2.2).

3.4 Model Development

3.4.1 Introduction

The numerical model constructed by Coumans et al. (2020) contains many components that are
applied to the Burgisser and Gardner (2005) decompression experiments. However, some additions
need to be made.

A newton cooling pathway makes for a more realistic cooling environment that samples will
experience both in experimental and the natural environment. How a newton cooling pathway is
applied and what difference it makes to resorption profiles is investigated in chapter 4.

To compute bubble growth and resorption, the initial gas volume fraction (¢;), initial bubble radius
(r;), and the initial H,0 (H,0;) concentrations are required. The Burgisser and Gardner (2005)
study does not provide these values for their experimental samples so for the purpose of this study,
a code is developed to calculate these values based on the data provided. This development also
has the possibility to be used for other similar studies.

3.4.2 Newton Cooling

The Burgisser and Gardner (2005) study uses a linear cooling pathway which follows a simple
linear decrease.
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_ar (13)
Q=

where dT is change in temperature (K), dt (S) is change in time and Q is a constant.

A newton cooling pathway follows newton’s law of cooling which states that the rate at which an
object cools is proportional to the difference in temperature between the object and the object’s
surroundings. The ambient temperature is used in newton cooling to represent the temperature of
the surroundings.

dT (14)
—=k(T-T,),
dt ( a)
where k is a newton cooling constant and T, is the ambient temperature of the surroundings (K).
An exponential form is written as:

T(t) =T, + (Ty + T,)e", (15)

A newton cooling pathway is implemented into the numerical model (see appendix) to compare
the different cooling pathways — linear and newton — under otherwise identical conditions.

These changes are made to the code to explore a more accurate cooling pathway for the Burgisser
and Gardner (2005) experiments. The differences this cooling pathway makes to resorption are
explored in section 4.2.2.

3.4.3 Equilibrium Bubble Growth Conditions

Burgisser and Gardner (2005) ensure the samples reach equilibrium conditions before being
decompressed. The data provided by Burgisser and Gardner (2005) details the pressures used for
sample synthesis (Ps,»,[MPa]) and the pressures reached for the equilibrium (P;[MPa]) and
decompression (Ps[MPa]) degassing runs. This data, combined with melt composition information,
makes it possible to calculate the initial gas volume fraction (¢[-]) and initial water concentration
(H,0.[wt.%]) of the bubble-bearing melt in the samples at equilibrium conditions. Initial bubble
radius (r[m]) can also be calculated but requires additional inputs such as N, and surface tension.
The equilibrium conditions refer to closed system degassing whereby equilibrium is reached
between the bubble population and the melt. These equilibrium conditions are necessary as inputs
into the numerical model which requires these values prior to final model calculations.

Burgisser and Gardner (2005) provide an equation to calculate the initial gas volume fraction:

b = B (16)
WP+ B
where 8 = R, Tp,k(/P, — VP),

where p,, is density in the melt (kgm), k is Henry’s constant (3.44 x 10~°kg%5m®5s), P, is
solubility pressure for the H,O content in the melt when no bubbles are present (Pa), P is
equilibrium pressure (Pa) and W is molecular mass of gas (18 x 10kgmol?). Equation (16) is
adapted to include the effects of surface tension and can then be used to retrieve bubble equilibrium
conditions for the ABG samples. All equation variables will be defined below.
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In this section, equation (16) will be re-derived as Burgisser and Gardner (2005) do not derive the
equation in their paper. Derivation will allow the equation to be assessed for its validity in terms
of its assumptions, approach, and how it fits into the numerical model. The Burgisser and Gardner
(2005) equation does not include the surface tension term which is used when calculating initial
bubble radius so to add in this new term, the calculation needs to be revised and thus, must be
examined from first principles.

The equation to calculate gas volume fraction, ¢ is defined as:

_ Y (17)
V, + Vi

¢

where V, is volume of gas (m?) and V;, is volume of melt (m®). V; and },, need to be calculated
separately, using the ideal gas law, V, equals:

nR,T (18)

where n is number of moles of exsolved gas in the bubble, n equals:

_ My (19)
n= W,

M, is mass of gas (). It is possible to calculate M, as:

yy — Fo = X)My, (20)
g 100 ’

where X, is the wt.% of dissolved gas in the melt before any bubbles form, X is wt.% of dissolved
H, 0 at equilibrium pressure and M,,, is mass of melt (g). Combining equations (18), (19), and (20):

V. = (XO - X)MngT (21)
9 100WPpP '

The solubility of H,0 in a bubble is defined using Henry’s Law which states that the amount of
dissolved gas in a liquid is proportional to its partial pressure above the liquid. In this instance, this
is represented by the pressure in the pressure:

X = kP, (22)
where P, is the pressure in the bubble. Including equation (22) in equation (21) produces:
v k(\/Po = VP)pmVinR, T (23)
9 100WP ’

P is the partial pressure in the gas phase at equilibrium so for the case of a single gas phase, and in
the absence of surface tension, this is the same as the confining pressure at equilibrium thus P, =
P.
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Referring to equation (17), V,, equals:

My, (24)
A —L
™ Pm

The volume of the gas in the bubble and the volume of the melt are not known. Putting equation
(23) and (24) into (16) produces:

k(\/Po — VP)pm ViR, T (25)
¢ = 100WP
k(\/P_O - \/ﬁ)pmeRgT + Mm
100WP Pm
which can be simplified to:
oo (26)
B+ 100WP

where 8 = R,Tpyk(y/Py — VP).

Equation (26) is equivalent to equation (16) but with an additional multiplication of 100. The
factor of 100 is present in equation (16) because of the chosen solubility law where the units of X
are wt.%.

Equation (16) does not consider the effect of the pressure arising from surface tension on the
bubble, which is described by the Young-Laplace equation. The effect is due to surface tension
creating a pressure difference between the inside and the outside of the bubble. The Young-Laplace
equation relates this pressure difference to the shape of the bubble (Butt et al., 2006). Pressure
arising from surface tension is defined as:

2y (27)

Py = —
ST R )

where y is surface tension (-) and R is radius of the bubble (m). This influence of surface tension

should be included in equation (26), as radius is the denominator in the equation. The result is that

the Py term is very large for very small bubbles thus when looking at very small bubbles at

equilibrium the Pg; term will become important.

In equation (26) P becomes P,, however these terms are not equal when considering surface tension
as equation (26) includes an additional term from the Laplace stress:

2

The B term in equation (26) changes because of the amount of exsolved gas calculated via the
solubility law which depends on P, rather than P:

B = RgTPmk(\/FO - \/P—b) (29)
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As P, is a function of r, which depends on the exsolved gas volume, which in turn depends on P,,
equation (26) now becomes implicit and can be solved numerically. Thus, equation (26) can be
rewritten as, and solved as:

b P (30)
B + 100P,W

where 8 = R,Tpyk(\/Po — \/Py)-

The solubility law in equation (22) is only applicable for certain compositions and studies. To
calculate the initial water concentration of the bubble-bearing melt, the solubility law used in the
Burgisser and Gardner (2005) study must be defined. The Liu et al. (2005) solubility law is:

B 354.94P%5 4+ 9.623P — 1.5223P15

(31)
ZOt - T

+0.0012439P15,

To calculate the initial water concentration, the initial temperature (T,) and initial pressure (P,),
including the effect of surface tension, is used (Pp).

There is a relationship between r and V; when assuming a spherical bubble:

4AmR3 (32)
g = 3 '

This relationship allows the radius of the bubble to be calculated based on its known 1, and can be
utilised in equation (30) as the radius term is held within the unknown Py:

v o= PVm (33)
9 B+PW
0.5 _ 1.5
where ﬁ — Rngm [(354.94—P0 +9.6;03P0 1.5223P; )+

0.5 1.5
354’-94‘Pf +9.623Pf—1.5223Pf

Tr

0.0012439P, | - [( ) + 0.001243913}-5].

To calculate the radius, the unknown P, must be solved, which can be done numerically. V,,,
another unknown, can be estimated because of bubble number density (N,). N, is the number of
bubbles per unit volume of melt, so its reciprocal is the volume of melt per bubble, V,,. Equation
(33) can be rewritten as:

L (34)
. 8(x)
9B+ PW
0.5 _ 1.5
where § = Rngm [(354.94P0 +9.6;:P0 1.5223P3 )+

0.5 1.5
354—.94-Pf +9.623Pf—1.5223Pf
Ty

0.0012439P, | - [( ) + 0.001243913}-5].

To make this equilibrium function compatible with the rest of the numerical model, the solubility
functions used (Liu et al., 2005; Ryan et al., 2015) must be included in equation (34). This will
allow equation (34) to be applied to any decompression experiment, regardless of its chosen
solubility function. The equilibrium function allows equilibrium bubble conditions to be calculated
and then put into the numerical model to create a fully automated calculation (see appendix).
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3.5 Conclusion

The Coumans et al. (2020) model is an accumulation of many different relevant and useful
functions in relation to solubility, viscosity, EOS, diffusivity, and composition. Additions are made
to the model including a newton cooling pathway to represent a more accurate cooling pathway
and a new function which calculates equilibrium bubble conditions, based on the input for the
initial pressure and temperature conditions. These additions are what make the Coumans et al.

(2020) numerical model fit for purpose for this research and why it can answer the questions posed
in chapters 1 and 2.
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4. Importance of Resorption

4.1 Introduction

A MATLAB numerical model is used to understand the conditions under which bubble resorption
may be important and how that influences experiments that aim to understand bubble growth
pathways. Burgisser and Gardner’s (2005) study has been chosen to evaluate bubble growth
conditions for a typical rhyolitic composition.

Under controlled pressure and temperature conditions, rhyolitic samples are decompressed and
then rapidly quenched to draw conclusions on the volcanic environment under which the samples
formed. The experiments involve 22 samples, titled ‘ABGX’. ‘“ABG1’ acts as a control sample and
does not experience a second stage of decompression and is in a state of equilibrium. How
resorption of an equilibrium bubble is computed using the numerical model is discussed.
Resorption of a growing bubble, from sample ABG14 is also discussed in comparison to ABG1.

The difference between a linear and newton cooling pathway is investigated. Two aims are drawn
up to investigate how newton cooling progresses and differs compared to a linear cooling pathway.

4.2 Resorption of a Bubble at Equilibrium

4.2.1 Experimental Conditions of ABG1

The composition, solubility, diffusivity, viscosity, and Equation of State (EOS) functions
applicable to the Burgisser and Gardner (2005) study are based on the pressure and temperature
conditions of the decompression experiments (Coumans et al., 2020). These functions are the
Panum Crater Dome composition (Mangan and Sisson, 2000), the Liu et al. (2005) solubility
model, the Zhang and Ni (2010) diffusivity model, the Giordano et al. (2008) viscosity model, and
the Ideal Gas Law EOS model. These functions are described in detail in chapter 3.

Sample synthesis takes place at 825°C (1098K) and 150MPa. Pressure is dropped to 100MPa to
generate an equilibrium bubble population; this pressure is maintained throughout the run to ensure
no bubble growth takes place. The temperature is lowered to 300°C during rapid quenching of the
sample (table 4.1) at a cooling rate (dTdt) of 100Ks™. It is assumed that the bubble goes out of
equilibrium as soon as the temperature drop begins. The pressure is held constant, allowing the
bubble to get further out of equilibrium and shrink.

