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Abstract

The rheology of a magma is recognized as a one of the crucial parameters for the

understanding of processes and features throughout a volcanic system. Despite its key role

in governing volcanic processes, magma rheology is extremely difficult to constrain in

time and space within a natural volcanic system. It is well known from laboratory studies

and observations in natural volcanic systems that the amount of crystals suspended in the

melt, and the degree to which they interact, are central parameters governing magma

rheology. Accounting for, or neglecting the effect of solid particles in volcanological

eruption models can change their results by orders of magnitudes and may be a key

parameter controlling whether an eruption is explosive or effusive. However, a key

question in suspension rheology remains unanswered: How does the size distribution of

suspended particles influence the flow?

  Crystal-size distributions (CSD) are a widely used tool to describe aspects of a

natural sample’s crystallization history (e.g., nucleation and growth rates, etc.) in order to

examine processes within magma chambers and/or the conduit during magma ascent.

Because crystals grow during magma rise, and due to the influence of particle

concentration, size distribution and shape on suspension rheology, it is expected that the

rheology of ascending magmas will change with time and position within a volcanic

conduit.

  This thesis investigates systematically the influence of CSD's on the rheology of

vesicle free magmatic suspensions by using analogue rotational rheometric experiments

with glass particles of different shapes in silicone oil acting as a magma equivalent. With

the help of multimodal particle suspensions of well-defined size fractions, the analogue

experiments of this study reveal that the polydispersity γ of the suspended particles exerts

the largest influence on the maximum packing fraction ϕ௠ of the suspension and

consequently on its rheological behavior. In this thesis, an empirical model is derived in

order to estimate the relative effect of crystal content and CSD's on the viscosity of magma

directly from textural image analysis of natural rock samples. This model is applied to and

tested by the measurement and analyses of the CSDs in experimentally grown crystal

populations from high pressure/high temperature (HP/HT) petrological-experiments of

Santorini pumice.
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Kurzfassung

Die rheologischen Eigenschaften eines Magmas gelten als einer der entscheidenden Para-

meter für das Verständnis von Prozessen und Eigenschaften eines vulkanischen Systems.

Die Rheologie eines Magmas innerhalb ihres jeweiligen natürlichen vulkanischen Systems

bestimmen zu können, ist jedoch äußerst schwierig. Anhand von Laborstudien und

Beobachtungen natürlicher vulkanischer Systeme wird vermutet, dass die Menge der in

einer Schmelze suspendierten Kristalle und der Grad ihrer Wechselwirkung untereinander

zentrale Parameter der Magmarheologie sind. Der Effekt von Partikel in der Schmelze hat

enorme Auswirkungen auf vulkanologische Eruptionsmodelle und ist letztlich ein Schlüs-

selparameter dafür, ob eine Eruption explosiv oder effusiv sein wird. Eine wichtige Frage

der Suspensionsrheologie bleibt jedoch trotz allen Fortschritts unbeantwortet: Wie beein-

flusst die Größenverteilung der partikel die rheologischen Eigenschaften einer Suspension?

  Kristallgrößenverteilungen (CSD) gelten als weit verbreitete Möglichkeit um

diverse Aspekte der Kristallisationsgeschichte einer natürlichen Probe (z.B. Keimbildung

und Wachstumsraten, etc.) zu beschrieben, um Prozesse innerhalb von Magmakammern

und/oder des Schlots während des Magmenaufstiegs zu untersuchen. Da Kristalle während

des Aufstiegs des Magmas wachsen und aufgrund des zuvor beschriebenen Effekts der

Kristalle auf die Magmenrheologie, ist zu erwarten, dass sich dauch ie Rheologie der auf-

steigenden Magmen mit der Zeit und ihrer Position innerhalb des Vulkanschlots ändert.

  Die vorliegende Dissertation untersucht systematisch den Effekt von Kristall-

größenverteilungen auf die Rheologie blasenfreier magmatischer Suspensionen mithilfe

rheometrischer Rotationsexperimente. Als Magmaäquivalent fungiert im Rahmen dieser

Analogexperimente ein Gemisch von Silikonöl mit darin gelösten Glaspartikel. Die

Ergebnisse dieser umfassenden Experimentalreihe zeigen, dass die Polydispersität γ der

suspendierten Partikel den größten Einfluss auf die maximale Packungsdichte ϕ௠ der

Suspension und damit auf ihr rheologisches Verhalten ausübt. Kern dieser Arbeit ist

folglich ein empirisches Modell, welches es ermöglicht den relativen Einfluss des

Kristallgehalts und der Korngrößenverteilung auf die Viskosität von Magma direkt aus der

strukturellen Bildanalyse natürlicher Proben abzuschätzen. Dieses Modell wird zudem auf

die Analyse der CSDs in experimentell gewachsenen Kristallpopulationen aus Hochdruck-

/ Hochtemperatur (HP/HT) - Experimenten angewendet und getestet.
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1. Introduction

The rheology of a magma is recognized as one of the crucial parameters for the

understanding of processes and features throughout a volcanic system – either it be within

the magma chamber, in volcanic conduits or during eruptive and post-eruptive depositional

processes. It might also be of use interpreting pre-eruptive volcanic unrest and earthquakes,

and ultimately predicting volcanic hazards related to magma motion. Despite its key role in

governing volcanic processes, magma rheology is extremely difficult to constrain in time

and space within a natural volcanic system. The challenge stems from the fact that

rheology is dependent upon so many, partly time-dependent variables, such as temperature,

pressure, composition, deformation rate, and fraction of suspended particles or bubbles.

  Magma is a complex mixture of a liquid, solids and a gaseous phase, and thus,

magma rheology depends on the chemical composition of the melt, as well as on the

volume fractions and physical characteristics of the two suspended phases – gas bubbles

and crystals. It is well- known from laboratory studies, as well as from observations in

natural volcanic systems that the amount of crystals suspended in the melt, and the degree

to which they interact, are central parameters governing magma rheology. Accounting for,

or neglecting the effect of solid particles in igneous petrological and volcanological

eruption models can change their results by orders of magnitudes and may be a key

parameter controlling whether an eruption is explosive or effusive.

  In fact, knowing the flow properties of particle-bearing fluids is vital for

understanding not only volcanological phenomena, but also for a variety of many other

natural phenomena like landslides, mudflows or avalanches, as well as industrial or

technological processes, like biotechnological (e.g Hahn et al., 2015), pharmaceutical and

cosmetic (e.g.Gallegos & Franco, 1999), as well as plastics (e.g., Dealy & Wang, 2013),

paint (e.g., Strivens, 1999), petroleum and mining industries (e.g., Hasan et al., 2010).

Rheology is the study of deformation and flow of material and describes how a substance

responds to an applied force. The term rheology originates from the Greek: ῥεĩ (rhei) and

λόγοϛ (logos) literally meaning the science of flow. However, this applies not only to the

flow behavior of liquids, but also to the deformation of solids, that produced by shear

forces cause many materials to flow and can therefore be treated as flowing material

(Mezger, 2006). In theory, there are two endmember describing the behavior of a



1. Introduction

4

deforming material: (a) the flow of ideally viscous liquids on the one hand and (b) the

deformation of ideally elastic solids on the other. The behavior of most real materials is

based on the combination of both a viscous and an elastic portion and therefore, it is called

viscoelastic. One major task of rheology is to describe and/or measure exactly this

behavior by the relationships between deformations (or rates of deformation) and stresses.

  In geosciences, however, during the last four decades significant effort has been

addressed to characterize and model the viscosity of silicate melts of various compositions

(e.g., Hess & Dingwell, 1996; Giordano et al.,2008; Robert et al., 2014; among others).

However, a powerful tool to isolate and systematically investigate different rheological

influences are analogue experimental studies. Recent research has considerably improved

our understanding of the flow properties of particle-bearing, bubble-free systems (Lejeune

& Richet, 1995; Rutter & Neumann, 1995; Deubener & Brückner, 1997; Smith, 1997;

Bagdassarov & Dorfman, 1998a, 1998b; Paterson, 2001; Mecklenburgh & Rutter, 2003;

Petford, 2003; Lautze & Houghton, 2005; Llewellin & Manga, 2005; Melnik & Sparks,

2005; Rowland et al., 2005; Rutter et al., 2006; Carricchi et al., 2007; Gonnermann &

Manga, 2007; Lavallée et al., 2007; Champallier et al., 2008; Hale & Wadge, 2008;

Ishibashi; 2009; de Maissoneuve & Bachmann, 2009; Massol & Jaupart, 2009; Applegarth

et al., 2010; Castruccio et al., 2010; Mueller S.P. et al., 2010; Vetere et al., 2010; Cimarelli

et al., 2011; Mueller et al., 2011; Vona et al., 2011; Pistone et al., 2012; Del Gaudio et al.,

2013; Mader et al., 2013; Del Gaudio, 2014; Moitra & Gonnermann, 2015; Truby et al.,

2015), as well as of or bubble-bearing, crystal-free systems (Bagdassarov & Dingwell,

1992, 1993a, 1993b; Lejeune et al., 1999; Llewellin et al., 2002; Okumura et al., 2006,

2008, 2009, 2010; Rust & Manga, 2002a, 2002b; Stein & Spera, 1992, 2002; Kameda et

al., 2008; Caricchi et al., 2011). However, a key question in suspension rheology remains

unanswered: How does the size distribution of suspended particles influence the flow?

  Whilst considerable progress has been made in understanding the impact of the

volume fraction (e.g., Pinkerton & Stevenson, 1992; Caricchi et al., 2007; Mueller S.P. et

al., 2010) and shape (Mueller et al., 2011; Mader et al., 2013) of crystals on magma

rheology in particular or two-phase mixtures in more general terms, the effect of the

particle size distribution (PSD) on suspension rheology is still poorly constrained and it

remains largely unclear in what way and to what extent a crystal size distribution (CSD)

affects the rheology of a magma. A highly disperse PSD (i.e., a great variety of different
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crystal sizes) leads to a much more efficient packing of crystals in a flowing magma and it

is assumed that it is precisely the packing arrangement and the resulting particle

interactions that predominantly controls the rheological behavior (e.g., Mader et al., 2013).

Despite the impact of PSD on suspension flow, only few studies address its influence on

rheology directly (e.g., Olhero & Ferreira, 2004). Theoretical and experimental studies of

non-uniform particle distributions are mainly restricted to uni- and bimodal cases, with

particles of one and two distinct sizes respectively (e.g., Farris, 1968; Chong et al., 1971;

Chang & Powell, 1994; Probstein et al., 1994; Luckham & Ukeje, 1999; Wackenhut et al.,

2005; Cimarelli et al., 2011; Faroughi & Huber, 2014).

  Crystal-size distributions (CSD) are a widely used tool to describe aspects of a

natural sample’s crystallization history (e.g., nucleation and growth rates, cooling and

residence time, qualitative degassing patterns) in order to examine processes within magma

chambers and/or the conduit during magma ascent (e.g., Cashman & Marsh, 1988; Marsh,

1998; Moore & Carmicheal, 1998; Hammer & Rutherford, 2002; Castro et al., 2003; Mock

& Jerram, 2005; Rannou & Caroff, 2010; Riker et al., 2015, among others). Prior to an

eruption, magmas undergo complex storage, ascent and decompression histories, which

result in equally complex magmatic textures comprising crystals and vesicles in contact

with quenched silicate melt (glass). Because crystals grow during magma rise, and due to

the profound influence of particle concentration, size distribution, and shape on suspension

rheology, it is expected that the rheology of ascending magmas will change with time and

position within the volcanic conduit.

  The goal of this thesis is to determine how the crystal size distributions in naturally

occurring magmatic rocks develops as a function of depth, decompression rate, and volatile

content in a magma chamber-volcanic conduit system. Such a project will provide realistic

textural maps of a magma-filled volcanic conduit, from which it might be possible to

interpret the ascent and eruption histories of volcanoes that have produced magma having

clearly undergone pre- and syn-eruptive crystallization (Hammer et al., 2000, 2002; Martel

et al., 2000; Castro & Gardner, 2008).

  Therefore this thesis investigates systematically the effects of various polydisperse

size distributions on the rheology of particle suspensions and link them to natural CSDs. It

presents the results of a combination of systematic rheometric experiments using
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multimodal particle suspensions of well-defined size fractions as magma-analogue material

and high pressure/high temperature (HP/HT) petrological experiments on natural samples

as real rock equivalents. Whilst analogue experiments do not capture processes such as

crystal breakup and pressure solution, viscous heating effects or shear thinning melt

behavior (which are thought to be operative in silicate liquid phases), they have the

advantage over experiments with natural magmatic suspensions that they are better

characterized with respect to their physical properties and allow more thorough exploration

of parameter space - especially since the physical parameters involved can be controlled

and isolated to a high degree of accuracy. Petrological HP/HT-experiments of natural

volcanic samples on the other hand provide the opportunity to simulate and vary natural

processes in a magma chamber and the conduit in order to try and test the results of

analogue modeling directly and to compare these findings to natural rocks.

  The results of this combined study provide the basis for a comprehensive and

unique dataset of rheological parameters for particle bearing suspensions, as a function of

particle concentration ϕ and PSD, which is the first of its kind up to date. Starting with

simple uni- and bimodal distributions, the complexity (i.e. polydispersity) of the samples’

PSD is increased towards tri- and tetramodal distributions. In addition, suspensions with

Gaussian distributions with varying variance (‘broadness’) and skewness (‘tailed

distributions’; figure 1) are analyzed. The specific rheological parameters investigated are:

(a) relative bulk viscosity (η୰), (b) strain rate dependence of viscosity (flow index n), (c)

yield strength (τ଴) and (d) the maximum packing fraction ϕ୫of the suspension. The

dataset permits validation and improvement of existing rheology models of polydisperse

particle suspensions (e.g., Maron & Pierce, 1956; Krieger & Dougherty, 1959; Farris,

1968; Costa et al., 2009) and provides links between the statistical characteristics of a PSD

with its maximum packing fraction ϕ୫ in order to draw inferences directly on its relative

viscosity.

  The intention of the petrological HP/HT-experiments is to measure the CSDs in

experimentally grown crystal populations in order to test the finding of the analogue

experiments on one hand and to gauge when and at what P-T conditions microlite

crystallization occurs in a volcanic conduit (to map the conduit) on the other. By using the

well-constrained mineral and glass compositional and textural database of Sanorini

volcano at hand, this data can be used as starting points for controlled petrological
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experiments. In particular, rhyodacitic pumice of the Minoan eruption of Santorini volcano

is used as target composition in this thesis (e.g., Cottrell et al., 1999; Druitt et al., 1999).

The set of experiments will have two primary goals: (a) to establish the pressure,

temperature, and crystal texture relations in magma conduits (phase equilibrium

experiments), as well as (b) to simulate a range of magma rise scenarios, which will

investigate the effects of magma rise speed and total decompression on the ensuing textural

and chemical signatures in the eruptive materials (decompression experiments).

1.1. Thesis layout

This thesis is mainly divided into two different parts (a) the analogue experiments, and (b)

the petrological HP/HT-experiments. Chapter 2 introduces theoretical background and the

current state of research in terms of the rheology of magmas and rheology in general, as

well as the concept of particle-size distributions and the way this is used in this thesis. It

also summarizes the methods of measuring the rheological parameters and presents

rheometric setups. The actual experimental methods and techniques used within this thesis

are discussed in chapter 3, starting with the measuring procedure in order to determine the

viscosity of the sample and the sample preparation that is necessary to do so. This chapter

also gives a detailed overview of the analyzed measurements, the measuring routine and

how raw data is processed. Chapter 4 contains the main experiments and results of the

analogue experiments. It provides the findings of the experimental approach linking PSD,

maximum packing fraction and suspension viscosity to a newly developed model.

Furthermore, that model as the key finding of this thesis is tested and a practical

application for future use is presented and discussed.

  Chapter 5 introduces the theoretical background and the ideas behind the

petrological experiments used in this thesis. This includes the experimental strategy based

on the concepts of phase equilibrium experiments, as well as of dynamic decompression

experiments. Furthermore, the theoretical background of crystal-size distributions and the

way this is used in volcanology is discussed here. The methodology of these HP/HT-

experiments and the corresponding sample preparation is presented in chapter 6 giving an

overview of all the measurements and how they were analyzed and processed. Thus, the

image analyses and processing steps needed for the use of the model derived in chapter 4

are explained here. Chapter 7 contains the main results of the petrological experiments that
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were put in context with the analogue experiments of the first part of this thesis.

Limitations and applications, as well as possible strategies for future petrological work are

also discussed. Finally, a concluding summary of this thesis and routes for future work in

that field of research can be found in chapter 8.
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2. Rheology

Rheology is the science of deformation and flow and is a measure of how a substance

responds to an applied force. It originates from the Greek: ῥεĩ (rhei) and λόγοϛ (logos)

literally meaning the science of flow. However, rheological experiments do not merely

reveal information about flow behavior of liquids but also about deformation behavior of

solids (Mezger, 2006). The connection here is that a large deformation produced by shear

causes many materials to flow. All kinds of shear behavior can be viewed as being in

between two extremes: flow of ideally viscous liquids on the one hand and deformation of

ideally elastic solids on the other. Two illustrative examples for the end members of ideal

behavior are low-viscosity mineral oils and rigid steel balls. The behavior of most real

materials is based on the combination of both a viscous and an elastic portion and

therefore, it is called viscoelastic. One major task of rheology is to describe and/or measure

exactly this behavior by the relationships between deformations (strain or strain rates of

deformation) and stresses (Mezger, 2006).

  Rheology as a science in its own right was not established before the beginning of

the 20th century. However, scientists and practical users have long before been interested

in the behavior of liquids and solids, although some of their methods have not always been

very scientific. This applies for example to Isaac Newton, Blaise Pascal, and Daniel

Bernoulli in the 17th and 18th century, or to Thomas Young, Simeon Poisson, Georges

Gabriel Stokes or James Clark Maxwell in the 19th to name a small selection (Mezger,

2006). Of special interest are the various attempts to classify all kinds of different

rheological behavior, such as the classification of Markus Reiner in 1931 and 1960, and of

George W. Scott Blair in 1942 and the introduction of rheology as an interdisciplinary field

of research by E.C. Bingham and M. Reiner in 1929 (Mezger, 2006).

  The upcoming chapter introduces the basic principles of rheology, its relevance for

volcanological research and an overview of the current state of knowledge considering the

rheology of particle-bearing suspensions, as well as rheometrical methods used in this

thesis.
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2.1. Rheology of magmas

As summarized by Mader et al. (2013), it is difficult to overstate the importance of an

accurate, quantitative description of the rheology of magmas for volcanological research.

A magma must possess rheological properties that allow it to be readily transported from

the place it originated as a partial melt in the Earth’s crust or mantle (Dingwell, 2006).

Therefore the rheology of magma is an important parameter throughout a volcanic system.

It is extremely important in determining the rates of emplacement of magma and the

shapes of igneous bodies and governs transport dynamics in the conduit, rates of

physicochemical processes (e.g., degassing, crystallization), as well as processes during

and after an eruption (e.g., Papale, 1999; Cashman & Blundy, 2000; Spera, 2000; Sparks &

Aspinall, 2004; Lautze & Houghton, 2005; Llewellin & Manga, 2005; Melnik & Sparks,

2005; Rowland et al., 2005; Dingwell, 2006; Carrichi et al., 2007; Gonnermann & Manga,

2007; Giordano et al., 2008; Hale & Wadge, 2008; de Maissoneuve & Bachmann, 2009;

Massol & Jaupart, 2009; Applegarth et al., 2010; among others). It is also a key parameter

in modelling igneous petrological and volcanological processes (Pistone et al., 2016) and,

during the last decades, a field of intense research in order to characterize and model the

viscosity of silicate melts (e.g., Alidibirov & Dingwell, 1996; Hess & Dingwell, 1996;

Giordano et al., 2008, among others) or in particular of basaltic (Pinkerton and Norton,

1995; Ryerson et al., 1988; Robert et al., 2014), andesitic (Lejeune & Richet, 1995),

rhyolitic (Alidibirov et al., 1997; Murase et al., 1985; Stevenson et al., 1996; Tuffen et al.,

2003) and synthetic melts (Brückner & Deubener, 1997). However, magma rheology is

extremely difficult to constrain in time and space within a natural volcanic system.

Measurements of viscosity have been made in the laboratory at both atmospheric and

higher pressures on a variety of liquids formed by melting common igneous rocks. In

addition, viscosities have been calculated from the actual measured flow rates of lava

issuing from active volcanoes. Magma rheology is therefore a controlling input to all

models of magmatic flow and hence our ability to predict volcanic hazards or interpret the

volcanic record.

  A magma is basically a mixture of three phases: a viscous silicate melt, crystals, and

a volatile phase and its viscosity can span more than 15 orders of magnitude (10−1 – 1014 Pa

s; Figure 2), primarily in response to variations in temperature, melt composition and the

proportions of suspended solids and/or exsolved fluid phases (Dingwell, 1996; Spera,
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2000; Giordano et al., 2004a,b; Giordano et al., 2008). The rheology of silicate melts has

been well-studied for a wide range of melt compositions and conditions (e.g., Hess &

Dingwell, 1996; Giordano et al., 2006; Neuville, 2006; Poe et al., 2006; Vetere et al.,

2006; Hui & Zhang, 2007; Giordano et al., 2008, 2009; Whittington et al., 2009; Vetere et

al., 2014). Silicate melts can be treated as Newtonian liquids provided the strain-rate

remains below a level defined by the structural relaxation timescale of the fluid λr (Mader,

2013). The structural relaxation timescale is thought to describe the timescale on which the

material's internal microstructure can re-organize to accommodate strain and identifies the

transition between relaxed, ductile flow and unrelaxed, brittle fracture (Mader, 2013).

Gonnermann and Manga (2007) identify six parameters that affect the rheological behavior

of a magma: (a) the chemical composition of the melt, (b) the volatile-dependent viscosity

of the melt phase, (c) the magma temperature, (d) pressure, (e) the volume fraction and size

of gas bubbles, (f) the volume fraction and shape of crystals, and (g) the rate of magma

deformation. As a result, the rheology of magmas is extremely variable, with viscosities

ranging over many orders of magnitude, often within a single volcanic eruption. The

correlation between melt composition, temperature and melt viscosity has been

investigated in numerous experimental studies, e.g., Shaw (1972), Webb & Dingwell

(1990a; 1990b), Hess & Dingwell (1996), Giordano & Dingwell (2003). The viscosity

models established in these studies, are now widely used in geological flow models and

gave rise to a considerably enhanced understanding of the fluid dynamics behind magmatic

and volcanological processes.

2.1.1. Chemical composition of melts

Strong interatomic bonds within a network of silicon and oxygen atoms are the main cause

for the ‘viscidity’ of a volcanic melt. Therefore, the total amount of Silica and Oxygen in

the melt, as well as the amount of other network forming components such as Al, Fe3+ or

P5+ is a key factor in determining the viscosity (Spera, 2000; Gill, 2010). The structure of

silicate melts is a disordered, three-dimensional network of interconnected SiO4 tetrahedra

and the degree of polymerization of these tetrahedra via bridging oxygen atoms determines

the intrinsic viscosity of silicate melts, which can vary over orders of magnitude with

chemical composition or volatile content (Giordano & Dingwell, 2003).
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The rearrangement of the average molecular structure of a silicate melt is known as

structural relaxation and is due to a continuous process of polymerization and

depolymerization within the melt. It involves breaking and remaking of Si-O bonds, in

other words a self-diffusive motion of atoms (Giordano & Dingwell, 2003). While the

local structure is continually rearranging, the average structure of a melt is constant with

time, akin to a dynamic equilibrium and is in part responsible for the viscous character of

silicate melts (Moynihan, 1996). Following Mysen et al. (1982; 1984) and Mysen et al.

(2005) the relation of non-bridging oxygens per tetrahedron (NBO/T) gives the degree of

the polymerization. If NBO/T = 0 the melt is completely polymerized and the pure silicic

melt has a high viscosity, while NBO/T = 4 represents a completely depolymerized melt

with isolated SiO4  tetrahedra resulting in a lower viscosity (Giordano & Dingwell, 2003).

2.1.2. Dissolved volatiles

The dominant volatile species in most magmas is H2O. It dissociates into molecular water

and hydroxyls when it dissolves and disrupts the bridging oxygens of the polymerized

silicate network and therefore decrease the viscosity of the melt (Figure 1; Silver et al.,

1990; Best & Christiansen, 2001; Giordano & Dingwell, 2003; Gill, 2010). Such

components are called network modifiers. While that behaviour is also known for other

volatile components (CO2, Cl, Br, I, S) and cations (Li+, K+, Na+, Ca2+, Mg2+), they appear

to be less important in terms of directly influencing viscosity compared to the effect of

H2O (e.g., Dingwell et al., 1998; Spera, 2000; Bourgue & Richet, 2001; Zimova and

Webb, 2006).

