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ABSTRACT

Effects of bubble coalescene, permeability, and degassing process on the transition

from explosive to effusive eruption of rhyolitic magma

by

Chinh Thuc Nguyen

This thesis consists of two parts that address bubble coalescence and the de-
gassing process inside the magma conduit during volcanic eruptions. The first part
focuses on analog fluid experiments and resultant scalings for bubble coalescence,
due to gravitational and capillary forces, with application to magmatic systems. I
find that film drainage is due to capillary forces at dimensionless Bond numbers,
Bo < 0.25, whereas gravitational forces result in film thinning at Bo > 0.25. The
film drainage time scale is given by t ~ C' In(«) 7, and is orders of magnitude
faster than previously assumed for magmatic systems. Here C' ~ 10 is an empir-
ical constant, « is the ratio of initial film thickness to film thickness at the time of
rupture, and 7 is the characteristic capillary or buoyancy time scale at values of Bo
< 0.25 and Bo > 0.25, respectively. These scalings could be used to estimate the
time for bubble coalescence under static conditions, such as in a magma chamber
or post-fragmentation in pyroclasts.

The second part of the thesis focuses on pyroclast permeability, a consequence
of bubble coalescence during volcanic eruptions. I analyze porosity and perme-
ability of rhyolitic pyroclasts from four different Plinian eruptions. One of these is

the A.D. 1912 eruption of Novarupta volcano, Alaska, which is comprised of five



different episodes ranging from explosive to effusive activity. For this eruption, I
find that the degree of interconnectivity, measured as the ratio of connected to total
porosity, decreases with phenocryst content and with increasing eruption intensity.
Through numerical modeling of diffusive bubble growth during eruptive magma
ascent, I conclude that magma permeability is unlikely a sufficient condition for
the transition from explosive to effusive activity. Instead, it is likely that a decrease
in magma ascent leads to the transition from explosive to effusive activity during
the waning stages of the eruption. Subsequently, I compare and contrast the poros-
ity and permeability data from all four Plinian eruptions investigated: the A.D. 181
Taupo eruption, New Zealand; the A.D. 1060 Glass Mountain eruption, California;
the A.D. 1314 Kaharoa eruption; and the A.D. 1912 Novarupta eruption, Alaska. I
find that the Kaharoa samples have the lowest values of porosity and permeability
of these four Plinian eruptions. Porosity and permeability, as well as pyroclastic
textures of Kaharoa samples closely resemble those of the effusive Episode V of
the 1912 Novarupta eruption. I hypothesize that the Kaharoa eruption might have

undergone a high degree of open-system degassing.
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1.1

Illustrations

A schematic diagram illustrating a sequence of a typical explosive
volcanic eruption, from bubble nucleation, growth, coalescence to
the development of magma permeability, open-system degassing

and fragmentation. . . . ... .. ... .o Lo Lo oL
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2.1 Film drainage in vesicular magma and laboratory experiments.
(a,b) Schematic diagram of a bubble and surrounding liquid,
illustrating gravitational (a) and capillary (b) film drainage. (c) A
CT-scan image of Soufriére Hills pumice sample PV3-800x800-504
showing vesicular texture with thin inter-bubble films (courtesy of
T. Giachetti and discussed in Giachetti et al., 2011). The vesicles
presumably preserve the shapes, sizes and distribution of bubbles
within the pyroclast prior to quenching. (d,e) Individual vesicles at
higher magnification and with annotation to highlight the change
in curvature along the melt film. Also indicated are estimates of the
ensuing capillary pressure gradient that would have driven film
drainage, (p2 — p1)/R ~ 10° Pam™!, for a constant pressure p,
inside the bubble and bubble radius, . The pressure gradient due

to gravity is Apg ~ 10* Pam™*

, where Ap denotes the difference in
density between liquid and bubble and g is the acceleration due to
gravity. (f) Example of a bubble from one of our film drainage
experiments, showing the change in curvature along the melt film
surrounding the bubble, as well as estimated difference in pressure
due to surface tension at ~ 10> Pa m~'. The pressure gradient due
to gravity is Apg ~ 10* Pam™'. Regardless of precise geometry,
that is multiple bubbles in magma at some orientation or a single
bubble in our experiment, gravity and changes in the radius of
curvature result in pressure gradients within the film that drive
film drainage. Depending on bubble size, the relative magnitude of
these driving forces changes, as quantified by the Bond number. . . 27

2.2 Schematic diagrams illustrating the mobility of gas-liquid
interfaces. (a) The velocity profile for flow in a film with immobile

interfaces. (b) The velocity profile for fully mobile interfaces. . . . . . 28



2.3

24

2.5

2.6

An image of experimental set-up. An experimental box made of
glass was filled with silicone oil. I injected a single bubble from the
bottom of the box through a septum and let the bubble rise to the
surface while the high- speed camera captured a whole sequence
from when the bubble rose to the surface, the liquid drained to the

time of film rupture. The images were recorded digitally using

AxioVision software for Zeiss SteREO® microscope. . . . . . ... ..

(a) A typical experiment, showing measured position of the bubble
relative to the free surface, d. As the bubble approaches the free
surface its velocity decreases. Once the bubble rise velocity
approaches zero, film drainage begins and the drainage time, ¢4, is
defined as the time thereafter until the bubble ruptures. (b)
Schematic diagram of film thinning, with the constant film

thinning rate dd/dt in semi-log scale, indicating that film thickness

decays exponentially with time. . . . ... ... ... ... ... ..

Experimental images of one experiment starting with the bubble

approaching the free interface (left) through film drainage and

finally coalescence, that is film rupture (right). . ... ... ... ...

Images showing bubble shapes for different Bond numbers, Bo. At
Bo < 0.25 surface tension forces dominate over gravitational forces,
surface area is minimized and the bubble has a spherical shape. At
Bo > 0.25, gravitational forces dominate and the bubble is no
longer spherical in shape. Note that in some images the edges of

the flow cell make the liquid interface appear ‘dirty’, which is not

thecase. . . . . . . . s

xi



xii

2.7 (a) Measured film drainage time, ¢4, vs. bubble radius, R. Filled

2.8

circles are experiments from this study using PDMS fluids. Open
circles are PDMS experiments by Debrégeas et al. (1998) and
Kocdrkovd. The transition from capillary drainage to gravitational
film drainage occurs at half of the capillary length, /2 ~ 0.75 mm.
(b) The same experiments with t; normalized to the gravitational
drainage time, ¢,. At Bo > 0.25 a value of ¢;/t, ~ 1 indicates that
Equation (2.6) provides a good estimate for ¢, po>0.25. () The same
experiments with drainage time, ¢;, normalized to the capillary
drainage time, ¢.. At Bo < 0.25 the experimental drainage time also
has a value of ¢;/t. ~ 1, indicating that Equation (2.9) provides a
good estimate for g o<o25. -« - - .o ..o oo 32
Observed vs. predicted film drainage times. Red circles are PDMS
experimental data and blue squares are silicate melt data .
Experiments plotted within the dashed ellipse have predicted
drainage time calculated using Equation (2.1) with n = 2 and
overpredict drainage times by up to 9 orders of magnitude.
Experiments plotted along the 1:1 line have predicted drainage
times calculated using Equations (2.6) and (2.9). Drainage times for
silicate melt experiments of Kocdrkouvd et al. (2013) are shown as blue
squares, indicating that Equation (2.6) also predicts film drainage
in silicate melt reasonably well. The silicate melts had
compositions of 72.3% SiO,, 13.5% Na-O, 9.6% CaO, 4% MgO and
0.6% Al,Os3, as well as 61.8% SiOs, 12.6% NasO, 0.5% CaO, 9.4%
K50, 7.6% MgO and 8.1% Al,Os. Corresponding viscosities were
64 and 154 Pa.s, densities 2344 and 2318 kg m~*, and surface
tension 0.322 and 0.303 N m ™!, respectively. . ... ....... ... 33



2.9 (a) Compilation of critical film thickness measurements. The new
PDMS experiments presented herein are labeled as ‘N’, those by
Debrégeas et al. (1998) as ‘D’, and PDMS and silicate melt
experiments by Kocdrkovd et al. (2013) combined as ‘K’. Film
thickness estimates from SEM images of natural samples are
labeled as ‘KC’ (Klug and Cashman, 1996), ‘NL’ (Navon and
Lyakhovsky, 1998), and ‘BG” (Burgisser and Gardner, 2005). (b) High
resolution SEM image of ruptured bubble wall in natural rhyolite
produced in thermal spray vesiculation experiments (Qu et al.,
2007; Qu and Gouldstone, 2008), showing that ruptured bubble walls
are approximately 0.1 ym in thickness (labeled as ‘TS’). (c) SEM
image at higher resolution, showing the ruptured bubble. . . .. ..