Sample Toxp Py p; Pf dPdt
Q) (MPa) (MPa) (MPa) (MPas™)
ABG1 825 150 100 100 N/A

Table 4.1 The temperature, pressure, and decompression rate conditions for sample ABG1.

To validate the conditions, inputs, and the accuracy of the numerical model, sample ABGL1 is used
to act as an equilibrium indicator when calculating the initial gas volume fraction (¢;), initial water
concentration (H,0;) and initial bubble radii (r;) (section 3.4.3). Using the equilibrium calculation
discussed in the previous chapter, ¢, is 0.1108, r; is 25.6um, and H,0; is 3.97wt.%.

Some required inputs in the numerical model such as the value for surface tension and melt density
are not specified by Burgisser and Gardner (2005) so values for a typical rhyolite composition are
used (0.22Nm* (McBirney and Murase, 1978; Hajimirza et al., 2019) and 2350kgm-2 (Lesher and
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Spera, 2015) respectively). 40 seconds is the time input into the numerical model as resorption of
an equilibrium bubble occurs quickly.

Resorption of an equilibrium bubble follows the constant pressure, decreasing temperature
pathway because the pressure remains constant throughout the experiment while the temperature
decreases. The bubble stops shrinking when the melt is unable to move anymore because the
temperature is too low. At the end of the simulation, we find disequilibrium in the water profile of
the experimental run (figure 4.1B).

4.2.2 Quenching of ABG1

The model results for ABG1 are shown in figure 4.1. Figure 4.1A is split into two panels, the top
panel shows the decrease in temperature from 1098K to 573K while the pressure is held
constant at 100MPa. The second panel shows the change in gas volume fraction, A¢ which is the
difference between the maximum ¢ encountered by the bubble at any point during the
experiment, and the final ¢ after quench. For ABG1, the bubble undergoes a decrease in ¢ by
0.0214 before remaining constant. Figure 4.1B is the water profile of the bubble. The water
content is measured against the distance from the bubble (in um) in incremental time steps,
represented with the different coloured lines. The water profile shows that the bubble is frozen in
a state of disequilibrium by the final time stamp (40s).
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Figure 4.1 The model output for sample ABG1. A: There is a decrease in ¢ from 0.1108 to 0.0894 as
temperature is decreasing but by 5.4s when the final temperature has been reached, ¢ remains constant. B:
As the bubble size remains constant after 5.4s, there is a lack of water movement in and out of the bubble
following this time stamp. The exponential curve seen is due to the process of initial bubble shrinkage.

4.2.3 Lessons from ABGL: Implications and Interpretations

Based on figure 4.1, when ABGL1 quenches this causes a small amount of bubble resorption. The
bubble resorption only stops because the viscosity of the melt is too high for further shrinkage and
diffusivity becomes too low for further resorption. The cooling rate of 100Ks™ is provided by
Burgisser and Gardner (2005) and follows a linear cooling pathway. Alternative cooling pathways
are explored in section 4.4.

Ata constant pressure of 100MPa and an initial temperature of 1098K, the bubble is in equilibrium

with the melt, however following a temperature decrease, solubility increases and water moves

from the bubbles into the melt, only stopping when the temperature drop is too low for the melt

and water to move anymore. Figure 4.1B is used to support this movement of water. In the earliest
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experimental timestep (00 — 05s) as quench begins, the water migrates from the bubble into the
melt from 5.10wt.% to 3.97wt.%.

Based on figure 4.1, it is understood that resorption of a bubble initially at equilibrium does happen,
but only by a small amount. The bubble begins in a state of equilibrium, so no bubble growth takes
place, however if there is a temperature decrease then resorption will always happen to some
extent. It is important to understand how a bubble experiencing equilibrium conditions such as
ABG1 may behave before looking at how a bubble experiencing decompression may grow and
resorb. In the natural environment ABG1can be represented with a bubble which undergoes a rapid
quench such as cooling of a tephra clast (figure 1.2).

4.3 Resorption of a Growing Bubble

4.3.1 Experimental Conditions of ABG14

To examine a growing bubble, sample ABG14 is used. The composition, solubility, diffusivity,
viscosity, and EOS functions remain the same as those used for the equilibrium sample. The typical
rhyolitic values for surface tension and melt density are also used for ABG14 (0.22Nm*
(McBirney and Murase, 1978; Hajimirza et al., 2019) and 2350kgm-3 (Lesher and Spera, 2015)
respectively). The sample synthesis conditions also remain the same, taking place at 825°C and
150MPa. The pressure decreases to 100MPa to generate an equilibrium bubble population; this
pressure is then decreased to 80MPa at a rate of 0.5MPas™, populating the sample with growing
bubbles. When the pressure reaches 80MPa, decompression is stopped and temperature is lowered
to 300°C during rapid quenching of the sample (table 4.2) at a dTdt of 100Ks™.

Sample Toxp Py, p; Pf dpPdt
(°C) (MPa) (MPa) (MPa) (MPas™)
ABG14 825 150 100 80 0.5

Table 4.2 The conditions used on sample ABG14.

It is expected that during decompression of ABG14, bubble growth will occur, followed by
resorption during quench, ¢; is 0.1109, r; is 23.8um, and H,0; is 3.97wt.%. The final gas
volume fraction reached following bubble growth is known as peak gas volume fraction (¢,).

4.3.2 Quenching of ABG14

The model results for the decompression and quenching of sample ABG14 are shown in figure 4.2.
As the pressure decreases from 100 to 80MPa, solubility decreases and water moves from the melt
into the bubble, driving bubble growth and leading to a decrease in water content towards the
bubble. However, the rapid quench results in a solubility increase and the water moves from the
bubble back into the melt — causing resorption.
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Figure 4.2 The model output for sample ABG14. A: From 0 — 40s, the bubble increases in size
from a ¢; of 0.1109 to a ¢, 0.1509 before resorbing from 40 — 43s to a ¢y of 0.1258. B: The
water profile supports the growing and resorbing process. At the beginning of the experiment, a
constant water content of 3.96wt.% is maintained before the water content increases with an
increasing distance from the bubble. The profile ends with the water moving back into the melt.
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4.3.3 Lessons from ABG14 vs. ABG1: Implications and Interpretations

In comparison to ABG1, the bubble experiences a growth period prior to quench. The bubble in
ABG14 grows by 0.04 before resorbing, however when factoring in the decrease in size due to
resorption, the bubble only increases in size by 0.015. When evaluating ABGL, it is a process of
bubble shrinkage due to rapid quench. ABG14 represents a more complex scenario — where the
beginning and end ¢ are known but the full extent of the bubble growth is not, and this is where
the numerical model plays a critical role in decompression experiments. The A¢ that the model
calculates must be reliant on certain parameters. What potential parameters control the movement
of water in and out of the bubble at such a rapid pace?

The rapid quench process is what causes resorption to occur so the dTdt that this takes place at
should affect how much water is able to move into the bubble, causing its shrinkage. At a slower
dTdt (figure 4.3), more water can leave the melt and move back into the bubble, creating a larger
amount of resorption.

At a cooling rate of 50Ks™, compared to the 100Ks™ that Burgisser and Gardner (2005) use, a
substantial amount of growth and resorption still occurs but resorption occurs to a greater extent
with the bubble displaying the same level of growth (0.04) but a larger amount of resorption —
representing only a growth of 30%.
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Figure 4.3 The model output for sample ABG14, at a lower dTdt of 50Ks™. The bubble grows from
0.4s from 0.1107 to 0.1507. The slower dTdt of 50Ks™ results in resorption happening from 40
— 47s and the ¢ decreasing from 0.1507 to 0.1228. B: A similar profile to that of figure 4.2 with
a larger amount of water moving closer to the bubble at a slower rate.

Resorption has the potential to be influenced by cooling rate and hence any conclusions made

about final bubble textures are affected. How much can resorption be influenced by different
cooling rates and are there different cooling pathways a bubble may take?
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4.4 Effect of Cooling Rate on Resorption of a Growing Bubble

4.4.1 The Different Styles of Cooling

There are two different types of cooling pathways which are investigated here. A linear cooling
pathway is what has been used in sections 4.2 and 4.3, displaying a linear quench from initial (T,)
to final temperature (T¢). A newton cooling pathway is investigated in this section to see if different
resorption results are produced. A newton cooling pathway for samples not at equilibrium are
displayed in figure 4.4.

Py

Pressure (MPa)
(3]) arnjerodwa],

Time (s)

»

Table 4.4 The pressure and temperature pathways of newton cooling for sample ABG14. P, is initial pressure (MPa),
Py is final pressure (MPa). Ty, is initial temperature (K), and T, is ambient temperature (K). Following a decrease,
quenching begins at an experimental rate, never reaching the temperature of its surroundings (the ambient
temperature).

4.4.2 Linear vs. Newton

Sample ABG14 is used to investigate differences between the cooling pathways by comparing the
numerical model outputs. Two sets of plots are produced for ABG14 (figure 4.5) with the same
conditions and parameters as discussed in section 4.3.1 with the only difference being that one of
them is following a newton cooling pathway. Details of how the newton cooling pathway is input
into the model is provided in the appendix.
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Figure 4.5 A. Linear Cooling. B. Newton Cooling. Both pathways follow an identical growth
following the same decompression rate. However, following quench, the bubbles resorb by
different amounts. Newton cooling only reaches its ¢y after 45s while ¢ is reached more rapidly

with linear cooling. Linear cooling experiences less resorption by 0.003.

From this initial investigation, the different cooling pathways have negligible differences between
A¢. However, an important parameter in calculating the cooling pathway is the cooling rate, as
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mentioned in section 4.3.3. When looking at the results of figure 4.4 and figure 4.5, it is apparent
that the cooling rate may be the more influential factor in the amount of resorption and not the
actual style of cooling. To investigate this further, the initial cooling rate is varied in several ways
while also comparing results from both linear and newton pathways.

4.4.3 Different Cooling Rates with Different Pathways

Cooling rate is varied between 0.0001 — 200Ks*. This range represents the typical experimental
cooling rates used as well as cooling rates found in the natural environment. Slow cooling rates are
recorded in nature (Huppert et al., 1984; Manley, 1992; Nichols et al., 2009; Wright et al., 2010;
Browning et al., 2020) while faster, sometimes instantaneous, cooling rates tend to be used in
experimental scenarios (Burgisser and Gardner, 2005; Befus and Andrews, 2018; Buono et al.,
2020). Faster cooling rates are used in experiments because it allows for the preservation of the
experimental material and to prevent further growth and diffusion. It is also difficult to control how
slowly a sample can be cooled.

To investigate how cooling rate effects bubble resorption, three different types of cooling are
modelled: 1. Linear cooling with a set initial dTdt, 2. Newton cooling with a set initial dTdt, and
3. Newton cooling with a set time to the glass transition temperature (T;). The range of dTdt values
used are the same throughout.

1. Linear cooling with a set initial dTdt
This following the equation:

(T; = To) (35)

dTdt =

)

quench

where dTdt is calculated based on the initial (T,) temperature, the final (T;) temperature, and the
time of quench (£4y,encn), @ linear relationship is then constructed from T, to .