Figure 1: H20 breaking SiO4 chains (from Gill, 2010)

  For rhyolitic melts, Hess & Dingwell (1996) developed a widely used empirical

viscosity model. Viscosity varies by several orders of magnitude for typical water contents

and temperatures observed in rhyolitic magmas (e.g., the addition of 3 wt.% H2O lowers

the viscosity of rhyolite melt up to three orders of magnitude; Spera, 2000). Similar
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dependencies are observed for other melt compositions (Russell et al. 2002), but with

comparative small effects on the viscosity of depolymerized (mafic and ultramafic) liquids

because fewer bridging oxygen (BO) exist in in those melts (Spera, 2000; Giordano &

Dingwell, 2003).

2.1.3. Magma temperature and pressure

Since higher temperatures are supposed to facilitate the depolymerization of melts, its

viscosity strongly depends on temperature and decreases with higher temperatures (Figure

2). This dependency can be described by several models. Following Spera (2000), the

simplest is the so-called Arrhenian model for a melt of fixed composition:

ߟ = ଴ߟ ∗ exp( ாಲ
ோ∗்

 )  (2.1)

where ଴ is the asymptotic viscosity asߟ ܶ → ∞, EA is the activation energy for viscous

flow, and R is the universal gas constant. For melts this means, that there is a linear relation

between log and ߟ ଵ
்
. However, the Arrhenian model is a rather simplistic approach,

although very useful as a first estimate of a temperature-viscosity relationship.

  Most silicate melts do not follow the Arrhenian temperature-viscosity relationship

(Giordano & Dingwell, 2003; among others). This is especially true for fragile liquids

(e.g., melts containing a high proportion of NBO). An empirical relationship for predicting

the temperature dependence of viscosity data in fragile non-Arrhenian melts at 1 bar

pressure is the so-called Tammann-Vogel-Fulcher (TVF) expression:

ߟ = ଴ߟ ∗ exp ቀ ஻
்ି బ்

ቁ (2.2)

where B and T0 are functions of composition but not of temperature (Giordano &

Dingwell, 2003). In fact, T0 is close to but usually somewhat less than Tg, the glass

transition temperature (Spera, 2000). TVF model therefore shows that the variation in melt

viscosity with reciprocal temperature decreases as temperature increases and is not a

constant (EA) as in the Arrhenian model (Spera, 2000). In fact, recent research extended the
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TVF model making it a far more robust model (e.g., Giordano & Dingwell, 2003; Hui &

Zhang, 2007).

  Giordano et al. (2008) have calibrated an empirical model that gives melt viscosity

as a function of composition and temperature based on the TVF formulation. This

empirical model also provides estimates of the glass transition temperature and melt

fragility as a function of melt composition at low pressure. However, pressure effects are

not considered in the present form of this model. For less precise work, the Arrhenian

model still finds application because it is so simple to implement, although extrapolating

beyond the bounds of the experimental measurements is risky at best (Giordano et al,

2008; among others).

Figure 2: Viscosity in relation to temperature of various melt types (from Spera, 2000).

  Apart from temperature, there is also a distinct effect of pressure on viscosity. As a

general rule viscosity of fluids increases with elevated pressures. However, silicate melts

often show a different trend and have lower viscosity at higher pressures (Figure 3;

Mueller, H.J. et al., 2010). It is thought that pressure increases the solubility of volatiles

and therefore increases the depolymerization of melts. A measure of the pressure

dependence of viscosity is the activation volume VA. It is usually a small fraction of the

molar volume of the melt and changes sign, from negative to positive, as the fraction of

NBO increases and in the case of polymerized melts pressure increases (Spera, 2000). A
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typical value for VA for a network tetrahedral melt such as NaAl - Si3O8 at low pressure is

around -6 cm3/mol, whereas for more depolymerized melt (e.g., CaMgSi2O8) VA is around

3 cm3/mol. Melts with a negative value of VA show a decrease in viscosity as pressure

increases, while the opposite is true for melts with positive VA (Spera, 2000). Fully

polymerized network melts, for which essentially all the oxygen is bridging oxygen (BO)

typically possess intermediate range order defined by the formation of n-membered rings

(n = 4 - 10) of tetrahedra at low pressure. As pressure increases, the ring structure collapses

and the “anomalous” effect of viscosity (-VA) diminishes to a point that free-volume

effects dominate and viscosity increases with pressure (+VA). Elevated pressure also drives

oxygen into higher (five and six fold) coordination with Si and Al and such changes in the

network structure also have been linked to the change from anomalous to normal pressure

dependence of viscosity (Mueller, H.J. et al., 2010).

Figure 3: Viscosity in relation to pressure of various melt types (from Mueller, H.J., 2010).
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2.1.4. Strain-rate dependence

As a consequence of structural relaxation (Moynihan et al., 1996), silicate melts respond to

applied forces with viscous deformation (Gonnermann & Manga, 2007). This is

characterized by the flow relaxation rate ε̇୰ (Webb & Dingwell, 1990a; 1990b; Yue &

Brückner, 1994; Moynihan et al., 1996). At small deformation (strain) rates (γ̇ ≪ ε̇୰ ) the

melt is in a fully “relaxed” state, corresponding to Newtonian flow. At γ̇  ~ ε̇୰  the flow

becomes shear-thinning, with a strain-rate-dependent (SRD) viscosity defined as ௥௘௟ߟ / ߟ ,

where ௥௘௟ߟ  is the Newtonian (relaxed) melt viscosity and η is the measured viscosity.

Finally, at high deformation (strain) rates γ̇ ≫ ε̇୰ the induced relative motions of structural

units are no longer compensated by random reordering of bridging oxygens, resulting in

structural (brittle) failure of the melt (Gonnermann & Manga, 2007). SRD viscosities of

silicate melts of a wide range of compositions and temperatures appear to have a similar

dependence on the dimensionless strain rate, ε̇∗ =  γ̇  ௦߬ (Figure 4), where ߬௦ = ௥௘௟ߟ  is ܩ / 

the structural relaxation time with a shear modulus G ∼ 1010 Pa (Webb & Dingwell,

1990a,b; Yue & Brückner, 1994; Simmons, 1998). Measured viscosities are well

represented by the SRD equation (Simmons, 1998)

ఎ
ఎೝ೐೗

= (1 + ௥௘௟ߟ  ε̇ ஶ)ିଵ   (2.3)ߪ / 

Figure 4: Dimensionless viscosity in relation to dimensionless strain rate of various melt types

(from Gonnermann & Manga, 2007).
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  Here ஶߪ ∝ ௥௘௟ߟ 
଴.ଶସ is the maximum shear (cohesive) strength that can be supported

by the melt (Simmons, 1998). In the SRD equation it is assumed that viscous heating

(shear heating) during viscosity measurements is negligible (Gonnermann & Manga,

2007). However, Yue & Brückner (1994) derive an alternative formulation that includes a

correction for viscous heating.

2.1.5. Particles

Due to decompression and cooling, crystals nucleate and grow in the ascending magma

(Hammer et al., 1999; Hammer & Rutherford 2002; Couch et al., 2003a). As a result the

addition of crystals to a melt changes the chemical composition and the content of

dissolved volatiles in the melt phase, but also affects the overall rheology of the magma

and introduces non-Newtonian effects (Gonnermann & Manga, 2007). This is thought to

be due to interaction of the suspended particles itself and/or deflection of the sheared flow

field. Depending on particle shape and particle geometry, fluids can contain particles up to

a certain limit when the suspension reaches its densest possible packing. This maximum

packing fraction ߶௠ represents the volume fraction, at which particles can no longer flow

past each other and the suspension becomes jammed, i.e. the viscosity goes, theoretically,

to infinity. A more detailed overview on particle suspension rheology can be found in the

upcoming chapters 2.2. and 2.3.

Figure 5: Example of an end member model of caldera-producing magmatic systems. (from

Cashman & Giordano, 2014).



2. Rheology

18

  Recent research of individual (intermediate–silicic)magmatic systems have shown

that magma storage regions are composed primarily of crystalline mush (Figure 5; e.g.,

Hildreth, 2004; Hildreth & Wilson, 2007; Lipman, 2007; Bachmann & Bergantz, 2008;

Reid, 2008; Bachmann, 2010; Deering et al., 2011; Walker et al., 2013). In that context,

following Cashman et al. (2017) the term “mush” refers to any system of crystals and melt

in which the crystals form a continuous framework through which melt is distributed (Fig.

6). Thus, mushes are by definition at or above the solidus temperature and are synonymous

with partially molten rock (Cashman & Giordano, 2014).

Figure 6: Relative viscosity in relation to particle volume fraction – maximum packing fraction

and crystal mush (from Cashman et al., 2017)

  Because the rheology of those mushes is controlled by deformation of the

crystalline framework, these mushes in their entirety are not eruptible (Cashman et al.,

2017). Most of these mush zones end up forming silicic plutons (Lipman, 1984; Bachmann

et al., 2007; Hildreth & Wilson, 2007; Lipman, 2007), although some erupt as crystal-rich

ignimbrites (Lipman et al., 1997; Lindsay et al., 2001; Bachmann et al., 2002; Maughan et

al., 2002). Mush fragments can be erupted as crystal clots (glomerocrysts), cumulate

nodules, or restite (Cashman et al., 2017). As discussed by Bachmann and Bergantz (2008)

extraction of the interstitial melt may occur when mush zones contain 50-60 vol. %

crystals so that chamber-wide convection currents are hindered by the formation of a

quasi-rigid crystalline skeleton. The rheological transition from liquid to solid behavior

occurs at ~50-60 vol. % crystals (Figure 6; Marsh, 1981; Brophy, 1991; Vigneresse et al.,
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1996; Petford, 2003). However, the permeability is still high enough that melt can be

efficiently extracted (McKenzie, 1985; Wickham, 1987; Bachmann & Bergantz, 2004). A

mush-dominated view of igneous systems has great explanatory power, but requires new

conceptual models for addressing questions related to both magma evolution and the

behavior of volcanic systems (Cashman et al., 2017).

2.2. Rheology of particle bearing suspensions - basic principles

The rheology of a suspension is generally characterized as a fluid in which the addition of

particles increases the viscosity nonlinearly (Lavallee et al., 2007). In order to describe the

deformation or flow of matter quantitatively it is necessary to establish how the deforming

stress, the shear stress τ, is related to the rate of deformation, the shear strain-rate ̇ ߛ in the

first place. A constitutive relation is given by the equation ߬௜௝ = where (௜̇௝ߛ) ݂ ߬௜௝ and ௜̇௝ߛ

are tensors that give a three-dimensional description of stress and strain-rate (Mader et al.,

2013). For most flows of practical interest that are used to measure or investigate rheology,

the rectilinear nature of the flow and the symmetry of the tensors allows the equation to be

reduced to the one-dimensional form ߬ = As a result, in the simplest case the rate of .̇(ߛ) ݂

deformation ̇ ߛ of a material is proportional to its imposed stress ߬ and its constitutive

equation for most flow conditions of interest is given by:

߬ =  µ ߛ  ̇ (2.4)

where μ is the Newtonian viscosity, which is independent of strain rate and has the unit

Pa_s. By convention, stress is plotted against strain-rate to produce a so-called flow curve

(Figure 7); in the Newtonian case a straight line through the origin with a slope of μ.

Figure 7: Summary of typical rheological behavior (modified from Mezger, 2006).
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  To define the fundamental rheological parameters used in equation (2.4), a widely

used model is the so-called two-plates model (figure 8). While the upper plate with area A

is set in motion by the shear force F with a resulting velocity v, the lower plate is

stationary (v = 0). Due to this shear stress ߬ the sample between both plates is sheared and

will flow in the gap h. It is assumed that the sample adheres to both plates and does not

slide or slip along them and that the flow in between the plates is laminar and shows no

turbulences (i. e. vortices). Shear stress ߬ then is defined as the force F per area A and has

the unit Pa:

߬ = ி
஺

  (2.5)

  The shear rate ̇ ߛ is defined as the deformation (shear) or velocity v per plate

distance h and has the unit s-1:

ߛ =̇ ௩
௛
  (2.6)

  For laminar flow conditions the difference in velocity between neighboring layers

shows the same value (dv = const.) since the velocity v(h) between the moving upper plate

and the immovable lower plate decreases linearly. Because all layers are assumed to have

the same thickness (dh = const.), the shear rate ߛ ṡhows a constant value throughout the

whole shear gap and is independent of the position of the flowing layer.

Figure 8: Two-plates model defining rheological parameters (modified from Mezger, 2006).
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  However, the addition of another phase to a Newtonian liquid, either a liquid to

form an emulsion (e.g., Frankel & Acrivos, 1970), gaseous to form a bubble suspension

(e.g., Llewellin et al., 2002), or solid as considered here, complicates matters considerably.

Mostly it increases the bulk viscosity of the system possibly by several orders of

magnitude, and may additionally introduce various so-called non-Newtonian effects such

as shear thinning (e.g., Zarraga et al., 2000), shear thickening (e.g., Sierou et al., 2002;

Fernandez et al., 2013), yield strength and viscoelasticity (Mueller S.P. et al., 2010). These

changes in rheology can have dramatic effects on the eruptive behaviour of a volcanic

system: an increase in viscosity accompanying the growth of crystals can cause, for

example, a shift from effusive flow to a plugged system – and eventually lead to an

explosive eruption (e.g., Melnik & Sparks, 2005). In experimental rheometry, however, it

is common to describe the rheology of a fluid in terms of an apparent viscosity ௔௣௣ߟ

measured at a particular stress or strain rate. While for a Newtonian fluid ≡ ߟ µ, for a non-

Newtonian fluid the apparent viscosity is a function of strain rate. Consequently a single

measurement of at a given strain rate ߟ ߛ ġives a rather poor indication of the overall

rheological behaviour. Furthermore, the apparent viscosity of a suspension ௦ is oftenߟ

normalized by the viscosity of the pure suspending liquid µ଴ (for a Newtonian liquid) and

reported as the relative apparent viscosity (ߟ௥ = ఎೞ
ஜబ

).

  In fact, many fluids exhibit non-Newtonian rheology (Mader et al., 2013). It is not

possible to define a single, strain-rate-independent viscosity for such non-linear flow

curves. As discussed by Mader et al. (2013), the source of the non-Newtonian rheology

seen in many single phase fluids is supposed to be associated with the arrangement of the

molecules and the nature of the bonds between them (i.e., polymers are usually non-

Newtonian, as is the process of creep, which is the very slow flow of crystalline solids such

as ice or rock). In magma non-Newtonian rheology typically arises from the presence of a

dispersed phase of either crystals or bubbles. Such multiphase suspensions are

commonplace in nature and in industry and display all manner of non-Newtonian behavior.

  Non-Newtonian behavior cannot be described by a simple linear correlation, so the

three-parameter Herschel-Bulkley model is often used as a constitutive equation:

߬ = ߬଴ + ܭ ௡̇  (2.7)ߛ
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where the consistency K is cognate with viscosity, the flow index n defines the degree of

non-Newtonian behaviour (n < 1 for shear thinning behaviour; n > 1 for shear thickening

behaviour), and t0 is the yield strength (Herschel & Bulkley, 1926). For a Newtonian

suspension, where n = 1 and τ0 = 0, the consistency K equals viscosity and has the ߟ

dimensions of dynamic viscosity: Pa s. In case n ≠ 1 the fluids are called power law fluids

and K has non-integer dimensions: Pa sn. As shown by Castruccio et al. (2010), Mueller

S.P. et al. (2010), Del Gaudio et al. (2013) and Truby et al. (2015) among others, this

model fits the flow curves of crystal bearing magmas adequately good. Figure 7

summarizes the flow curves of different rheological behavior related to different materials.

  In rheometry, shear forces are applied to non-Newtonian fluids in order to

investigate their properties. As mentioned before, in experimental rheometry it is common

to describe the rheology of a fluid in terms of an apparent viscosity measured at a ߟ

particular stress or strain rate. While for a Newtonian fluid ߟ equals µ, for a non-

Newtonian fluid, apparent viscosity is a function of strain rate, and a single measurement

of .at a given strain rate gives a rather poor indication of the exact rheological parameters ߟ

Furthermore, the apparent viscosity of a suspension ௦ is often normalized by the viscosityߟ

of the pure suspending liquid µ଴ (for a Newtonian liquid) and reported as the relative

apparent viscosity

௥ߟ = ఎೞ
ஜబ

 (2.8)

- by analogy a relative consistency can therefore be defined as

௥ܭ = ௄ೞ
ஜబ

 (2.9).

  K has non-integer dimensions: Pa sn. This fractional unit involves certain limitations

and is not amenable to non-dimensionalization when n ≠1 as discussed by Mueller et al.

(2011) and Mader et al. (2013). Truby et al. (2015) addressed this problem by introducing

a characteristic timescale tc of a shear-thinning suspension against which the strain-rate can

be non-dimensionalized, giving

௣ߟ = ௖ݐ)∗ߟ ௡ିଵ  (2.10)̇(ߛ
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where ௣ is the apparent viscosity andߟ .is a ‘reference viscosity’ of the suspension (i.e ∗ߟ

the apparent viscosity at strain-rate ߛ =̇ 1 ⁄௖ݐ (Truby et al., 2015). Following this, a relative

reference viscosity ηr,*  can be defined. Conveniently, tc is close to or equals 1 s for most

conditions of interest, so numerically, the values of K and ηr,* are often similar or even

identical (Truby et al., 2015), so that equation (2.1) can be expressed as:

߬ = ߬଴ + ∗,௥ߟ ௡̇  (2.11)ߛ

  As discussed by Mueller S.P. et al. (2010), the rheology of a suspension of solid

particles is mainly influenced by two different sets of parameters: (a) the properties of the

fluid flow field, particularly the deformation rate and (b) the (intrinsic) properties of the ̇,ߛ

suspension, such as the particles’ volume fraction ߶ (defined as the ratio of volume

occupied by particles on total volume of suspension), the shape of the particles, and their

size distribution. Servais et al. (2002) extend that list to properties like the maximum

packing volume fraction ߶௠, particle density, surface roughness, adsorbed agents on the

particle surface, interparticle forces, aggregation and wetting properties of the suspended

particles in the continuous phase. Numerous theoretical, experimental and semi-empirical

studies exist on the dependency of suspension rheology on particle volume fraction ߶.

More detailed reviews can be found in Pabst (2004), Stickel & Powell (2005) or Mader et

al. (2013).

  Many of the models developed therein build upon the fundamental work by Einstein

(1906, corrected 1911), in which he proposes – based on purely theoretical considerations

– a linear relationship between the relative viscosity ௥ of an ideally dilute suspension andߟ

߶.

௥ߟ =  1 + ߶ܤ  (2.12)

where the constant B is referred to as the so called ‘Einstein coefficient’ or ‘intrinsic

viscosity’ with a theoretical value B =2.5 for spheres (Figure 9). However, extensive

experimental effort have not only found 1,5 ≲ B ≲ 5 (cf. Happel, 1957; Brenner, 1970;

Jeffrey & Acrivos, 1976; Pabst et al., 2006), but also that Einstein's theory is only valid for

ϕ ≲ 0,01 (Thomas, 1965) or ϕ ≲ 0,02 (Rutgers, 1962a; 1962b), which therefore defines the
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limit of the dilute regime. Several researchers have attempted to extend the equation to

cover semi-dilute suspensions by considering the coefficients of higher order terms in ߶

such as

௥ߟ =  1 + ߶ܤ + ଵ߶ଶܤ +  …   (2.13)

with B =2.5 and 7.35 ≲ B1 ≲ 14.1 derived from consideration of particle–particle

interactions (Figure 9; Guth & Gold, 1938; Vand, 1948; Manley & Mason, 1955; Mendoza

& Santamaria-Holek, 2009). Lower values of B1 have been found when Brownian motion

(Saitô, 1950; Batchelor, 1977) and inertia (de Bruijn, 1942) are important.

  However, polynomial relationships in (2.12) and (2.13) typically describe

experimental data poorly when ߶ > 0.25 and get worse as particle volume fraction

increases (Mueller S.P. et al., 2010). This is due to the fact, that both equations predict a

finite value of viscosity as ߶ → 1, which is unphysical since there seems to be a densest

possible packing for monodisperse spherical particles is ߶௠ ≈ 0.74, at which particle

concentration the viscosity must be infinite (Torquato et al., 2000). Because of the

importance of the maximum packing fraction ߶௠ for suspension rheology and its widely

use in a variety of models as an empirically-determined parameter, it will be discussed

further down below (see chapter 2.3).

  Using the fundamental work by Einstein as a starting point, many studies as those

of Roscoe (1952; 1967), Maron & Pierce (1956), Krieger & Dougherty (1959), Gay et al.

(1969), Dabak & Yucel (1986), Liu (2000) or Costa (2005) and Costa et al. (2009) covered

and discussed the relationship of the effective viscosity and the particle volume fraction ߟ

߶, i.e., ௥ߟ = Most of them not only stated a power law increase of .(߶)ߟ ௥ withߟ ߶, but

also at least one parameter accounting for the ‘intrinsic’ properties of the suspension (i.e.

the contribution of the particle load to the bulk viscosity). Roscoe (1952) extended

Einstein’s limited model to higher concentrations of spheres and introduced the concept of

a critical or maximum packing fraction ߶௠ at which incompressible solid particles reached

their maximum concentration and would prevent the flow:

௥ߟ = ቀ1 − థ
థ೘

ቁ
ିଶ.ହ

 (2.14)
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  This so-called Einstein-Roscoe formulation has been widely used for volcanological

and petrological applications (Figure 9). For example, Shaw et al. (1968) used it to explain

the changes in viscosity due to crystal content of basalts, Marsh (1981) applied the

equation for the calculation of viscosities of magmas, using a value of 0.6 for ߶௠ and

Pinkerton & Stevenson (1992) used the equation for lavas with low crystals contents, while

other studies used the equation for numerical modelling of magma dynamics (e.g., Huppert

et al., 1988; Papale et al., 1998).

  Krieger & Dougherty (1959) proposed a semi-empirical generalized form of (2.14)

and considered the contribution of successive packets of suspension to the total particle

volume fraction and to the suspension viscosity (termed the ‘functional equation’ approach

by Pabst 2004) deriving the following relationship:

௥ߟ = ቀ1 − థ
థ೘

ቁ
ି஻థ೘

  (2.15)

where B is a constant and called the “Einstein coefficient” (Figure 9; Costa, 2005; Mueller

S.P. et al., 2010). This relationship is a popular choice for fitting to experimental data, in

which case B and ߶௠ are considered to be fitting parameters (Jeffrey & Acrivos, 1976;

Pabst, 2004; Pabst, et al. 2006; Mueller S.P. et al., 2010; 2011). Based on the Ree–Eyring

flow equations (Ree & Eyring, 1955a; 1955b) a simpler version of (2.9), with the same

functional form was derived by Maron & Pierce (1956) and also independently by

Quemada (1978):

௥ߟ = ቀ1 − థ
థ೘

ቁ
ିଶ

 (2.16)

  This relationship has found widespread application and is used for data fitting when

only one fitting parameter is desired. Note that binomial expansion of equations (2.14),

(2.15) and (2.16) recovers the polynomial given in equation (2.13).

  Although converging the Einstein relationship (2.12) for low concentrations and

asymptote to infinite viscosity when ߶ approaches ߶௠ , by its mere nature the Einstein-

Roscoe, Maron-Pierce and Krieger-Dougherty equations do not take into account the onset

of non-Newtonian effects such as yield strength and strain rate-dependent viscosity, which
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becomes significant at high crystal concentrations (Rutgers, 1962a; Hofmann, 1974;

Pinkerton & Norton, 1995; Costa et al., 2009; Mader et al., 2013). In addition, the effects

of polymodal size distributions of particles are not considered. A comprehensive summary

of different types of non-Newtonian effects observed in concentrated suspensions of force-

free spheres is given for example by Jeffrey & Acrivos (1976), Stickel & Powell (2005) or

Castruccio et al. (2010).

Figure 9: Schematic summary of different common models of particle suspension rheology

(modified from Mader et al., 2013).