2.10 Ilustrative predictions of film drainage time (in the absence of
bubble growth or shear deformation) in basalt (red), dacite (black)
and rhyolite (blue) melts using viscosities from Hui and Zhang
(2007) at the indicated temperatures and water contents. At small
radii, where film drainage is dominated by capillary drainage,
predicted drainage times are plotted at a surface tension of o = 0.1
N m™!, whereas gravitationally dominated film drainage is

independent of surface tension. . . ... ... ... .. .. ... ..

3.1 Connected porosity as a function of total porosity, with cumulative
volume of erupted magma (inset, as dense rock equivalent;
(Hildreth and Fierstein, 2012)). Red and blue lines are drawn to guide
the eye. Episode I samples have distinctly lower ratio of connected
to total porosity than samples of the other episodes, which may be
a consequence of kinetically limited coalescence (i.e., bubble

nucleation and growth outpace rate at which bubbles coalesce). . . .

xiii

51



3.2

3.3

3.4

[llustrative example of permeability estimation. Top: Measured
volumetric flow rate (blue circles) as a function of pressure
difference across sample, obtained using two different flow meters
(100 cm? s7! and 1000 cm? s71), and the best fit to the data (red

curve). Bottom: Misfit x as a function of log1o(k1) and logio(ks). The

combination of k; and k, that gives the best fit shown as the blue star.

Plot of Darcian versus non-Darcian permeabilities. In this project,
non-Darcian permeability values were only used to get the best fit

from the flow curves and differential pressures. I did not observe

Darcian permeability, k1, as a function of total porosity, ¢. Insets
are scanning electron microscopy images of selected samples, with
values shown on the graph; black is vesicles, and while is matrix

glass. Scale bar for each imageis 100 ym. . . .. ... ... ... ...
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XV

3.5 Results from numerical mode up to depth of fragmentation (see

4.1

Tables 3.4 and 3.5). A-E: Ambient pressure F,, as a function of
depth (A), porosity, ¢ (B), gas overpressure, AP (C), ascent velocity,
U (D), and magma viscosity, 1 (E). F: Depth below fragmentation as
a function of Darcian permeability, k;. G-J: Discharge rate, (), as a
function of Darcian permeability, k; (G), ambient pressure at
fragmentation, P, ; (H), gas pressure at fragmentation, APy (I),
and decompression rate at fragmentation, P; (J). K: &, as a function
of ¢. Open circles in G-K are estimated or measured values for the
Novarupta samples; filled circles are model predictions. Lines in K
are for assumed permeabilities of k; — R*(¢ — ¢.)" with ¢ and
bubble radius r calculated by the model. Note that models provide
reasonable fit to observations. Furthermore, at decompression rates
of < 1 MP:s™! (the hypothetical low-discharge case), model predicts
that fragmentation depth has moved to the surface. Further
decrease in decompression rate would not result in sufficient

overpressure for fragmentation. . . . . . ... ... .o 0 0L 55

Connected porosity, ¢.., as a function of total porosity, ¢;,;. Orange
line represents Kaharoa porosity trend, whereas blue, red and
green lines are for the porosity trends of Novarupta, Glass

Mountain and Taupo, respectively. The 1:1 line is when ¢.op, = Gror. . 67



4.2

4.3

4.4

Al

Darcian permeability, k;, versus total porosity, ¢. Kaharoa samples
show much lower ranges of permeability and porosity values than
those of the other eruptions. Black line is a schematic diagram
representing the power-law relationship of permeability and
porosity in hypothesis (1), where Kaharoa magma became
permeable at a low porosity threshold. Blue lines indicate a
schematic diagram of permeability development in hypothesis (2),
where Kaharoa magma became permeable at a high porosity

threshold, underwent some degree of open-system degassing and

the permeable pathways partially collapsed. . . . .. ... ... ..

Scanning electron images of Kaharoa samples from Units B and D

show that the majority of the samples display flattened vesicles.

The field of view is 500 pm (Modified from Carey et al. (2013)). . . .

Schematic diagram of a Plinian eruption, ranging from explosive
(a, b) to effusive (c) activity. Hypothetically, Kaharoa eruption

would be close to (c), whereas Novarupta, Glass Mountain and

Taupo eruptions are between (a)and (b). . . . . . .. ... ... ...

The Micromeritics AccuPyc II 1340 with three different units. Unit
1is on the right, which is also a main unit with a screen displaying
controlled parameters such as pressure, temperature, etc. This unit
has the smallest chamber of 1 ¢m?. Unit 2 is in the middle with the
10 ¢m?® chamber, and Unit 3 on the left has the largest chamber of
100 em?. Of all three units, there are several inserts, which are
smaller capsules to fit inside the chambers with the purpose of
measuring smaller samples. Note that if the volume of the sample
is less than 10% of the chamber volume, the measurement is not

accurate. Therefore, chamber inserts are necessary in some cases.
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Chapter 1
Introduction

Decrease in pressure during magma ascent leads to a reduction in volatile solubil-
ity, as a consequence volatiles exsolve into a gas phase to form bubbles (e.g., Sparks,
1978; Toramaru, 1989). Volatile exsolution, in particular water, increases magma
viscosity. This adversely affects bubble growth, leading to a build-up of bubble
overpressure, which is the difference between gas pressure inside bubbles and sur-
rounding melt pressure. When the overpressure exceeds the tensile strength of the
magma, it will fragment the magma, resulting in an explosive eruption (Figure
1.1). Bubble coalescence, on the other hand, may form interconnected pathways
through which magmatic gases can flow out of the magma, thereby reducing gas
pressure (e.g., Eichelberger et al., 1986; Rust and Cashman, 2011; Castro et al., 2012).
Therefore, bubble coalescence may play a crucial role in eruption dynamics and in-
tensity. This dissertation consists of two parts that investigate bubble coalescence
during volcanic eruptions, as well as the resultant permeable flow of magmatic
gases during Plinian eruptions.

Due to a lack of direct observation of magmatic processes inside the volcanic
conduit during eruptions, volcanologists have to reconstruct these processes from
the eruptive products, in conjunction with laboratory experiments and numerical
models. The process under consideration herein is bubble coalescence rate. Specif-
ically, the time it takes for inter-bubble liquid (melt) films to drain under conditions

of no bubble growth or external deformation. In the first part of my thesis, I quan-



tify film drainage time using dimensionless Bond number, a ratio of gravitational
forces to capillary forces. Cooling times of pyroclasts have been estimated to be
within seconds to minutes (e.g., Thomas and Sparks, 1992; Hort and Gardner, 1998),
whereas film drainage times for rhyolitic melts in this study are estimated to be
within days to years. Therefore vesicle interconnectivity and, hence, permeability
measured in pyroclasts is likely a good representation of magma permeability at
the time of fragmentation. This work is presented in Chapter 2 and was published
in Nguyen et al. (2013).

Abrupt transitions from explosive to effusive episodes are commonly observed
in Plinian eruptions. It has been a subject of debate to what extent the onset of
magma permeability and subsequent gas loss affect these transitions. In the sec-
ond part of my thesis, I analyze pyroclasts from Plinian eruptions because they
record magma permeability at the time of magma fragmentation. In Chapter 3, I
present this analysis of porosity and permeability, as well as textural observation of
pyroclasts from all five well-constrained eruptive episodes of the 1912 Novarupta
eruption, which range from explosive to effusive activity. I investigate the effects
of magma permeability and ascent rate on the explosive-effusive transition using
numerical modeling of diffusive bubble growth coupled with conduit flow. This
work was published in Nguyen et al. (2014).

To assess the variability in open-system degassing on the transition from explo-
sive to effusive eruptions, I compare and contrast porosity and permeability data
from four different Plinian eruptions: the A.D. 1912 eruption of Novarupta vol-
cano, Alaska; the A.D. 1314 Kaharoa eruption, New Zealand; the A.D. 1060 Glass
Mountain eruption, Northern California and the A.D. 181 Taupo eruption, New

Zealand. This work is presented in Chapter 4.
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Figure 1.1 : A schematic diagram illustrating a sequence of a typical explosive vol-
canic eruption, from bubble nucleation, growth, coalescence to the development
of magma permeability, open-system degassing and fragmentation.






Chapter 2

Film drainage and the lifetime of bubbles

TThis Chapter has been edited, reformatted and reprinted from Nguyen, C.T., H.
M. Gonnermann, Y. Chen, C. Huber, A. A. Maiorano, A. Gouldstone, and J. Dufek
(2013), Film drainage and the lifetime of bubbles. Geochemistry, Geophysics, Geosys-
tems, 14(9), 1-16, doi: 10.1002/ggg3.20198, American Geophysical Union.

I present the results of new laboratory experiments that provide constraints
on inter-bubble film thinning and bubble coalescence as a consequence of liquid
expulsion by gravitational and capillary forces. To ensure dynamic similarity to
magmatic systems, the experiments are at small Reynolds numbers (Re <« 1) and
cover a wide range of Bond numbers (107* < Bo < 10%). Results indicate that at
Bo< 0.25 film drainage is due to capillary forces, whereas at Bo> 0.25 gravitational
forces result in film thinning. The film drainage time scale is givenby ¢ ~ C'In(«) 7,
and is orders of magnitude faster than often assumed for magmatic systems. Here
C ~ 10 is an empirical constant and « is the ratio of initial film thickness to film
thickness at the time of rupture and 7 is the characteristic capillary or buoyancy

time scale at values of Bo< 0.25 and Bo> 0.25, respectively.