2. Newton cooling with a set initial dTdt
The relationship between dTdt and k (newton constant) are set so that the cooling rates used are
the same for linear and newton cooling. It is investigated whether there is a cooling rate at which
the style of cooling is the primary control. Newton cooling is represented with the equation:

dTdt (36)
To

3. Newton cooling with a set time to the glass transition temperature (T;)
The glass transition temperature is the temperature at which the sample will transform into glass.
This method sets dT'dt based on the time it takes to reach T;:

,_To=Ty) (37)
9 drdt ’
where t, is the take taken to reach T (s). Based on t, the new newton cooling constant (k) is given

by:

Ln(B=2) @)
k= tg1n<(T0 =T )
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It can be argued that models 2 and 3 are similar as T, is in itself a function of dT'dt, however, they
remain distinctly different. This is because model 2 only considers dTdt and T, when calculating
k while model 3 considers T,, Ty, dTdt, t,, and T, — considering the temperature of its
surroundings, which are not influenced by dTdt and remain constant throughout the experimental
run. It is seen in section 4.4.5 how models 2 and 3 produce different resorption results.

4.4.4 Different Cooling Rates: Results

When looking at linear cooling for sample ABG14, for cooling rates 0.0001 — 0.001Ks™* the
bubble resorbs completely and ‘bubble too small’ is the model output. This cooling rate is too slow
and 100% of the water in the bubble moves back into the melt, causing the bubble to disappear out
of existence. In figure 4.6A, a cooling rate of 0.01Ks™ results in a much longer experimental
timescale of x 10~*s. The amount of resorption results in the bubble undergoing an overall
reduction in size, compared to its original size.

Ag, the difference between the maximum ¢ and final ¢, is plotted in figure 4.6B. For 0.01 —
200Ks™ A¢ decreases with increasing cooling rate. The faster the cooling rate, the less resorption
occurs as less water can move from the melt shell into the bubble. A decreasing curve develops
from 0.01Ks* where the higher the cooling rate, the smaller the difference between A¢ values.
This suggests that following an infinite cooling rate, A¢ will eventually reach 0. In figure 4.6C, a
typical resorption pathway is seen, although it is smaller than those recorded for lower cooling
rates (figure 4.5), confirming that resorption decreases with increasing cooling rate.
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Figure 4.6 A. The ¢ profile of sample ABG14, following a linear cooling rate of 0.01Ks™%. B. The changing
A¢ with increasing cooling rate for sample ABG14. C. The ¢profile of sample ABG14 following a linear
cooling rate of 200Ks™.

4.4.5 Different Cooling Pathways: Results

When looking at the different cooling pathways: linear cooling with a set initial dTdt, newton
cooling with a set initial dT'dt, and newton cooling with a set time to T, the amount of resorption
that occurs at the same cooling rate (or newton constant), differs (figure 4.7). Each pathway has a
similar ¢ profile but the time the experiment takes and the A¢ depends on the pathway selected.
Linear cooling with a set initial dTdt (figure 4.7A) defines a clear linear pathway in which
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resorption takes place. Newton cooling with a set initial dTdt is an unusual case because it takes
over 250 seconds more to complete the experimental run. This is because equation (36) only
considers the initial temperature while equation (35) considers initial and final temperature as well
as time at quench. Figure 4.7B also displays the greatest A¢ but this could be due to the bubble
having more time to resorb. Figure 4.7B appears to show growth continuing for a while after
decompression has finished. This is because the bubble remains out of equilibrium, and so water
continues to exsolve from the melt into the bubble after decompression stops. If the temperature
were held constant here, the bubble would continue to grow until it reached a new equilibrium at
the final pressure. However, because the quench starts immediately once the pressure drop finishes,
the solubility of the water starts to increase. Initially, this effect is less important that the remaining
disequilibrium that persists beyond the end of the decompression, but as temperature continues to
fall, the increased solubility starts to dominate, and the bubble growth first slows, then reverses as
the water moves back into the melt from the bubble, causing the bubble to shrink via resorption.
This is also the reason behind why the ¢,, in the very slow quench experiments (figure 4.6B) is so
high. These slow quench experiments would likely have reached (or nearly reached) equilibrium
at the final pressure before the cooling started to have an appreciable effect on solubility.

Newton cooling with a set time to T, (figure 4.7C) has the smallest A¢ but takes over a similar
experimental time to figure 4.7A, only differing by 50s. This is because equation (37) and (38)
consider initial temperature, glass transition temperature and ambient temperature values which
are close to the final temperature values used in equation (35).
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Figure 4.7 The pressure-temperature-time (P-T-t) profiles and ¢profiles for sample ABG14 following three
different cooling pathways at a cooling rate of 1Ks™. A. Linear cooling with a set initial dTdt, B. Newton
cooling with a set initial dTdt and, C. Newton cooling with a set time to T',.
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When comparing A¢ for every cooling pathway, there are clear disparities between 0.01 — 10Ks"
L however from 25Ks the A¢ values begin to converge (figure 4.8).
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Figure 4.8 The A¢ calculated for linear cooling with a set initial dT'dt, newton cooling with a set initial dTdt (newton
cooling 1), and newton cooling with a set time to T, (newton cooling 2). Cooling rates 0.0001Ks™ and 0.001Ks™
create bubbles which completely resorb for all cooling pathways.

4.5 Discussion

4.5.1 Progression with other ABG samples

The numerical model has been tested on sample ABG1 to look at resorption of a bubble at
equilibrium and ABG14 to look at resorption of a growing bubble. This study can proceed by
analysing the other ABG samples collected by Burgisser and Gardner (2005) and recording any
resorption results. It is expected that resorption will be seen as the other samples undergo similar
conditions to ABG14.

Only four out of the 22 ABG samples will be evaluated — ABG2, ABG6, ABG14, and ABG15.
There four samples are the same samples Mclintosh et al. (2014) look at when investigating
evidence for resorption. The use of these samples will allow for corroboration with the conclusions
made by Mclntosh et al. (2014). The investigation of these samples will be undertaken in chapter
5.

4.5.2 The Ideal Cooling Rate for the Numerical Model

To minimise resorption a high cooling rate is preferred and recommended. Burgisser and Gardner
(2005) use 100Ks™* which is already a high dTdt, however there is the potential to use higher
cooling rates. There is, however, a limit where it is not experimentally possible to create a
controlled instantaneous cooling. A bubble that grows and then does not resorb at all may not be
possible as it is impossible to carry out a decompression experiment without the final rapid quench
process.

If resorption can vary by up to 0.14 when changing the cooling rate, other factors which might
influence resorption should also be considered and investigated. These factors include bubble
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number density (N, ) and pressure, as well as a combination of these factors. These influences will
be evaluated in chapter 5 and 6.

4.5.3 The Ideal Cooling Rate in Nature

Burgisser and Gardner (2005) use a cooling rate of 100Ks™ for their experimental samples and
this is the cooling rate used in the numerical model in this thesis. However, is it correct to assume
that this is an appropriate cooling rate to apply to nature? As mentioned in section 4.4.3, slow
cooling rates are often recorded in nature, in comparison to faster rates which are used in laboratory
environments.

Figure 4.8 reveals that a high amount of resorption occurs at the slowest cooling rates and in some
cases (0.0001 — 0.001Ks™?) the bubbles resorb so much that the bubble disappears, and the
numerical model does not compute a growth path for it. This may suggest that this is an unrealistic
cooling rate to expect in experiments and in nature. Previous studies show that cooling in nature
can take place at a wide range of cooling rates ranging from slow values such as 0.035Ks™
(Huppert et al., 1984) to fast cooling with values such as 72.2Ks™* (Nichols et al., 2009) with a
range of cooling rates in between (Huppert et al., 1984; Flynn and Mouginis-Mark, 1992; Nichols
et al., 2009; Browning et al., 2020).

Studies that aim to determine cooling rates in nature use a range of methods including melting of
natural samples in the laboratory (Nichols et al., 2009), using numerical models (Manley, 1992),
and remote sensing (Wright et al., 2010). Understanding the cooling rate of lava is important in
determining thermal history. Nichols et al. (2009) uses the cooling rates of basaltic glasses at
different depths of a submarine volcano to determine quenching at different distances from the
basalt-seawater interface. Degassed blocky hyaclastite clasts cool at a rate of 0.1 — 72.2Ks™* while
undergassed pillow rims cool at 0.2 — 46.4Ks™. Figure 4.8 shows that resorption does happen
between these values so it can be suggested that resorption as high as 0.15 occurred when the
basaltic material quenched at depth. These values also suggest that the 100Ks™ used in the
numerical model in this thesis can occur in nature and is not an unrealistic value to represent
eruption processes.

4.5.4 The Ideal Cooling Path

When comparing linear and newton cooling there only appears to be a clear difference of A¢ in
relation to the lower cooling rates, however the difference is still very small. For the rest of this
study, the newton cooling pathway with a set initial dTdt is applied because of its more realistic
representation of cooling in the laboratory and the natural environment. However, the numerical
model is still equipped for both linear and newton cooling pathways (see appendix) to allow the
user to decide with pathway is more applicable to their study.

4.6 Conclusion

Burgisser and Gardner (2005) include experimental data for a bubble at equilibrium (ABG1). To
investigate if the equilibrium bubble calculations (equation 16 — 33) from section 3.4 work, and to
validate the numerical model, resorption results for ABG1 are produced. The results from ABG1
suggest that the numerical model works as there is no bubble growth seen in the output.
Subsequently, this study can proceed with investigating the other ABG samples.
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Sample ABG14 is examined. This sample experiences bubble growth and resorption as shown in
figure 4.2, how much this resorption can be influenced is analysed by lowering dTdt from 100Ks
1 to 50Ks™. Resorption increases.

There are several different cooling pathways a decompression experiment can take. Linear and
newton with newton being split into controlled by dTdt or by T,. Linear cooling and newton
cooling controlled by T, produce similar values for A¢ for a range of cooling rates however newton

cooling controlled by dTdt produce higher values for A¢. The newton cooling pathway based on
dTdt is used for the remaining investigations of this thesis.
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5. Resorption Driven by Quench

5.1 Introduction

It is important to understand the extent to which resorption occurs in the Burgisser and Gardner
(2005) samples. Quantifying resorption allows for improved analysis and interpretation of the data
from their studies as well as similar studies. Each ABG sample is modelled individually and then
compared to the resorption results reported by Mclntosh et al. (2014) for the same samples. In this
chapter the results from ABG2, ABG6, ABG14, and ABG15 confirm that resorption is happening,
and that resorption is influenced by various experimental parameters.

Bubbles grow when they experience a pressure drop and then resorb due to the quenching process.
This process is essential to decompression experiments and the numerical model this thesis utilises
captures this process mathematically. This chapter will look at how changing experimental
parameters influence resorption values in relation to the Burgisser and Gardner (2005)
experiments.

The degree of disequilibrium and the configuration of the bubble/melt/H, 0 system is different for
each sample as the different pressure-temperature conditions represent different stages a bubble
may be at in the volcanic conduit. These differences will be investigated in this chapter.