  It is known that even completely solid materials (߶ = 1) can deform plastically,

albeit slowly, so that a model like ௥ߟ = should not have a singularity at (߶)ߟ థ
థ೘

= 1 and

become infinitive but give finite values of ௥ forߟ ߶௠ ≤ ߶ ≤ 1 (Mader et al., 2013). An

attempt to encapsulate viscosity across the full range 0 ≤ ߶ ≤ 1 and to include the effect of

crystal geometrical characteristics (i.e. crystal shape), has been presented by Costa (2005)

and modified in Costa et al. (2009) (Figure 9). This model provides a set of empirical

equations describing the relative viscosity of crystal-bearing magmas as function of crystal

volume fraction and strain-rate:

,∗߶)௥ߟ ,ߙ ,ߜ (ߦ =
ቀଵି ഝ

ഝ∗
ቁ

ഃ

ቂଵି ிቀ ഝ
ഝ∗

,ఊቁቃ
ಳഝ∗ (2.17)
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with

ܨ = (1 − erf(ߦ ቂ √గ
ଶ(ଵିక)

థ
థ∗

ቀ1 + థഀ

థ೘
ഀ ቁቃ (2.18)

  In this approach by Costa et al. (2009), the maximum packing fraction is replaced

by the critical particle volume fraction ߶∗ at which particle-particle interactions start to

dominate and the viscosity becomes very large. The rate of growth of viscosity is

controlled by α as ߶ → ߶∗ and by δ as ߶ → 1 in the region of ߶ > ߶∗.The value of

viscosity attained at ߶ = ߶∗ is controlled by ξ. For ߶ < ߶∗ on the other hand (2.17) reduces

to the Krieger–Dougherty equation (2.15) and as ߶ → 0 to the Einstein equation (2.21).

However, as discussed by Mader et al. (2013) that model requires 4 parameters (5, if one

includes the Einstein coefficient B) to be fitted experimentally (ϕ∗, α, δ, ξ) and so far there

is no physical theory that relates the parameters to observable physical characteristics of

the system.

  Owing to the fact that magmas are three-phase systems (consisting of gas bubbles,

solid crystals and silicate melt) as discussed before, there is also the need to consider

bubble-bearing systems prior to building rheological models of such a three-phase system.

Several studies focused on the physical properties of crystal-bearing, bubble-free systems

(Lejeune & Richet, 1995; Deubener & Brückner, 1997; Smith, 1997; Bagdassarov &

Dorfman, 1998a, 1998b; Paterson, 2001; Petford, 2003;Mecklenburgh & Rutter, 2003;

Rutter & Neumann, 1995; Rutter et al., 2006; Lavallée et al., 2007, 2008; Caricchi et al.,

2007, 2008; Champallier et al., 2008; Cordonnier et al., 2009, 2012; Kohlstedt &

Holtzman, 2009; Mueller S.P. et al., 2010, 2011; Cimarelli et al., 2011; Vona et al., 2011;

Forien et al., 2011; Del Gaudio, 2014; Moitra & Gonnermann, 2015) or bubble-bearing,

crystal-free systems (Bagdassarov & Dingwell, 1992, 1993a, 1993b; Lejeune et al., 1999;

Llewellin et al., 2002; Okumura et al., 2006, 2008, 2009, 2010; Rust & Manga, 2002a,

2002b; Stein & Spera, 1992, 2002; Kameda et al., 2008; Caricchi et al., 2011).

  While the most sophisticated model for two-phase magmatic systems of crystal-

bearing suspensions up to now is given by the aforementioned model of Costa et al.

(2009), the most sophisticated model for two-phase magmatic systems of bubble-bearing

suspensions however, is given by Llewellin et al. (2002). In bubble-melt mixtures,

viscosity can be either, an increasing or decreasing function of the volume fraction of the

low-viscosity phase ߶ depending on the rate at which the mixture is sheared (Spera, 2000).
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At low rates of shear ߛ,̇ bubbles act as non-deformable inclusions and ௥ increases withߟ

increasing ߶ similar to when solids (e.g., crystals) are added to melt. In distinction, at high

shear rate, viscous stresses cause the bubbles to deform and the mixture viscosity decreases

with increasing bubble fraction. If the flow is ‘steady’, the bubbles reach an equilibrium

deformation, which is described by the bubble capillary number

Ca =  ఎ  ఊ̇  ௥ ್
஢

 (2.19)

where ߟ is the viscosity of the fluid, ௕ represents the bubble radius, andݎ σ the melt-vapor

interfacial tension. If, however, the flow is ‘unsteady’, the bubbles may deform and relax

such as the shape of the bubbles is not in equilibrium, which is described by the dynamic

capillary number:

Cd =  λ  ఊ̈
ఊ̇

   (2.20)

which gives the ratio of the bubble relaxation time λ to the timescale over which the strain

rate changes appreciably.

  Following Rust and Manga (2002a; 2002b) and Stein and Spera (2002), the

capillary number can be thought of as the ratio of viscous tractions acting on the

boundaries of a bubble that distort it from a spherical shape relative to interfacial surface

forces that tends to preserve its spherical shape. Small values of Ca correspond to

conditions where surface tension dominates and bubbles retain their spherical shapes. As a

consequence, a relative viscosity relation of the form ௥ߟ = ݂(߶ , can be expected such  (ܽܥ

that for small capillary number (roughly Ca < 1), ௥is an increasing function of ߶. Inߟ

contrast, for regimes with Ca > 1, the relative viscosity decreases with increasing bubble

content.

Figure 10: The influence of bubbles to a laminar flow (from Llewellin et al. 2002). (a) high Cd ≫ 1

(slow relaxation) and (b) small Cd ≪ 1 (rapid relaxation)

a)                    b)
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  Thus, when Cd ≪ 1, bubble relaxation is rapid compared to the timescale of

appreciable change in strain rate, hence the flow is approximately steady and the viscosity

of the two-phase mixture can either increase or decrease with ߶ depending on the bubble

shape as in the case of steady-flow conditions (Llewellin et al., 2002). By contrast, when

Cd ≫ 1, the bubbles cannot relax fast enough to reach their equilibrium deformation. They

deform with the flow to a greater extent so bubbles flow past bubbles and, therefore, flow-

line distortion, is reduced (Figure 10). Since natural systems span the range from Ca < 1 to

Ca ≫ 1, it is important to consider the dynamic regime when considering the effect of

bubbles on the viscosity of magma (Spera, 2000; Llewellin et al., 2002).

  As discussed by Pistone et al. (2016), to date, only a few rheological models

account for the simultaneous presence of particles and bubbles. By using the so-called

effective medium theory, in which one phase (either crystals or bubbles) is treated as a

continuous medium that suspends the other, Harris and Allen (2008) adopted the treatment

for the viscosity of a three-phase mixture to describe the rheology of multiphase basaltic

lava flows following the approach of Phan-Thien and Pham (1997). If one phase is much

smaller than the other is in relative size, that phase is treated as an effective medium. When

crystals are much smaller than bubbles, the three-phase mixture becomes the proxy of a

bubble-bearing suspension; when crystals are much larger than bubbles, the three-phase

mixture becomes the proxy of a crystal-bearing suspension. When both phases display

similar size, the resulting multiphase mixture viscosity is intermediate between the two

above described. Thus, the three-phase mixture is reduced to a two-phase system in the

rheological model cases (Pistone et al., 2016).

  By using this effective medium approach, Truby et al. (2015) developed a three-

phase rheology model on two-phase constitutive equations treating the bubble suspension

as the continuous medium in which the particles are suspended. This approach carries the

implicit assumption that the bubbles are small compared to the particles (similarly to the

case when bubbles are smaller than crystals, as reported in the approach by Harris & Allen,

2008). In the form

∗,௥ߟ = (1 − ߶௕)ିଵ ቀ1 − థ೛

థ೘
ቁ

ିଶ
 (2.21)
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they validate the model against experimental data for three-phase suspensions of bubbles

and spherical particles in the low-capillarity regime (in which flow is steady and bubbles

remain spherical/rigid during deformation) and applied it to basaltic systems characterized

by low melt viscosity (~105 Pa s).

  However, as mentioned by Pistone et al. (2016), despite the potential of their model

to be applied to a wide range of crystallinity (~50 vol.%) and bubble content (> 30 vol.%),

this three-phase rheological model does not include the dynamics of mutual interactions

between crystals and gas bubbles occurring during deformation. Moreover, due to the

application of the effective medium theory, in their two-phase type model, bubbles are not

deformable in a low-viscosity suspension. Therefore, neither the model of Harris and Allen

(2008), nor the model of Truby et al. (2015) might be directly applied to describe the

rheology of high-viscosity systems containing gas-pressurised bubbles or to quantify the

rheology of high-viscosity systems deforming in unsteady flow conditions, which are

characteristic for the ascent of highly viscous magmas (e.g., Caricchi et al., 2011).

2.3. Maximum packing fraction ߶௠

As discussed in Mader et al. (2013) most expressions intended to model data in the (semi-)

concentrated regime explicitly include this parameter ߶௠ and treat it as an empirically-

determined parameter defined by the volume fraction at which the viscosity is expected to

become infinite. In the form

௥ߟ = ݂ ቀ థ
థ೘

ቁ   (2.22)

it is simply a direct scalar measure of suspension microstructure (Stickel & Powell, 2005).

In suspension rheology literature it is widely accepted that ߶௠ (sometimes also ߶௠௔௫, ߶௖,

or ߶௖௥௜௧) is an adequate proxy for the particle microstructure of a suspension, encapsulates

most rheologically relevant microstructural information of any given particles suspension

and therefore might possibly be a key factor to describe the viscosity of a suspension (cf.

Liu & Masliyah, 1996; Servais et al., 2002; Pabst, 2004). When the solid fraction

reaches ߶௠, a rheological transition occurs from a regime where the rheology is basically

determined by the liquid phase to a regime where the effect of crystals is predominant and
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the viscosity values are much higher (Costa, 2005). Experiments presented by Costa et al.

(2009) linking crystallizing magma to partially melted rocks suggest that relative viscosity

levels out again at very high crystal volume fraction.

  However, the maximum packing fraction is also an important parameter for all

kinds of packing problems. Literally, ߶௠ describes the densest possible packing for a given

particle geometry and size distribution, but it can also, in a rheological sense represent the

volume fraction, at which particles can no longer flow past each other and the suspension

becomes jammed, i.e. the viscosity goes to infinity. Thus, there exist ambiguities in the

exact definition of ߶௠, mainly depending on how it is measured. For monodisperse spheres

a geometrically perfectly ordered face-centred cubic (fcc) close packing is the most densest

packing possible and yields ߶௠= 0.74 (Torquato et al., 2000). That corresponds also to

hexagonal closest packing (hcp) and its stacking variants, all with a coordination number

of 12 (i.e. a chosen particle has 12 nearest neighbors in direct point contact; Torquato et

al., 2000). More realistic scenarios feature randomly organized, disordered packings, with

lower values ߶௠ ≈  0,63 – 0,65 (e.g., Bernal & Mason, 1960; Rintoul & Torquato 1996;

1997; and others). This is mostly referred to as the random close packing ߶௥௖௣ and is

typically defined as a collection of particles packed into the densest possible amorphous

configuration, although more rigorous definitions are available (Torquato et al., 2000).

However, Torquato et al. (2000) also showed that there is no constitutive definition of

what is a random closed packing.

Packing type Packing fraction Coordination number

Closest packing(fcc / hcp) 0.7405 12

Tetragonal-sphenoidal 0.708 10

Body-centered cubic 0.680 8

Orthorhombic 0.605 8

Simple cubic 0.524 6

Diamond 0.340 4

Table 1: Packing fraction and coordination number of ordered packings of monosized spheres in

3D space. (from Pabst & Gregorova, 2013).
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  A simple cubic packing, has a ߶௠ ≈  0.52 and a coordination number of 6 (Table

1). However, it is not known whether stable packings of monosized spheres with lower

packing fraction and coordination number exist in 3D space (diamond packing with a

packing fraction of 0.34 and a coordination number of 4 is unstable; Pabst & Gregorova,

2013). Higher packing fractions can be achieved by polydisperse particle systems and

nonspherical (e.g., polyhedral or anisometric) particles, but following Kansal et al. (2002),

߶௠ of a suspension with spheres of very diverse sizes cannot be greater than ≅ 0.93 (߶௠ ≅

0.87 for a polydisperse random sphere packing).

  Generally, values of ߶௠ determined from rheological flow experiments (i.e., by

extrapolation of the suspension viscosity towards infinity) are lower than the estimated

values for static geometrical maximum packing and supposed to be slightly higher than

randomly packed particles: ߶௠ ≈ 0.67 – 0.68 (Rutgers, 1962a; Kitano et al., 1981; Evans

& Gibson, 1986; Pabst et al., 2006; Castruccio et al., 2010; Cimarelli et al., 2011; Mueller

S.P. et al., 2010, 2011). With increasing particle anisotropy (i.e., increasing particle aspect

ratio), ϕ୫ tends to decrease (e.g., Saar et al., 2001; Mueller S.P. et al., 2010; 2011), while

a high degree of polydispersity increases ϕ୫, and hence substantially influence the

rheological properties of a suspension. A hypothetical end-member example of this effect

is a suspension of spheres with uniform diameter, in which the spaces between the spheres

is successively filled by a set of smaller spheres. This way, one could – theoretically –

approach a space filling of close to 100 %, i.e. ߶௠ = 1 (the so-called Appollonian packing).

Theoretically, in such a material, granular flow might be possible even at extremely high

particle concentrations, and common suspension rheology models would drastically over-

estimate their viscosity.

  Due to its use as an adequate proxy for the particle microstructure and as a possible

key factor to describe the viscosity of a suspension, it might be helpful to link the

maximum packing fraction directly to the apparent viscosity of polydisperse suspensions,

i.e. to predict the viscosity of a particle bearing suspension directly by knowing the

maximum packing fraction of its particles. To date, however, no first principles theory is

available to predict the effects of polydispersity on the maximum packing fraction except

in certain limiting cases (Dames et al., 2001; Servais et al., 2002; Le Meins et al., 2002;

Olhero & Ferreira, 2004; Brouwers, 2010; Hahn et al., 2015; Mwasame et al., 2016). Thus,

there is no constitutive definition or characteristic estimation of either ߶௠ and ߶௥௖௣ in
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terms of their rheological impact and what it actually means for a particle-bearing

suspension to reach ߶௠ as discussed for example by Torquato et al. (2000). For a further

review referring jammed hard-particle packings, Torquato & Stillinger (2010) can be

recommended.

2.4. Particle Size Distributions / Crystal Size Distributions

Despite their explicit relevance for suspension flow, few studies address the influence of

particle size distribution (PSD) on rheology directly and the effect of the crystal size

distribution (CSD) on the rheology of magma is still poorly constrained. Crystal size is the

most commonly quantified textural parameter in igneous rocks (Rannou & Carroff, 2010).

Consequently, analyses of crystal-size distributions are widely used tools to examine

processes within magma chambers and/or the conduit during magma ascent in volcanology

(e.g., Marsh, 1981; Cashman & Marsh, 1988, Marsh, 1988a; 1988b; Marsh, 1998; Moore

& Carmicheal, 1998; Hammer et al., 1999; Hammer et al., 2000; Martel et al., 2000;

Hammer et al., 2002; Hammer & Rutherford, 2002; Mastin, 2002; Wallace et al., 2002;

Castro et al., 2003; Mock & Jerram, 2005; Armienti, 2008; Castro & Gardner, 2008;

Pichavent et al., 2009; Metrich et al., 2010; Rannou & Caroff, 2010; Gurioli et al., 2014;

Riker et al., 2015, among others). A more detailed summary and discussion concerning the

relevance of CSD’s to volcanology can be found in chapter 5.

  Aspects of a natural sample’s crystallization history (e.g., nucleation and growth

rates, cooling and residence time, qualitative degassing patterns) can be extracted from the

form of a crystal size distribution (Cashman & Marsh, 1988). Following Pupier et al.

(2008), in general terms CSD theory considers the cumulative distribution of crystal size

N(L), defined by the number of crystals by unit volume whose size is smaller than L. Thus,

the population density n(L) is defined as the number of crystals per unit volume and per

size interval ΔL (i.e. for sizes in the range L to L + ΔL). n(L) and N(L) are related through

the relation

N(L) = ∫ (ܮ)݊ ௅ܮ݀
଴    (2.23)

  As a consequence, a CSD is a plot of the natural logarithm of the population density

(ln(n); n=number of crystals per unit volume per unit length) versus the crystal size,

measured as either the length or breadth of the crystal in two or three dimensions. The
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basis for plotting a CSD is the standard histogram, and methods to convert a histogram to a

CSD are demonstrated by Higgins (2006a; 2006b). CSD data typically fall onto straight or

curved lines in CSD space and the slopes and y-intercepts of these lines can be used to

distinguish different crystal populations within the rock and the time evolution of the

crystal population (e.g., Hammer et al., 1999, Higgins & Roberge, 2007).

  Many magmas have polymodal size-distributions of crystals, which could affect

rheology as a function of crystal content because small crystals may be able to pass

through gaps between larger crystals. Therefore it is straightforward that there is a relation

between the particle size distribution of a suspension and its shape and the maximum

packing fraction of the given particles (e.g., McBirney & Murase, 1984), and therefore the

PSD has a huge effect on the rheology. Nonetheless, extensive literature on theoretical and

experimental studies of non-uniform particle distributions are mainly constricted to the

bimodal case and in many cases to spherical particles only (e.g., Thomas, 1965; Farris,

1968; Lee, 1970; Chong et al., 1971; Bierwagen & Saunders, 1974; Hoffman, 1974;

Berryman, 1983; Zheng et al., 1990; Hoffman, 1992; Chang & Powell, 1994; Probstein et

al., 1994; Zhou et al., 1995; Gondret & Petit, 1997; D’Haene & Mewis, 1994; Yu et al.,

1997; Luckham & Ukeje, 1999; He & Ekere, 2001; LeMeins et al., 2002; Darias et al.,

2002; Liu & Ha, 2002; Wackenhut et al., 2005; Brouwers, 2006; 2013; Morgan & Jerram,

2006; Cimarelli et al., 2011; Baranau & Tallarek, 2014; Faroughi & Huber, 2014; Shewan

& Stokes, 2015), or discuss the optimal blend ratio of different particle size fraction to

lower the viscosity in order to optimize industrial processes (e.g., Farris, 1968; Wildemuth

& Williams, 1984; 1985; Dames et al., 2001; Subbanna & Kapur., 2002; Servais, 2002;

Buranasrisak & Narasingha, 2012; Hahn et al., 2015). In a review, Metzner (1985)

concludes that the distribution of particle sizes has little effect on suspension viscosity

when ߶ < 0.2, while at high particle concentration levels the effects are of enormous

magnitude, and extraordinarily high solids concentrations can be achieved by using

multimodal distributions of particle size. However, the conclusion of Metzner (1985) that

available experimental results are probably too limited to produce definitive design

equations, is still valid and more precised by Servais (2002): a method to calculate the

packing fraction for a continuous particle size distribution is still required.

  However, none of these individual models allow a satisfactory application to natural

volcanic rocks, where the concentrations, shapes and size distributions of the particles are
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variable due to changing, temperature, shear rate, oxygen fugacity, etc. (e.g., Arzilli &

Carroll, 2013; Kolzenburg et al., 2016; Vetere et al., 2010; among others). Since it is not

possible to estimate effective viscosities in the field, there is the need of an integrated

model accounting for volume fraction, aspect ratio and CSD by combining and partly

extending existing empirical models of for example Mader et al. (2013) and Maron and

Pierce (1956).

  Basis for many analytical investigations is the study of Farris (1968). In a purely

theoretical treatment, he proposed an effective medium model for the rheology of bimodal

suspensions, in which the coarser particle size-class is treated as being suspended in a fluid

consisting of the pure liquid and all finer particle size-classes (the ‘effective medium’). He

defines so-called stiffening factors ௙ܪ = ఎ೑

ఓ
and ௦ܪ = ఎೞ

ఎ೑
, where ௙ߟ  is the viscosity of the

liquid including fine particles, ௦ the viscosity of the bulk viscosity of the liquid and bothߟ

fine and coarse particles, and µ the liquid viscosity. The relative viscosity of the bimodal

suspension is hence given by ௥ߟ = ௙ܪ௦ܪ . By extension, this equation can be, theoretically,

also applied for n particle sizes: ௥ߟ = ଷܪଶܪଵܪ ⋅⋅⋅ ௡ܪ = ∏ ௜ܪ
௡
௜ୀଵ , where H for the i-th size

class is given by ௜ܪ = ௜ߟ ௜ିଵൗߟ ; ଴ߟ = As shown by Servais .ߤ et al. (2002), excellent

agreement between theoretical and experimental viscosity for up to trimodal suspensions

has been reported for colloidal and non-colloidal polymethyl methacrylate (PMMA) beads

in silicone oil, polystyrene spheres in silicone oil (Barnes et al., 1989; Larson, 1999), glass

beads and fibres in ceramic composites (Milewski, 1973) and coal in water (Funk &

Dinger, 1993). However, Mwasame et al. (2016) extended this approach by assuming that

each smaller particle size class contributes to the suspension viscosity through a weighting

function in two ways: by altering the background viscosity, as well as by increasing the

contribution of the larger particles to the suspension viscosity.

  From a statistical point of view each size distribution is described by several

parameters which according to Blott & Pye (2001) fall into four principal groups: those

measuring (a) the average size, (b) the spread of the sizes around the average (standard

deviation), (c) the symmetry or preferential spread (skewness) to one side of the average,

and (d) the degree of concentration of the grains relative to the average (kurtosis). In fact,

all of those values together characterize a distribution and it is not enough to consider only

one value to fully describe a distribution. The reduction to a single statistical parameter
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would be the key to link PSD with the maximum packing fraction in the first place to make

assumptions on the relative viscosity of a suspension by just considering the particles

dissolved in the fluid. As discussed in Blott & Pye (2001; 2012) the statistical

characteristics of distributions can be obtained either by mathematical or graphical

methods. While the classical approach of these graphical methods is based on the idea of

plotting frequency data as a cumulative frequency curve, extracting prescribed values from

the curve (percentiles) and entering these into established formulae (e.g., Trask, 1932;

Krumbein, 1938; Otto, 1939; Inman, 1952; Folk & Ward, 1957 or McCammon, 1962), the

mathematical ‘method of moments’ (Krumbein & Pettijohn, 1938; Friedman & Johnson,

1982) on the other hand is the most accurate way since it employs the entire sample

population. Originally developed for sedimentological purposes the software Gradistat

(Blott & Pye, 2001) provides automated calculation of the statistical characteristics of a

given distribution either way. On the other hand those calculations can be checked using

image analysis.

  Linked to particle size distributions and also widely discussed in a variety of studies

are the characteristics and effects of polydispersity on PSDs (Pusey, 1987; Lubachevsky &

Stillinger, 1990; Schaertl & Sillescu, 1994; Phan et al., 1998; Schöpe et al., 2007; Farr &

Groot, 2009; Kurita & Weeks, 2011; Kurita et al., 2012; Pond et al., 2011; Poon et al..

2012; Desmond & Weeks, 2013; Kurita, 2015; Shewan & Stokes, 2015; Gu et al., 2016).

Though mostly evaluated by numerical models it is widely accepted, that an increasing

polydispersity increases the maximum packing fraction (cf. Schaertl & Sillescu, 1994;

Kansal et al., 2002). Physically, this is straightforward since with increasing polydispersity

the particles pack to higher volume fractions because the smaller particles pack more

efficiently by either layering against larger particles or by fitting into the voids created

between neighbouring larger particles (cf. Desmond & Weeks, 2013 and references

therein). Polydispersity is defined as the standard deviation of a probability distribution ߜ

normalised by its mean - in terms of mathematical statistics the coefficient of variation or

in other words a dimensionless measure of the degree of variation in a distribution (cf.

Liddle, 2014).

  According to Phan et al. (1998) the polydispersity of a size distribution can be

calculated using equation

∗ߜ =
ඥ௥మതതതത ି ௥మ

௥തതത
. (2.24)
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where r is particle radius and overbars indicate an average. It must be taken into account

that most of these studies and numerical models are limited to bi-disperse or rather simple

particle distributions like log-normal distributions (Farr & Groot, 2009). So far there is no

comprehending model describing polydisperse suspensions.

  However, Phan et al. (1998) present an empirical model to evaluate the effect of

polydispersity on the maximum packing fraction with ߜ

߶௠௔௫ = ߶௠௔௫
଴ ቂ1 − ଷ

ଶ
δ∗ + ଵହ

ସ
δ∗ଶቃ  (2.25)

where

߶௠௔௫
଴ =  4 ߨ ଷݎ 3 ߭଴ൗ   (2.26).