2.1 Introduction

Magmatic processes that govern explosive volcanic eruptions are largely inacces-

sible to direct observation. To reconstruct the subsurface processes that determine



eruptive style and intensity, scientists rely on indirect observations and direct ob-
servations from eruptive products, that are pyroclasts. Of fundamental importance
for volcanic eruptions are magmatic volatiles and their exsolution because they af-
fect magma buoyancy (e.g., Gonnermann and Manga, 2007), magma rheology (e.g.,
Stein and Spera, 1992; Manga et al., 1998; Rust and Manga, 2002; Pal, 2003; Llewellin
and Manga, 2005), as well as the potential energy required for explosive eruptive
behaviors (e.g., Sparks, 1978; Alidibirov and Dingwell, 2000; Spieler et al., 2004; Koy-
aguchi and Mitani, 2005; Namiki and Manga, 2005; Mueller et al., 2008; Koyaguchi et al.,
2008; Namiki and Manga, 2008; Alatorre-Ibargiiengoitia et al., 2010).

Volatile exsolution results in the formation of bubbles within the ascending
magma, which may become preserved as vesicles in pyroclasts. Fundamental
properties of pyroclasts are therefore the volume fraction of vesicles and their size
distribution (e.g., Sparks, 1978; Sparks and Brazier, 1982; Whitham and Sparks, 1986;
Houghton and Wilson, 1989; Toramaru, 1989, 1990; Cashman and Mangan, 1994; Blower
et al., 2003; Burgisser and Gardner, 2005). They are thought to provide fundamental
constraints on the magma vesiculation process and by inference on magma ascent
rates and dynamics (e.g., Rutherford and Hill, 1993; Lovejoy et al., 2004; Gaonac’h et al.,
2005; Toramaru, 2006; Blundy and Cashman, 2008; Rutherford, 2008; Gonnermann and
Houghton, 2012). Vesicle volume fraction and size distribution are thought to pro-
vide a time-integrated record of syneruptive bubble nucleation, bubble growth,
bubble coalescence and open-system degassing through permeable bubble net-
works that are formed by bubble coalescence (e.g., Eichelberger et al., 1986; Westrich
and Eichelberger, 1994a; Klug and Cashman, 1996; Saar and Manga, 1999; ?; Burgisser
and Gardner, 2005; Okumura et al., 2006; Wright et al., 2006; Namiki and Manga, 2008;
Okumura et al., 2008; Wright et al., 2009; Rust and Cashman, 2011; Castro et al., 2012).



Of these three processes - nucleation, growth and coalescence - bubble coales-
cence is perhaps the most difficult one to reconstruct quantitatively from vesicle
size distributions, in part because of a relative dearth of rigorous quantitative con-
straints on coalescence rates (e.g., Herd and Pinkerton, 1997; Klug and Cashman, 1996;
Klug et al., 2002; Lovejoy et al., 2004; Gaonac’h et al., 2005; Burgisser and Gardner, 2005;
Gardner, 2007; Bai et al., 2008; Gonde et al., 2011; Castro et al., 2012). Not only is this
of importance for the eruptive process itself, but also to assess the extent to which
vesicles record bubble coalescence during the time interval between pyroclast for-
mation by magma fragmentation and quenching.

The objective of this study is to provide some new constraints on bubble coa-
lescence rates. Coalescence is the process whereby the liquid film that separates
adjacent bubbles thins and ruptures, transforming two or more individual bubbles
into a single bubble of larger size (Chan et al., 2011, and references therein). Because
coalescence is a consequence of thinning of the liquid film that separates bubbles,
the rates of film thinning under different conditions of driving and resisting forces
provide a fundamental constraint on bubble coalescence rates and will be the focus
of this study.

Film thinning can be caused by liquid expulsion due to (1) gravitational forces,
associated with the density difference between bubbles and surrounding liquid
(e.g., Jones and Wilson, 1978; Proussevitch et al., 1993a; Debrégeas et al., 1998); (2) cap-
illary forces (e.g., Proussevitch et al., 1993a); (3) bubble growth, due to decompres-
sion or diffusion of dissolved gases from the liquid to bubbles (e.g., Gardner, 2007);
as well as (4) shearing induced by the flow of the entire suspension, for example
during magma ascent (e.g., Okumura et al., 2006, 2008; Castro et al., 2012), or perhaps
induced by bubble coalescence itself (e.g., Martula et al., 2000).



Here I present new results of laboratory experiments on film drainage of “bare”
viscous bubbles (Debrégeas et al., 1998), as a consequence of liquid expulsion (drainage)
by both gravitational and capillary forces. The results of my experiments pro-
vide a base case against which experiments or predictions of bubble coalescence in
more complicated cases, for example those involving multiple bubbles or growing
bubbles, can be compared. Figure 2.1 illustrates the analogy between such film
drainage in experiments and vesicular magmas, as preserved in pyroclasts. We
refer the reader to Section 2.2 for a general introduction to film drainage and to
Section 2.3 for a detailed discussion of our experiments, including the similarity
between film drainage in our experiments and in magmas. I discuss our experi-
mental results in Section 3.6 and provide a brief discussion of potential applica-

tions of our results to magmatic systems in Section 2.5.

2.2 Film Drainage
2.2.1 Previous Work

The drainage of liquid films has been studied extensively (e.g., Charles and Mason,
1960; Princen, 1963; Hartland, 1970). In my experiments the film was the surfactant-
free liquid layer surrounding a stationary air bubble suspended beneath the free
surface of a liquid layer. Formulations for the variation in film thickness, J, with
time, ¢, have been derived from lubrication theory under the assumption of im-
mobile interfaces, that is no-slip boundaries on either side of the liquid film (e.g.,
Figure 2.2a; Charles and Mason, 1960; Hartland, 1970; Ivanov and Traykov, 1976; Tora-
maru, 1988; Proussevitch et al., 1993a)
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Here § = §; when t = 0, A ~ wR? is the area of the draining film, R is the bubble
radius, and 7 is the liquid viscosity. [ is the force, either gravitational or capillary,
acting on the drop and causing film drainage, and n is the number of immobile
film interfaces.

For n = 2, a strongly stabilizing surfactant layer or other impurities cause both
sides of the liquid film to be immobile. The velocity of the liquid within the film
approaches zero at the interfaces and the resultant flow approximates to a Hagen-
Poiseuille velocity profile (e.g., Lee and Hodgson, 1968). In the absence of surfactants
or other impurities that may change the film interfaces from being a completely
free-slip boundary;, it is expected that n < 2 (Hartland, 1970). In this case, the flow
within the film should be a plug flow (e.g., Figure 2.2b; Lee and Hodgson, 1968). In
practice, many applications may involve partially mobile interfaces (e.g., Chesters
and Hofman, 1982; Chesters, 2009; Yiantsios and Davis, 1991; Abid and Chesters, 1994;
Oldenziel et al., 2012) with some intermediate value of n in the range of 0 < n < 2.

Precise values of n for bubbles in magmas, where the film interfaces may not
be immobile, do not exist and it has typically been assumed that n = 2 (Toramaru,
1988; Proussevitch et al., 1993a; Klug et al., 2002; Cashman and Mangan, 1994; Klug
and Cashman, 1996, Mangan and Cashman, 1996; Cruz and Chouet, 1997; Navon and
Lyakhovsky, 1998; Castro et al., 2012). 1 will subsequently show that this can result

in significant inaccuracies of estimated film drainage times.

2.2.2 The Capillary Length

If R < \/0/Apg, film drainage and bubble coalescence (neglecting bubble growth
and deformation) are expected to be a consequence of capillary film drainage, with

F =210 A/R. Here Ap is the density difference between bubble and surrounding
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liquid, g is the acceleration due to gravity and o is surface tension.
In contrast, for R > \/o/Apg, gravitational drainage is expected to dominate
and F' = 47 R3*Apg/3 Charles and Mason (1960); Hartland (1970). The length scale

A =+/o/Apg (2.2)

is called the capillary length and for bubbles in silicate melts it is thought to be of

the order of 1 mm (Proussevitch et al., 1993a).

2.2.3 Gravitational Drainage of “Bare” Viscous Bubbles

Consistent with previous results (Debrégeas et al., 1998; van der Schaaf and Beerkens,
2006), I find that in the absence of any surfactants or impurities, Equation (2.1) does
not reproduce the experimentally observed rates of gravitational film drainage,
even for very small values of n (e.g., Davis and Smith, 1976; Traykov et al., 1977).