5.2 Methods and Approach

5.2.1 Burgisser and Gardner (2005)

The conditions used for the ABG samples can be found in chapter 2, section 2.5. Each sample has
the same initial temperature (T;), and initial pressure (P;) to match the Burgisser and Gardner
(2005) requirement to investigate bubble textures post-equilibrium. The samples vary in terms of
final pressure (Pr) and the decompression rate (dPdt).

The composition, solubility, diffusivity, viscosity, and Equation of State (EOS) function all follow
the same functions applied to sample ABG1 and ABG14 in chapter 4. These functions are the
Panum Crater Dome composition (Mangan and Sisson, 2000), the Liu et al. (2005) solubility
model, the Zhang and Ni (2010) diffusivity model, the Giordano et al. (2008) viscosity model and
the Ideal Gas Law (EOS) model. Identical values are used for surface tension and melt density as
determined for a typical rhyolitic composition (0.22Nm™* (McBirney and Murase, 1978; Hajimirza
et al. 2019) and 2350kgm-2 (Lesher and Spera, 2015)). The cooling rate is kept constant at 100Ks-
L which is standard for a decompression investigation (Berndt et al., 2002).

Other required variables for the numerical model are reported below. Bubble Number Density (N,,)
is recorded by Coumans et al. (2020) and varies for each sample (table 5.1). Initial gas volume
fraction (¢;), initial bubble radius (;) and initial water content (H,0;) are all calculated using the
equilibrium calculations discussed in chapter 3. These values are listed in table 5.1.
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Sample N, ¢, T H,0;

(x 12m?) ® (um) (Wt.%)
ABG2 1.7 0.11075 26.0 3.97
ABG6 1.0 0.11076 31.0 3.97
ABG14 2.2 0.11075 23.8 3.97
ABG15 1.4 0.11076 27.7 3.97

Table 5.1 Experimentally observed N, as reported by Burgisser and Gardner (2005). Initial gas volume fraction
(¢;), initial bubble radius (r;), and initial H,0 content (H,0;) are calculated using the equilibrium calculation
discussed in chapter 3.

N, is a stochastic variable for Burgisser and Gardner (2005) and is recorded based on thin section
images and is different for each sample, implying that a change in N;,, may also alter the amount of
resorption that occurs in each sample. N, is an important influence in resorption because it
determines the length scale of diffusion of H,0, the evolution of the volume fraction of bubbles,
and of the degree of H,0 supersaturation during magma ascent (Mourtada-Bonnefoi and Laporte,
2004). With increasing N,, bubbles may become more tightly packed and the shell of melt
surrounding each bubble thins (Chouet et al., 2006).

Newton cooling with a set initial dTdt is chosen as the most appropriate cooling path. This is
because newton cooling is a more realistic representation of experimental cooling conditions
(Balmforth and Craster, 2000; Deschamps et al., 2014; Chaussard, 2016). The reason the newton
cooling path with a set dTdt is chosen over newton cooling with a set time to the glass transition
temperature (T;) is because newton cooling with a clear link to the cooling rates as described with

the linear cooling is better and simplifies the process while still creating a more accurate pathway.
The changing pressure and temperature variables for the decompression experiments are displayed

in figure 5.1. The Burgisser and Gardner (2005) experimental is divided into four stages of bubble
growth and resorption.
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Figure 5.1 The four stages of the Burgisser and Gardner (2005) decompression experiment. Stage 1: Bubbles are
formed in equilibrium with the surrounding melt at 150MPa. Stage 2: Pressure is decreased to 100MPa as bubbles
form due to a decrease in solubility. The bubbles are then held in equilibrium to allow an equilibrium population of
bubbles to stabilise. Stage 3: As pressure is decreased to 100MPa, solubility also decreases, this is where ABG1 is
held. However, ABG2, ABG6, ABG14 and ABG15 experience a further decrease in pressure. Temperature is also
decreased from 825°C to 300°C during quench. The quench pathway occurs in the form of the newton cooling with a
set to initial dTdt. Stage 4: Due to the rapid quench, there is an increase in the H,0 content. By the end of the
decompression experiment, the H,0 content has stabilised and no more bubble growth/resorption occurs.

5.2.2 Mcintosh et al. (2014)

Mcintosh et al. (2014) use the Burgisser and Gardner (2005) samples to obtain H,O data following
Humphreys et al. (2008): Secondary lon Mass Spectrometry (SIMS) H,0 analyses is used to
calibrate greyscale values in Backscatter Scanning Electron Microscope (BSEM) images. This
H, 0 data is used to make conclusions about resorption levels in the ABG samples.

Samples are prepared for BSEM images by embedding in epoxy resin and grinding to expose a flat
surface to expose glass and infilled vesicles. Qualitative H,O variations can then be seen in

greyscale images where dark glass represents H,O-rich and light glass represents H,O-poor
content.

For SIMs analysis, *H*, 2Na* and 23Si* are analysed in radial profiles and H,O concentration is
calculated from a working curve of 'H*/%Si*. For each sample, multiple radial profiles are
extracted around multiple vesicles and a composite dataset of H,O as a function of distance from

the vesicle wall is created.

Fourier Transform Infra-Red (FTIR) analysis is also undertaken. Samples are prepared as free-
standing wafters and individual spectra are extracted from images and H,O concentration is
calculated by entering the height (absorbance) of the relevant peak above a linear background into
the Beer-Lambert law (Stolper, 1982).

These methods allow Mclntosh et al. (2014) to calculate the H,O content of the ABG samples.
These results will be used as a comparison to the model results later in this chapter.
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5.3 Results

5.3.1 ABG Samples

For each sample which experiences bubble growth, the sample also experiences some level of
resorption (figure 5.2). There is a change in ¢ after the maximum ¢ (¢,,) is reached and the water
content profiles demonstrate a curvature which illustrates how the water has diffused into and then
out of the bubble. There are two quantities that vary across the runs: final pressure (Pr) and
decompression rate (dPdt).

5.3.2 Changing Final Pressure

The samples ABG2 and ABG6 are subject to different Py but have the same decompression rate
(0.1MPas™). Based on the model outputs (figure 5.2), ABG2 which has a P, of 60MPa,
experiences more bubble growth over double the amount of time that sample ABG6 takes to grow.
ABG?2 has the larger pressure drop and grows to a ¢, of 0.276 (figure 5.2A) before resorbing at
400 seconds. In comparison, ABG6 (figure 5.2C) grows to a ¢,, of 0.164 before resorbing at 200
seconds. When looking at the water content profiles, ABG2 (figure 5.2B) displays a greater
decrease in water concentration at the far edge of the shell, at 0 seconds the water content is at
3.96wt.% before decreasing to 3.10wt.% by 400 seconds. ABG6 (figure 5.2D) displays a much
smaller decrease in water concentration, from 3.96wt.% at 0 seconds to 3.68wt.% at 200 seconds.

ABG2 resorbs more than ABG6, with a A¢ of 0.036 (figure 5.2A) while ABG6 only resorbs by
0.029 (figure 5.2C), this is also reflected in the water concentration closest to the bubble wall
where ABG2 displays a more gradual gradient as the water concentration increases back up from
3.10wt.% to 3.86wt.% in 7.6 seconds. ABG6 experiences a steeper gradient during resorption, as
water concentration increases from 3.68wt.% to 4.44wt.% in 5.7 seconds.
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Figure 5.2 The gas volume fraction (¢) and water concentration profiles for samples ABG2 and
ABG6. The A¢ is displayed on each gas volume fraction profile.

5.3.3 Changing Decompression Rate

ABG15 and ABG14 have a decompression rate of 0.5MPas* while ABG2 and ABG6 have a
decompression rate of 0.1MPas. ABG15 and ABG14 also have similar final pressure values of
60MPa and 80MPa respectively. A notable difference is that the experiments complete in a much
shorter time, with ABG15 (figure 5.3A) growing and resorbing within 85 seconds while ABG14
(figure 5.3C) grows and resorbs within 47 seconds. This is expected with a higher decompression
rate. In terms of growth, ABG2 and ABG15 which share the same P, experience similar levels of
growth, with ABG15 (figure 5.3A) growing by 0.117 before resorbing at 80 seconds. ABG14
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grows by 0.040 before resorbing at 40 seconds. The water concentration profiles display similar
patterns to figure 5.2, ABG15 experiences a larger decrease of water concentration (figure 5.3B)
(0.323wt.%) than ABG14 (figure 5.3D) (0.081wt.%).

In terms of resorption, again there is a clear alignment of final pressure values with the ¢ of ABG15
decreasing by 0.032 from 80 — 85 seconds. ABG14 experiences a A¢ of 0.028 between 40 — 45
seconds. When looking at the water concentration values during resorption, ABG15 displays a
shallower gradient, increasing from 3.610wt.% to 3.864wt.% while ABG14 displays a steeper
gradient as the water concentration increases from 3.859wt.% to 4.490wt.%.

A faster decompression rate (0.5MPas™) leads to a more curved water concentration profile during
growth compared to the slower decompression rate (0.1MPas™).
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Figure 5.3 The gas volume fraction (¢) and water concentration profiles of samples ABG15 and
ABG14. A¢ is displayed in each gas volume fraction profile.

5.3.4 Final Pressure vs. Decompression Rate

It is important to consider if a change in P, plays a more important role in levels of growth and

resorption compared to decompression rate. The results of ABG2 and ABG6 are very similar to
ABG15 and ABG14 but a higher decompression rate is associated with a smaller increase in ¢
during growth. This will be expanded upon in the discussion.
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5.4 Discussion

5.4.1 Changing Final Pressure

The degree is which quench modifies the change in ¢ depends on the different conditions each
sample experiences. The experimental conditions for the ABG samples are varied by Burgisser
and Gardner (2005) to look at the effect on bubble textures but, in this instance, it is important to
look at how these conditions affect resorption.

The larger the pressure drop the greater the amount of gas exsolved, the greater the bubble growth,
and the higher the ¢ (figure 5.2). Bubble growth is non-linear with time, increasing as the pressure
continues to drop — even as the pressure drop itself remains linear — this is due to several reasons:

1) as the bubble grows, the melt shell thins and so the viscous resistant to growth drops,

2) as the melt shell thins, the distance the water has to diffuse to reach the bubble also drops,

3) as the bubble grows, the surface area available for exsolution of water increases and,

4) as the solubility progressively drops, the concentration gradients in the water profiles get
steeper, driving water more rapidly into the bubble.

5) In figure 5.2B and D, the bubbles are still growing at the point that the temperature starts
to drop but then rapidly shrink. The timing of the temperature drop is directly associated
with the increase in solubility at the bubble wall and the reversal of the concentration profile
as water moves back into the melt, driven by thermal resorption.

When comparing decompression rates, for faster decompression, the bubbles are further out of
equilibrium as evidenced by the more strongly curved water profiles and thus grow more rapidly.
As the final pressure is reached the fast decompression bubbles do not grow as much at the end of
decompression as the slower decompression bubbles do. This is also seen in the water profiles, as
the total amount of water still dissolved in the melt is much higher. The bubbles have grown less
during faster decompression, so the total resorption is less as there is less water to resorb.