As a matter of fact, they expect their model to overestimate the effect of

polydispersity due to the simplicity of their model. Desmond & Weeks (2013) on the other

hand take a step forward and widen the above mentioned model to statistical characteristics

of distributions with random close packing of spheres. In a purely theoretical approach

they found that skewness and polydispersity can have a significant effect on the packing

density, whereas the kurtosis has almost no clear effect. In the end they come up with an

empiric model to describe the above mentioned relation:

߶௥௖௣ = ߶௥௖௣
∗ + ܿଵδ + ܿଶܵδଶ  (2.27)

where ߶௥௖௣
∗  = 0,634 is the packing fraction for a monodisperse packing of spheres, c1 and

c2 are empirical constants and δ the polydispersity of the distribution. The polydispersity in

that case is defined by:

δ = ඥ〈௥మ〉ି 〈௥〉మ

〈௥〉
  (2.28)

where σ is the standard deviation, r is particle radius, is the mean and overbars indicate 〈ݎ〉

an average. In their study, they also present an empirical model to evaluate the effect of

polydispersity on the maximum packing fraction, which is extended by Desmond and ߜ

Weeks (2013) to statistical characteristics of distributions with random close packing of
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spheres. They showed that skewness and polydispersity have a significant effect on the

packing density, whereas kurtosis has almost no effect.

  The definition of polydispersity following equation (2.28) neglects the influence ߜ

of the shape of a given distribution and only quantifies of the degree of variation in that

distribution. To take the shape of the distribution into account, Wadsworth et al. (2017)

adopted a parameter derived by Torquato (2013) as a measure for the polydispersity based

on the specific surface area of the particles. For monodisperse spheres with sphere number

density sphere volume V, the volume fraction ,ߩ ߶ and sphere radius r, the specific surface

area sm is as follows:

௠ݏ = ଷ ఘ ௏ థ
௥

 (2.29)

  The specific surface area of a system of polydisperse spheres sp with a distribution

of radii and for which and 〈ଶݎ〉 are the second and third moments of the distribution 〈ଷݎ〉

respectively, is as follows:

௣ݏ =  3 ߩ ܸ ߶ 〈௥మ〉
〈௥య〉

 (2.30)

  The parameter γ represents the ratio of the specific surface of a polydisperse system

sp to that of a monodisperse system sm at the same volume fraction with radius r, so that an

increasing degree of polydispersity decreases the surface area ratio γ at the same time,

while γ = 1 represents the monodisperse limit (Torquato, 2013):

γ = ௦೛

௦೘
 = ௥〈௥〉

〈௥య〉
 ≡ 〈௥〉 〈௥మ〉

〈௥య〉
 (2.31)

where is the i-th moment of a given size distribution. Following Chianese and Kramer 〈௜ݎ〉

(2012), the i-th moment of a size distribution is defined as

݉௡ = ∫ ௜ݎ ஶݎ݀(ܮ)݊
଴    (2.32)

  By using these moments, the shape of a distribution is represented and

polydispersity γ should be a more robust parameter than .alone ߜ



2. Rheology

39

2.5. Rheometry

The measuring technology and experimental techniques used to determine rheological

properties, to measure deformation and flow behavior of a great variety of matters and to

explain it, are known as rheometry while the actual experimental devices are defined as

rheometers. In contrast to that, measuring systems used for viscosity measurements are

specified as viscometers (Mezger, 2006). In the most simple case this applies to the flow of

a material on a horizontal, inclined or vertical plane, in a channel or bowl, as well as in

flow cups. Even in devices showing rising, sinking, falling or rolling elements it is possible

to investigate rheological behaviour. Most of those empirical methods are used in everyday

life without actually knowing it and were in use before rheometrical tests were done on a

scientific basis (Mezger, 2006). There are innumerable devices, set-ups or geometries for a

variety of different applications and in most cases there are even international standard

procedures for a given method (International Standards Organisation ISO, American

Society for Testing and Materials ASTM, German Industry Standards DIN, etc.). A

summary of a wide range of rheometers can be found for example in Umstätter (1954),

Ubbelohde (1965) or Mezger (2006) amongst many others.

  Following Willenbacher and Georgieva (2013) there are two distinctively different

types of rheometers that can be categorized by the flow type in which material properties

are investigated: (a) (simple-) shear and (b) extensional flow. Shear rheometers can be

divided into (i) rotational or alternatively oscillatory rheometers, in which the shear is

generated between a fixed and a moving solid surface, (ii) while the shear in pressure

driven rheometers (e.g., pipe or capillary rheometers) is generated by a pressure difference

over the channel through which the material flows. Extensional rheometers measure the

rheology of a fluid among others by capillary breakup, uniaxial extension/compression or

sheet stretching. However, due to difficulties to generate homogeneous extensional flow

especially for liquids with low viscosity, development of extensional devices has

proceeded much slower than for shear rheometers. The most successful commercially

available instrument is the capillary breakup extensional rheometer (CaBER). The thinning

and breakup of fluid filament controlled by the balance between surface tension and

viscoelastic force provides valuable information about materials rheological properties in

an elongational flow (Willenbacher and Georgieva, 2013, Mezger, 2006).
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Since the experimental study of this thesis is based on rotational rheometry, the following

section focuses on the different geometries of rotational rheometers and its advantages and

disadvantages, as well as on necessary requirements on the respective experiments. If not

cited otherwise, this section is based on Schramm (2004), Mezger (2006) and Willenbacher

and Georgieva (2013).

2.5.1. Rotational rheometry

Rotational instruments have the advantage that the rheological properties of materials can

be characterized in a steady simple shear flow with a homogeneous regime of deformation.

In order to determine the full range of rheological parameters of the suspension this can be

done one-directionally in a steady or transient manner, or in sinusoidal oscillations. To

measure the flow properties of a fluid there are two different modes:

· a controlled shear stress mode (CS) imposing constant torque, and

· a controlled shear rate mode (CR) characterized by constant shear rate.

  During a measurement using the controlled shear stress mode (CS), the shear stress

τ - or technically spoken the torque M - is set and controlled, while the resulting rotational

speed n - or shear rate ̇ ߛ - is measured in order to be able to calculate the viscosity. This

method seems to be the most appropriate measuring mode since in nature any motion of a

fluid is a reaction to an applied force. It is also the classical method to determine yield

stresses of a dispersion, paste or gel. However, depending on the purpose of a

measurement it can be useful to measure the viscosity of a fluid at a defined flow velocity

in order to simulate certain processes for example. This applies to the controlled shear rate

mode, where the rotational speed n - or shear rate ̇ ߛ - is set and controlled, while the

resulting torque M - or shear stress τ - is measured. Furthermore, modern rotational

rheometers are capable to impose harmonic oscillations for measuring the viscoelastic

material properties. The function of stress vs. strain rate, the so-called flow curve, is

indicative of the rheological behavior of a fluid and represents the basis for the calculation

of the rheological parameters (e.g., Figure 7).

  In modern rotational rheometry, three types of measuring systems are commonly

used: concentric cylinder, cone-and-plate and parallel-plate (Figure 11-13).
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2.5.1.1. Concentric Cylinder Measuring System (Couette / Searle)

A cylinder measuring system consists of an outer cylinder (cup) and an inner cylinder

(bob). The term concentric indicates that both cylinder-shaped components are showing

the same rotation axis if mounted in measuring position. There are two modes of operation

depending on whether the cup or the bob is rotating. The Couette set-up corresponds to a

rotating cup and a stationary bob (Couette, 1890), while in the Searle method the bob is set

in motion and the cup is fixed (Searle, 1912). This latter one is the more widely used

concentric cylinder measuring system. Considering the flow of a sample enclosed in the

gap between the cup with radius Ra and a rotating bob with radius Ri at an angular velocity

ω, the shear rate ߛ i̇s given by:

ߛ =̇ 2 ߱ ௥ೌమ

௥ೌమି௥೗
మ  (2.33),

while shear stress τ in the sample, is given by:

τ = ெ೏
ଶ గ ௥೗

మ ௅
  (2.34),

where Md is the torque measured on the bob and L the effective immersed length of the

bob.

  A crucial parameter of either the Couette or the Searle set-up is the gap between the

two concentric cylinders. As long as the measuring system is showing a relatively narrow

gap so that the sample confined in the gap experiences a constant shear rate, it can be

compared to the aforementioned Two-Plates-Model to define the rheological parameters.

The larger the gap, however, the less favorable are the conditions for the definition of the

rheological parameters due to secondary flow effects (flow instabilities and turbulent flow

of low-viscosity liquids), transient behavior (time-dependent effects) and inhomogeneous

deformation behavior induced by a large gap. Wider gap viscometers are preferable for

suspensions with relatively large particles, but the inaccuracy involved due shear rate

changes across the gap should be taken into account. In order to limit the shear gap

dimension, ISO standard 3219 defines the ratio of the radius of the outer cylinder to that of

the inner cylinder for a narrow gap size as follows:

௖௖ߜ = ௥ೌ
௥೔

= 1.0847  (2.35).
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  However, a great advantage of concentric cylinder systems is the fact that it is

possible to measure the rheological parameters over a relatively large area along the length

L of the bob, so that the annular gap remains filled even in the case of samples showing the

Weissenberg or “rod-climbing”-effect. The shape of the bob also minimizes possible end

effects, which are actually likely to occur as a result of the different shearing conditions in

the liquid covering the ends of the cylinders. Therefore the ratio of the length L to the gap

between cylinders is maintained greater than 100 and the shape of the bottom of the bob is

designed as a cone with an angle α, which is chosen so that the shear rate in the bottom

match the one in the narrow gap between the concentric cylinders (α ~ 120°).

  Concentric cylinder systems are especially suitable for low-viscous liquids, since

they cannot flow off the shear gap. In addition, a cover or a solvent trap can easily prevent

sample evaporation and the temperature of a sample can be easily controlled due to the

large contact area. Apart from the standardized concentric cylinder measuring system,

there are innumerable varieties of different set-ups either with different gap sizes, bob

shapes or even with a double-gap geometry.

Figure 11: Cross section of a concentric cylinder measuring system (modified from Mezger, 2006).

2.5.1.2. Parallel-Plate Measuring system

The parallel plate geometry is characterized by a confined sample in the gap H between

two flat, coaxial parallel plates. The sample is sheared by the rotation of one of the plates
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(mostly the upper plate) at angular velocity ω. As a consequence, the circumferential

velocity v of the sheared sample depends on the distance between the plates h and distance

r from the rotational axis:

v(r, h) = ߱ ݎ ௛
ு

  (2.36),

and thus:

(ݎ̇)ߛ = ௥ ఠ
ு

  (2.37).

  The shear rate ̇ ߛ at a constant ω is not constant within the entire shear gap. It is

dependent on the distance r from the rotational axis and increases linearly from zero at the

center of the plate (r = 0) to maximum at the outer rim of the plate (r = Rp). Since this is a

serious disadvantage from a rheological point of view, the specification of the shear rate ̇ߛ

is usually related to the maximum shear rate value at the rim of the plate. By changing the

gap height H and the angular velocity ω, shear rate can be varied in a wide range.

Figure 12: Cross section of a parallel plate measuring system (modified from Mezger, 2006).

The shear stress τ is a function of the shear rate .which is not constant within the gap ̇,ߛ

Thus, to relate the shear stress to the total torque an expression for the dependence is

necessary. In the case of Newtonian liquid the shear stress depends linearly on the shear

rate and can be expressed as follows:

τ (r)  = ଶ ெ೏
గ ௥೛

య  (2.38).

Parallel-plate measuring systems provide measurements of rather small amounts of a given

sample and it is also possible to analyze suspensions with relative large particles by using
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large gap heights. This depends on the characteristics of the liquid, as it should be avoided

to create secondary flow effects, turbulences or flow instabilities, creep and migration off

the gap. On the other hand, operating at small gaps viscosity can be obtained at relatively

high shear rates, even though internal friction and therefore heating effects must be

considered. Small gaps also allow for reduction of errors due to edge effects and secondary

flows. As a rule of thumb, the gap size should be at least 5 times larger than the largest of

the particles. Otherwise frictional forces would falsify the test result (Mezger, 2006).

2.5.1.3. Cone and Plate Measuring system

The dependence of the shear rate ߛ ȯn radius and on gap dimension is not relevant when

using a cone and plate measuring system. That system is characterized by a relatively flat

circular cone and a stationary plate, while the conical area is defined by the cone radius R

and the cone angle α. By convention the angle should not be greater than α = 1° and in no

case greater than α = 4°. The apex of the cone is usually cut off to avoid any friction

between the rotating cone and the lower plate. The gap h is increasing with the distance r

from the rotation axis and reaches its maximum value at the edge of the cone:

h(r) = tan ݎ ,(2.39)  ߙ

while the circumferential velocity v is also increasing with increasing the distance r:

v(r) = ߱ ݎ   (2.40),

Hence the shear rate is constant within the entire gap and does not depend on the radius r:

(ݎ̇)ߛ = ఠ
୲ୟ୬ ఈ

 ≈ ఠ
ఈ

 (2.41).

The shear stress measured by the torque Md on the cone is given by:

τ  = ଷ ெ೏
ଶ గ ோ೛

య  (2.42),
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Figure 13: Cross section of a cone and plate measuring systems (modified from Mezger, 2006).

  A great advantage of the cone-and-plate geometry is that the shear rate remains

constant und thus provides homogenous shear conditions in the entire shear gap. The

geometry can also analyze small sample quantities and heating is rather quick. Limited

maximum particle size of the investigated sample, difficulties with avoiding solvent

evaporation and temperature gradients in the sample, however, are typical disadvantages of

the cone-and-plate measuring system. As a rule of thumb, the maximum particle size

should not be greater than 20% of the gap size. Otherwise frictional forces would falsify

the test result. Despite of the many disadvantages, the constant shear conditions within the

gap is the reason why cone-and-plate systems should be the preferred measuring set-up

unless conditions like particle size dictate otherwise.
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3. Measuring Procedure and viscosity determination

One of the strengths of analogue experiments over those on natural material is that the

physical parameters involved can be controlled to a high degree of accuracy. Therefore,

meticulous sample preparation with a precise knowledge of the liquid viscosity and the

character of the particle content is quintessential.

  The actual rheometric experiments for this thesis were performed on a

ThermoScientific Haake MARS III rotational rheometer equipped with a P35 Ti parallel-

plate sensor geometry running controlled shear stress tests. The plate diameter of that

geometry is 35mm, while the fixed gap between the two measurement plates was chosen to

be at 1.25mm. Rheological measurements were performed on synthesised sets of

suspensions of glass particles immersed in a strictly Newtonian silicone oil. This chapter

describes and summarizes the systematic experimental effort and techniques in terms of

sample preparation and the actual measurement routine used throughout this thesis.

3.1. Measurement requirements

From a mathematical point of view the deformation of a fluid due to shear leads to

complicated differential equations that can only be solved under the assumption of

boundary conditions (Schramm, 2004). It is extremely important to consider these limiting

parameters affecting a measurement for precise and comprehensive rheological

measurements. This applies both on parameters characterizing the measured sample, as

well as on technical parameters controlling the experimental set up. Assuming that the

rheometer itself is calibrated and works within normal parameters, the main sources for

errors are related to the interaction of the measured suspension with the measuring

geometry and the suspension itself.

  For that reason it must be assured, that the carrier liquid used in this study does not

transform or alter during a measurement. The liquid used in this study is the silicone oil

ELBESIL B30000 (viscosity ~30 Pa s at 25°C, density ~970 kgm-3 at 25°C). This non-

aqueous, viscous liquid was chosen to prevent electroviscous effects and dehydration and

to minimize particle settling during the actual measurements. The rheology of the pure

silicone oil was determined for each sample batch and found to be strictly Newtonian over
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the range of stress and strain rates investigated in this work. Although viscosity of a given

melt can span several orders of magnitude according to its temperature, the viscosity of the

silicone oil is within the range expected for low viscosity magmas at subliquidus

temperature (McBirney & Murase, 1984; Spera, 2000; Giordano & Dingwell, 2003;

Giordano et al., 2008). Since the viscosity of liquids is strongly dependent on temperature,

it is also very important to control the temperature of the sample during a measurement.

All experiments were performed at 20°C, which was kept constant throughout the entire

analysis and controlled during each run by the use of a so-called Peltier heat pump module.

  By the mere nature of this study it must also be assured to analyse homogeneous

two-phase samples (i.e., liquid plus particles). For experiments on those suspensions, it is

important to produce virtually bubble-free samples, as a gas phase adds a plethora of

additional non-Newtonian complexities to the rheological behaviour. Adding particles to

the liquid and using parallel-plate sensor geometry requires careful gap setting. There is a

strong dependency between gap size and the size of the biggest particle, so that it was

chosen to be at 1.25mm - according to a rule of thumb by Mezger (2006) five times bigger

than the largest particle (in our case 250µm). If particles are too big for a given gap size,

they would directly touch the surfaces of the measuring system resulting in frictional

resistance, which falsifies the measurement.

  The density contrast between silicone oil and the particles and therefore possible

settling effects must also be considered. From Stokes’ law, we can compute that the time

required for an isolated particle in a dilute suspension to fall or rise in the gap between the

two plates is about half an hour for the largest particle; for a concentrated suspension, it is

much longer because settling and creaming are hindered. Taking the total runtimes for our

rheometric experiments in account settling effects can be considered as negligible, since

the measurement duration was much shorter for each sample (the mean experiment

duration was about 15 minutes). However, the difference between the density of crystals

and that of oil B30000 is comparable with that reported in parallel-plate experiments by

Mueller S.P. et al. (2010), Cimarelli et al. (2011), Del Gaudio et al. (2013) or Del Gaudio

(2014), where sinking effects were also excluded.

  Furthermore the possibility of wall slip effects at the measurement plates as

discussed for example by Yilmazer & Kalyon (1989), Buscall et al. (1993), Barnes (1995)
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or Buscall (2010) must be considered, especially since our measurement geometry does not

comprise rough surfaces,. However, similarly to the study of Mueller S.P. et al. (2010) at

low to intermediate particle concentrations there is no significant difference between

samples measured with and without roughened sensor surfaces and showed no indication

of wall slip. Only for suspensions with the highest particle concentration slip seems to play

a considerable role. Since the modelling results presented in this thesis are mainly based on

low to intermediate particle concentration samples, it is assumed that wall slip plays, if at

all, only a minor role.

  Another effect that might affect rheological measurements especially those with

samples of non-spherical particles are transient effects during the flow initiation.

Suspensions of non-spherical particles must be sheared to large total strain before

repeatable rheometric results can be obtained (Hinch & Leal 1973; Okagawa et al. 1973;

Ivanov et al. 1982; Powell 1991), because particles are, initially, randomly oriented and

equilibrium orientation distributions are established only after a period of shearing. Before

that equilibrium is achieved, transient oscillations in apparent viscosity are observed

(Mueller S.P. et al., 2010). Therefore the samples a treated with a pre-shear treatment

before the actual measurement (see chapter 3.4).

3.2. Sample preparation

The most important task of this study was to develop techniques to synthesize systematic

and reproducible bubble-free particle suspension samples with a well-characterized PSD.

This includes not only the acquisition and testing of suitable particles and carrier liquids,

but also methods to homogenize the particle load in the sample.

  For this project, three different types of particles were used: spherical glass beads

(Ballotini by Eisenwerk Würth; density ~2447 kg m-3), prolate glass fibres (LANXESS;

density ~2560 kg m-3), as well as oblate glass flakes (Kremer Pigmente; density ~2520 kg

m-3). Following previous studies of Mueller S.P. et al. (2010) and Truby et al. (2015),

particle sizes were choosen so that they are not subject to Brownian motion (high Peclet

number), are strongly coupled to the flow (low Stokes number) and that inertial effects can

be neglected (low particle Reynolds number). In particular, this means that the particles
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Table 2: Sieving fractions.Figure 14: Sieve column.

used in this study were in a size range between 32µm and 250µm. This was warranted by

meticulous sieving.

  Using a column of sieves with a wire mesh cloth (the top sieve with the largest

mesh size, while each lower sieve has smaller openings than the one above; Figure 14),

particles were sieved manually to get 14 different size fractions (Table 2). Particle-size

distribution in one particular size fraction is assumed to be Gaussian. A sieving cycle

consisted of 15 minutes of sieving and was repeated five times. Care must be taken when

sieving fibres. Due to their arbitrary shape the sieving procedure was limited to 10 minutes

and consisted only of horizontal and tapping movements in order to prevent larger particles

in fractions of smaller ones.

  For the following synthesis of particle-bearing suspensions, particle volume fraction

was controlled by carefully adding a known mass of particular, pre-calculated particle size

fractions to a known mass of up to 30 ml of silicone oil (ELBESIL B30000). By this means

samples of similar initial particle volume fractions ߶௣ in the range of 0.05 ≤ ߶௣ ≤ 0,55

(errors in particle volume fraction are ±1%) with varying modality (uni-, bi- tri- and

tetramodality), as well as polymodal batches of specific defined skewness and variance

were prepared. Exact values of the given distributions are reported in the appendix.

< 32 µm
32 – 38 µm
38 – 45 µm
45 – 53 µm
53 – 63 µm
63 – 75 µm
75 – 90 µm

90 – 106 µm
106 – 125 µm
125– 150 µm
150 – 180 µm
180 – 212 µm
212 – 250 µm

> 250 µm
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In order to keep the suspensions free of bubbles, each sample was centrifugalized for 30

minutes at 2500 rpm at room temperature (compare to Mueller S.P. et al. 2010) prior to

careful re-homogenization by a custom-built motor-driven mixing device with a vane

spindle before each measurement (Figure 15). To control the exact sizes and the relative

proportions of the samples’ particle load, in addition to weighing, the PSD were measured

by image analysis. For this purpose, the RADIUS particle-size measurement technique is

used (Seelos & Sirocko, 2005). Originally developed for the particle analyses of sediment

thin sections, this tool provides a comparatively fast analysis of 2-D particle-size

distributions of digital images of a given sample by calculating statistical parameters of the

distribution like mean, mode, sorting, variance or skewness. An example is shown in

Figure 16.

Figure 15: Vane spindle mixing device.
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3.3. Measurement overview

The rheometric experiments of this thesis covered a broad parameter space in terms of

particle size distributions. In order to derive and develop a valid (semi-)empirical model,

the first approach for rheometric experiments was limited to samples with spherical

particles. In total, this study consists of 274 experimental batches of varying modality (uni-

, bi- tri- and tetramodality), as well as polymodal batches of specific defined skewness and

variance for suspensions with spherical glass beads (e.g., Figure 16). Based on the data set

of those experiments, further analyses of both 25 unimodal and 24 suspensions with

varying polydispersity consisting of either glass flakes (oblate) or glass fibres (prolate)

were carried out. Samples feature similar initial particle volume fractions ߶௣ in the range

of 0.05 ≤ ߶௣ ≤ 0.4 (errors in particle volume fraction are ±1%). Suspensions with particles

of arbitrary shape are in a range of aspect ratios 0.035 ≤ rp ≤ 35 (i.e., the range most

relevant to magmatic suspensions).

Figure 16: Schematic summary of different particle distributions used and analysed in this study.
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3.4. Measurement job
The measurement routine using the software Rheowin consisted of four essential parts.

After filling the rheometer with the sample, the correct gap size has to be set in the first

place. That is done by reaching a trim position that is 0.1mm greater than the pre-set gap

size of 1.25mm in order to guarantee the optimal filling of the parallel-plate measuring

geometry. In case of excess suspension that amount has to be removed before the geometry

is allowed to reach the final gap size (Figure 17). To take care of equilibrium starting

conditions for each test, prior to the start of the measurement the sample was exposed to a

heating phase in which the sample was allowed to thermally equilibrate for 120 seconds.

All experiments were performed at 20°C. The heating phase is followed by a continuous

0–300–0 Pa controlled stress ramp as a pre-shear treatment. As shown by Mueller S.P. et

al. (2010) or Cimarelli et al. (2011) this is needed to eliminate transient effects during the

flow initiation.

Figure 17: Measurement setup using a parallel-plate geometry

  The actual flow curve determination consisted of a 25-step ‘up ramp’ of

incrementally increasing shear stress τ up to a maximum value of 500 Pa, followed by a

25-step ‘down ramp’ to investigate a possible onset of non-Newtonian behavior (Figure

18). At each stress step, the rheometer recorded the corresponding strain-rate γ̇ once it had

reached equilibrium flow conditions. The precision of the stress and strain-rate

measurements is estimated at ±2%. Experimental reproducibility is tested by repeating
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measurements of equally prepared samples obtaining reproducible results within 2%. On

average, one measurement took about 15 to 20 minutes.