An alternate equation for the lifetime of such “bare” viscous bubbles, where
tilms are not protected by surfactants or impurities, is based on fully mobile film
interfaces (Debrégeas et al., 1998; van der Schaaf and Beerkens, 2006). Consider a buoy-
ant bubble of radius R, surrounded by a liquid film beneath a free surface (Figure
2.1a). Assuming a longitudinally uniform film thickness (90/0¢ = 0) and velocity

within the film (0u/0¢ = 0), an equation for the drainage velocity is given by
1 2
u(f) = C(G)EApgR , (2.3)

where c is a parameter that depends on the latitudinal position # and the driving
force for film drainage is given by F' = 47R*Apg/3. Local mass conservation,

assuming that the liquid is incompressible, leads to

19(du) N a9
R 06 ot

0, (2.4)
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where § is the film thickness. Substituting equation (2.3) in the continuity equation

leads to
do

dé _ 1 0ApgR
dt

6=0 a Og n

) (2.5)

where u = 0 at § = 0. Integration with separation of variables (Debrégeas et al.,

1998; van der Schaaf and Beerkens, 2006) results in

- do Ui
tg = Cyln <5f> Apgli (2.6)
N——

Tg
Here, t, is the time required for gravitational film drainage at the apex of the bub-
ble from an initial thickness, d, to a final thickness, J, at which spontaneous rup-
ture occurs. 7, = 1/(ApgR) is the characteristic buoyancy time scale and C is an

empirical constant.

2.24 Capillary Drainage of “Bare” Viscous Bubbles

In magmas, bubble sizes may range over many orders of magnitude, often with
R < A. In the absence of bubble growth, coalescence at R < ) is a consequence of
capillary film drainage (Figure 2.1b), which is not well constrained by experiments,
because of the difficulty of working with bubbles at the required small values of R
and Bo (see Section 2.3.2). Here we show that the general form of Equation (2.6)
also applies for film drainage of bare viscous bubbles at R < \.

Using a similar approach to the derivation of Equation (2.6), I obtain for the
velocity of the melt film

u(f) = () 50, (2.7)

where the driving force that generates the flow is due to surface tension, ' =

20A/R, and spans two orders of magnitude in our experiments. Using the conti-
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nuity equation for mass balance along 6, that is Equation (3.4), we obtain

do
dt

1 do
= —— —. 2.8
=0 Cenkt 28)

From integration by separation of variables the capillary film drainage time is ob-

tained as

t, = C.In (@) it (2.9)
5f g
~—~—

Te

where 7. = nR/o is the characteristic capillary time scale and C. is an empirical

constant.

2.3 Experiments
2.3.1 Overview

I performed experiments in which a bubble of laboratory air was injected at the
bottom of a layer of polydimethylsiloxane melt (PDMS a.k.a. silicone oil) and rose
to the free surface. In our experiments the width of the experimental box was al-
ways at least five times larger than the bubble diameter to avoid any boundary
effects. During the experiments, bubble motion underwent two stages. The first
stage was the buoyant ascent of the bubble toward the interface and the second
was the drainage of the interfacial film above the stationary bubble (Pigeonneau and
Sellier, 2011). Once the bubble approached the surface, its rise velocity rapidly de-
creased, forming a protruding hemispherical cap of radius, Re., ~ R = (3V/ 4)1/3,
where V' is the volume of the bubble. Subsequently during the second stage, the
liquid film that formed the cap thinned from an initial thickness, Jy, to a thickness,

s, at which the bubble spontaneously ruptured (Figures 2.4 and 2.5). The whole

process was captured at up to 80 frames per second using a CCD (charge-coupled
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device) camera connected to a Zeiss SteREO® microscope (Figures 2.3). The cap-
tured images were analyzed to measure bubble dimensions, as well as the time
elapsed during stage two, that is between when the bubble rise velocity became
negligible and when the bubble spontaneously ruptured (Figure 2.4). This dura-
tion is herein defined as drainage time, ¢4, and corresponds to a change of film

thickness from ¢y ~ 100 ym to §y ~ 100 nm, or In(dy/ds) =~ 7.

2.3.2 Dynamic Similarity

Dynamic experiments on silicate melts are complicated, due in part to the require-
ment for high temperatures. To overcome this and other difficulties, analogue ma-
terials are commonly used in the study of magmatic processes (Mader et al., 2004).
However, for any laboratory experiment to provide useful constraints on the natu-
ral system, careful consideration must be given to appropriate scaling of laboratory
conditions with respect to the natural processes in question.

Two fluid-dynamical processes are considered to be dynamically similar, if the
ratios of all forces acting on corresponding fluid volumes and surfaces in the two
systems are the same (Kline, 1986). This can be achieved rigorously through di-
mensional analysis, which permits the reduction of a large number of parameters
to a small number of dimensionless numbers (e.g., Bolster et al., 2011). In the cases
under consideration, the driving forces for film drainage of bare viscous bubbles
are gravitational and surface tension forces, whereas the resisting force is due to
viscosity (Debrégeas et al., 1998). I will show subsequently why my laboratory ex-
periments are dynamically similar to gravitationally dominated, as well as surface

tension dominated interbubble film drainage in magmas.
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Reynolds Number

Inertial forces during film drainage of stagnant bubbles, that is in the absence of an
external flow, can be neglected if the Reynolds number, Re = pUL/n < 1. Here Re
represents the film Reynolds number, which is the ratio of inertial to viscous forces
associated with the flow at the scale of the liquid film, where U is the characteristic
velocity, and L is the characteristic length scale. For film drainage surrounding a
stationary bubble, L ~ § and U ~ w.

I find that for all of our experiments Re < 1, implying that our results are ap-
plicable to film drainage in cases where the forces that resist fluid motion are dom-
inated by the viscous force. It can be verified that in silicate melts, ranging from
mafic to silicic in composition, gravitational or capillary drainage of melt films un-
der most any realistic scenario will be at Re < 1 (e.g Toramaru, 1988; Proussevitch

et al., 1993a; Manga and Stone, 1994).

Ohnesorge Number

The Ohnesorge number, Oh = 7/y/2poR, represents the ratio of viscous to iner-
tial and capillary forces (e.g., Ohnesorge, 1936; Kocdrkouvi et al., 2013). For all of our
experiments Oh > 1, indicating that viscous forces dominate film drainage. Con-
sistent with previous work (e.g., Kocdrkovd et al., 2013, and references therein), we

find no dependence of our results on the Ohnesorge number.
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Bond Number

The transition between capillary and gravitational film drainage occurs at R ~ .
At this transition ¢, =t,, so that from Equations (2.6) and (2.9)

Cy  ApgR®

2.1
C. . (2.10)

The term on the right-hand side of Equation (2.10) is conventionally defined as the

Bond number (e.g., Stone, 1994),

2
Bo = 2P91 2.11)

o

At Bo> 1, it is expected that gravitational forces dominate film drainage, whereas
for Bo< 1 surface tension forces are expected to be dominant (e.g., Proussevitch
et al., 1993a; Stone, 1994; Pigeonneau and Sellier, 2011). As discussed in detail in Sec-
tion 3.6, my experimental results show that the transition from capillary to gravi-
tation film drainage occurs at Bo, = C../C, = 0.25, which corresponds to R = \/2.
Accordingly, bubble shapes change from near spherical at Bo <0.25 to hemispher-
ical at Bo > 0.25 (e.g., Pigeonneau and Sellier, 2011, Figure 2.6). By varying bubble
radii, our experiments spanned the full range of dynamical behavior, from Bo <1
to Bo > 1 (Table 1). This allows us to obtain a self-consistent scaling for film

drainage for both capillary-dominated and gravity-dominated film drainage.

2.3.3 Geometric Similarity

The coalescence of bubbles suspended in viscous liquids, if not caused by defor-
mation due to bulk flow of the suspension, is the consequence of the thinning
of inter-bubble liquid films. It can be caused by either bubble growth, gravita-

tional forces, capillary forces or some combination thereof. Here we discuss why
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and how our experiments with single bubbles can provide constraints on inter-
bubble film drainage, by gravitational or capillary forces, in liquids containing
many closely spaced bubbles, as in vesicular magmas.

The geometric constraints of packing a large volume fraction of bubbles into
a given volume of melt, require some degree of bubble deformation, relative to
an ideal spherical shape (e.g., Princen et al., 1980). Because the Laplace pressure is
greater for smaller bubbles than for larger ones, the latter deform more readily than
smaller bubbles as they impinge upon one another. The resultant arrangement is
often one where smaller bubbles protrude into larger ones. The resultant inter-
bubble films are not flat or of uniform thickness, but of concave/convex shape
and thicken toward plateau borders (e.g., Figure 2.1c-e; Proussevitch et al., 1993a;
Gaonac’h et al., 1996; Klug and Cashman, 1996; Polacci et al., 2001; Klug et al., 2002;
Rust and Manga, 2002; Rust and Cashman, 2004; Giachetti et al., 2010; Shea et al., 2010;
Castro et al., 2012).