To investigate how important Py values are on bubble growth and resorption, a sweep of Py values
ranging from 25 — 95MPa are used when running simulations of sample ABG14. The ¢ profiles
with changing Py are displayed in figure 5.4. Bubble growth decreases with increasing Pr (figure
5.4A), 25MPa has a ¢, of 0.56 while 95MPa has a ¢,, of 0.093. This decrease is in a non-linear
shape, as the smaller final pressures have the greatest differences in ¢,, between them. This follows
the trend seen in figure 5.2A and C, as the larger the pressure drop, the greater the amount of gas
exsolved and so the greater the bubble growth.

The lowest and highest final pressures create the least amount of bubble resorption (25MPa has a
A¢ of 0.023 (figure 5.4B and 5.5A) while 95MPa has a A¢ of 0.025) this is because at high
pressure drops the bubbles have grown by a large amount due to the greater amount of exsolved
gas. There is also evidence for more growth in the water profiles as there is a large decrease of
water content as water moves away from the melt due to a larger increase in solubility. Despite
there being a huge amount of growth, there is a very small amount of resorption which is contrary
to what is seen in figure 5.2. This suggests that there is a point where there can be too much of a
pressure drop to cause substantial resorption. This is due to the change in volume being non-linear,
when considered in terms of ¢.

The highest A¢ occurs at 50MPa with a value of 0.036 (figure 5.4B and 5.5C). The bubble grows
rapidly as P is reached, as evidenced by the higher reversal of the concentration gradient in figure
5.5D. Although the bubbles have grown less during the smaller pressure drops, a higher total
resorption is recorded.
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Figure 5.4 The changing ¢ with varying final pressures for sample ABG14. A. Final pressure vs. the final
gas volume fraction reached. B. Final pressure vs. A¢, and C. final pressure vs. the peak gas volume
fraction reached during growth.

75



Pressure, P (MPa)

Gas volume fraction, ¢

o
[N}

H,0,, (wt. %)

o
o

o
o

o
IS

o
w

1100

1000

900

800

700

Temperature, 7' (Kelvin)

600

1
20 40 60 80

Time, ¢ (seconds)

100 120

140

500
160

I
[

Ad = 0.023

I
20 40 60 80

Time, ¢ (seconds)

100 120 140

35

[

L 1 1

5 10 15
Distance from bubble, (zm)

76

20

25

30

160

time, ¢ gsgl.sm

129.2776

—96.9582

- 64.6388

323194



100 1100

90 |- 1000

80 900

ol 800

700

Pressure, P (MPa)

60 -

Temperature, 7 (Kelvin)

600
50 -

I I I I I I I I I I 500
0 10 20 30 40 50 60 70 80 90 100 110

Time, ¢ (seconds)

o
w
al

o
w

Ap = 0.036

e
N
3

Gas volume fraction, ¢
o
N

o
[
[

o
[
T
I

0 10 20 30 40 50 60 70 80 90 100 110
Time, ¢ (seconds)

time, 1 (s
(1 1)1‘5970

89.2776

- 66.9582

- 44.6388

223194

1 1 1 0
0 5 10 15 20 25 30

Distance from bubble, (zm)

Figure 5.5 Sample ABG14 at different final pressures. A and B ABG14 with a P, of 25MPa and C and D
ABG14 with a Py of 50MPa

The steeper curve seen in figure 5.4A-C, suggests that at low and high pressures the level of
resorption is reduced.

5.4.2 Changing Bubble Number Density

The N, values for samples ABG2, ABG6, ABG14, and ABG15 are varied from 1.7 —
2.2 X 10m-3. In decompression experiments, N, values are based on the experimental pressure
and temperature values chosen. Here, a range of N,, values will be run using the numerical model,
investigating how much of a difference changing N, values have on bubble growth and resorption.
A large range of N, values are chosen because N, values of > 101°m= have been typically
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recorded in experimental investigations (Mangan and Sisson, 2000; Martel and Schmidt, 2003;
Hajimirza et al., 2019).

High and low N, values should be accounted for in experimental investigations to take into
consideration the various possible natural phenomena that may occur. Higher N, values may
suggest two successive nucleation events (Mourtada-Bonnefoi and Laporte, 2004) or a singular
major nucleation event (Hamada et al., 2010). Low N,, values suggest minimal resorption which
aligns with the current understanding of bubble densities. For a low N,, the average distance
between adjacent bubbles and the diffusion timescale is large (Toramaru, 2006; Martel and lacono-
Marziano, 2015; Hajimirza et al., 2019).

In this sweep following the conditions of ABG14, N, values range from 9.8 x 10%° —
2.8 X 10®m-2 to investigate how they may influence bubble growth and resorption. The values
increase in log-spaced increments. In general, there is a very small amount of bubble growth in
these simulations due to the small pressure drop (20MPa) used.

Initially, an increase in N, results in increased bubble growth (figure 5.6A), due to the diffusion
length scale being shorter and because of the effect of thinning of the bubble wall as the bubble
grows (Mangan and Cashman, 1996; Carey et al., 2013). However, this increase is only seen up to
a N, of 1.8 x 10*m and at this point the ¢y also decreases. Resorption increases at a steep rate
(figure 5.6B) with an increasing N, as the thinning of the bubble wall allows an increased volume
of water to move back into the wall. For the smallest N, value of 9.8 x 101°m-3 there is a very
small amount of growth of 0.028. Bubbles are out of equilibrium, as evidenced by the strongly
curved water profiles and bubble growth increases as P is reached, as seen by the higher reversal
of the concentration gradients. The bubble almost completely resorbs and as bubble growth was
very small, there is less water to resorb. In comparison, the highest N, value of 2.8 x 101°m-3
experiences a bubble growth of 0.073 but also experiences more resorption. However, there is a
much gentler water profile in figure 5.7D as equilibrium is reached much faster. Overall, the
fractional amount of resorption compared to the growth is very similar for both N, samples with
the higher N, value resorbing by 82% compared to its original bubble growth while the smallest
N, value resorbs by 90% compared to its original bubble growth. This is seen in figure 5.6C as the
¢,, initially increases but once a N, of 1.8 x 10™*m is reached, has a very small rate of increase.
¢, increases as N, increases because the bubble walls get thinner, so the bubbles get closer to
equilibrium during decompression. These final ¢, values level off at high N, because they are
reaching (or very nearly reaching) equilibrium, so they cannot grow further. The amount of
resorption always increases as N, goes up because the thin walls mean that more of the water in
the bubble can resorb over the quench interval. The result is that ¢, initially increases with an
increasing N,, (because of the additional growth of the bubbles during decompression dominates),
then, at higher N,, it decreases with increasing N, because the enhanced resorption effect
dominates.
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Figure 5.7 ABG14 with the conditions in table 2.1 but with varying values for N,. A. and B. N, value of
9.8 x 10°m= C. and D. N, value of 2.8 x 10°m,

A further understanding of how N, affects resorption is important as N,, is a good marker for the
decompression rate of magmas in volcanic conduits (Hamada et al., 2010) and is regularly used
when evaluating bubble textures to further understand the process behind an eruption (Lyakhovsky
et al., 1996; Gardner et al., 1999; Cluzel et al., 2008).

5.4.3 In Comparison to Mclntosh et al. (2014)

Mclntosh et al. (2014) finds similar results in terms of H,0 (wt.%) profiles for the ABG samples
(figure 5.8A). The results are not identical (figure 5.8B-E), but they show similar trends where the
H, 0 concentration gradients are steeper at the vesicle wall and then reach a shallow gradient. The
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most notable difference is seen in sample ABG14 whereby the H,0 concentration measured by
Mcintosh et al. (2014) decreases from 5.4 — 5.25 with distance from the bubble wall while the
numerical model calculates a decrease in water concentration of 4.45 — 3.9 with distance from the
bubble wall. This trend is heightened when using the numerical model where there is a very steep
trend at the final timestamp — when the distance from the vesicle wall is small. It is suggested that
the difference between the values produced by Mclntosh et al., 2015 and those predicted by the
numerical model are due to errors when using SIMS (Regier et al., 2016; Taracsak et al., 2021).
Alternatively, there could be small errors in the numerical model which do not account for the
exact conditions of the Burgisser and Gardner (2005) experimental conditions.

Mcintosh et al., 2014 have included error analysis in figure 5.8A, with the semi-opaque boundaries
indicating twice the standard error of the mean (Mcintosh et al., 2014). Error analysis should also
be run on figure 5.8B to act as a comparison. Other potential sources of error in the numerical
model calculations include the use of standard rhyolitic conditions for surface tension and density
rather than using values specific to the composition used by Burgisser and Gardner, 2005.
Assumptions are also made throughout the equilibrium bubble calculations (section 3.4.3) such as
assuming conditions for an exact spherical bubble. It is also assumed that the bubble goes out of
equilibrium as soon as the temperature drop begins.

To validate any experimental errors when applying previous experimental runs to the numerical
model, it is suggested that the model should be applied to several other decompression experiments
of an identical composition (the Panum Crater Dome) to confirm if disparities between
experimental results and model results continue. Error analysis should also be carried out on the
numerical model, including defining the uncertainty which surrounds using numerical models on
experimental data.
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Figure 5.8. A. the results recorded by Mcintosh et al., 2014. The changing water content is recorded for
each sample against the distance from vesicle wall. The measurements are made using SIMS-calibrated
H, 0 concentration gradients. The colours of the different samples from the Mcintosh et al., 2014 figure
have been overlayed onto the numerical model water profiles. B. ABG2 water profile numerical model
results. C. ABG6 water profile numerical model results. D. ABG14 water profile numerical model results.
E. ABG15 water profile numerical model results.
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It is suggested that if the disparities between the Mclintosh et al. (2014) values and the numerical
model values are calculated, a conversion equation can be used to determine how much the values
differ between experimental and theoretical methodologies.

5.5 Conclusion

To determine if resorption does occur following the Burgisser and Gardner (2005) experiments,
the four ABG samples looked at by Mcintosh et al. (2014) are input into the numerical model.
From initial observations, the ABG samples that experience the second decompression step
undergo some level of bubble resorption. This resorption is not obvious in experimental results
and may go unrecorded in published studies.

The larger the amount of resorption that occurs, the greater the error in experimental values of ¢
that can occur in the numerical model output. The level of resorption the ABG samples experience
are dependent on a variety of factors. Depending on the final pressure chosen and the N, of the
sample, a higher or lower level of resorption may occur. In comparison to the Mclintosh et al.
(2014) results, similar resorption trends are seen, supporting conclusions made in this study.

In the next chapter, a full parametric investigation will be carried out to identify these conditions
that are the most and least ideal for reducing bubble resorption.
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6. Parametric Investigation of Quench Resorption

6.1 Introduction

Chapter 5 suggests that bubble resorption is influenced by several factors. Bubble Number Density
(Np), cooling rate (dTdt), initial pressure (P,) and change in pressure (AP) are looked at
simultaneously to determine the affect they have on resorbing bubbles.

A parametric sweep recognises broader trends in a much larger dataset (6561 rows of data) and
allows for application to other decompression experiments as well as use in future studies. The
table of results and mesh plots generated acts as a look-up table for the ideal conditions required
to minimise the amount of resorption in future decompression experiments. When applying this
parametric sweep to the natural environment, the amount of resorption that has occurred in a
volcanic conduit can be calculated based on that conduit’s estimated parameters.