Figure 18: Measurement job in RHEOWIN software

3.5. Data Analysis

Our rheometric experiments yield raw flow curves of applied shear stress τ against

resultant shear strain-rate Like other studies (Castuccio ̇.ߛ et al., 2010; Mueller S.P. et al.,

2010; Cimarelli et al., 2011; Truby et al. 2015) this thesis determines the yield stress τ0,

consistency K and flow index n for each sample by fitting the Herschel-Bulkley model

(equation 2.6) to each measured flow curve obtaining reasonably good fits (R2 = 0,975 -

0,999). Maximum packing fraction ߶௠௔௫ of each sample is determined by fitting the model

of Maron and Pierce (equation 2.14) to each ௥(߶) of a given particle size fractionߟ

obtaining as well reasonably good fits (R2 = 0,985 - 0,999). Statistical values for each

distribution were calculated using the software GRADISTAT (Blott & Pye, 2001).

Polydispersity was calculated by using equation (2.26) (Desmond & Weeks, 2013; Phan et

al., 1998) as well as equation (2.29) (Torquato, 2013; Wadsworth et al., 2017). These

values were also checked by image analysis using the software RADIUS (Seelos &

Sirocko, 2005).
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4. Rheological experiments - Deriving a model

This chapter summarizes the results of the systematic experimental approach leading to the

derivation of a (semi-)empirical model trying to describe the effect of PSDs on the

rheology of suspensions. Following the preparation steps presented in chapter 3, the first

approach for the rheometric experiments of this thesis was to analyse samples with

spherical particles, prior to the introduction of possible effects related to the shape of the

respective particles. The subsequent sections follow this approach, so that the study of

analogue samples firstly focuses on suspensions containing spherical particles in order to

derive a (semi-)empirical model before potential relationships between PSD's and the

rheological parameters of its respective suspensions are tested with the use of particles

with arbitrary shapes and finally natural samples.

4.1. Results - spherical particles

The experimental data for relative viscosity ηr,* and flow index n (equation 2.9) for the

synthesized polymodal distributions (uni-, bi- tri- and tetramodal) are presented in figure

19. Results for relative reference viscosity ηr,* and flow index n of distributions with

varying skewness and variance are in the same figure (appendix). While the first

mentioned figures plot η௥,∗(߶), the latter ones displays n(߶). Since yield stress for all

samples is found to be either small or negative (which is unphysical) but within 2σ error of

zero, it is generally neglected. Maximum strain rates achieved were approximately 0.03–

0.05 s−1 for concentrated samples, and up to 16 s−1 for very dilute suspensions.

  The experiments of polymodal particle suspensions show results that are

qualitatively consistent with those from previous studies limited to uni- and bimodal

distributions (Mueller S.P. et al., 2010; Cimarelli et al., 2011; Del Gaudio et al. 2013; Del

Gaudio 2014; Truby et al., 2015). For example, the viscosity shows a nonlinear increase in

relative consistency with increasing particle volume fraction (figure 3a), and the onset of a

shear thinning behavior (decrease of flow index n) at ߶ > 0,3 (figure 3c). This observation

applies as well to suspensions with particle distributions with varying skewness and

variance (figures 19a and 19c).
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Figure 19: Experimental data in relation to particle volume fraction. a) relative viscosity .௥,∗ vsߟ

particle volume fraction߶, (b) relative viscosity ௥,∗ vs. norm. particle volume fractionߟ థ
థ೘

, (c) flow

index n vs. particle volume fraction߶ and (d) flow index n vs. norm. particle volume fraction
థ
థ೘

for the synthesized polymodal distributions- error bars smaller than symbols.

  A size dependency of our samples is indicated by figure 20a, where the mean of the

particles used in this study is shown in relation to ߶௠, which is negatively correlated to the

particle size. When relating ߶௠ to variance (the degree of modality of a given distribution),

a higher variance leads to a higher ߶௠ of the suspension as it is shown in figure 20b. In

figure 20c, a correlation between ߶௠ and skewness of a distribution is evident. The less

skewed a distribution (Sk = 0), the higher ߶௠௔௫, whereas more skewed distributions (either
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positive or negative) feature slightly lower values of ߶௠. There is, however, no direct

relation between kurtosis and ߶௠ as can be seen in figure 20d.

Figure 20: Statistical data in relation to the maximum packing fraction. (a) ߶௠ vs. mean,

(b) ߶௠ vs. variance (standard deviation), (c) ߶௠ vs. skewness and (d) ߶௠ vs. kurtosis - error bars

smaller than symbols. Same symbols as in figure 19.
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4.1.1. Classifying experimental results

Based on intensive literature research, the systematic experiments with controlled tri- and

tetramodal particle content as well as with controlled variance and skewness are the first of

their kind. Being qualitatively consistent with previous rheological studies on particle-

bearing suspensions (Castruccio et al., 2010; Mueller S.P. et al., 2010; Mader et al., 2011;

Del Gaudio et al., 2013 or Truby et al., 2015; among others), the results of the experiments

presented in figure 19 illustrate a nonlinear increase in relative viscosity ∗,௥ߟ with

increasing particle volume fraction. This is due to the fact, that the analogue approach of

the experimental procedure used in our study limits the suspensions to the dilute and semi-

dilute flow regime in which the aforementioned models in chapter 2 show only minor

differences. Divergences become much more important as the particle fraction of the

analyzed suspension approaches ϕ୫, which in the case of our study can be neglected, since

it is almost impossible to perform analogue experiments at ம
மౣ

 > 0.8 within a reasonable

and controllable range of error.

  In addition the onset of a non-Newtonian behavior in form of shear thinning -

shown by a decrease of flow index n - at ϕ > 0.3 can be noticed. Shear thinning is believed

to be due to different processes including shear heating, particle rotation along the flow

direction, and cluster reduction (Quemada, 1978; Chang & Powell, 1993; among others).

Following Deubelbeiss et al., (2011), due to the low values of viscosity of the fluid and

suspensions and shear rate reached in the experiments shear heating as a main cause of

shear-thinning can be excluded. Likely more relevant effects are particle rotation and

particle interaction (Mueller et al., 2011; Del Gaudio et al., 2013). Furthermore, neglecting

yield stress of the measured suspensions is justified and consistent with the experimental

results of Mueller et al. (2010), who found that yield stress is generally close to zero for ம
மౣ

< 0.8.

  The experimental study also shows, qualitatively, the effect of polymodality on

particle size distributions. An increasing modality increases the maximum packing

fraction, which is consistent with results from numerical modelling studies (Pusey, 1987;

Schaertl & Sillescu, 1994; Phan et al., 1998; Kansal et al., 2002; Farr & Groot, 2009;
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Desmond & Weeks, 2013; Shewan & Stokes, 2015). As can be seen in figure 21 our

experiments of multimodal particle suspensions feature this particular effect: the higher the

modality or the amount of different particle sizes in a suspension gets, the higher the

maximum packing fraction. A conclusion that can be drawn from this is that suspensions

with a higher modality have effectively a lower viscosity at the same particle volume

concentration than suspensions with a lower modality. This becomes particularly relevant

when looking for optimized particle-load to viscosity ratios.

Figure 21: Experimental data for relative viscosity ௥,∗ vs. particle volume fraction߶ ofߟ

suspensions with different particle modalities. Dashed lines indicate maximum packing fraction ߶௠
that increases with increases modality.

4.1.2. Maximum packing fraction ϕ୫

A striking result of the experimental series is linked to the value of maximum packing

fraction of particle-bearing suspensions. Considering figure 22, where the relative viscosity

of the experimental suspensions of spherical particles with different size distributions and

the results of Mueller S.P. et al. (2010) of particles with arbitrary shape is plotted in

relation to థ
థ೘

, it can be seen, that most of the data fall onto one single trend, regardless of



4. Rheological experiments - Deriving a model

59

whatever particle shape (Mueller S.P. et al., 2010) or particle size distribution (this study)

the suspension contains. This suggests that the parameter ߶௠ encapsulates most

rheologically relevant microstructural information of any given particles suspension.

Figure 22: Experimental data of this study for relative viscosity ௥,∗ vs. norm. particle volumeߟ

fraction థ
థ೘

, with reference to data of particles with arbitrary shape from Mueller S.P. et al.

(2010); reference data from Stickel & Powell (2005) includes data from Chang & Powell (1994),

Chong et al., (1971) - error bars smaller than symbols

  As outlined in section 2.3., there exist ambiguities in the exact definition of ߶௠,

mainly depending on how it is measured. Therefore, given its importance in suspension

rheology, this lack of clarity has to be addressed. Most models in rheology containing a

value of maximum packing fraction treat it as an empirically determined and adjustable

parameter. In the form

௥ߟ = ݂ ቀ థ
థ೘
ቁ   (4.1)

it is simply a direct scalar measure of suspension microstructure (Stickel & Powell, 2005).

From an ideal geometrical point of view, ߶௠ describes the densest possible packing for a

given particle geometry and size distribution and can therefore be defined as ߶௠,௚௘௢௠,
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while more realistic scenarios feature randomly organized packings, with lower values that

are referred to as random close packing ߶௠,௥௖௣. (Torquato et al., 2000). Values of

߶௠ determined from rheological flow experiments (e.g., by extrapolation of ߟ → ∞ in

equation 2.5) are generally lower than the values for static geometrical maximum packing

and may be referred to as a rheologically determined ߶௠,௥௛௘௢௟.

  In rheological terms, the importance of flow needs to be taken into account, so that

߶௠ represents the volume fraction, at which particles can no longer flow past each other

and the suspension becomes jammed, i.e. the viscosity tends towards infinity. Therefore

one might argue whether it makes sense to distinguish between a theoretical derived ߶௠
and a rheological ߶௠. Especially given the fact, that up to the present there is no

constitutive definition or characteristic estimation of either ߶௠ and ߶௥௖௣ in terms of their

rheological impact and what it actually means for a particle-bearing suspension to reach

߶௠ as discussed for example by Torquato et al. (2000). For a further review referring

jammed hard-particle packings, Torquato & Stillinger (2010) can be recommended.

  It could be assumes that differences between ߶௠,௥௖௣ and ߶௠,௥௛௘௢௟ are due to the

effect of shear during the rheometric measurements, which forces the particles to pack

more efficient than by static settling in the centrifuge. Comparison of ߶௠-values

determined by simple settling experiments (representing ߶௠,௥௖௣) with the ߶௠-values

derived from fitting the rheological data to equation (2.4; representing ߶௠,௥௛௘௢௟; figure 23)

allows the general statement:

߶௠,௥௖௣ < ߶௠,௥௛௘௢௟ < ߶௠,௚௘௢௠ (4.2)

  Those settling experiments consisted of a small series of experiments with different

batches of glass bead mixtures filled to a given amount of silicone oil. The particles were

let sink randomly into the oil until the maximum packing ߶௠,௥௖௣ was reached and the

excess amount of particles could be removed. By weighing the resulting mixtures it is

possible to calculate the exact value of ߶௠,௥௖௣.

  Consequently, I propose to distinguish clearly between a theoretical, geometrically

derived ߶௠,௚௘௢௠ and a rheological ߶௠,௥௛௘௢௟  and strictly use the value ߶௠,௥௛௘௢௟  when
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considering rheological problems, since small changes of the value of ߶௠ might result in a

dramatic change of the viscosity.

Figure 23: Maximum packing fraction ߶௠ estimated by settling vs. maximum packing fraction ߶௠
estimated by rheometry. Same symbols as in figure 22.

4.1.3. The links between CSD, maximum packing fraction and suspension

viscosity - a model

The nature of the parameter ߶௠ as the overarching expression of textural and rheological

properties of a suspension makes it ideally suited to act as a link between the statistical

characteristics of a suspension’s particle size distribution and its viscosity. In order to find

that ‘missing link’ between the maximum packing fraction and the viscosity of polymodal

distributions, this thesis focused on the statistical parameters (e.g., skewness, variance) of

different particle size distributions by analyzing analogue samples with varying pre-

determined characteristics.
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significance as the first parameter describing a distribution (Figure 20a). More information

describing a distribution is provided by its variance. Figure 20b shows, that there is a

strong correlation between variance and ߶௠, which is sensible since a higher variance

implies a higher number of different particle sizes (and therefore a higher dispersity),

which results in a more efficient packing and therefore a higher ߶௠.

  Considering the skewness of the distributions, figure 20c shows that the more

skewed a distribution is (either positively or negatively skewed), the lower ϕ୫ gets - or in

other words the less skewed, the higher ϕ୫. This is quite intriguing since it could be

expected from earlier studies (e.g., Desmond & Weeks, 2013), that more positively skewed

distributions (more smaller particles) result in a higher ϕ୫. Kurtosis, however, shows no

significant relationship with ϕ୫and might therefore be neglected (figure 20d). In

summary, these experiments clearly show a major influence on ϕ୫ of variance and

skewness, while particle size plays a subordinate role. Nonetheless, neither variance nor

skewness can fully describe a distribution of particles in a suspension and therefore

underline the need for another parameter (e.g., polydispersity; see section 2.4).

  The results of the rheometric experiments appear to contradict Desmond & Weeks

(2013), who focus on the effect of polydispersity δ and find in a numerical analysis of

sphere packings with different particle size distributions, that packing density can increase

significantly with increasing skewness especially for distributions with large polydispersity

δ (equation 2.26). Even given the fact that the analyzed analogue distributions feature only

a small range of polydispersity δ compared to those of Desmond & Weeks (2013), the

results suggest that the packing density ϕ୫ cannot be increased significantly with

increasing skewness. This implies that the value of polydispersity δ itself has much more

influence on ϕ୫ than variance or skewness alone.

  From a theoretical point of view, the maximum packing value of a suspension with

monomodal spheres and therefore a polydispersity = 0, is characterised by ߶௠ ≈  0.63 –

0.65 (e.g., Bernal & Mason, 1960; Rintoul & Torquato 1996; 1997; and others) assuming

that the particles are randomly organized in disordered packings (see section 2.3).

Increasing the polydispersity and therefore filling the voids in between larger particles,

increases ߶௠ at the same time. Consequently, a polydispersity with very high values, might
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drive ߶௠ of a suspension to reach up to a theoretical maximum value of  ߶௠ = 1, which is

known as the Appollonian packing. Figure 24 shows a schematic plot based on that

theoretical approach: a non-linear relation between  ߶௠ and polydispersity that approaches

 ߶௠ = 1 asymptotically with increasing polydispersity.

Figure 24: Schematic plot of maximum packing fraction ߶௠ vs. polydispersity illustrating the

Apollonian packing.

Based on this theoretical approach it is possible to develope a (semi-)empirical model by

fitting the experimental data according to following equation (figure 25):

ϕ୫ =  1 − ቀ൫1 − ϕ୫,଴൯ e(ିஔ ∗ மౣ,బ) ቁ (4.3)

where ϕ୫,଴ is the maximum packing fraction for a monomodal size distribution of spheres

with variance = 0 and skewness = 0 - in our study ϕ୫,଴ = 0.6496, which is in good

agreement with previously reported values for monomodal particle distributions (e.g.,

Rintoul & Torquato, 1996; among others). Although the dataset covers only a small

portion of polydispersity and ϕ୫ and, accordingly, display only a limited correlation, this

parameterization fulfills the theoretical requirements expected from a δ-ϕ୫relationship.
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Figure 25: Maximum packing fraction ߶௠ vs. polydispersity δ (eq. 2.28) following eq. (4.3).

As mentioned in section 2.4, Desmond & Weeks’s (2013) definition of polydispersity does

not include much information about the shape of a distribution. We here adopt the

definition of polydispersity γ of Wadsworth et al. (2017, eq. 2.29) and parameterize our

experimental data results to following equation:

߶௠ =  1 − ቀ൫1 − ߶௠,଴൯ ௔ߛ ቁ  (4.4)

where a = 0.173 is an empirical constant (see figure 26). By using the moments of a

distribution, an increasing degree of polydispersity decreases γ. While γ = 1 represents the

monodisperse limit (a monomodal distribution with particles of the same size), an

increasing polymodality and therefore decreasing parameter γ leads the maximum packing

fraction ϕ୫ to converge to 1. The theoretical requirements discussed before, however, are

still fulfilled. As an example, imagine two particle-bearing suspensions A and B with an

identical particle volume fractions (߶ = 0.6) and a monomodal maximum packing fraction
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߶௠,଴ = 0.64 (spherical particles), but with different size distributions and, accordingly

diverging polydispersity values of ஺ߛ = 0.8 and ஻ߛ = 0.4. According to equation (4.4),

values for maximum packing fraction of those suspensions are ߶௠,஺ = 0.654 and ߶௠,஻ =

0.693. Inserting these values into the Maron-Pierce model (equation 2.4), the obtained

relative viscosities are ௥,∗,஺ߟ = 148.53 and ௥,∗,஻ߟ = 55.76, respectively. This illustrates

that - particularly at concentrated suspensions – a varying PSD can have a considerable

effect on suspension rheology.

Figure 26: Maximum packing fraction ߶௠ vs. polydispersity γ (eq. 2.29) following eq. (4.4).

4.2. Influence of particle shape – testing the model

Owing to the fact that the maximum packing fraction ߶௠ is the dominant parameter

controlling the rheological behaviour of a suspension, the semi-empirical model (Figure

26; equation 4.4) offers the possibility to directly link the statistical parameters of a

particle-bearing suspension with a given size distribution to its rheological behavior.

However, the model is based on experiments with spherical particles. Prior to rheometric

experiments with particles of arbitrary shape in order to quantify its effect on that model, it

is necessary to consider if the model comprises any information of particle shape.
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Figure 27: Schematic plot of maximum packing fraction ߶௠ vs. polydispersity γ (equation 2.29)

following eq. (4.4) for distributions of arbitrary particle shape with aspect ratio rp ≠ 1.

  The only parameter of equation (4.4) that might be affected by the shape of particles

is ϕ୫,଴. Particle shape exerts a strong control on the maximum packing fraction as shown

experimentally (e.g., Milewski, 1973; Parkhouse & Kelly, 1995; Rahli et al., 1999),

geometrically (Evans & Gibson, 1986), and numerically (e.g., Donev et al., 2004; et al.,

2004; Williams & Philipse, 2003). The effect of particle shape on the relative viscosity can

thus conveniently be evaluated through its effect on the maximum packing fraction. Based

on high-resolution rheometry data, Mueller et al. (2011) proposed an empirical relationship

between maximum packing fraction and the aspect ratio rp of suspended particles:

߶௠ =  ߶௠ଵ exp ൤− ൫௟௢௚భబ ௥೛൯మ

ଶ ௕మ ൨  (4.5)

where ߶௠ଵ is the maximum packing fraction for particles with rp = 1, and b is a fitting

parameter (b = 1.08). The aspect ratio rp is defined as ݎ௣ = ௟ೌ
௟್

, where la is the particle’s axis

of rotational symmetry and lb is its maximum diameter perpendicular to that axis

(assuming that non-spherical particles can be approximated as prolate/oblate spheroids or

cylinders; Mueller S.P. et al., 2010). Following equation 4.5, for particles having an aspect

ratio r୮ ≠ 1, ϕ୫ of related particle size distributions decreases drastically, so that those



4. Rheological experiments - Deriving a model

67

distributions also have a lower ߶௠,଴ (figure 27). This would add information of particle

shape into the model without infringing the theoretical requirements and the general

outcome of the model. Rheometric experiments on suspensions with arbitrary particle

shape will test that theoretical idea.

4.2.1. Results of rheometric experiments

The experimental results for relative viscosity ηr,* and flow index n (equation 2.9) for the

synthesized uni- and polymodal distributions of prolate and oblate particles are presented

in figure 28. Similar to the experiments with spheres the figures plot η௥,∗(߶), as well as

n(߶). Yield stress is also neglected for all samples, since it is found to be either small or

negative (which is unphysical) but within 2σ error of zero. Likewise, maximum strain rates

achieved were approximately 0.03–0.05 s−1 for concentrated samples, and up to 16 s−1 for

very dilute suspensions.

  The results presented in figure 28 follow the similar behavior that can be seen in the

experiments of spherical particles in figure 19: a nonlinear increase in relative viscosity

η୰,∗ with increasing particle volume fraction. Again that is qualitatively consistent with

previous rheological studies on particle-bearing suspensions (Castruccio et al., 2010; Del

Gaudio et al., 2013; among others) and also the onset of a non-Newtonian behavior can be

noticed. However, shear thinning indicated by decrease of flow index n seems to set in

much earlier at ϕ > 0.1 than for spherical particles. Since effects like particle rotation and

particle interaction are thought to be the main cause for shear thinning (Mueller et al.,

2011), that might be expected. In summary, this set of rheometric experiments provides a

solid and reliable dataset to test the model derived in section 4.1.3 for its capability to

predict the maximum packing fraction of polydisperse suspensions with non-spherical

particles ( ௣ݎ ≠ 1).
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Figure 28: Experimental data of

particles with arbitrary shape in

relation to particle volume fraction.
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4.2.2. Model improvements

Since the only parameter of equation (4.4) that might be affected by the shape of particles

is ϕ୫,଴, as discussed in section 4.2, it seems reasonable to make use of the relationship

between aspect ratio of particles and ϕ୫ established by Mueller et al. (2011) and modified

in Mader et al. (2013). Illustrated in Figure 29, that model predicts that if particles having

an aspect ratio r୮ ≠ 1, ϕ୫ of related particle size distributions decreases drastically.

However, this model is largely based on particles with aspect ratio ௣ݎ > 1. Based on a set

of complementary rheometric experiments of new oblate ( ௣ݎ < 1) particle-bearing

suspensions, their relation (equation 4.5) is extended and re-parametrized to provide a

more robust fit (Figure 29). The complete set of experimental data can be found in the

appendix.

Figure 29: Experimental data of this study and re-parameterized model for maximum packing

fraction ߶௠ vs. aspect ratio rp (equation 4.5)

  The re- parametrization of equation (4.5) yields minor changes to the fitting

parameters. While in Mader et al. (2013) these values were given as ߶௠ଵ  = 0.656 and b =

1.08, for the data of this thesis the best fit is achieved for ߶௠ଵ = 0.637 and b = 1.171.

Figure 30 shows the results for prolate and oblate particle suspensions with varying

polydispersity γ. In order to test the applicability of equation (4.4) for non-spherical

particles, sets of polydisperse suspensions with mean aspect ratios of ~ 7 and ~ 0.09 were

used. With the corresponding ߶௠,଴ values calculated from equation (4.5) and Mader et al.



4. Rheological experiments - Deriving a model

70

2013, the new data substantiate that equation (4.4) is a robust tool to estimate ߶௠ also for

polydisperse distribution of prolate and oblate particles (Figure 30). For ௣ݎ ≠ 1, the

maximum packing fraction ߶௠ of the suspension systematically decreases, while

maintaining the general relation between polydispersity γ and ߶௠.

Figure 30: Experimental data of this study for maximum packing fraction ߶௠ vs. polydispersity γ

(equation 4.4) of oblate (mean rp ~ 0.09) and prolate (mean rp ~ 7) particles.

4.2.3. The generalized model

Reasonably predicting the relative viscosity of natural crystal-bearing magma requires the

consideration of crystal volume fraction, shape and size distribution. By combining the

aforementioned models, a comprehensive model accounting for these key textural

variables might be provided. As shown before, the only parameter in equation (4.4) that is

directly affected by the shape of crystals is the maximum packing fraction of a monomodal

suspension, ߶௠,଴. By substituting the shape-specific parameter ߶௠ derived from equation

(4.5) for ߶௠,଴, it is possible to use equation (4.4) to quantify a theoretical ߶௠ for

polydisperse suspensions with non-spherical particles. Implemented into the Maron-Pierce

model, equation (2.14) can then be extended and expressed as:
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ቍ
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 (4.6)

  This expression takes into full account the volume fraction or crystallinity ߶, the

mean aspect ratio rp of the crystals, and  the polydispersity γ, when predicting the relative

viscosity of a particle-bearing liquid. For natural magmas, these parameters can be readily

obtained through image analysis with well-established techniques and software of rock

samples (e.g., Hammer & Rutherford, 2002; Higgins, 2000; among others). Hence,

equation (4.6) provides, for the first time, a means to estimate relative magma viscosity

purely based on a comprehensive textural description of a section sample.