Regardless of the detailed geometry, film drainage is a consequence of liquid
flow within the film, caused by a gradient in liquid pressure toward the plateau
borders (e.g., Proussevitch et al., 1993a). In the absence of externally applied de-
formation, for example due to magma flow, and neglecting bubble growth, this
pressure gradient will be a consequence of capillary and gravitational forces. If
the dominant force is due to gravity (Bo> 0.25), and irrespective of the precise ori-
entation of the inter-bubble film relative to the center of gravity, there will be an
average pressure gradient of Apg within the suspension. This pressure gradient
causes downward flow within the plateau borders and flow toward the plateau
borders within the inter-bubble films (Proussevitch et al., 1993a).

If, on the other hand, the dominant force is due to surface tension (Bo< 0.25),
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then the dominant pressure gradients within the inter-bubble film arise because
of changes in the radius of curvature of the film’s bounding surface. Surface ten-
sion requires a pressure jump across the liquid-gas interface, equal to the value
of surface tension divided by the local radius of curvature, 20/R,.. Because the
gas pressure inside the bubble is essentially uniform, changes in capillary pressure
along the liquid-gas interface require lateral pressure gradients within the film it-
self. Typically, the radius of curvature is smallest in the vicinity of plateau borders,
as illustrated in Figure 2.1b-e and also in a wide range of publications focused on
vesicles in pyroclasts (e.g., Klug and Cashman, 1994; Klug et al., 2002; Formenti and
Druitt, 2003; Gurioli et al., 2005; Adams et al., 2006a; Degruyter et al., 2010; Giachetti
et al., 2010; Houghton et al., 1998; Baker et al., 2012). Therefore, the liquid pressure
within the inter-bubble film is smallest near the plateau borders, resulting in cap-
illary flow from the inter-bubble films toward the plateau borders.

Although my experiments comprise a single bubble at the surface of a larger
volume of liquid, the liquid film that surrounds my bubble is subjected to the
same average gravitational pressure gradient Apg as the liquid comprising an
inter-bubble film that is located somewhere within a bubbly suspension. Simi-
larly, capillary stresses, in both my experiments and bubble suspensions, scale as
the ratio of surface tension to bubble radius, o/R. Figure 2.1c-f shows that in both
magmas and my experiments there is a change in the radius of curvature that re-
sults in lateral pressure gradients within the film. Although, in detail there may
be small geometric differences between my experiments and bubbles in magma,
which for the same Bond number may result in small differences between film
drainage times. However, because the overall force balance remains unaffected,

my experiments provide to first order a viable analog to inter-bubble film drainage
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in vesicular magmas, assuming that external deformation or bubble growth are

negligible.

2.4 Results
2.4.1 Film Drainage in PDMS

The drainage times, ¢4, of the liquid film surrounding air bubbles in PDMS fluid
are shown as a function of R in Figure 2.7a. For a given viscosity the value of ¢,
increases with R until there is a transition in the dynamics of film drainage and ¢,
decreases with R. This inflection in the trend of ¢, vs. R represents the transition
between capillary and gravitational film drainage, at R = A\/2 = 0.75 mm and
Bo = 0.25.

A graph of the dimensionless drainage time ¢,/t, vs. Bo is shown in Figure
2.7b. It demonstrates that the drainage time for all experiments with Bo > 0.25 can
be predicted by Equation (2.6), with ¢;/t, ~ 1 for C;; = 5. We also show that the
values of t,/t, determined from the published results of Debrégeas et al. (1998) and
Kocdrkovd (open circles) overlap with our results and do not show a dependence
of C, on Bond number, which is consistent with previous results (Kocdrkovd et al.,
2013).

Because my experiments span two orders of magnitude on either side of Bo =
0.25, I am also able to obtain an empirical relation for the capillary drainage time
of bare viscous bubbles. I find that for Bo < 0.25 a value of C. = 20 in Equation
(2.9) provides a good estimate of capillary drainage time, so that ¢./t; ~ 1 (Figure
2.7¢).

It should be noted that Equation (2.1) does not provide an adequate fit to most
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of my experimental results. This is demonstrated in Figure 2.8, which compares
measured to predicted values of drainage time. Whereas, Equations (2.6) and (2.9)
provide a good match to observed values, Equation (2.1) with n = 2, as frequently
used for film drainage in magmas (e.g. Cashman et al., 1994; Klug and Cashman, 1996;
Mangan and Cashman, 1996; Cruz and Chouet, 1997; Herd and Pinkerton, 1997; Navon
and Lyakhovsky, 1998; Castro et al., 2012), overestimates drainage times by up to 8
or 9 orders of magnitude. Even for very small values of the poorly constrained

parameter n, only part of the full data set can be matched.

2.4.2 Film Drainage in Silicate Melts
Observed and Predicted Drainage Times

Figure 2.8 demonstrates that our scaling relations obtained from film drainage in
PDMS also predict film drainage in silicate melts with reasonable accuracy. For
silicate melts, Kocdrkouvd et al. (2013) suggest a modest dependence of C,; on Bond
number near the transition to capillary drainage, with the reason for such a de-
pendence remaining unresolved. I find that a Bond number dependent C,, as sug-
gested by Koddrkovi et al. (2013), does not improve the fit compared to C;, = 5.
Although no empirical values of ¢, currently exist for silicate melts, the fact that
gravitational film drainage in silicate melts is consistent with “bare” viscous films
suggests that film drainage times in silicate melts at small Bond numbers can be

assessed using Equation (2.9).

Surface Tension

Surface tension in the PDMS experiments is almost constant and differs from the

silicate melt experiments of Kocdrkovd by only a factor of 1.5 (Table 1). It is therefore
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important to ascertain that our results have dynamic similarity to natural silicate
melts, where the variability in surface tension may only be approximately one or-
der of magnitude (e.g., Walker and Mullins, 1981; Bagdassarov et al., 2000; Mangan
and Sisson, 2005; Gardner and Ketcham, 2011; Gardner, 2012; Kocdrkovd), with surface
tension in our experimental liquids falling at the lower end of this range. Surface
tension affects the dynamics of film drainage through the aforementioned force
balances (Equation 2.10, Section 2.3.2). In my experiments, surface tension forces
vary by orders of magnitude, from 10~° N to 1072 N, exceeding the range in sur-
face tension forces achievable by reasonable variations in surface tension alone,
for either analog fluids or silicate melts. Consequently, my experiments span a
wide range of dynamic behavior with the ratio of gravitational to capillary forces

ranging from Bo < 1 to Bo > 1 (Figure 2.7).

Viscosity

Because the viscosity of natural silicate melts can exceed the viscosities of PDMS
fluids, the extrapolation of my results to magmatic systems requires dynamic sim-
ilarity. The liquid viscosity in my experiments ranged from 10 to 10° Pa s, within
the range of mafic to intermediate magmas (e.g. Giordano et al., 2008; Hui and Zhang,
2007). Silicic melts, especially at low water content and low temperature can have
viscosities that are substantially larger (e.g. Hui and Zhang, 2007), resulting in pro-
portionally smaller velocities (Eq. 2.3 and 2.7) and hence longer drainage times.
The film Reynolds number <« 1 for even the least viscous magmas, implying that
the force balance is dominated by viscous stresses in both, PDMS experiments and
magmas across the full spectrum of naturally occurring compositions, tempera-

tures and water contents. As already discussed in Section 2.3.2, a dependence on
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the Ohnesorge number is also not expected. Consequently, my empirical results
should be dynamically similar to gravitational and capillary film drainage in mag-
mas ranging from basalt to water-poor rhyolite, in the absence of crystals or other

stabilizing impurities, as well as bubble growth or shear deformation.

Interface Mobility

The flow during the drainage of inter-bubble films depends strongly on the nature
of the interfaces between the liquid film and the surrounding gas phase. In many
applications it is desirable to inhibit or slow the drainage of inter-bubble films,
thereby creating a more stable suspension or foam. This is usually achieved by
adding surfactants, which, among other things, limit the mobility of the film inter-
faces. Consequently, liquid flow within the film is similar to flow in a vary narrow
gap, bounded by two rigid walls. The flow velocity at each interface approaches
zero, making the interface immobile, that is a no-slip boundary (Figure 2.2a). In
this case Equation (2.1) should be used to estimate the film drainage time, as it
is derived using no-slip boundary conditions (Charles and Mason, 1960; Hartland,
1970; Ivanov and Traykov, 1976). If, on the other hand, there are no impurities at the
film interface, the flow velocity is the same at the interface as in the interior (Fig-
ure 2.2b). The interfaces of such a “bare” film are therefore fully mobile. Drainage
times of liquid films with such free-slip boundaries are given by Equations (2.6)
and (2.9) (Debrégeas et al., 1998; van der Schaaf and Beerkens, 2006).

Figure 2.8 demonstrates that in the absence of crystals or other impurities film
drainage times in silicate melts are consistent with fully mobile interfaces. In the
absence of crystals or other impurities that may stabilize inter-bubble films, Equa-

tions (2.6) and (2.9) should be used to predict film drainage times in silicate melts,
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because calculations based on Equation (2.1) will invariably result in vast overpre-

dictions of drainage times.