For this study, the results of the parametric sweep will only be applicable to a rhyolite composition
as the results are based on the experimental samples of Burgisser and Gardner (2005), but this
methodology opens the possibility of application to a variety of compositions and scenarios. This
will be explored in chapter 7.

6.2 Characteristics of the Parametric Sweep

A parametric sweep is an efficient experimental tool as it investigates several variables
simultaneously, while incorporating an automatic sweep into the numerical model allows for an
increase in computational efficiency.

Based on the results from chapter 4 and 5, N, dTdt, P, and AP are chosen as factors that most
influence bubble growth and resorption. An increase in N, is shown to increase bubble growth
resulting in a changing diffusion length scale due to the thinning of the bubble wall (Mangan and
Cashman, 1996; Carey et al., 2013), while a decrease in dTdt causes an increase in bubble
resorption as the longer cooling rate allows for an increase in water movement and bubble
shrinkage. Chapter 5 also demonstrates the significance of pressure in controlling bubble size and
how an increase in pressure drop causes an increase in bubble resorption due to the greater amount
of gas exsolved. For this investigation, both P, and AP are changed which maximises the range of
pressure values from initial pressures (P;) of 125MPa to final pressures of 5MPa.

Each influencing factor has a range of 9 different values, creating 6561 possible combinations of
data output (9 X 9 x 9 x 9). This limit is chosen for the purpose of computational efficiency as
just increasing the combinations to 10 x 10 x 10 x 10 creates 10,000 possible combinations
which would take too long for the timeline of this study. It is suggested that for any future studies,
the combinations should be increased to improve model accuracy. The range of each influencing
factor is shown in table 6.1. The range of values chosen are based on the typical ranges used in the
lab as well as values found in nature.
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N, dTdt P, AP

(m3) (Ks™?) (MPa) (MPa)
7.2 x 1011 0.5 105 20
2.2 x 1012 1 110 30
6.2 X 1012 2 115 40
1.2 x 1013 5 120 50
5.2 x 1013 10 125 60
9.2 x 1013 20 130 70
4.2 x 1014 50 135 80
3.2 x 1015 100 140 90
8.2 x 10 200 145 100

Table 6.1 The ranges used when changing N,, dTdt, P, and AP for the parametric sweep.

The N, values chosen are different to the values used in chapter 5, although the range still extends

to > 8.5 x 1015 to ensure consideration of experimental investigations (Mangan and Sisson, 2000;
Martel and Schmidt, 2003; Hajimirza et al., 2019). The values increase in wider increments,
compared to the range used in chapter 5. This allows a wider range of values to be sampled. N,
values range from 7.2 x 1011 — 8.2 x 10*°m?3,

For dTdt, the values range from 0.5 — 200Ks™. The higher rates are more applicable to
experimental conditions which is why the range does not extend to very slow cooling rates. The
lowest cooling rates being used are more applicable to samples that may cool slowly in nature. For
extremely low cooling rates, the numerical model produces an output of ‘bubble too small’,
suggesting that at such low rates the bubble resorbs out of existence.

Experimental scenarios have extended to cooling rates as low as 0.08Ks™ (Allabar et al., 2018)
and 7.8Ks™ (Browning et al., 2020) whilst other studies have utilised faster cooling rates such as
423Ks? (Buono et al., 2020) and 200Ks™* (Burgisser and Gardner, 2005; Gardner, 2007). In this
study, the cooling rates range from 0.5 — 200Ks™,

Initially, a cooling rate range of 0.001 — 200Ks™ is used, however, a cooling rate of 0.001Ks™
combined with high N, values of 3.2 x 10> — 8.2 x 10'°m produces a negative initial radius
(r;) values and a computational run time of 1 — 10hours per combination run. To reduce this run
time, the cooling rate range is adjusted to its current selection. The cooling rate increases
logarithmically to cover as large a range as possible within 9 possible values. When inputting these
variables into the numerical model it is the newton constant (k) values which are used, calculated
from the dTdt values, using equation (36).

The possible pressure values used range between 125 — 5MPa, representing the common ranges
used in decompression experiments as well as the pressure extremes that sometimes occur in
natural scenarios (Martel and lacono-Marziano, 2015; Gardner et al., 2018). This range is chosen
because, based on figure 5.4B in chapter 5, it is suggested that as pressure increases, resorption
decreases so investigating pressures beyond 125MPa will be obsolete. The scaling is in equal
increments to cover all pressure values during this range based on results from chapter 5, pressures
of 45 — 55MPa seem to have the most influence on resorption so need to be covered during the
parametric sweep.

The parametric sweep is chosen as the best method to cover the widest range of experimental
conditions a sample may experience. For full details of the computational script for the parametric
sweep see the appendix which provides sections of the relevant code required to carry out the full
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sweep. The full code is available as supplementary material. All parameters are entered into the
model and a combvec for loop is set up to run through all 6561 possible combinations.

The full run time for the entire parametric sweep is 36 hours and following completion, an excel
spreadsheet is produced automatically containing all combinations and the subsequent r;, initial
H,0 content (H,0;), initial gas volume fraction (¢;), peak gas volume fraction (¢,), and final gas
volume fraction (¢f). The resorption value (A¢) and fractional gas volume fraction (¢g,) is
calculated post-parametric sweep. ¢y, is defined as:

Ag 39
¢fr = ¢Tp’ ( )

with a ¢, of 1 meaning the bubble has fully resorbed.

6.3 Results

The parametric sweep successfully generated 6561 combinations of data results, however for
roughly 100 rows of data, the combination of low cooling rate, high N, and high-pressure values
creates bubbles that 100% resorb and produce negative ¢, values. These negative values are
corrected to zero for the purpose of noting complete resorption.

Following the complete run time, the output is analysed in MATLAB. Mesh grids are created to
look at several influencing factors simultaneously. The results in figure 6.1 display the A, ¢¢, ¢,
and ¢y, against a changing N, and dTdt. As the 2D mesh grids only allow three changing
variables, the pressure remains set at two different extremes: a P, of 145MPa and AP of 20MPa
(figure 6.1) and a P, of 145MPa and A¢ of 100MPa (figure 6.2).

For a P, of 145MPa and a AP of 20MPa, ¢, is highest for the high N, values (log;, > 15.0)
(figure 6.1A), this is because the diffusion length scale is shorter due to the thinning of the bubble
wall as the bubble grows (Mangan and Cashman, 1996; Carey et al., 2013) and this is relevant
across all cooling rates, although slightly more for lower cooling rates. The bubbles resorb more
for high N, values (log;, > 13.7) and low cooling rates (log,, > 1.3) (figure 6.1D), due to the
influence of a thinning bubble wall, allowing an increased volume of water to move back into the
bubble while lower cooling rates allow for more water to move from the melt shell into the bubble.

For a P, of 145MPa and a AP of 100MPa, a higher bubble growth is initiated at lower N, values
(log1o > 13.0) (figure 6.2A) at all cooling rates while the bubbles resorb less with higher N,
values (log,, > 14.0) and lower cooling rates (log,, > —0.02). This is because the greater the
pressure drop (AP) the greater the amount of gas exsolved and so the greater the bubble growth
and the higher the ¢,,. While the larger the AP the less resorption occurs because the bubbles have
grown by a large amount due to the greater amount of exsolved gas. Water moves from bubbles to
the melt as there is a large increase in solubility. This is seen in figure 5.4B and 5.5A in chapter 5.
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Figure 6.1. Parametric mesh plots for the conditions, P,: 145MPa and AP: 20MPa. The white crosses
represent the individual lines of data taken from the excel file. The contours are added to ease readability.
A. The change of ¢, against changing dTdt and Ny, B. The change in ¢, against changing dTdt and
Ny, C. The change in A¢ against changing dTdt and N, and D. ¢, against changing dTdt and N,

89



2.000 §

1.500

Cooling Rate (logm K/s)
=
S
S

2.000 §

1.500

Cooling Rate (loglO K/s)
8
(=]

0.500 B%,

0.000

12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5
Bubble Number Density (logmNbrm'z')

=

12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5
Bubble Number Density (IogmNb-m‘z')

90

Maximum ¢

0.34

0.32

0.3

0.28

0.26

0.24

0.3

0.25

0.2



0.14

2.000 §
0.12
. 1.500
M
=
S 0.1
2
2 1.000 §
&
%D - 0.08
8 _
Q
0.500
] 0.06
0.000 S/ 3
0.04
5,7
| A A i <’ 9 s « o 9 .
12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5
Bubble Number Density (loglONb~m'3)

Fractional ¢

2.000 8

0.35
1.500 703
0
Y
(=]
o
k) 4025
2 1.000
&
on
g
° B 0.2
(=]
Q

0.500

0.15

0.000 B

¥ A AN i . .,
120 125 130 135 140 145 150 155

Bubble Number Density (logl ON b-m_3)

%

0.1
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6.4 Discussion

6.4.1 Controlling N,

Chapter 5 demonstrates the importance of N, in influencing resorption levels. However, the N,
values used to construct figure 6.1 represent a range of potential N, values rather than measured
values. It can be determined that N, does influence resorption levels (figure 6.1) so in an attempt
to minimise resorption, can future decompression experiments control and maintain N, values?
The previous literature does not suggest that a way of controlling N, levels has been used yet
however, previous studies have shown a clear link between N, and decompression rate (Toramaru,
2006; Hamada et al., 2009) and that it is possible to control decompression rate (Burgisser and
Gardner, 2005). Toramaru, 2006 estimates the decompression rate by using N, data from pumice
samples, suggesting than an inverse of this solution would allow for a calculation of N, based on
decompression rates.

If N, and cooling rate is controlled in future decompression experiments then the resorption levels
of the samples can be calculated and any impact this may have on the studies outcome can be
discussed in detail.

6.4.2 Application to Future Studies

The results from the parametric sweep provide useful information that is relevant to future studies
that look at bubble growth and resorption.

Based on figures 6.1 and 6.2, it is recommended that to reduce the potential for resorption, a low
N, and a high dTdt is used, however pressure conditions should also be considered. Based on
figures 6.1A and 6.2A, it is difficult to minimise bubble growth unless a very low N, is used paired
with a high dTdt however, depending on the experimental set up, bubble growth may want to be
encouraged if it is the focus of the study (Blower et al., 2001; Blower et al., 2003; Massol and
Koyaguchi, 2005). N, is something which is often recorded post-experimentation (Mcintosh et al.,
2015), and it is suggested that samples that have a high N, have undergone a large amount of
resorption. This will need to be considered when concluding any studies on bubble growth.

6.4.3 Application to Different Composition

The results presented here are only applicable to studies which use rhyolitic samples, specifically
the composition of the Panum Crater Dome (PCD), used by Burgisser and Gardner (2005). The
PCD composition is also used by similar decompression studies (Mangan and Sisson, 2000;
Watkins et al., 2017).