4.2.4. A practical application

As a last step the polydispersity model should be applied to natural volcanic rocks in order

to test the empirical findings and draw inferences on plausible relative viscosity from rock

texture. Therefore data available in DynVolc database (2017) was utilized. This database

integrates physical observations of dynamic volcanic processes and spans the full range of

explosive and effusive activity types. For each eruptive style, the database tabulates field,

textural (i.e., vesicle and crystal size distributions) and chemical analyses of samples, and

where available associated geophysical measurements.

  Figure 31 shows the example of five different volcanic systems: (1) Mauna Ulu

(Robert et al., 2014), (2) Mt. Etna (Harris et al., 2011), (3) Stromboli (Pistolesi et al.,

2011; Gurioli et al., 2014), (4) Villarica (Gurioli et al., 2008) and (5) Mt. Dore (Latutrie et

al., 2017). This selection spans compositions from mafic to intermediate magmas and

encapsulates various eruption styles, thereby resulting in different crystallinities and crystal

phases. Using 2D binary BSE images of given rock samples (Figure 31a), it is possible to

gather textural data of those rocks in order to estimate the variables needed for the

calculation of relative viscosity ௥,∗. While polydispersity γ can be calculated followingߟ

equation (2.29) using the equivalent diameter of the crystals, the relation between major

and minor axis of the crystals determine a 2D average value of aspect ratio rp of the

particular rock samples. Due to the nature of the log-Gaussian function of equation (4.5),
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the information of 2D aspect ratios rp also contain 3D information. 2D-3D size and shape

conversions of image analyses, however, are still quite essential aspects of CSD analyses

and still in debate (e.g., Jerram et al., 2009; Jerram & Higgins, 2007; Morgan & Jerram,

2006; Sahagian & Proussevitch, 1998; among others). The histogram of one sample from

Villarica volcano (Gurioli et al., 2008) is shown as an example in figure 31b.

Figure 31: Practical application steps

  This aforementioned textural data allows application of equation (4.4) on the data to

calculate ߶௠ of each particular sample (Figure 31c), before actually estimating the relative

viscosity ௥,∗ with the Maron-Pierce model (equation 2.14; Figure 31d). A user-friendlyߟ

spreadsheet that calculates the relative viscosity ௥,∗ following these steps, summarized inߟ

equation (4.6), can be found in the appendix. The present example (figure 31) illustrates

that the basaltic lava samples from Mauna Ulu are characterized by a relatively high

polydispersity value γ (0.2 < γ < 0.6), which, in addition to a relatively low crystallinity,

results in the lowest predicted relative viscosity ௥,∗ (< 2.5). By contrast, theߟ

trachyandesitic samples from Stromboli showing lower polydispersity values γ (0.05 < γ <

0.35), which results a much more disperse CSD and consequently, a relatively high ௥,∗ (upߟ

to 35).
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4.3. Pros and cons - a summary

Despite the promising results, this model only focuses on the relative effect of crystal-size

distributions on the rheology of magmas systems and the occurrence of vesicles in natural

rocks is not taken into account. As such, we envision that the predicted µ values could be

applicable to vesicle-free domains of magmatic flow in either conduit margins or dense

sections of active lava flows. As direct viscosity measurements on active lavas are

exceedingly difficult if not impossible (only few studies have succeeded to measure the

viscosity in-situ using either penetrometers or rotational viscometers; Einarsson, 1949,

1966; Gauthier, 1973; Panov et al., 1988; Pinkerton & Norton, 1995; Pinkerton & Sparks,

1978), our application provides a new and robust way to establish baseline data on magma

rheology from samples of specific flow regimes in active or extinct volcanic systems.

Future variants of the current model may incorporate the complex effects of bubbles on

magma rheology (Manga et al., 1998). It can be anticipated that vesicles and their size

distributions might not only affect the value of polydispersity but also the physical

properties of the magma (e.g., Manga et al., 1998; Truby et al., 2015; among others). Apart

from that, a crucial parameter in the model is the aspect ratio rp. The model relies on the

assumption, that a meaningful average crystal aspect ratio rp of the given rock sample can

be constrained. Further research on the effect of a large range of particle aspect ratio on the

rheology of suspensions – also in 3D - is needed.
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5. The evolution of CSD’s in rising magma and its effect on magma

rheology

Because crystals grow during magma rise, and due to the profound influence of particle

concentration, size distribution, and shape on suspension rheology, it is expected that the

rheology of ascending magmas will change with time and position within the volcanic

conduit (Figure 32). In order to temporally and spatially constrain magmatic textural

development in the volcanic conduit, experiments on rhyodacitic melt compositions

collected from Santorini (Greece) are performed, using an approach that simulates the rise

of magma at various rates. The goal of these experiments is to determine how the crystal

size distributions in naturally occurring magmatic rocks develops as a function of depth,

decompression rate, and volatile content in a magma chamber-volcanic conduit system. In

an ideal case, it would be possible to interpret the ascent and eruption histories of

volcanoes that have produced magma having clearly undergone pre- and syn-eruptive

crystallization from realistic textural maps of a magma-filled volcanic conduit (Hammer et

al., 2000, 2002; Martel et al., 2000; Castro & Gardner, 2008). The upcoming chapter

covers the second part of this study and outlines the methods and findings of the

petrological experiments conducted for this thesis.

5.1. Idea and background

It is a well-accepted theory that the ascent of magma in the conduit alongside the mass

eruption rate (Wilson, 1980) controls the style of volcanic eruptions to a large extent.

According to Riker et al. (2015), the reasons for this are thought to be kinetic timescales of

decompression-driven vesiculation and crystallization that strongly influence the ease of

gas escape from viscous melts (Cashman et al., 2004; Rust & Cashman, 2011). While

vesiculation is the dominant process operating on very short timescales (seconds to

minutes; Gardner et al., 1999; Mourtada-Bonnefoi & Laporte, 1999), crystallization in

response to degassing become increasingly important at longer timescales (t > hours;

Hammer & Rutherford, 2002; Couch et al., 2003a; Martel & Schmidt, 2003). Induced by

decompression, the supersaturation of dissolved volatiles such as H2O, CO2 and others

leads to the nucleation and growth of bubbles (Sparks, 1978; Gonnermann & Manga,

2007). The exsolution of those volatiles subsequently increases the temperature at which
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mineral phases form (Swanson, 1977; Wilson, 1980; Eichelberger, 1995; Eichelberger et

al., 1986) and therefore influences crystallization processes. This phenomenon is known as

the effective undercooling, which represents the temperature difference between magma

and the liquidus (e.g., Martel & Schmidt, 2003; Hammer, 2008).

Figure 32: (a) Schematic cross-section of a volcanic conduit showing the crystallinity development

at arbitrary low, middle, and upper levels in the conduit, depicting the expected textural changes of

silicic magma that is undergoing degassing due to decompression.

  When explosive eruptions are initiated, the magma chamber overpressure is usually

highest, leading to fast ascent rates (Jaupart & Allegre, 1991). If there is no time for the

exsolved gas phase to escape into the country rock, magma and gas phase hence act as a

closed system (Newman et al., 1988) leading to expansion, fragmentation and acceleration

of a bubbly foam (Sparks, 1978; Wilson, 1980; Jaupart & Allegre, 1991). In the event of

slower ascent rates, the volcanic conduit is able to divert the exsolved gases (often by

means of fumaroles (Heiken et al., 1988; Hammer et al., 1999) or ash-charged vents

known as tuffisites (Stasiuk et al., 1996; Tuffen et al., 2003)) or the ascending magma

reaches some degree of permeability due to bubble nucleation, which allows the volatiles

to degas through the bubble network (Eichelberger et al., 1986; Klug & Cashman, 1996).

This leads to open system conditions and consequently to an effusive eruption style

(Eichelberger et al., 1986; Newman et al., 1988; Jaupart & Allegre, 1991; Klug &

Cashman, 1996). Whether a (volatile-rich) volcanic system degasses as an open or closed
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system is also influenced by viscosity of the magma, volatile diffusivity as well as bubble

interconnectivity (e.g., Burnham & Davis, 1971; Eichelberger et al., 1986; Woods &

Koyaguchi, 1994; Moore et al., 1998; Mangan et al., 2004; Papale et al., 2006;

Gonnermann & Manga, 2007).

  The fact that magmas undergo complex storage, ascent and decompression histories

prior to an eruption may result in equally complex magmatic textures comprising crystals

and vesicles in contact with quenched silicate melt (glass). Especially the pre-eruptive

storage conditions, namely the position, temperature, pressure, and oxygen fugacity (fO2)

of a magma chamber dictate the initial rheological conditions of a magma. Once magma

rises from its storage chamber, it may undergo several important chemical and physical

changes that are directly linked to its position within the crust affecting the rheology of

ascending magmas. Due to crystal growth and the profound influence of particle

concentration, size distribution, and shape on suspension rheology, it is expected that

rheology will change with time and position within the volcanic conduit. (Figure 32).

  Crystal sizes are often bi- or multimodally distributed, e.g., with a population of

phenocrysts embedded in a microlite-rich matrix (Marsh, 1988a; 1988b; 1998; Hammer et

al., 2000, 2002; Martel et al., 2000; Castro et al., 2003; Mock & Jerram, 2005; Morgan &

Jerram, 2006; Castro & Gardner, 2008; Rannou & Caroff, 2010). Phenocrysts, by virtue of

their larger size and common enclosure of silicate glass inclusions, are believed to

represent crystallization at magma chamber conditions, while microlites, by contrast, may

grow dominantly during magma ascent within the conduit, in response to changes in

pressure, temperature, and melt-H2O concentration. Thus, the microlite population is likely

to be a key indicator of magma ascent conditions, including distance travelled and velocity

(e.g., Hammer & Rutherford, 2002).

  The intention of the second part of this thesis is to measure the CSDs in

experimentally grown crystal populations in order to gauge when and at what P-T

conditions microlite crystallization occurs in a volcanic conduit. Once it is established how

magma composition, temperature and decompression (rise) rate scale with CSDs, it might

be possible to develop curves showing the time- and pressure (depth)-dependent crystal

contents in the volcanic conduit. Such information will in turn, serve as a basis to predict

rheological transitions in active volcanic conduits. The target composition of this study is a
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rhyodacite from the Minoan eruption of Santorini volcano, a volcanic system for which the

erupted products are well characterized and whose magma storage reservoirs and plumbing

systems are already well documented in terms of position and starting magma temperature

(e.g., Cottrell et al., 1999; Druitt et al., 1999 - see chapter 6). Using these initial storage

conditions as starting points, the aim is to map out how crystallinity changes as a function

of pressure, or depth beneath the volcanoes and subsequently the rheological shifts

expected to occur during the rise of magma from a variety of different storage positions to

the point of eruption.

  As summarized and reviewed by Riker et al. (2015), experiments simulating

magmatic decompression provide a means of calibrating textures against known ascent

conditions. While early work established the relevance of degassing-induced crystallization

on magmatic and volcanic timescales (Fenn, 1977; Swanson, 1977; Muncill & Lasaga,

1988; Geschwind & Rutherford, 1995), a lot of research has aimed to correlate quantitative

descriptors of crystal texture (i.e. abundance, number density, size, and morphology) with

kinetic variables such as undercooling (the difference between the phase liquidus

temperature and the experimental run temperature), decompression rate (dP/dt), and time

(Hammer & Rutherford, 2002; Couch et al., 2003a; Martel & Schmidt, 2003; Pupier et al.,

2008; Brugger & Hammer, 2010a; Cichy et al., 2010; Martel, 2012; Mollard et al., 2012;

Arzilli & Carroll, 2013; Shea & Hammer, 2013). As a result these studies establish

baseline crystallization kinetics of common magmatic minerals (Hammer & Rutherford,

2002; Martel & Schmidt, 2003; Mollard et al., 2012), provide a context for linking

groundmass crystal textures to specific eruptive events (Couch et al., 2003a; Szramek et

al., 2006; Suzuki et al., 2007; Blundy & Cashman, 2008; Martel, 2012) and compare the

textural ‘fingerprints’ of decompression- and cooling-induced crystallization (Arzilli &

Carroll, 2013; Shea & Hammer, 2013). Additionally the results of dynamic decompression

experiments also suggest the potential for applications as geospeedometers (Toramaru,

1989; Rutherford & Hill, 1993) and geobarometers (Blundy & Cashman, 2008; Mollard et

al., 2012) and provide an essential reference for numerical models of magma ascent (e.g.,

Melnik & Sparks, 2005).

5.2. Experimental Strategy
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By having the well-constrained mineral and glass compositional and textural database at

hand, this data can be used as starting points for controlled petrological experiments. This

set of experiments has two primary goals: (a) to establish the pressure, temperature, and

crystal texture relations in magma conduits (phase equilibrium experiments), as well as (b)

to simulate a range of magma rise scenarios, which will investigate the effects of magma

rise speed and total decompression on the ensuing textural and chemical signatures in the

eruptive materials (decompression experiments).

5.2.1. Phase Equilibrium Experiments

In order to map the evolution of CSD and crystal texture in a volcanic conduit with depth,

it is necessary to perform petrological experiments at different pressures and temperatures

representing different depth within the conduit in the first place. Allowing the system to

fully equilibrate at each set of conditions, these conditions correspond to the pre-ascent and

pre-eruptive magma storage conditions. Using samples of rhyodacitic pumice from

Santorini volcano provides well-constrained information of the magma storage reservoir

and plumbing system in terms of position and starting magma temperature (Figure 33;

Cottrell et al., 1999) and therefore establish the run temperature (900°C) and the amount of

decompression later applied to the melt. Using these initial storage conditions as starting

points, isothermal experiments of different pressures simulate how crystallinity changes as

a function of pressure, or depth beneath the volcanoes and can be used as correlation for

the decompression experiment runs.
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  In the phase equilibrium experiments, aliquots of crushed pumice powder are

loaded into Ag-Pd capsules with enough water to ensure H2O-saturated conditions. The

assumption is that natural magmas were water-saturated at the time of storage and eruption

(Eichelberger, 1995). Capsules will then be sealed, welded shut, and weighed prior to

experiments in horizontal tube furnaces and Ni-Co-alloy (Waspaloy and René-41) “cold-

seal” pressure vessels (autoclaves). The exact experimental procedure, as well as sample

preparation and analysis will be discussed in the upcoming chapter 6.

Figure 33: Phase equilibria diagram for hydrothermal experiments on Minoan rhyodacite from

Cottrell et al., 1999)

5.2.2. Dynamic Decompression Experiments

In order to establish a relationship between decompression rate and magma crystal texture,

decompression experiments simulate the rise of magma in the conduit. Since crystallization

in magmatic rocks occurs in response to a change in temperature and/or a change in melt

composition, decompression dynamics might influence the crystallinity and therefore the

CSD of the sample drastically.
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  Because the changes in temperature due to cooling of an ascending magma batch

are expected to be minor compared to the effects of decompression-induced volatile loss

(degassing), the crystallization trigger investigated in this project part will be restricted to

devolatilization-driven crystallization. The primary volatile species is H2O, arguably the

most important volatile component in arc magmas (Luhr, 2001; Wallace et al. 2002). Many

if not most arc magmas are believed to exist at some point in their pre-eruptive history in

an H2O-saturated state and under these conditions when the magma rises, bubbles grow

thereby sequestering exsolved H2O from the silicate melt phase. As this happens, the

chemical undercooling “felt” by the silicate melt phase increases, and consequently,

provided there is enough time for crystals to nucleate and grow, mineral phases precipitate

in the melt (Figure 32b). In general, the larger the degree of undercooling, the more the

melt is inclined to respond by growing crystals. So, it is expected that the crystallinity

(volume percent of crystals), size, and number density (number of crystals per unit

volume) will all increase with time and position in the volcanic conduit. Thus the

experimental strategy is to grow crystals in natural silicate melts under different yet

controlled amounts of undercooling driven by different decompression rates under water-

saturated conditions.

  Since crystals need time to grow and in the natural system this time is offered by the

amount of time the magma spends on its way to the surface (i.e., pre-quench time),

experiments will be conducted across a range of realistic magma ascent rates (~0.05 - 0.2

m sec-1). That ascent rate is given by the quotient of total decompression and experiment

runtime. The isothermal decompressions will be conducted to an end-point pressure of

20MPa, corresponding to a relative shallow conduit depth. The differing decompression

amounts correspond to specific pressure points and therefore depths in the chamber-

conduit system as appropriately scaled to the approximate density profile of the sub-

volcanic crust.

  The set of decompression experiments are performed in the aforementioned

apparatus. However, these experiments first involve an equilibration stage, in which the

starting materials are subjected to a constant P-T dwell period of between 1 and 6 days to

homogenize the starting material and simulate magma storage prior to ascent.

Decompression will be induced by a continuously release of pressure at a rate governed by
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a pressure intensifier system. Again, the exact experimental procedure, as well as sample

preparation and analysis will be discussed in the upcoming chapter 6.

  The results of those decompression experiments are commonly compared with

textural characteristics of natural rocks to make interpretations about magma ascent rates

(e.g., Rutherford & Hill, 1993; Hammer & Rutherford, 2002; Couch et al., 2003a; Nicholis

& Rutherford, 2004; Cashman & McConnell, 2005, Brugger & Hammer, 2010b; Riker et

al., 2015, etc.). Natural ascent rates cover a wide range, from 0.001 to 0.015 m·s−1 for

felsic and intermediate magmas in the crust, 0.1–10 m·s−1 for effusive MORBs and more

than 200 m·s−1 for kimberlites and explosive eruptions (e.g., Paonita & Martelli, 2006;

Sparks et al., 2006; Rutherford, 2008; Misiti et al., 2011). As shown by the aforementioned

studies, decompression rate exerts a first-order control on crystal microtextures. However,

as stated by Brugger and Hammer (2010a) the nature of magma ascent during or prior to an

eruption is not fully understood. It is thought to be at times intermittent and pulsatory, with

rapid accelerations followed by irregular pauses, whereas at other times it may consist of

steady fluid flow (Smith, 1997; Tuffen et al., 2003; Roman et al., 2006; Scandone et al.,

2007;).

  The way and style of the actual decompression is a huge issue when simulating

magma ascent. As summarized by Brugger and Hammer (2010a) or Marxer et al. (2015),

due to technical limitations and simply out of necessity, most decompression-induced

crystallization experiments have utilized a step-wise decompression (SD) method

consisting of either a single-step decompression (SSD) or multi-step decompression

(MSD) (e.g., Hurwitz & Navon, 1994; Lyakhovsky et al., 1996; Hammer & Rutherford,

2002; Coombs et al., 2003; Couch et al., 2003a; Martel & Schmidt, 2003; Larsen &

Gardner, 2004; Nicholis & Rutherford, 2004; Gardner, 2007; Suzuki et al., 2007; Castro &

Gardner, 2008; among others). In those kind of experiments, pressure is changed manually

from an initial pressure instantaneously to a final pressure or with the help of a series of

small pressure drops and dwell periods before the sample is quenched. Experiments

employing a continuous decompression (CD) make use of a constant release of pressure

given by a distinct decompression rate imposed by a hydraulically driven screw pump

pressure variator with programmable controller as for example demonstrated by Brugger

and Hammer (2010a). Even though, according to Riker et al. (2015), only few continuous

decompression experiments were performed with reasonable decompression rates (e.g.,
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Brugger & Hammer, 2010a; Pichavant et al., 2013; Riker et al., 2015) in order to

investigate crystal growth dynamics. Most experiments primarily focused on studies of

volatile exsolution, bubble nucleation, and bubble growth processes (e.g., Gardner et al.,

1999; Mangan & Sisson, 2000; Martel & Schmidt, 2003) and imposed very rapid

decompression rates (typically 450 MPa h-1). Following Brugger and Hammer (2010a), the

MSD approach is thought to closely approximate natural magma ascent because the small

steps in pressure are regarded as insignificant in comparison with the total amount of

decompression. However, they argue that effects of varying pressure- and time-step size on

resulting crystal textures has never been investigated.

5.3. Textural characterization - Crystal-size distributions (CSD)

Many authors made use of textural analyses to characterize the processes before and during

volcanic eruptions (e.g., Marsh, 1988a; 1988b; Cashman, 1992; Higgins, 1994; Hammer et

al., 1999; Cashman & Blundy, 2000; Hammer & Rutherford, 2002; Couch et al., 2003;

Martel & Schmidt, 2003; among others). Aspects of a natural sample’s crystallization

history (e.g., nucleation and growth rates, cooling and residence time, qualitative degassing

patterns) can be extracted from the form of a crystal size distribution (Cashman & Marsh,

1988). It is typical to plot the CSD as the logarithm of the population density n(L) (n =

number of crystals per unit volume per unit length) as a function of size (measured as

either the length or breadth of the crystal in two or three dimensions), because in most

natural cases, n(L) is observed to be an exponentially decreasing function of L (Marsh

1988 a; 1988b). The basis for plotting a CSD is the standard histogram, and methods to

convert a histogram to a CSD are presented by Higgins (2006a). Once plotted, data

typically fall onto straight or curved lines in CSD space and the slopes and y-intercepts of

these lines can be used to distinguish different crystal populations within the rock and the

time evolution of the crystal population (Figure 34; e.g., Hammer et al., 1999, Higgins &

Roberge, 2007).

  Initially developed in chemical engineering by Randolph and Larson (1971), a

theoretical basis for the concept of CSDs was established by Cashman & Marsh (1988) and

Marsh (1988a; 1988b) by the application to igneous rocks of the corresponding industrial

models. They proposed to study the numbers of crystals (per unit volume) in magmatic

rocks in a semi-logarithmic fashion, by plotting them against their representative sizes
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(Armienti, 2008; Rannou & Caroff, 2010) and showed that in an open, steady-state system

with continuous crystallization, the CSD is a straight line with negative slope on a graph of

ln (population density) versus length. As shown by Pupier et al. (2008), based on the

Avrami approach (1939, 1940) it can be considered that in order to achieve a given

crystalline fraction ߶ corresponding to thermodynamic equilibrium in a given amount of

time t, growth rate G and nucleation rate J are adjusted automatically according to the so-

called Avrami equation:

߶ = 1 − exp  (−݇௩ ܬ ସ ) (5.1)ݐଷܩ

where kv is a volumetric factor. The relationship between the characteristic time necessary

for crystallization, characteristic growth and nucleation rates, and CSD parameters have

been quantified by Cashman (1992), Marsh (1998) and Zieg and Marsh (2002). The slope

of a CSD can generally be equated with

= ݁݌݋݈ݏ ିଵ
ீ∗௧

  (5.2)

while the intercept is the nucleation density. Nucleation and growth rates of crystals are

controlled by the magnitude of the crystallization driving force, which can be expressed

thermally as undercooling or chemically as saturation (Higgins and Roberge, 2007). As

discussed by Marsh (1998) the typical log-linear decrease in population density as a

function of crystal size can be explained, in a closed system, by two end-member

scenarios. Either (i) the nucleation rate J (number of crystals m–3 s–1) increases

exponentially as a function of time, while growth rate G (m s–1) is constant:

(ݐ)ܬ = ଴ܬ exp  ( ௝ܥ ∗ (5.3) (ݐ

where J0 and Cj are constants; or (ii) growth rate G increases exponentially as a function of

crystal size, while the nucleation rate is constant. In this case:

(ܮ)ܩ = ଴ܩ exp  ( ௚ܥ ∗ (5.4) (ܮ

where G0 and Cg are constants.
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  As further discussed by Pupier et al. (2008), although significant progress has been

made concerning the theoretical links between the CSD and the physical processes

accompanying crystallization (e.g., Resmini 2007; Higgins 2002; Hort & Spohn 1991;

Marsh 1988a, 1988b) consideration of these simple idealized cases illustrates that there is

no unique quantitative interpretation of a given log-linear CSD. On the other hand, if time

constraints are available (i.e. knowledge of the cooling history of the sample), values of G

and J may be derived. In conclusion, in the batch closed system constituted by an

experimental charge, the evolving shape of the CSD will provide insights into the

nucleation and growth processes, whereas the CSD parameters (slope and intercept) will

allow the determination of mean growth and nucleation rates. Additionally Rannou and

Caroff (2010) showed, that although magmatic systems are always multiphase, most of the

published CSD analyses concern only one selected mineral (e.g., Turner et al., 2003;

Higgins & Chandrasekharam, 2007; Morgan et al., 2007). Only a few CSD studies deal

with several comagmatic phases (e.g., Armienti et al., 1994; Higgins, 2002a, 2002b;

Higgins & Roberge, 2003; Mock et al., 2003; Simakin & Bindeman, 2008).