2.4.3 Measurement Errors
Drainage Time

For all experiments, the standard deviation in measured bubble radii, R, is less
than 1%. The resultant error bars for R and Bo are smaller than the size of symbols
used to present the experimental data (Figures 2.7 and 2.8). The experiments cov-
ered a range of ¢, from approximately 1s to 5000 s. Figure 2.4 illustrates the method
by which ¢, was measured from the time-lapse bubble images. From repeat mea-

surements of ¢; on individual samples, we estimated the standard deviation of ¢4

measurements scaled as 0.25 ti/ ?, which is also smaller than the size of the data
symbols.
Film Thickness

Some degree of uncertainty is also associated with the initial and final film thick-
ness, dp and dy, respectively. They affect the predicted drainage time (Eqs. 2.6 and
2.9) through the value of In(dy/df). I measured initial film thickness (on the order
of hundred’s of micrometers) using high resolution digital images of the bubbles
and surrounding films that allowed us to measure , with an accuracy within 5%,
with values ranging from ~107° m to ~10~* m. These values are not dissimilar
to the maximum thickness of inter-bubble films observed in some natural volcanic
samples (e.g. Gaonac’h et al., 1996; Klug and Cashman, 1996; Navon and Lyakhovsky,
1998; Formenti and Druitt, 2003; Burgisser and Gardner, 2005; Polacci et al., 2006; Bai
et al., 2008; Giachetti et al., 2010; Shea et al., 2010; Giachetti et al., 2011).
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The critical film thickness prior to the time of rupture was determined from the
light reflectance of the film across a spectrum of wavelengths, using instrumenta-
tion provided by Filmetrics Incorporated. The method uses an iterative procedure
to constrain film thickness and optical parameters from the spectral reflectance
measurements. The spot size of these measurements is 200 pm, resulting in a spa-
tially averaged film thickness across the measurement area. The measured values
of §; are typically of the order of 10~" m (Figure 2.9). This is consistent with the-
oretical predictions (e.g., Sheludko, 1966; Coons et al., 2003) and also observations
of minimum film thicknesses in natural silicate melts (Figure 2.9; Klug and Cash-
man, 1996; Debrégeas et al., 1998; Navon and Lyakhovsky, 1998; Burgisser and Gardner,
2005; Castro et al., 2012; Kocdrkovd). From repeat measurements, the error in ¢ is
estimated to be within few percent of the measured value. In contrast to films
with immobile interfaces where drainage time scales as (5]?2 (Equation (2.1)), our
predicted drainage times depend on In(dy/ds). Consequently, the uncertainty in
drainage time predictions due to measurement errors in ¢, and d; is less than a

factor of approximately 2 and does not significantly bias results.

2.5 Implications for Magmatic Systems

Bubble coalescence in magmatic systems often involves ascent-driven magma de-
compression and shear deformation (e.g. Sparks, 1978; Toramaru, 1988; Proussevitch
et al., 1993a; Cashman et al., 1994; Mader et al., 1994; Klug and Cashman, 1996; Larsen
et al., 2004; Burgisser and Gardner, 2005; Okumura et al., 2006; Moitra et al., 2013). To
assess the conditions under which these processes significantly increase the rates
of bubble coalescence requires constraints on the time scales of inter-bubble film

drainage in the absence of bubble growth or external deformation. In other words,
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capillary and gravitational film drainage give a lower bound on coalescence rates.

2,51 Predicted Film Drainage Time in Silicate Melts

Film drainage rates depend on bubble size, as well as material properties, such as
viscosity and surface tension. The typical vesicle size ranges between 10~% m and
1072 m for silicic pumices (e.g. Toramaru, 1990; Klug and Cashman, 1994; Gaonac’h
et al., 1996; Blower et al., 2003; Klug et al., 2002; Rust and Cashman, 2004; Gaonac’h
et al., 2005; Giachetti et al., 2010; Shea et al., 2010) and even larger in basaltic sco-
ria (e.g. Mangan et al., 1993; Mangan and Cashman, 1996; Vergniolle, 1986; Lautze
and Houghton, 2007; Polacci et al., 2008, 2009). Surface tension for natural silicate
melts ranges within an order of magnitude, from 0.03 to 0.3 N m™* (e.g., Epel ‘baum
et al., 1973; Murase and McBirney, 1973; Khitarov et al., 1979; Walker and Mullins,
1981; Taniguchi, 1988; Bagdassarov et al., 2000; Mangan and Sisson, 2005; Gardner and
Ketcham, 2011; Gardner, 2012). In contrast, melt viscosity can vary by many orders
of magnitude (e.g., Hess and Dingwell, 1996; Hui and Zhang, 2007).

For the range of feasible parameters discussed above, I estimate the drainage
time in both capillary and gravitational regimes using Equations (2.6) and (2.9).
The results are shown in Figure 2.10 and indicate that film drainage times for ad-
jacent bubbles in basaltic melts, even in the absence of bubble growth or external
deformation, will be 10s of seconds or less. In intermediate and silicic melts, film

drainage times are considerably larger, with up to ~10° s in dry rhyolitic melts.

2.5.2 Post-Fragmentation Coalescence in Pyroclasts

Bubble coalescence may result in magma permeability with ensuing implications

for open-system magma degassing and magma fragmentation (e.g., Westrich and
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Eichelberger, 1994a; Klug and Cashman, 1996; Saar and Manga, 1999; ?; Burgisser and
Gardner, 2005; Okumura et al., 2006; Wright et al., 2006; Mueller et al., 2008; Namiki
and Manga, 2008; Okumura et al., 2008; Wright et al., 2009; Rust and Cashman, 2011;
Castro et al., 2012; Namiki, 2012). Because magma ascent conditions are inferred
from measured textural characteristics and permeabilities in pyroclasts, it is im-
portant to assess the extent of bubble coalescence after magma fragmentation, and
thus, the likelihood that measured values are significantly different from condi-
tions prior to fragmentation.

During the time interval between magma fragmentation and quenching, when
shear deformation may no longer be the dominant processes and when character-
istic length scales for permeable gas flow are of the order of centimeters, bubble
growth may be negligible, because permeable gas loss may efficiently dissipating
gas pressure (Rust and Cashman, 2011; Gonnermann and Houghton, 2012). If this is
the case, post-fragmentation bubble coalescence rates can be estimated from esti-
mates for interbubble film drainage rates. Thus, if post-fragmentation coalescence
can be shown to be negligible, then pyroclast textural characteristics, such vesi-
cle size distributions, as well as permeabilities likely provide a reliable record of
pre-fragmentation conditions.

Cooling times of pyroclasts have been estimated to be of the order of 10-100 s
(e.g. Thomas and Sparks, 1992; Hort and Gardner, 1998). Figure 2.10 indicates that
film drainage times may only be of similar or shorter duration as cooling times
in relatively water-rich intermediate melts. Consequently, it is unlikely that there
is sufficient interbubble film drainage in pyroclasts from explosive intermediate
to silicic magmas to significantly change pyroclast vesicle size distributions and

permeability after magma fragmentation.
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2.6 Conclusions

I presented laboratory experiments wherein we measured the lifetime of station-
ary air bubbles suspended beneath the free surface of surfactant-free PDMS lig-
uids. To ensure dynamic similarity to magmatic systems, all experiments were
at small Reynolds numbers (Re <« 1) and cover a wide range of Bond number,
1073 < Bo < 107, with the transition between capillary and gravitational drainage
corresponding to a Bond number of 0.25. My results are consistent with simi-
lar experiments in PDMS and in silicate melts. They provide predictions of film
drainage times that can be applied to bubbles in magma, if shear deformation
and bubble growth are negligible, and if interbubble films are not stabilized, for
example by the presence of abundant microlites. Overall, my results indicate that
textural characteristics and permeabilities of pyroclasts from intermediate to silicic
magmas may preserve pre-fragmentation conditions. Furthermore, film drainage
times in magmas are likely orders of magnitude shorter than previous estimates

that are based on formulations for liquid films with immobile interfaces.
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Figure 2.1 : Film drainage in vesicular magma and laboratory experiments. (a,b)
Schematic diagram of a bubble and surrounding liquid, illustrating gravitational
(a) and capillary (b) film drainage. (c) A CT-scan image of Soufriere Hills pumice
sample PV3-800x800-504 showing vesicular texture with thin inter-bubble films
(courtesy of T. Giachetti and discussed in Giachetti et al., 2011). The vesicles pre-
sumably preserve the shapes, sizes and distribution of bubbles within the pyroclast
prior to quenching. (d,e) Individual vesicles at higher magnification and with an-
notation to highlight the change in curvature along the melt film. Also indicated
are estimates of the ensuing capillary pressure gradient that would have driven
film drainage, (p» — p1)/R ~ 10° Pam™*, for a constant pressure p, inside the bub-
ble and bubble radius, R. The pressure gradient due to gravity is Apg ~ 10* Pa
m ', where Ap denotes the difference in density between liquid and bubble and
g is the acceleration due to gravity. (f) Example of a bubble from one of our film
drainage experiments, showing the change in curvature along the melt film sur-
rounding the bubble, as well as estimated difference in pressure due to surface
tension at ~ 10® Pa m~!. The pressure gradient due to gravity is Apg ~ 10* Pa
m~'. Regardless of precise geometry, that is multiple bubbles in magma at some
orientation or a single bubble in our experiment, gravity and changes in the radius
of curvature result in pressure gradients within the film that drive film drainage.
Depending on bubble size, the relative magnitude of these driving forces changes,
as quantified by the Bond number.
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Figure 2.2 : Schematic diagrams illustrating the mobility of gas-liquid interfaces.
(a) The velocity profile for flow in a film with immobile interfaces. (b) The velocity