The use of different compositions results in different levels of bubble growth and resorption. This
thesis uses data from decompression experiments on rhyolitic samples however is it possible to
apply figure 6.1 to other similar compositions to produce reliable estimates of A¢? Compositions
such as Vesuvius 79AD (VAD79), Italy, (a phonolitic white pumice), recorded by lacono-
Marziano et al., 2007, a rhyolitic obsidian from Krafla, Iceland, recorded by Tuffen and Castro,
2009, and a rhyolitic obsidian from Giney Dagi, Turkey recorded by Mourtada-Bonnefoi and
Laporte, 2004 (table 6.2) are included in the numerical model.

Every decompression experiment mentioned above uses varying values for starting and ending
pressures and temperatures as well as decompression and cooling rates. Every rock also has its
own unique properties such as values for surface tension and density and requires different
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functions to be used for viscosity, solubility and diffusion. It is improbable that the mesh grids
included in this thesis can be applied to other rhyolitic samples, let alone other compositions. A
new numerical simulation needs to be run for every decompression study.

VAD79 Krafla Guney Dagi

Sio, 57.15 75.17 76.51
TiO, 0.30 0.22 0.03
Al, 04 21.34 12.02 12.56
FeO 2.70 3.13 0.70
MnO 0.14 0.11 0.07
MgO 0.39 0.09 0.01
CaO 3.26 1.66 0.25
Na,O0 5.16 4.58 4.47
K,0 9.46 2.88 4.24
P,04 0.09 0.0 0.0

Total 99.99 99.86 98.84

Table 6.2 The variability of rhyolitic compositions. Composition of Vesuvius (lacono-Marziano et al., 2007), Krafla
(Tuffen and Castro, 2009), and Giiney Dagi (Mourtada-Bonnefoi and Laporte, 2004).

Allabar et al., 2020a reports that the VAD79 samples show a peak of 9wt% H,O closest to the
bubble wall (figure 6.3). This higher value for H,Owt.% could be because of the different
compositions and/or the experimental conditions. Allabar et al., 2020a use a series of
decompression experiments (Allabar and Nowak, 2018; Allabar et al., 2020b) to quantify vesicle
shrinkage. Initial temperatures (T;) begin at 1050 — 1100K, the initial pressure (P,) used in
200MPa and follows a decompression rate (dPdt) of 0.064 — 1.7MPas* before quenching at a
rate of 150Ks™ to a final pressure (Pf) of 110 — 20MPa. With a higher pressure and higher
decompression rate than the conditions used by Burgisser and Gardner (2005), this may result in
different ¢ values even if the same composition has been used.

Figure 6.3 shows a H, 0 profile from position A to B between two bubbles below the surface of an
experimental sample. Errors are also included. The lower profile in the figure is a schematic
illustration of the AB intersection of the sample below the surface. The resorption halo depicted
around the bubbles has been calculated based on Raman Microscopy (RMS) measurements.

These high levels of resorption are just another example of why the numerical model used in this
study is so important and should be applied to all decompression studies moving forward. Although
the Allabar et al., 2020a method is suitable for measuring and calculating the H,O content it is
more time consuming than referring to a look-up table which could be generated based on the
VAD79 composition using this studies’ numerical method.
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Figure 6.3 H,0 data from two bubbles as reported by Allabar et al., 2020a. Measured with RMS. The lower figure is
a schematic illustration of the AB intersection of the sample below the surface.

6.4.4 Application to Natural Samples

When considering bubble growth and resorption is nature, other difficult to determine factors may
need to be considered. It is difficult to accurately represent the conditions found in the volcanic
environment however this studies” model could bring the natural environment into a realm which
is more closely understood. A variety of previous natural samples are applied to figure 6.1C (figure
6.4), these previous studies all have a rhyolitic composition and provide data on N, and/or dTdt
so it can be loosely understood how much resorption may have occurred within the natural
environment.

Mitchel (2018) looks at submarine volcanism in relation to the Havre volcano with the cooling rate
of the volcanic activity being linked to the vapor-rich submarine plume or hot seawater sheath
(Mitchel et al., 2018). 2D image analyses is used to measure the vesicle characteristics, including
N,. Mitchel, 2018 references a dTdt of > 0.16Ks™ for large clasts that are erupted at Havre and
have encountered water (Allen and McPhie, 2009; Fauria and Manga, 2018) suggested that
resorption of anywhere < 0.16 could have occurred during the Havre eruption. Similar studies that
utilise the natural environment are also recorded in figure 6.4 with a prediction of how much
resorption may have occurred, indicated.

Kaminski and Jaupart, 1997 study the generation of pumice in Plinian eruptions and design a
physical model to describe the behaviour of gas bubbles ascending a volcanic conduit. It is
concluded that based on the physical model and observations pumice vesicularity increases as
magma viscosity decreases. For the model calculations, Kaminski and Jaupart, 1997 reference a
dTdt of 20Ks™. Depending on the values chosen for the N, which isn’t specified, the bubbles
could be experiencing anywhere between 0.04 — 0.11 resorption.
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Gardner et al., 2018 study the sintering of rhyolitic ash under shallow conduit conditions. The
evolution of samples is studied following isothermal and isobaric experiments with all samples
appearing to follow four textural phases. Textures are found to evolve faster at higher temperatures
and higher pressures. A dTdt of 10Ks™? is used for a range of N, values from 4.89 x 10° —
4.89 x 1012m3. Depending on the experiment, a small amount of resorption will have occurred.

Gottsmann and Dingwell, 2001 quantify the cooling history across the glass transition of flow
ramps at the front of the rhyolitic Rocche Ross flow of Lipari Aeolian Islands. Samples are studied
and the chemical compositions measured using microprobe techniques while water contents are
determined using Fourier-Transform Infra-Red (FTIR). However, the samples studied, based on
the cooling rate provided, which is out of range of figure 6.4, will have undergone high levels of
resorption which should be considered when making any concluding statements.

Giachetti et al., 2010 studies the volcanic activity displayed by the Soufriere Hills volcano in 1997.
The vesicles contained within frothy pumices, breadcrust bombs and dense pumices are used to
understand how and when bubble nucleation took place. Giachetti et al., 2010 reference a N,, value
of 29 x 10*m-3. These pumice samples have undergone either very little or a substantial amount
of resorption and taking this into account may aid the understanding of the bubble nucleation
processes during the 1997 Soufriére Hills eruption even more.

Another rhyolitic eruption is studied by Houghton et al., 2010. The 1.8ka Taupo eruption generated
seven eruptive units which are examined using SEM images and by calculating the vesicle number
densities, the rate of magma ascent can be determined. The Vesicle Number Density (VND) is
provided for each of the seven units and it should be assumed that each unit experienced some
form of resorption. For instance, unit 1 has a VND of 6.89 x 101*m so it can be concluded that
this unit experienced resorption ranging from 0.03 — 0.15. In this study high number densities are
used to reflect a second late-stage, disequilibrium nucleation event in the shallow conduit
(Mourtada-Bonnefoi and Mader, 2004; Cluzel et al., 2008). However due to resorption, the VND’s
recorded may not be an accurate representation.

In Hamada et al., 2010 decompression experiments are carried out on a rhyolitic liquid to
characterise effects of magma ascent rate and temperature on bubble nucleation kinetics on N,,.
The experimental results are used to support the theory that N, is a good marker of the
decompression rate of magma in volcanic conduits, regardless of temperature. The N, Hamada et
al., 2010 work with is 4.6 x 103m which can result in a range of resorption outcomes.

It is important that for future studies N, and dTdt are well documented to allow for bubble growth
and resorption to be monitored.
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Figure 6.4 Data collected from various natural and experimental environments. The horizontal and vertical lines are
based on conditions provided by the studies and are used to provide an estimate of how much resorption may occur.
The studies in a clockwise direction are Kaminski and Jaupart, 1997: a study of expansion and quenching of vesicular
fragments in Plinian eruptions, giving a cooling rate of between 2 — 20Ks™, in this plot the highest cooling rate is
included. Gottsmann and Dingwell, 2001: looking at quenching of a rhyolitic flow from the Rocche Rosse flow of
Lipari, Aeolian Islands, Italy. Gardner et al., 2018: the sintering of ash is examined under various conditions to look
at mitigating explosivity. Hamada et al., 2010: rhyolitic pumices are studied using decompression experiments which
generate samples comparable to those in natural silicic pumices from Plinian eruptions. Houghton et al., 2010:
Samples from the 1.8ka Taupo eruption are examined. Giachetti et al., 2010: looking at syn-explosive vesiculation in
pumices from La Soufriére, Montserrat.

By minimising the effects of resorption, future studies can make more accurate conclusions
based on bubble textures knowing that they have not been over-printed post-decompression by
the resorption process or they can estimate how much overprinted has occurred. This will lead to
more accurate findings on understanding how the volcanic conduit works and the study of
bubbles as they travel towards the surface.

6.5 Conclusion

A parametric sweep is carried out for the rhyolite samples used by Burgisser and Gardner (2005).
A range of values for N, dTdt, P; and AP are used to generate 6561 bubble growth and resorption
values.

The values for the influencing factors are chosen based on commonly used values found in
experimental studies as well as values which exist in the natural world. A parametric sweep is
programmed into the numerical model by running a MATLAB combvec 1loop through all
possible outcomes before saving the complete output into an excel file. Mesh grids are used to plot
the parametric outputs, allowing analysis of multiple variables simultaneously. Changing

96



resorption levels are looked at based on N, and dTdt whilst also considering two separate pressure
scenarios.

For future studies, to minimise the process of resorption happening it is suggested that higher
pressure values be used as well as a high dTdt. If the post-experimental samples have a low N, it
is suggested that resorption is likely to have happened to some extent. These results, however, are
only applicable to specific compositions and the parametric sweep needs to be repeated for other
compositions and experimental set ups.
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7. Conclusion

7.1 Further Work

Further research into resorption for different compositions needs to be carried out with the aim of
creating a full dataset applicable to a variety of experimental samples e.g., Vesuvius AD79 white
pumice (lacono-Marziano et al., 2007; Marxer et al., 2015; Allabar and Nowak, 2018; Allabar et
al., 2020a), Chaitén rhyolite (Castro and Dingwell, 2009; Browning et al., 2020), Little Glass Butte
obsidian (Kaminski and Jaupart, 1997; Gardner et al., 1999), and Krafla rhyolite (Tuffen and
Castro, 2009). These same compositions are often used in decompression studies because of how
accessible and homogeneous the samples are (lacono-Marziano et al., 2007), as well as how much
water is present in the samples (Castro and Dingwell, 2009).

Once there is an improved understanding of how bubble growth and resorption works for different
compositions and experimental scenarios, further study can take place, looking at how much
cooling rate (dTdt) and bubble number density (N,) influence bubble growth and resorption and
how important these factors are in considering decompression experiments.

Itis a suggestion that in the future, full experimental guidance is published on the best experimental
conditions to use to minimise bubble resorption as well as conditions to avoid. This should be
paired with how much resorption can influence any desired results and how to correctly take
resorption results into account.

An important aim of experimental volcanology is to be able to apply experimental findings to the
natural world; a better understanding of how resorption occurs in the laboratory will translate into
a better understanding of the process of resorption in the volcanic conduit and how this may present
itself in volcanic samples.