Figure 34: Examples of processes that can affect the shape of the CSD.

  Higgins (2006a) proposed a CSD classification based on the shape of the

distribution when plotted on relevant diagrams. Changes in intensive parameters, like

temperature and pressure, will change the value of the crystallisation driving force. For

constant conditions, however, there will only be one CSD, while a decrease in temperature

will be represented on that graph by a family of straight lines with the same slope but

different intercepts representing nucleation density (Figure 34a; Higgins, 2006a).
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Furthermore, for a similar growth rate, a longer residence time will favour the growth of

larger crystals; therefore, it will produce a change in the CSD slope but with the same

intercept (Figure 34b). A change in growth rate will produce the same effect and if the

crystal growth rate can be established then residence times can be calculated (Higgins &

Roberge, 2007). Accumulation and fractionation processes can also change the overall

shape of CSDs (Figure 34c). Both analytical and stochastic approaches have shown that

crystal accumulation produces a gentler CSD slope because larger crystals descend faster

than smaller crystals (Marsh, 1988a, 1988b; Higgins, 2002b). The complementary

fractionated magma will have a steeper slope as more big crystals have been removed than

small crystals (Higgins & Roberge, 2007).

  Figure 34d shows theoretical CSDs for magma that is experiencing coarsening

following the Communicating Neighbours model of DeHoff (1991). It has been proposed

that coarsening (Ostwald Ripening, textural equilibration) is an important process in

plutonic rocks (Hunter, 1987, 1996; Higgins, 1998, 2002), and might also be important in

the development of some volcanic rocks (e.g., Higgins & Roberge, 2003). Coarsening in an

igneous context is a process by which small crystals are resorbed while the larger crystals

grow so that the total surface energy is minimized (see review by Voorhees, 1992). It

occurs when magmas are held near their liquidus temperature for a long period. The turn

down of the left side of the CSD curve in figure 34d represents the disappearance of the

small crystals, whereas the right side of the CSD flattens during textural coarsening

indicating that the growth rate of crystals increases to a maximum with grain size (Higgins,

1998). Thus, both the slope and intercept of the CSD diminish during this process (Higgins

& Roberge, 2007).

  Another process affecting overall shape of CSDs is magma mixing or the existence

of multiple parental magmas. The terms used to describe these processes depend on the

ratio of the mixing scale to the system size. If this value is small then the final product is

homogeneous and the process is termed mixing. If the scale is larger, heterogeneities may

be observed and the process is then termed mingling. If the components share a conduit or

pluton then the term composite body or multiple magmas is used (Higgins & Roberge,

2007). Mixing of two magmas with non-collinear straight CSDs will produce a concave up

curved CSD (Figure 34e; Higgins, 2006a). This is because the vertical scale on a classic

CSD diagram is logarithmic. In detail, the CSD has straight segments at small and great
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sizes parallel to the original CSDs, but displaced downwards between the two original

CSDs. The degree of curvature will depend on the differences in CSD slope between the

two magmas. On simple, linear, bivariate geochemical diagrams, mixing will produce a

straight-line variation. This is not easy to distinguish from the curved distributions of

fractional crystallization if there is little compositional variation (Higgins & Roberge,

2007).
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6. Methodology

This chapter describes and summarizes the systematic experimental effort and techniques

in terms of sample preparation, the actual experimental routine and the textural analysis

used in the second part of this thesis.

6.1. Petrological experiments – procedure and methods

The series of isothermal equilibrium HP/HT-experiments as well as decompression

experiments were carried out for textural analysis and comparison with natural samples

follow the method described by Castro et al. (2013). The starting material of all

experiments was a finely crushed powder of pumices that were sampled in the fallout

deposits of Santorini Minoan eruption (A-layer). 50 to 70 mg of this powder was filled into

gold tubes of 20 mm length and 4 mm diameter that were already welded shut on one side.

Along with that, a sufficient amount of distilled water (~5 to 8 mg) was added to the

powder to ensure water saturation at the intended pressure and temperature conditions of

the following experiment (see Table 3). The capsules were then welded shut with an

acetylene–oxygen torch. To enable heat conduction during welding and hence reduce the

effect of vaporization of water within the capsule, the capsules were wrapped in water-

saturated paper and partly submerged in a larger water reservoir. After welding, the

capsule was heated on a hot plate at about 120 °C for 30 seconds and then reweighed to

ensure that the capsules were reliably sealed. This process was repeated twice. If the

weight was stable during the entire heating process, the capsules were ready for the

experiment. Otherwise, the capsules were discarded.

  All experiments were performed in horizontal tube furnaces and Ni-Co-alloy

(Waspaloy and René-41) “cold-seal” pressure vessels (autoclaves). The autoclaves were

first filled with distilled water before the gold capsule was added. Along with that, a Ni-

metal filler rod was placed in the “free space” above the experimental capsule. This

configuration prevents convection of the pressurizing fluid and fixes the oxygen fugacity (f

O2) at about NNO+1 (e.g., Geschwind & Rutherford 1992, 1995).
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Figure 35: Different stages of sample conditions during preparation

  The autoclaves are connected to the pressurizing system of a rotary vein pump and a

network of water-filled stainless steel pressure tubes. To check for any leaks, the

autoclaves were pressurized to a pressure above the target value. If no leaking was

observed, the furnaces were heated and pressurized to the desired P-T conditions. During

the heating process, the pressure had to be monitored carefully, as the pressure builds up

rapidly during heating-induced expansion of the fluid. When the target temperature of

900°C was reached, the system was left to equilibrate for half an hour before the actual

experiment was started.

  In the case of the equilibrium experiments with stable P-T conditions, the system

was left at the initial pressure and temperature conditions until the end of the experiment

for between 54 and 160h depending on the temperature and PH2O and the need to preserve

the mechanical integrity of the autoclaves. Following Pichavant and Macdonald (2007) or

Cottrell et al. (1999) this duration is generally sufficient time to achieve local equilibrium

between silicate melt and crystalline rims. For the series of decompression experiments,

each experiment was left for several days (26 to 144h) to equilibrate and stabilize the

mineral assemblage in presence of the surrounding silicate melt, before the actual

decompression was started. The continuous decompression of the system was controlled
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and performed by a PID modulator that controls the pump and decompresses the pressure

system.

  The individual decompression has to be set and the system runs automatically.

Different decompression rates (15, 7.5, 3 and 0.5MPa/s) were chosen to imitate different

ascent rates, i.e. eruption styles (explosive vs. effusive) and thus reproduce the textural

properties of natural samples. The slowest decompression rate corresponds to an ascent

rate (~0.01m s-1) typical of a dome-building effusive eruption (e.g., Mount St Helens),

whereas the fastest decompression simulates an ascent rate (~0.17m s-1) corresponding to

that preceding low-intensity explosive activity (Rutherford et al., 2000). Assuming a

lithostatic pressure gradient, each 10MPa pressure step corresponds to instantaneous ascent

of ~300m.

  The pressure and temperature during both equilibrium and decompression

experiments were monitored daily to ensure stable equilibrium conditions. Pressure was

checked by a factory-calibrated Bourdon-tube gauge, and also with a pressure transducer.

The associated errors in pressure readings are ±0.5MPa (Castro et al., 2013). An inconel-

sheathed K-type thermocouple was inserted into a bore at the end of the bomb to measure

the temperature at a point closest to the capsule, in addition to an onboard thermocouple in

the furnace that measured the temperature at the mid-point of the bomb. Little to no

difference in temperature was noted between the bomb center and its end where the

capsule would rest, although each thermocouple carries an error of ±5◦C.

  At the end of an experiment, the autoclaves were quenched rapidly to inhibit

thorough crystallization of the glass phase by a combination of blasting with compressed

air (1–2 min) and submersion in a circulating cold-water bath. To mitigate significant

pressure loss upon cooling by overpressurizing the experiments by 30 bars above the target

point shortly before the air-cooling phase. After quenching, the capsules were removed and

cleaned in an ultrasonic bath, dried and weighed again to check for leakage during the

experimental run. The gold capsules were then cut open with a razor blade, and the

experimental materials were removed. In each case, fluid fizzing out of the capsule was

observed when opening the experimental charges. The run products were then prepared for

electron probe microanalysis.
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experiment equilibrium decompression
temperature pressure duration rate time final pressure

[°C] [MPa] [hrs] [bar/h] [MPa/h] [m/h] [m/sec] [hrs] [days] [MPa]
SP1 900 200 54,25 - - - - - - -
SP6 900 175 122,5 - - - - - - -
SP2 900 150 163 - - - - - - -
SP3 900 125 140,5 - - - - - - -
SP7 900 100 120 - - - - - - -
SP4 900 75 142 - - - - - - -
SP5 900 50 118 - - - - - - -
SP8 900 20 141 - - - - - - -

DC14 900 175 26 30 3 122,32 0,03 48,33 2,01 30
DC11 900 175 48 5 0,5 20,39 0,01 290,00 12,08 30
DC1 900 150 112 150 15 611,62 0,17 8,67 0,36 20
DC2 900 150 121,5 75 7,5 305,81 0,08 17,33 0,72 20
DC8 900 150 119 30 3 122,32 0,03 43,33 1,81 20
DC3 900 150 144 5 0,5 20,39 0,01 260,00 10,83 20
DC4 900 125 116,5 150 15 611,62 0,17 7,00 0,29 20
DC5 900 125 121,75 75 7,5 305,81 0,08 14,00 0,58 20
DC6 900 125 118,25 30 3 122,32 0,03 35,00 1,46 20
DC7 900 125 119,75 5 0,5 20,39 0,01 210,00 8,75 20
DC12 900 100 50 30 3 122,32 0,03 26,67 1,11 20
DC13 900 100 126 5 0,5 20,39 0,01 160,00 6,67 20

Table 3: Overview of petrological experiments - equilibrium and decompression experiments
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6.2. Sample preparation

After the completion of the equilibrium, as well as the decompression experiments, the

quenched products were examined with a range of chemical and microanalytical methods.

With the help of thorough textural characterizations of the run products it is possible to

determine their CSDs and the geometrical properties of the crystals (aspect ratio). The

technique for sample preparation of the experimental samples follows standard procedures:

The sample fragments were mounted in round hard-plastic pucks and embedded in epoxy

raisin. Meticulous preparation of the epoxy is key to forthcoming analyses since it has to

be prevented to mix any bubbles into the puck. This applies especially for the very porous

natural pumice samples. Bubbles can be brought to the surface with a small needle or if

needed with the help of a vacuum chamber. For good results and image acquisition with

electron microprobe (EMPA) it is essential, that the sample surface is clean and very well

polished. Even small irregularities may lead to scattering of electrons. If the epoxy is

hardened, the mounted sample has to be ground and polished. There are two grinding steps

using diamond grits of different grain sizes, followed by three polishing steps using either

polyester or silk cloth in combination with diamond suspensions of the appropriate grain

size. After each polishing step, the puck has to be cleaned in an ultrasonic bath, and the

spinning table is cleaned to prevent contamination. Prior to EMPA analyses, a carbon

coating of about 20nm must be applied to the polished samples. The carbon coating

ensures conductivity during the measurements and inhibits any charges building up (e.g.,

Reed, 1996). There is no influence of the carbon coating on the measured results.

6.3. Electron microprobe analyses (EMPA)

The electron microprobe analysis (EMPA) was used to acquire BSE pictures, visually

enhancing chemical variations within samples, and to chemically analyze the phenocrysts

composition in order to compare the results to natural samples (Cottrell et al., 1999). All

microprobe analyses were obtained with a JEOL JXA 8900 RL at the Johannes Gutenberg-

University of Mainz. It is one of the most widely used and most efficient non-destructive

analytical techniques in the determination of major and minor element chemistry of solid

rock samples due to the fact of its excellent spatial resolution in the order of 1 μm. The

sample is analysed by characteristic x-ray lines, which are excited by a focussed electron
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beam in a non-destructive way so that quantitative analysis can be obtained in many cases

with an accuracy of the order of 1-2 % of the amount present for a given element.

(Goldstein et al., 1992; Rollinson, 1993; Reed, 1996).

  The EMPA is based on the interaction of electrons and the surface of a specific rock

sample and is basically comparable to an X-ray tube. Here, an electron beam is generated

and focused on the sample, whereby the atoms of the sample are excited due to the power

of the electrons. The electrons of the inner shells of the atoms are elevated to higher energy

levels or pushed out of the atom while electrons of the outer shells immediately fill the

vacancy and element specific radiation occurs (Reed, 1996). In fact, this radiation can be

analysed by two distinctive methods: (a) an energy dispersive system (EDS) and (b) a

wavelength dispersive system (WDS). The EDS is used to count the electron quanta and

simultaneously records the associated energy in a relatively short amount of time. In

principle, the detector measures "all" elements simultaneously, while comparing and

matching the characteristic radiation or the element-specific peaks with standards to obtain

the qualitative (and partly the quantitative) composition of the sample. Problems only

occur due to electronically induced artifacts. On the other hand the WDS is characterised

by a better resolution and better detection limits. An analyser crystal is placed between

sample and detector to decompose the polychromatic X-ray radiation into its wavelengths

after Bragg’s law. Because of the fact that different detectors are used to detect the

individual wavelength ranges, the time of measurements are increased significantly. By

comparing and converting the intensities of the signal to concentration in reference to a

standard, the quantitative composition of the sample can be obtained just as for EDS

(Goldstein et al., 1992; Reed, 1996).

  Another feature of EMPA is the detection of two sorts of electrons in which the

radiation can be separated: the secondary electrons (SE) and the back scattered electrons

(BSE). This can be used as an imaging tool. In this case, the electron beam constantly

scans a discrete area. The SE and especially BSE images can be used as an indicator for the

chemical composition and / or for differences in the composition. Areas rich in elements

with a higher atomic number scatter more electrons and are visualized brighter. (Goldstein

et al., 1992; Reed, 1996).
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6.4. Image analysis

6.4.1. ImageJ and Adobe Photoshop

The textures and mineral assemblages of the samples provided by the petrological

experiments represent a “snapshot” into prevailing crystallization regimes at certain

experimental conditions. To analyze and compare the crystallinity and textural

characteristics of those samples, images were taken in the BSE mode of the electron

microprobe. In order to compare different samples to each other, pictures were taken with

the same magnification (100x). Since the grains were bigger than the image section of the

EMPA with that magnification several pictures per sample were taken and stuck together

with Adobe Photoshop. That software was also used to prepare and edit the images prior to

further analysis with ImageJ. This software is a free image analysis and processing

application based on “Java”, provided by the U.S. National Institute of Health

(http://rsb.info.nih.gov/ij/index.html; Abràmoff et al., 2004). ImageJ offers different tools

and applications that are frequently used in various sciences. In this thesis, it was used to

automatically measure crystal number, area, and size (calculated as the major and minor

axes of an equivalent ellipse) in each binary image of the experimental samples (e.g., Riker

et al., 2015).

  In order to do so and detect the crystals, the BSE images were edited with Adobe

Photoshop. The procedure follows Shea et al. (2010) who summarized helpful hints how to

process images with that software for size analysis. Distinctive phases in the sample are

relatively simple to select by their grey value and thresholding functions. However,

especially the relevant plagioclase microlites do not differ significantly in their grey value

from the surrounding glass matrix and no automatic thresholding process could be used.

Nonetheless, plagioclase microlites are easily distinguishable from the glass matrix with

the naked eye, so that each microlite had to be treated manually. Despite being very time

consuming, the advantage of the manual selection is that no false grey values are

incorporated into the analysis and that the shape of really awkward shaped crystals could

be selected with great accuracy. To ensure appropriate treatment of edge-intersecting

crystals, each image was processed twice following Riker et al. (2015): once including

crystals in contact with the image boundary (for determination of the total crystal area),

and once excluding these crystals (for complete crystal size distributions; Higgins, 2006b;

Hammer, 2008). After completely selecting all crystals, a threshold image and afterwards a

http://rsb.info.nih.gov/ij/index.html
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binary image was created, so that only the crystals are displayed as black particles. This

binary image is then uploaded to ImageJ. After setting the scale the image can be analyzed

with the “Analyze Particles” application, which presents data regarding the area, length

and width of a crystal determined via the “Fit Ellipse”. The area of vesicles and

phenocrysts were determined in a separate analyzing step and subtracted from the image

area (Hammer et al., 1999).

6.4.2. CSD corrections

The application of CSD theory to natural (or experimentally produced) datasets requires

conversion of areal (apparent) crystal dimensions to true three-dimensional crystal shapes.

These conversions, as well as the data procession  were executed using the software

program CSD Corrections. That program is designed by Michael Higgins and based on his

publications concerning textural analysis and crystal size distribution (CSD; e.g., Higgins

2000, 2002a, 2002b, 2006a, 2006b). It is now widely used in the geological community for

the generation of crystal size distributions and readily presents crystal size distribution

plots and histograms as well as distribution of crystal orientation. The application of CSD

theory to natural datasets requires conversion of areal (apparent) crystal dimensions to true

three-dimensional crystal shapes which were using this software. The program attempts to

account for three sources of stereological error (e.g., Hammer et al., 1999): (1) cut effects,

which result from planar sectioning of crystals at different orientations; (2) intersection

probability, which means that small crystals are less likely to be sectioned than larger ones;

and (3) deviations arising from nonspherical crystal habit (Riker et al., 2015). Key inputs

for CSD Corrections are measured crystal sizes, L, here defined as the long axis of a best-

fit ellipse, as output by ImageJ. Additional required inputs include crystal shape (the ratios

of short to intermediate to long axes), sample fabric, and grain roundness. Therefore .csd-

files with the required data from ImageJ analysis may be imported directly. CSD

Corrections will recognize the image area [mm²], pixel size [mm], number of analyzed

crystals, as well as parameters of the “fit ellipse” with rough crystal shape dimensions. The

user only has to control the inherited data and must enter a correcting value for the texture

(foliation / lineation) and particle shape (roundness). Since there is no obvious foliation or

lineation in the analysed samples this value was set = 0. The roundness value = 0.1 follows

the example given by Brugger and Hammer (2010b). Shape factors were determined using

the Excel database CSDSlice (Morgan & Jerram, 2006), which compares the distribution
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of area-based crystal aspect ratios with those generated by random sectioning of known

crystal shapes to determine the best-fit three-dimensional habit. Importantly, this assumes

that a single shape factor applies to the entire crystal population.

  The most delicate matter is to choose the size scale of the bins (i.e. logarithmic,

linear, custom), which results in distinct changes regarding the shape of the CSD plots and

histograms. In this study, a linear size scale was selected so that all bins share the same

interval (d = 0.005 mm). CSD Corrections also provides the possibility to provide pseudo-

3D data (Brugger & Hammer, 2010). Therefore a value for the 3D component has to be set

= 1 representing the shortest axis of the crystal. In order to calculate 3D information, the

length and width of the particle is correctedusing the “intersecion - probability effect”, as

well as the “cut - section effect” (Higgins, 2000). While the first one assumes that larger

particles are more often affected by 2D sections, the latter of describes the possibility to cut

a particle at its widest point in 2D. However, this is only an approximation and no real 3D

information. Other methods like tomography or procedures involves collecting a series of

optical photomicrographs at successive levels in a transparent thin section with a

petrographic microscope and digital camera) have proven to be more effective for that

(e.g., Castro et al., 2003).
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7. Results and Discussion petrological experiments

This chapter summarizes the results of the preliminary set of petrological HP/HT-

experiments. Following the preparation steps presented in chapter 6, the first approach for

these experiments was to synthesize and analyse samples with fixed temperature and

pressures (equilibrium experiments) prior to the decompression experiments simulating the

ascent of magma at fixed decompression rates. The subsequent sections present the

phenomenological observations, as well as the textural analysis (CSD’s) of the equilibrium

and the decompression experiments respectively. A discussion of possible sources of error

are also discussed, as well as a and a test of the model derived in chapter 4 on the here

produced data. Finally, those results are put into context and possible further steps for

future research are presented.

7.1. Equilibrium experiments

The set of equilibrium experiments consists of eight isothermal HP/HT-experiments with

varying pressures (20 MPa to 200 MPa) at 900°C following the phase diagram initially

developed by Cottrell et al. (1999; figure 36i, table 4). The duration of these experiments

were set on an average of about 5 days so that each sample had enough time to become

fully equilibrated in terms of its p-T-conditions. This dataset is thought to serve as

reference analyses for the upcoming decompression experiments in order to estimate

growth and nucleation rates.

 Due to the initial setup of the experimental dataset, the individual experiments

represent different stages in the phase diagram of the given melt composition of the

Santorini pumice. While sample SP1 at 200 MPa is above the liquidus temperature and

therefore contains only oxides and no further minerals, decreasing pressures in the samples

SP2 to SP8 put the given experiment below the liquidus temperature introducing

clinopyroxene, orthopyroxene and plagioclase minerals respectively (figure 36). However,

this set of equilibrium experiments reproduced the phase diagram of Cottrell et al. (1999)

adequately good to serve as a reference for further experiments. In addition to that,

decreasing pressures also increases the crystal content of the given samples (from ~0.3% ±

1% up to ~5% ± 1%; table 4). Most crystals have a euhedral shape reflecting the
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Exp temp [°C] pressure (init) duration [h] decomp. rate pressure ϕ [%] mean ϕm polydispersity relative
[MPa] [MPa/h] [m/s] final [MPa] aspect ratio eq. 4.4 ߛ viscosity

SP1 900 200 54.25 - - - 0.317 1.6028 0.7036 0.2661 1.0091
SP6 900 175 122.5 - - - 0.670 1.7636 0.6748 0.4259 1.0202
SP2 900 150 163 - - - 0.550 1.8961 0.6652 0.4763 1.0168
SP3 900 125 140.5 - - - 1.524 1.9676 0.6992 0.2485 1.0451
SP7 900 100 120 - - - 2.112 1.7521 0.6951 0.2949 1.0637
SP4 900 75 142 - - - 4.283 1.8214 0.6859 0.3397 1.1377
SP5 900 50 118 - - - 4.270 1.6874 0.6997 0.2775 1.1342
SP8 900 20 - - -

DC14 900 175 26 3 0.03 30 3.694 2.0679 0.6749 0.3721 1.1192
DC11 900 175 48 0.5 0.005 30 10.733 2.4690 0.6633 0.3812 1.4233
DC1 900 150 112 15 0.17 20 1.686 1.9128 0.6888 0.3097 1.0508
DC2 900 150 121.5 7.5 0.075 20 1.796 2.2619 0.6822 0.2993 1.0548
DC8 900 150 119 3 0.03 20 6.630 3.2873 0.6628 0.2729 1.2347
DC3 900 150 144 0.5 0.005 20 25.191 4.1710 0.6382 0.2968 2.7294
DC4 900 125 116.5 15 0.17 20 1.991 2.2728 0.6696 0.3731 1.0622
DC5 900 125 121.75 7.5 0.075 20 1.949 1.9372 0.6795 0.3635 1.0599
DC6 900 125 118.25 3 0.03 20 16.897 2.6555 0.6734 0.2946 1.7821
DC7 900 125 119.75 0.5 0.005 20 22.458 2.7585 0.6520 0.4072 2.3270
DC12 900 100 50 3 0.03 20 24.968 2.0186 0.6668 0.4384 2.5553
DC13 900 100 126 0.5 0.005 20 35.248 2.0541 0.6723 0.3922 4.4190

Table 4: Results of petrological experiments - equilibrium and decompression experiments
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equilibrium conditions of the system, while some crystals (mainly pyroxenes) show

features of growth margins. Especially occurring in the runs at lower pressures, this

phenomenon might be due to the fact that the initial conditions of the experimental run

were in the range of temperatures and pressure where the minerals are yet stable and could

not be molten again during the experiment. Consequently, the existing crystal acted as a

nucleation point at which the crystallization of the crystals could start (again) to grow. This

might be even more interesting for the upcoming decompression experiments where an

increased number of nuclei influences the nucleation rate of crystals in the melt quite

drastically.

The crystal size distributions of the individual equilibrium experiments have been

calculated following the procedure discussed in section 6.4. The area of vesicles in each

sample was subtracted from the total measured area in order to get accurate values of

mineral CSDs in the magma before vesiculation (dense rock equivalent). The resulting

CSD data were plotted on a diagram of ln (population density) versus size (L=longest

dimension) shown in figure 37. All equilibrium experiments produce non-linear CSDs with

concave-upward and/or slightly kinked forms.