profile for fully mobile interfaces.
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Figure 2.3 : An image of experimental set-up. An experimental box made of glass
was filled with silicone oil. I injected a single bubble from the bottom of the box
through a septum and let the bubble rise to the surface while the high- speed cam-
era captured a whole sequence from when the bubble rose to the surface, the liquid
drained to the time of film rupture. The images were recorded digitally using Ax-
ioVision software for Zeiss SteREO® microscope.
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Figure 2.4 : (a) A typical experiment, showing measured position of the bubble
relative to the free surface, d. As the bubble approaches the free surface its velocity
decreases. Once the bubble rise velocity approaches zero, film drainage begins and
the drainage time, ¢4, is defined as the time thereafter until the bubble ruptures. (b)
Schematic diagram of film thinning, with the constant film thinning rate dd/dt in
semi-log scale, indicating that film thickness decays exponentially with time.
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Figure 2.5 : Experimental images of one experiment starting with the bubble ap-
proaching the free interface (left) through film drainage and finally coalescence,
that is film rupture (right).

>
Bo=0.05 Bo=0.25 |

Figure 2.6 : Images showing bubble shapes for different Bond numbers, Bo. At
Bo < 0.25 surface tension forces dominate over gravitational forces, surface area is
minimized and the bubble has a spherical shape. At Bo > 0.25, gravitational forces
dominate and the bubble is no longer spherical in shape. Note that in some images
the edges of the flow cell make the liquid interface appear ‘dirty’, which is not the
case.
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Figure 2.7 : (a) Measured film drainage time, ¢4, vs. bubble radius, R. Filled cir-
cles are experiments from this study using PDMS fluids. Open circles are PDMS
experiments by Debrégeas et al. (1998) and Kocidrkovd. The transition from capil-
lary drainage to gravitational film drainage occurs at half of the capillary length,
A/2 = 0.75 mm. (b) The same experiments with ¢, normalized to the gravitational
drainage time, t,. At Bo > 0.25 a value of ¢4/t, ~ 1 indicates that Equation (2.6)
provides a good estimate for ¢4 po>0.25. (c) The same experiments with drainage
time, ¢4, normalized to the capillary drainage time, ¢.. At Bo < 0.25 the experi-
mental drainage time also has a value of t;/t. ~ 1, indicating that Equation (2.9)
provides a good estimate for ¢4 po<o.25.
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Figure 2.8 : Observed vs. predicted film drainage times. Red circles are PDMS
experimental data and blue squares are silicate melt data . Experiments plotted
within the dashed ellipse have predicted drainage time calculated using Equation
(2.1) with n = 2 and overpredict drainage times by up to 9 orders of magnitude.
Experiments plotted along the 1:1 line have predicted drainage times calculated
using Equations (2.6) and (2.9). Drainage times for silicate melt experiments of
Kocdrkovd et al. (2013) are shown as blue squares, indicating that Equation (2.6)
also predicts film drainage in silicate melt reasonably well. The silicate melts had
compositions of 72.3% SiO,, 13.5% NayO, 9.6% CaO, 4% MgO and 0.6% Al;Os3, as
well as 61.8% SiO,, 12.6% Na-O, 0.5% Ca0, 9.4% K,0, 7.6% MgO and 8.1% Al,Os.
Corresponding viscosities were 64 and 154 Pa.s, densities 2344 and 2318 kg m 2,
and surface tension 0.322 and 0.303 N m ™!, respectively.
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Figure 2.9 : (a) Compilation of critical film thickness measurements. The new
PDMS experiments presented herein are labeled as ‘N’, those by Debrégeas et al.
(1998) as ‘D’, and PDMS and silicate melt experiments by Kocirkovi et al. (2013)
combined as ‘K’. Film thickness estimates from SEM images of natural samples are
labeled as ‘KC’ (Klug and Cashman, 1996), ‘NL’ (Navon and Lyakhovsky, 1998), and
‘BG’ (Burgisser and Gardner, 2005). (b) High resolution SEM image of ruptured bub-
ble wall in natural rhyolite produced in thermal spray vesiculation experiments
(Qu et al., 2007; Qu and Gouldstone, 2008), showing that ruptured bubble walls are
approximately 0.1 um in thickness (labeled as “TS’). (c) SEM image at higher reso-
lution, showing the ruptured bubble.
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Figure 2.10 : Illustrative predictions of film drainage time (in the absence of bub-
ble growth or shear deformation) in basalt (red), dacite (black) and rhyolite (blue)
melts using viscosities from Hui and Zhang (2007) at the indicated temperatures
and water contents. At small radii, where film drainage is dominated by capillary
drainage, predicted drainage times are plotted at a surface tension of 0 = 0.1 N
m~!, whereas gravitationally dominated film drainage is independent of surface
tension.
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Table 2.1 : Experimental parameters.

Parameter Symbol  Value Unit
PDMS'  Viscosity n 10 - 1000 Pas
Density p 971-977 kgm™*
Surface tension o 21.2-21.6 mNm!
Initial film thickness? o 10 - 100 pum
Final film thickness® 5f 0.1 pm

Notes. 'Includes my experiments presented herein, as well as some experiments
by Koddrkova. 2As described in Section 2.4.3, the initial film thickness, J,, was mea-
sured from the bubble images when the bubble became stagnant (Figure 2.4). *The
film thickness at the time of rupture, 6;, was measured as described in Section 2.4.3

and is consistent with the values determined by Debrégeas et al. (1998), Kocirkova.
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Chapter 3

Explosive to effusive transition during the largest
volcanic eruption of the 20th century (Novarupta 1912,
Alaska)

TThis Chapter has been edited, reformatted and reprinted from Chinh T. Nguyen,
Helge M. Gonnermann, and Bruce F. Houghton (2014), Explosive to effusive tran-
sition during the largest volcanic eruption of the 20th century (Novarupta 1912,
Alaska). Geology, 42, 703-706, doi: 10.1130/G35593.1, Geological Society of Amer-
ica.

Silicic volcanic eruptions commonly show abrupt shifts between powerful and
dangerous (Plinian) explosive episodes and gentle effusion of lava. Whether the
onset of magma permeability and ensuing gas loss controls these transitions has
been a subject of debate. I measured porosities and permeabilities in samples from
the A.D. 1912 eruption of Novarupta volcano, Alaska, and analyzed them within
the context of well-constrained eruptive sequence that encompasses sustained ex-
plosive and effusive activity. For the explosive samples, I find that the degree of
vesicle interconnectivity, measured as the ratio of connected to total porosity, de-
creases with the phenocryst content and with increasing eruption intensity. Perme-
abilities of explosive samples show a weak dependence on porosity. Dome sam-
ples are not significantly different in permeability, but are of lower porosity, which
together with abundant flattened vesicles is consistent with bubble collapse by

permeable outgassing. Quantitative analysis indicates that outgassing alone was
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insufficient to effect the transition to effusive activity. Rather, the change from ex-
plosive to effusive activity was probably a consequence of high versus low magma

ascent rates.

3.1 Introduction

The degassing of magma is of critical importance for determining the style and
intensity of volcanic eruptions (e.g., Jaupart and Allegre, 1991; Woods and Koyaguchi,
1994; Dingwell, 1996). The exsolution og magmatic volatiles into bubbles provides
magma buoyancy and drives the ascent of the magma through the conduit. Ex-
solution of dissolved water also increases magma viscosity, which resists bubble
growth. Consequently, during magma ascent the pressure inside the bubbles de-
creases more slowly than the pressure outside, resulting in overpressure of the ex-
solved volatiles and explosive magma fragmentation, once a critical overpressure,
APy, has been reached (Mueller et al., 2008).