The parametric sweep presented in chapter 6 opens itself up to further study. For each mesh plot
in figures 6.1 and 6.2, two out of the four influencing factors listed (N, dTdt, final pressure (Py),
and pressure change (AP)) are looked at, however it would be interesting to look at three or four
of these factors in one plot by parameterising all four factors. This would be possible by turning
N, and dTdt into a single non-dimensional number. This value would be based on diffusion, as
dTdt controlled the diffusion timescale while N, sets the diffusion length scale, allowing these
two factors to combine. This would allow these four influencing factors to be analysed
simultaneously to improve resorption prediction. It is recommended that this is the next step for
resorption analysis.

As this current study stands, the model presented is confined to a theoretical exercise. However, it
has the potential to be applied and used widely in volcanological studies. For this to happen, further
work needs to be undertaken to improve and legitimise the numerical model, this includes applying
it to more decompression experiments to examine and compare results.

To apply this model to natural scenarios would be incredibly beneficial however with the current
knowledge, it is difficult to constrain eruption environments so although the numerical model can
be used to make estimates of resorption potential, any conclusions should be backed up by other
evidence such as the textural images produced by Houghton et al. (2010), Pappalardo et al. (2018),
Carey et al. (2013), and Mclintosh et al. (2014) or geochemical data (Mclntosh et al. 2014; Allabar
et al., 2020b).
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7.2 Summary of Study

Bubble growth and resorption are what drive volcanic eruptions, and they play a major role in
determining eruption style. This study aims to understand how resorption can be influenced and
how it may alter bubble textures and final experimental results.

A numerical model, initially developed by Coumans et al. (2020) is used to run simulations of
bubble growth and resorption using experimental data from Burgisser and Gardner (2005), a study
which made conclusions on volcanic processes based on final bubble textures of its samples. The
Coumans et al. (2020) numerical model undergoes further model development to account for
equilibrium bubble conditions and to define a more accurate cooling pathway.

The background behind the Coumans et al. (2020) model is explored and the components that are
used for the composition, solubility, diffusivity, viscosity, and Equation of State (EOS) functions
are explored. The basics of the model are also explored, including the models of Proussevitch and
Sahagian (1998) and Blower (2001) which form the building blocks of the current model.

Three successive research chapters explore the questions raised in the introduction and background
research: how important resorption is, the process of resorption following quench and how
resorption can be minimised in decompression experiments.

The process of resorption is understood to a greater level of detail based on the numerical model
results of the five samples from Burgisser and Gardner (2005). Burgisser and Gardner (2005) state
that ABGL is held at equilibrium and does not undergo any bubble growth or resorption, however,
the numerical model concludes that resorption occurs during the quench. When looking at the four
ABG samples that experience the second decompression stage, it is clear that the samples undergo
significant amounts of resorption which have the potential to alter syn-experimental textures.

Four influencing factors - N,,, dTdt, Ps, AP — are named as having the most influence on how
much resorption occurs. A parametric sweep is used to make conclusions on the best experimental
practises to minimise the amount of resorption that occurs during the quenching process. The
results gathered from the parametric sweep can allow for the effect of resorption to be removed
from both experimental and natural samples, supporting more meaningful interpretations of bubble
textures.

From this study, several conclusions can be drawn:

1) The Burgisser and Gardner (2005) study looks at samples which experience various levels
of resorption, with the sample at equilibrium experiencing no resorption.

2) A newton cooling curve is more accurate when determining how samples cool in the
laboratory and in nature.

3) Cooling rate influences how much resorption occurs, to varying degrees, with the lowest
cooling rates causing more bubble growth and more resorption.

4) In comparison to the conclusions by Mclintosh et al. (2014) which uses Secondary lon
Micro-Spectrometry (SIMS) to calculate resorption, similar levels of resorption are
reported by this numerical model. The disparities between these sets of values are suggested
to be because of experimental errors.

5) Both N, and P, affect how much resorption occurs, with low- and high-pressure
minimising resorption, while peak resorption occurs at a Pr of 50MPa. For N, resorption
increases with an increasing N,.
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6) A parametric sweep is carried out. A high N, low dTdt, and high initial pressure (P;) and
Py, resorption is minimised. It is suggested that these influencing factors should be
controlled in future studies to minimise how much over-printing occurs to bubble textures.

7.3 Implications in the Field of Experimental VVolcanology

This study can have far-reaching implications in terms of experimental and natural analysis of
volcanic samples. The full numerical model script is provided as supplementary material and
should be used for further research into what controls resorption and how it affects final bubble
textures.

The numerical model developed in this thesis should be used in all future decompression studies
to factor in resorption and the impact it may have. This should be done by monitoring the N,
cooling rate, decompression rate, starting and ending pressure and temperature for each study. It is
also suggested that the surface tension and density of the experimental samples be measured to
provide accurate compositional conditions.

For natural scenarios, it is difficult to control the above factors so caution should be taken when
applying the numerical model to natural scenarios. It is suggested that for this model to be
applicable to natural studies, further study needs to be done on the cooling pathways of individual
natural scenarios as well as how to accurately use vesicle number density (VSD) as a replacement
for N,. Houghton et al. (2010) use binary images of pumices (see section 2.2.4) to investigate the
textures of the samples in terms of vesicle distribution, size, shape, and elongation. The images
(figure 2.4) show a complex architecture of vesicles and it is not possible at this stage to apply the
numerical model to this data other than to make resorption estimates based on inferred eruption
conditions. Similarly, the microstructures presented by Pappalardo et al. (2018) show a high degree
of vesiculation and while these textures reveal details about the bubble behaviour, it is not
constrained enough to calculate the likelihood of resorption. However, experimental studies similar
to Mclntosh et al. (2014) such as Watkins et al. (2012) which look at experimental scenarios and
use these results to extrapolate out to also consider resorption in natural scenarios are beneficial to
investigate.

The over-arching aim of this study and studies like it, should be to create a fully open-source
database to allow researchers to carry out accurate decompression studies where it is known exactly
what is happening to the bubbles in the samples. This will benefit the understanding of the role
bubbles play in volcanic conduits and create a more concrete understanding of past volcanic
eruptions.
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8. Appendices

8.1 Newton Cooling Script

To select a cooling pathway for the numerical model, the user must select which case to use. ‘P:
Isobaric, T: Isothermal’ refers to a constant pressure and constant temperature. ‘P: Isobaric, T:
Polythermal-Dwell’ refers to a constant pressure and decrease in temperature. ‘P: Polybaric-Dwell,
T: Isothermal-quench’ refers to a decreasing pressure and decreasing temperature. ‘P: Polybaric-
Dwell, T: Isothermal-quench-N’ refers to a decreasing pressure and a decreasing temperature
following a newton cooling pathway. This is written as:

PTtModel = ‘P: Polybaric-Dwell, T: Isothermal-quench-N’;

With % representing comments which do not influence the script and are usually intended for the
benefit of the user. The last option listed represents the newton cooling pathway, a pathway which
has to be incorporated into the model.

A new case is set up in the switch PTt model. This case contains the required parameters to
calculate the newton cooling pathway: initial temperature (T_0), final temperature (T_f), ambient
temperature (T_a), newton cooling constant (k_cool_Newton), initial pressure (P_®), final
pressure (P_f), decompression rate (dPdt) and initial water concentration (H20t_0). To calculate
the time of quench (t_f), equations (11) and (36) are used:

tf = abs((P.f - P_O)/dPdt) + (log((T.f - T.a)./(T 6 -
T_a))./k_cool Newton);

To calculate the decompression rate, the ambient temperature needs to be passed in place of final
temperature and for the cooling rate (dTdt), the newton cooling constant needs to be passed in
place of the cooling rate:

Tf =T _a;
dTdt = k_cool Newton;

This ‘hacking’ of the arguments list is then reversed once the newton cooling function is at work:

T a=T_fF;
k_cool Newton = dTdt;

In the newton cooling function, the time at which the experiment reaches the final pressure is
calculated before calculating the pressure and temperature conditions throughout the experimental
run:

P_t Press = abs((P_f - P_0)/dPdt;

P = ((t <= P_t Press).*(P_0 + t.*dPdt) + ((t > P_t _Press).*P_f);
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T = ((t <= P_t_Press).*T_0) + (((t > P_t_Press).*(T_a + T_0 -
T a).*exp(k_cool Newton.*(t-P_t Press)));

These statements are what calculate the newton pathway, depending on the pressure and
temperature conditions which are input. Non-newton cooling pathways are calculated in a similar
manner.

8.2 Equilibrium Conditions Script

When solving equation (34) numerically, equation (32) acts as V,; and equation (34) acts as V.
Both these equations feature the radius of the bubble, however V,, features it explicitly while V,

features it implicitly. To calculate the radius in MATLAB, the equations need to be equal. The
function fzero is used where:

x = fzero(fun, x0);

The function finds point x where fun(x) = 0 and will be able to find the initial bubble radius
where V,; — V4, = 0. The equilibrium bubble calculations are kept within a single function which
stores the necessary variables for the calculations: initial temperature, final temperature, initial
pressure, final pressure, bubble number density (Nb), melt density (melt_Rho), surface tension
(SurfTens) and the solubility function (SolFun), and is written as:

function [phi, bub_rad] = GetEgmBub(T_ @, T _f, P_@, P_f, Nb, SurfTens,
melt_Rho, SolFun);

To calculate the initial bubble radius (bub_rad), the fzero function is incorporated into the script
and written as:

bub_rad = fzero(@find_vol, r o, [], R, T. O, T f, PO, P f, V.m, W,
SurfTens, melt Rho, SolFun);

r_0 is an initial estimate of the bubble radius (here it is 10~°m), R is the universal gas constant,
V_m is the volume of the melt, and W is the molecular mass of gas. The fzero function is used to
calculate the bubble radius when find_vol = @, find_vol is stored within the function:

function vol_diff = find_vol(r, R, T @, T_f, PO, P_f, V.m, W, SurfTens,
melt_Rho, SolFun);

The vol_diff is Vy; — V,, and when vol_diff is equal to zero, it is passed through to the

fzero function. Once an initial radius has been calculated, the initial water concentration is
calculated by selecting the appropriate solubility model function:

Ib H20 @ = SolFun(Ib_Tf, Ib Pf + ((2*SurfTens)/R _9)));

SolFun is a function which contains the various solubility models and can change depending on
the solubility model selected by the user.

102



8.3 Parametric Sweep

The first stage in creating a parametric sweep is to create a matrix which contains all possible
combinations of the input vectors: bubble number density (BND), initial pressure (P9), pressure
change (P_delta) and newton constant (newton_c). This is written as:

A = combvec = (BND, PO, P_delta, newton c);
[Comb,~] = size(A);
peak phi_vector = ones(Comb, 1);
R_© = ones(Comb, 1);
Phi_© = ones(Comb, 1);
Ib H20 @ = ones(Comb, 1);
final phi_vector = ones(Comb, 1);
The output folder is stated and then a for loop runs through all combinations of A.
for i = 1:1:Comb
input_BND = A(i, 1);
input_Po = A(i, 2);
input_P_delta = A(i, 3);

input_newton_c = A(i, 4);

The excel folder is output each time a new combination is run, creating 6561 excel files, before
concatenating all files into one master file at the end of the run.
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