Since the CSDs determined here are only slightly curved on a classical CSD diagram (S-

type distribution of Higgins, 2006b), similar to Higgins and Roberge (2007) meaningful

values for the slope and intercept of the CSD could be determined by linear regression

using the methods of Higgins (2006b). The characteristic length (LD) of each CSD was

calculated as −1/ slope. This parameter has the dimension of length and is equal to the

mean crystal length for a straight CSD that extends to all crystal sizes (Marsh, 1988). The

exact values can be found in die appendix.
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a)                      b)

c)                    d)

       e)
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Figure 36: Representative back-scattered

electron images of isothermal,

experimentally equilibrated samples at

different pressures.

f)                 g)

i)

                h)
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Figure 37: Crystal size distributions of experimentally equlibrated samples

7.2. Decompression experiments

The set of decompression experiments consists of 12 isothermal HP/HT- experiments with

four varying decompression rates (15 MPa/h, 7.5 MPa/h, 3 MPa/h and 0.5 MPa/h) starting

from four individual initial pressures Pinit (175 MPa, 150 MPa, 125 MPa and 100 MPa) at

900°C (figures 38-41, table 3). A decompression rate of 15 MPa/h corresponds to a

relatively fast ascent rate of about 0,17ms-1 and is related to a low-intensity explosive

activity (Rutherford & Gardner, 2000; Rutherford, 2008), while a decompression rate of 5

MPa/h corresponds to a relatively slow ascent rate of about 0.005m s-1. The following

sections are structured following the individual initial pressures.
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7.2.1. Initial pressure 175 MPa

Following the phase diagram for rhyodacitic pumice of the Minoan eruption derived by

Cottrell et al. (1999), the initial pressures of 175 MPa at 900°C represent a regime right

above the liquidus temperature. After a given annealing time, the two experiments were

decompressed at decompression rates of 3 MPa/h (DC14) and 0.5 MPa/h (DC11) to a final

pressure of 30 MPa (Figure 38). Compared to the equilibrium experiment at 175 MPa, the

crystal content on the decompressed samples is much higher (~3.7% ± 0.5% for DC 14 and

~ 10.8% ± 0.5% for DC11). Clinopyroxene and othopyroxene with a euhedral shape and to

a much smaller extent oxides, as well as elongated, skeletal shaped plagioclase crystals

represent the mineral phases. Since some of the pyroxenes show features of growth

margins, it can be assumed that not all crystals were newly formed during decompression

but were not molten during annealing prior to the decompression and served as nuclei. In

addition, both decompression experiments produce non-linear CSDs with concave-upward

and/or kinked forms (Figure 42a).

Figure 38: Representative back-scattered electron images of isothermal, experimentally

decompressed samples - initial pressure 125MPa.

a)                b)
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7.2.2. Initial pressure 150 MPa

Starting from an initial pressure of 150 MPa at 900°C, the experiments represent a regime

where clinopyroxene and othopyroxene are yet stable. After a given annealing time, the

four experiments were decompressed at decompression rates of 15 MPa/h (DC1), 7.5

MPa/h (DC2), 3 MPa/h (DC8) and 0.5 MPa/h (DC3) to a final pressure of 20 MPa (Figure

39). Decreasing the decompression rate, increases the crystal content of each sample

respectively (~1.7% ± 0.5% for DC1, ~1.8% ± 0.5% for DC2, ~6.6% ± 0.5% for DC8 and

~ 25.2% ± 0.5% for DC3). While most clinopyroxene and othopyroxene crystals have a

euhedral shape, the experimental runs with the smallest decompression rates feature

elongated and skeletal shaped plagioclase crystals. This phenomenon is even more

pronounced than in the samples with an initial pressure of 175 MPa. Again, some of the

pyroxenes show features of growth margins. The experiments with higher decompression

rates (DC1 and DC2) produce slightly more linear CSD’s, whereas the slower rates (DC8

and DC3) produce more concave-upward and/or kinked formed CSD’s (Figure 42b). The

abundance of the most elongated plagioclase crystals in sample DC3 is also illustrated and

results in the most concave-upward formed CSD.

7.2.3. Initial pressure 125 MPa

Starting from an initial pressure of 125 MPa at 900°C, the experiments represent a regime

where not only clinopyroxene and othopyroxene are yet stable, but also plagioclase

becomes a stable phase to crystallize. Similar to the set of experiments before, the four

experiments were decompressed at decompression rates of 15 MPa/h (DC4), 7.5 MPa/h

(DC5), 3 MPa/h (DC6) and 0.5 MPa/h (DC7) to a final pressure of 20 MPa after a given

time of annealing (Figure 40). The crystal content of each sample increases with

decreasing the decompression rate, respectively (~2% ± 0.5% for DC4, ~2% ± 0.5% for

DC5, ~16.9% ± 0.5% for DC6 and ~ 22.5% ± 0.5% for DC7). Most clinopyroxene and

othopyroxene crystals are characterized by a euhedral shape and show features of growth

margins. Plagioclase minerals of this set of experiments show those rims as well, while the

relatively high amount of elongated and skeletal shaped crystals as in the decompressed

samples with an initial pressure of 150 MPa, however, is only represented in sample
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DC6. The CSD’s of this set of experiments are similar to the ones of the previous set. The

experiments with higher decompression rates (DC4 and DC5) produce slightly more linear

CSD’s, whereas the slower rates (DC6 and DC7) produce more concave-upward and/or

kinked formed CSD’s (Figure 42c). Again, the abundance of the most elongated

plagioclase crystals in sample DC6 is also illustrated and results in the most concave-

upward formed CSD.

Figure 39: Representative back-scattered electron images of isothermal, experimentally

decompressed samples - initial pressure 150MPa.

a)                b)

c)             d)
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7.2.4. Initial pressure 100 MPa

The set of experiments starting from an initial pressure of 100 MPa at 900°C, represent a

regime where clinopyroxene, othopyroxene and plagioclase are stable and have

crystallized to certain amount of up ~ 2vol.% in the melt. After a given time of

equilibration, the two experiments were decompressed at decompression rates of 3 MPa/h

(DC12) and 0.5 MPa/h (DC13 - Figure 41). Following the same pattern as the other

samples, a decrease of the decompression rate, increases the crystal content of each sample

respectively (~25% ± 0.5% for DC12 and ~ 35.2% ± 0.5% for DC13). The pyroxenes have

a euhedral shapes and show features of growth margins, as well as the plagioclase crystals.

Figure 40: Representative back-scattered electron images of isothermal, experimentally

decompressed samples - initial pressure 125MPa.

a)                    b)

c)                  d)
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Those crystals, however, are far less elongated and skeletonized than plagioclase from the

other experimental sets. In addition, both decompression experiments produce slightly non-

linear CSDs with concave-upward and/or kinked forms (Figure 42d).

Figure 41: Representative back-scattered electron images of isothermal, experimentally

decompressed samples - initial pressure 100 MPa.

a)               b)
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Figure 42: Crystal size distributions of

experimentally decompressed samples

a)           b)

c)           d)
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7.3 General remarks

As widely discussed before, crystallization in magmatic rocks occurs in response to a

change in temperature and/or a change in melt composition. The crystallization trigger

investigated in this thesis, however, is restricted to devolatilization-driven crystallization.

Due to bubble growth during magma ascent sequestering exsolved H2O from the silicate

melt phase, the chemical undercooling “felt” by the silicate melt phase increases, and

consequently, provided there is enough time for crystals to nucleate and grow, mineral

phases precipitate in the melt. In general, the larger the degree of undercooling, the more

the melt is inclined to respond by growing crystals. As a result, crystallinity, size, and

number density will increase with time and position in the volcanic conduit, which is

shown by the equilibrium experiments of this thesis (section 7.1) Apart from the two

experiments with the highest pressures, the CSD’s of the experiments are fairly linear and

represent the equilibrium conditions of the given experiments.

The experimental strategy to grow crystals in natural silicate melts under different yet

controlled amounts of undercooling driven by decompression under water-saturated

conditions is shown by the results in section 7.2. As for these decompression experiments,

it can be seen that all decompression experiments produce non-linear CSDs with concave-

upward and/or kinked forms (Figure 43) that might be attributed to the combined effect of

crystals formed during equilibration and nucleated during decompression. The curvature,

however, changes with decompression rate, path, and fluid composition. A noticeable

overturn in population density is observed in the smallest sizes, whereas the largest size

class (or classes) of some samples exhibits a slight downturn. As discussed by Riker et al.

(2015) the latter may be an artifact of the imaging process, reflecting magnification scales

too high to capture statistically meaningful numbers of the largest crystals; it may also

record a lack of late nucleation. Overturns at small size classes have been variously

attributed to ripening (e.g. Higgins & Roberge, 2003; Pupier et al., 2008), under-

compensation for intersection probability (e.g. Brugger & Hammer, 2010b), or insufficient

resolution (e.g. Cashman & Ferry, 1988; Hammer et al., 1999), although image resolution

of this thesis is more than adequate to capture crystals >1 µm in length.

  The curvature of the CSD, however, has been ascribed to a variety of natural

processes in volcanological literature: e.g. magma mixing, crystal accumulation, textural
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coarsening, two-stage crystallization, or accelerating nucleation and growth (Marsh, 1988;

Armienti et al., 1994; Higgins, 1998; Bindeman, 2003; Higgins & Roberge, 2003; Shea et

al., 2010), or to artifacts produced by the 2D–3D conversion because of variations in

crystal shape (Castro et al., 2004). Following Brugger & Hammer (2010b), the curvature

of experimentally derived CSD's might be interpreted based on the known experimental

histories of these samples, which include two separate crystal populations (those formed

during the initial anneal period and those formed during decompression) with distinct

nucleation regimes. As shown by Riker et al. (2015) the strength of this curvature, and the

crystal size, L, at its inflection point, vary with changing decompression conditions and

probably reflect the shifting contributions of nucleation and growth to the evolution of

each population.

Similar to other studies, the most important crystallization process during the experiments

is the crystallization of plagioclase. The crystal size distributions show that crystallization

is dominated by either nucleation (slow decompression) or growth (fast decompression)

depending on the decompression rate. Brugger & Hammer (2010a) showed the dependence

of the growth rate on decompression, while it has long been recognized that plagioclase

growth rates vary as a function of cooling rate (Walker et al., 1978; Cashman, 1993;

Lesher et al., 1999; Conte et al., 2006). Hammer & Rutherford (2002) investigated the

different crystallization regimes of plagioclases and the dependence on the degree of

undercooling was determined.

If, however, ascent rate varies during decompression, which is extremely likely for natural

magmas undergoing closed-system degassing, then growth rates may likewise vary by

several orders of magnitude during ascent (Hammer & Rutherford, 2002; Couch et al.,

2003b). Following Brugger & Hammer (2010), the microlith number density and the

crystal morphology of the microliths are mentioned as the best indicators for the ascent rate

in natural systems, although an average ascent rate might not be a sufficient description.

The variation has important implications for calculations of magmatic timescales that

utilize crystal growth rates (Brugger & Hammer, 2010). Just as magma ascent rates vary

widely across volcanic systems, ascent styles probably span a wide range from purely

continuous to entirely pulsatory (Hammer & Rutherford, 2002). In addition, the style of

magma ascent almost certainly varies between various magmatic systems and perhaps

temporally within any given system. Thus, consideration of ascent style in addition to rate



7. Results and Discussion petrological experiments

110

will undoubtedly strengthen the interpretive power of experimental studies for constraining

natural magma ascent processes (Brugger & Hammer, 2010). Similar to Riker et al.

(2015),  the experiments suggest that, at a wide range of experimental conditions, growth

on pre-existing crystals represents a significant proportion of the additional crystallization

owing to decompression (25–50%).

  A distinctive feature of the slowly decompressed samples is the shape of the grown

plagioclase crystals. As can be seen in figure 43, the crystals show features of swallowtail

and/or skeletal shape. Following Vernon & Clarke (2008) skeletal is a term used to

describe the habit of euhedral to subhedral crystals in igneous rocks containing

crystallographically orientated hollows and gaps, while the voids within the crystals are

filled with groundmass material. Skeletal morphologies are relatively common in olivine

and plagioclase crystals in volcanic rocks and thought to form under large super-cooling

and indicate disequilibrium (Gornitz, 1981). Because of such a melt disequilibrium,

crystals form by a diffusion controlled growth process, where atoms are added more

rapidly to the edges and corners of a growing crystal than to the centers of crystal faces,

resulting in either branched, tree-like forms or hollow, stepped depressions (Vernon &

Clarke, 2008).

  These disequilibrium features become increasingly abundant with increasing

decompression rate. A trend, which is consistent with previous studies that map

morphological changes with increasing effective undercooling: from compact euhedral, to

tabular, then swallowtail and hopper (Lofgren, 1974; Corrigan, 1982; Hammer &

Rutherford, 2002). As shown by Hammer & Brugger (2010) faster decompression

produces high microlite number densities that record late-stage high instantaneous

effective undercooling, whereas the euhedral morphologies of growth-dominated

crystallization reflect smaller instantaneous undercooling throughout slow decompression.

This trend, however, is not as clearly shown in my experiments as in those studies. , the

fact that those “chains” of skeletal plagioclase crystals affect the shape of the CSD

enormously
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  The application of the previously derived model on the artificial CSD’s of these

experiments is illustrated in figure 44. By analyzing the 2D binary BSE images of the

respective experimental samples, it is possible to gather textural data of those rocks in

order to estimate the variables needed for the use of equation (4.6) and the calculation of

relative viscosity .௥,∗ (Table 4)ߟ

  The present example (Figure 44) illustrates that both the equilibrium and the

decompression samples are characterized by relatively high polydispersity values γ (0.2 < γ

< 0.5). In addition to a relatively low crystallinity for the equilibrium samples, that results

in relatively low relative viscosity values ௥,∗ (< 1.3). By contrast, due to the higherߟ

crystallinity of the decompressed samples relative viscosity values ௥,∗ are considerableߟ

higher.

Figure 43: Representative back-scattered electron images of skeletal shaped and elongated

plagioclase crystals in sample DC3.
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7.4. Sources of error and routes for future work

As this second part of this thesis is mostly based upon decompression experiments and

textural characterization with the help of CSD’s, a variety of errors may be introduced

along the way. The first source of a possible error is the pumice used as the basis of the

petrological experiments. Although carefully crushed, the powder might have been

inhomogeneous in terms of crystal fragments that served as nuclei for further

crystallization in the decompression experiments. A statistically inhomogeneity in the

powder therefore might result in textural differences.

  Compared to natural processes a limitation of the experiments performed for this

thesis is the static course of the decompression experiments. In nature, ascending magma is

subject to physical phenomena like sudden pressurization and decompression, as well as

local shear stress and flow gradients that might have a significant impact on the rheology

and the crystallization behavior of magma. Thus, processes in nature respond to various

and changing parameters and are more complex than any processes modeled in the lab.

Figure 44: Application of the aforementioned model derived in this thesis (chapter 4) on the

samples of the HP/HT-experiments.

a)                 b)
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 The experiments of this thesis were performed with stable, isothermal conditions and

with constant decompression rates. This, however, is only an approximation since varying

degrees of decompression rates (ΔP), as well as stepwise or at least no constant

decompression steps (Δt) might occur in natural systems, as well as a possible cooling of

magma.

  Compared to natural magma, the image analysis in this experimental effort neglects

the vesicles in the samples. The area of vesicles was subtracted from the total measured

area in order to get accurate values of mineral CSDs in the sample batch (dense rock

equivalent). The reason for this limitation was due to combined effects of a bubble-size

distribution and its interconnections with CSD’s are barely studied. However, the amount

of vesicles in the melt is an essential part governing the processes and behavior of the

magma during its ascent and need to be taken into account.

  Another important source of errors corresponds with the processing of the images

prior to the textural analysis. Mounting and preparing a distinct chunk of the resulting

experimental product affects the representativeness of the analyzed sample. Depending on

the 2D cut through the sample it is not guaranteed that the section fully represents the

sample and that large amounts of crystals in the sample are not even taken into account

because they are not affected by the analyzed sample surface. In addition, the resolution of

the individual images might be a relevant source of errors. A poor image resolution can

lead to exclusion of small crystal sizes. Nevertheless, poor resolution can be ruled out as an

error source, since the resolution of BSE images acquired with the electron microprobe is

very good and the contrast between the crystals and glass matrix is strong enough for

analysis.

  However, detecting the individual crystals is a crucial point in processing the

images. Distinctive phases in the sample are relatively simple to select by their grey value

and thresholding functions. However, especially the relevant plagioclase microlites do not

differ significantly in their grey value from the surrounding glass matrix and no automatic

thresholding process could be used. Each microlite had to be treated manually and some

grain boundaries were not pronounced enough to easily detect two minerals as one grain.

Despite being very time consuming, the advantage of the manual selection is that no false
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grey values are incorporated into the analysis and that the shape of awkward shaped

crystals could be selected with great accuracy.

  By using CSD Corrections, one crucial parameter is the bin size interval as it

strongly affects the regression slope. Larger bin size intervals for instance can cause

shallower slopes, because small variations are averaged. However, the regression slope is

subsequently used to estimate the microlite growth duration, so that variations in the slope

will result in differences in this value. The bin size interval was hence chosen small enough

and consistently (d=0.005) for all analyzed samples to ensure comparability without

neglecting relevant information. As mentioned before, the mere nature of the image

analysis in 2D used in this thesis is also an important source of error. Following Higgins &

Roberge (2007), the maximum 3D crystal size is an important characteristic of the CSD,

but cannot be determined from two-dimensional data. Converting 2D information from a

thin section into 3D information for instance using the “intersecion - probability effect”, or

the “cut - section effect” (Higgins, 2000) is only an approximation and no real 3D data.

Also the approximation by determining 3D-shape factors using the Excel database

CSDSlice (v.5; Morgan & Jerram, 2006) is only a best-fit method, which gives only a

slight impression of 3D information. In order to get real 3D data methods like tomography

or procedures collecting a series of optical photomicrographs at successive levels in a

transparent thin section with a petrographic microscope and digital camera) have proven to

be more effective (e.g., Castro et al., 2003).

  In addition to the variety of possible errors that might have affected the analysis of

the HP/HT-experiments along the way, the results of the experimental effort of this study

have only preliminary characteristics. Due to the mere nature of this project's structure, the

results presented in this study are only the first steps in the effort of mapping the textural

evolution of magma in a volcanic conduit and relate its CSD to the rheology of the magma.

In order to develop rheological conduit profiles and to set up a statistically sound database

of the effects of magma rise speed and total decompression on the ensuing textural and

chemical signatures in the eruptive materials, the simulation of a range of magma rise

scenarios needs to be extended. In terms of different initial conditions, it would be

particularly interesting to simulate a variety of different initial pressures, various

decompression rates and different decompression intervals, as well as the extension of
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these experiments to other initial magma compositions and the implementation of the

volatile phase into the model.

  Then again, another obvious route for future work is a more thorough comparison

and combination of the results of the HP/HT-experiments with the findings of the analogue

experiments. While in this thesis, the textural analysis of the experimental results were

applied to the aforementioned model derived in this study, it would be particularly

interesting to apply analogue experiments to model the crystallization history of natural

magma based on the petrological CSD data obtained by HP/HT-experiments or by the

analysis of natural rocks. Preparing analogue samples with a blend of artificial particles of

comparable particle size and shape distributions, each set of experimental pressure and

temperature conditions corresponds to a certain conduit depth or decompression history.

Therefore, it would be possible to emulate the evolution of crystallinity of a magma during

its ascent in analogue experiments, and quantify the concurrent evolution of natural magma

rheology. Based on these experiments it would not only be possible to cross-reference both

the findings of the experimental set-up, as well as of the analogue approach, but also to

create more artificially created CSD's. Since literature lacks of those studies, there is a

general need of more (artificially) CSD's in order to study its implications on volcanology

and petrology.
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8. Conclusions and Future work

In this work I have used both analogue experiments on particle-bearing silicone oil, as well

as HP/HT-experiments on natural samples of Santorini pumice to investigate and simulate

how crystal-size distributions influence the rheological behaviour of a crystal-bearing melt.

In the course of this study I could show, that the maximum packing fraction ߶௠ of

particles is not only an important parameter portraying the particle microstructure of a

suspension, but that it is also seemingly the only parameter controlling the rheological

behaviour of that suspension. Combining information about particle size and shape with all

relevant statistical characteristics of the ditribution, ߶m is mainly controlled by the

polydispersity of the particles, as well as particle size, variance, skewness of the

distribution.

  Adopting the definition of polydispersity following Wadsworth ߛ et al. (2017, eq.

2.31), it was possible to fit the experimental data results to following equation:

߶௠ =  1 − ቀ൫1 − ߶௠,଴൯ ௔ߛ ቁ  (eq. 4.4)

  Combining this (semi-)empirical model with the ones given by Mader et al. (2013)

and Maron and Pierce (1956) it is now possible to quantify and to make direct estimates of

the relative viscosity of a given natural crystal-bearing melt on the basis of textural

analysis readily obtained through image analysis with well-established techniques and

software of rock samples:

∗,௥ߟ = ቌ1 − ߶ ൥1 − ൭൬1 − ൜߶௠ଵ exp ൤− ൫௟௢௚భబ ௥೛൯మ

ଶ ௕మ ൨ൠ൰ ௔ߛ ൱൩
ିଵ

ቍ

ିଶ

 (eq. 4.6)

  As the main result of this thesis, this expression takes into full account the volume

fraction or crystallinity ߶, the mean aspect ratio rp of the crystals, and  the polydispersity γ,

when predicting the relative viscosity of a particle-bearing liquid. For natural magmas,

these parameters can be readily obtained through image analysis with well-established

techniques and software of rock samples, as I have shown in a practical application. Hence,

this equation provides, for the first time, a means to estimate relative magma viscosity

purely based on a comprehensive textural description of a section sample.
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  Since an exact definition of ߶௠ is quite ambiguous and is still in discussion, the

findings of this thesis also suggest the use of a distinguishing nomenclature concerning the

nature of the maximum packing fraction:

߶௠,௥௖௣ < ߶௠,௥௛௘௢௟ < ߶௠,௚௘௢௠ (eq. 4.2)

  In addition to that, this thesis presents the first experimental evidence that in

multimodal suspensions the maximum packing fraction ߶௠ increases with increasing value

of polymodality.

  Nonetheless, the model (eq. 4.6) of this thesis also has its limitations. It only

focuses on the relative effect of crystal-size distributions on the rheology of magmas

systems and the occurrence of vesicles in natural rocks is not taken into account. As such,

we envision that the predicted viscosity values could be applicable to vesicle-free domains

of magmatic flow in either conduit margins or dense sections of active lava flows. As

direct viscosity measurements on active lavas are exceedingly difficult if not impossible,

this application provides a new and robust way to establish baseline data on magma

rheology from samples of specific flow regimes in active or extinct volcanic systems.

Future variants of the current model may incorporate the complex effects of bubbles on

magma rheology (Manga et al., 1998). It is very likely that vesicles and their size

distributions might not only affect the value of polydispersity but also the physical

properties of the magma (e.g., Manga et al., 1998; Truby et al., 2015; among others). It

would be particularly interesting to extent the model to three-phase systems and the

resulting effects on the relative viscosity. That would make the model more robust and

more "realistically" since magma is a three-phase system and the vesicles have a large

influence on conduit processes. Also a crucial field of further research is to test the

findings of this thesis in 3D.

  The petrological HP/HT-experiments were used to measure the CSDs in

experimentally grown crystal populations in order to test the finding of the analogue

experiments. With the set of phase equilibrium experiments it was possible to reproduce

the pressure, temperature, and crystal texture relations in the magma of the rhyodacitic

pumice of the Minoan eruption of Santorini volcano that was used as the target
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composition (e.g., Cottrell et al., 1999). The set of decompression experiments simulates a

range of magma rise scenarios in terms of magma rise speed and total decompression,

which resulted in effects on the ensuing textural and chemical signatures in the eruptive

materials. The textural analysis of the experimental results were applied to the

aforementioned model derived in this study and calculations of the relative viscosity of the

given experimental batch could be executed.

  However, due to the mere nature of the structure of the project, the results presented

in this study are only the first steps in the effort of mapping the textural evolution of

magma in a volcanic conduit and relate its CSD to the rheology of the magma. It would be

particularly interesting to simulate a variety of decompression intervals to set up a

statistically sound database of textural evolutions of crystals during magma ascent.

Another obvious route for future work would be to extent these experiments to other

magma compositions. There is definitely a need of more artificially created CSD's, since

literature lacks of those studies. In addition to that it is vital to compare those findings to

natural rocks, even if the erupted materials represent end-members of the textural

evolution.
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