An important discovery is that magmatic gases can flow through vesicular
magma and escape (Eichelberger et al., 1986), once bubbles coalesce to form per-
sistent interconnected networks. This process, herein referred to as permeable
outgassing, may reduce the pressure of magmatic gases and, hence, the potential
for sustained explosive fragmentation. The question as to what extent permeable
outgassing modulates volcanic eruptions, in particular the transition between sus-
tained explosive and effusive activity, remains a subject of debate (e.g., Jaupart and
Allegre, 1991; Woods and Koyaguchi, 1994; Dingwell, 1996; Melnik and Sparks, 1999;
Castro and Gardner, 2008).
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3.2 The A.D. 1912 Eruption of Novarupta, Alaska

To adress the above question, I characterized the porosities and permeabilities of
samples from a single eruption, the A.D. 1912 eruption of Novarupta in Alaska
(e.g., Fierstein and Hildreth, 1992; Hildreth and Fierstein, 2000, 2012; Adams et al.,
2006a,b). From 6 to 8 June 1912, the explosive stage of the Novarupta eruption
started with three Plinian episodes, which lasted ~ 60h, albeit with two pauses
in eruptive activity. Mass eruption rates for the Plinian Episodes I-III have been
estimated at ~ 5, 1.6, and 1.1 x 10® kg.s™*, respectively. This sustained explosive
activity of Episodes I-III gave way to ephemeral dome growth and Vulcanian activ-
ity of Episode IV, and subsequently to stable dome growth in Episode V, producing
the current Novarupta dome.

Eruptive products consist of rhyolite and dacite, as well as andesite which
played a volumetrically negligible role (Table 3.5). In Episode I, first rhyolite was
erupted, followed by rhyolite and dacite erupting simultaneously, together with
minor andesite. Episodes II, Il and IV were dominantly dacite, and Episode V was
again rhyolite. Both rhyolite and dacite consist of rhyolitic melt, and the contrast
in bulk chemistry is due to the higher phenocryst content of the dacitic magma
(Coombs and Gardner, 2001; Hammer et al., 2002), which increases the viscosity of
the dacitic magma by about one order of magnitude relative to the rhyolite (Mader

et al., 2013).

3.3 Permeable Outgassing

Permeable flow of gases, once coalescing bubbles have formed an interconnected

pathway, is thought to occur above a critical porosity, ¢., which can range from
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~ 30% to > 70% (Klug and Cashman, 1996). Above ¢., permeability is thought to
increase with porosity to some power, n, as bubbles continue to nucleate, grow
and coalesce. Although theoretical values of n fall near 2 (Blower, 2001), in nature
they appear to be greater (Rust and Cashman, 2011). One hypothesis is that if the
rate at which bubbles coalesce is much smaller than the rate at which the magma
depcomresses and new bubbles nucleate and grow, ¢. and n will increase, because

coalescence is kinetically limited (Takeuchi et al., 2009).

3.4 Sample Measurements and Analysis

I measured porosities and permeabilities in representative samples from five episodes
of the Novarupta eruption. I excluded any dense samples from Episodes IV and V
that showed pervasive fine cracking, because these microcracks have an uncertain
origin and would bias permeability measurements. Measured permeabilities are

thererfore solely due to interconnected vesicles formed by bubble coalescence.

3.4.1 Porosity Measurements

Samples were cored into cylinders of 1cm diameter and 1-5cm length (see Ap-
pendix B). Pycnometry was performed using a Micromeritics AccuPyc II 1340®,
which determined the skeletal sample volume, V. (the sum of the volumes of
both solid and isolated pores), by measuring the pressure change of helium within
the calibrated volume and using Boyle’s law. Then the volume of connected pores
was calculated as V.o, = Viampie — Vske, Where Vigpie is the volume of cylindrical
core of the sample. Powderized samples were also measured using the AccuPyc II
1340® to determine the density of the skeleton (solid plus any isolated vesicles that

not somehow connected to the sample surface), which then was used to calculate
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the volume of isolated pores, V,,. Finally, connected and total porosity were cal-
culated as ¢con = ‘/con/‘/;ample/ and thotal = (‘/con + ‘/z'so)/‘/sample- Measured POTOSitY

values of all samples are listed in Tables 3.1 and 3.2.

3.4.2 Permeability Measurements

Permeability was measured using Capillary Flow Porometer (Model CFP-1100AXL-
AC, Porous Media, Inc.®). Samples were sealed with impermeable epoxy resin
and then mounted on plexi-glass plates for permeability measurements (see Ap-
pendix B). These samples were then placed in a chamber and completely sealed
except the two ends. At the inlet air pressure, P;,, varied from 1.1 x 10° Pa up
to 6 x 10° Pa; whereas the outlet pressure, P,,;, at the other end was atmospheric
pressure. Each sample was measured using 2 - 3 interchangeable flow meters, in
order to achieve several orders of magnitude in flow rates at optimal accuracy. For
all measurements, the controlled pressure gradient across the sample length was

thus between 0 and 5 x 10° Pa m~!, and the measured volumetric flow rate of air,

1 3

Q, was between 3 x 1072 and 5 x 107" m?® s7!, with an accuracy ~ 5 x 107® m
st (= 1% of the minimum measured flow rate). After the measurements, samples
were sectioned and examined under a transmitted light microscope, as well as a

scanning electron microscope for cracks and images. Only samples that showed

no cracks of any size were reported.

3.4.3 Permeability Estimation

I estimated permeability using Forchheimer’s equation (e.g., Reynolds, 1900; Forch-

heimer, 1901; Rust and Cashman, 2004) for a compressible gas as follows,
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2
Py = Pout® _ pQ p (Q) 7 (3.1)

2PL kA k
where P is the pressure at which flow rate is measured, thatis P = FP,,;, = 1
atmosphere. Furthermore, ;1 = 1.86 x 10~° Pa.s is the air viscosity, p = 1.28 kg
m~? its density and A is the cross-sectional area of the sample. &, is the Darcian
permeability and %, is known as the inertial permeability.

Due to the turbulent viscous dissipation flow curves become parabolic (Figure
3.2a), instead of linear, at high values of (). This turbulent dissipation is accounted
for by the k; term of Equation 3.1 when fitting the ) vs. AP = P, — P, data
(i.e., the flow curves). In order to determine the combination of £; and k, we cal-
culated the root-mean-square error between measured values of Q)(AP) and those
predicted by Equation 3.1 for systematically different combinations of k; and k.
In other words, we used a grid search to find the values of k; and k, that minimize
the root-mean-square error, defined as

N 9 1/2
Y = % [Z (1 o Qpredicted) ] : (32)

1 Qmeasured

where N is the number of data points for a given sample. A typical example of
such a grid search is shown in Figure 3.2. This result is typical of all our data and
illustrates that the flow curves are indeed well-fitted by Equation 3.1. The relation-
ship between k; and k, for all of our samples is shown in Figure 3.3 and similar to
what has been reported elsewhere (Rust and Cashman, 2004). Permeability values

of all samples are listed in Tables 3.1, 3.2 and 3.3.
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3.5 Numerical Modeling

To assess the possible conditions of magma ascent, fragmentation, and permeable
outgassing, I performed numerical modeling of integrated magma ascent and bub-
ble growth for Episodes I-1II, as well as for hypothetical scenarios at lower dis-
charge rates (see Table 3.5). The models constitute isothermal, one-dimensional
conduit flow of the ascending magma, coupled with diffusive bubble growth for
both H,O and CO, (Gonnermann and Houghton, 2012). Among the other parame-
ters, the model calculates gas pressure within bubbles, which together with ¢ and
k1 (where k; is Darcian permeability, see details in Section 3.4) allows for prediction
of magma fragmentation.

I performed numerical modeling of magma ascent coupled with diffusive bub-
ble growth for both H,O and CO,. The change in ambient pressure with depth
is calculated from the momentum and mass balance of magma flow within the
conduit. The conduit flow calculations depend on viscosity of the magma, which
in turn depends on the dissolved H,O within the melt and the volume fraction
of bubbles, both of which are calculated from diffusive bubble growth. Diffusive
bubble growth in turn depends on the change in ambient pressure, which thereby
couples diffusive bubble growth with conduit flow.

Modeling was for the sustained explosive Episodes I-11I, as well as a case equiv-
alent to Episodes II and III, but at a lower discharge rate, in order to illustrate the
effect of lower discharge rate on eruption dynamics. Discharge rates were based
on estimates published in Hildreth and Fierstein (2012) and details of the model pa-

rameters are listed in Tables 3.4 and 3.5.



44
3.5.1 Conduit Flow Model

The model assumes steady isothermal flow at a constant discharge rate, (), within a
one-dimensional cylindrical conduit of a constant radius, a. The change in ambient
pressure, p,,, is calculated from the equation of momentum balance (e.g., Wilson,

1980; Dobran, 1992; Mastin, 2002)

dpm pu? du
P fm% PUT (3.3)
together with the equation of mass balance,
dlow) _ (3.4)
dz

Here p = p,,(1 — ¢) is the magma density; p,, is the density of the melt; g is
gravitational acceleration; u = dz/dt = Q/(wa*p) is the magma ascent velocity;
fm = 64/Re + fy is the friction factor for pipe flow. Re = pua/7 is the Reynolds
number, and f, = 0.02 (e.g., Wilson, 1980; Dobran, 1992; Mastin, 2002).

Magma viscosity, 7, is calculated using the viscosity formulation for bubble-
bearing liquids (Pal, 2003), with the liquid viscosity given by the composition-,
temperature- and dissolved water- dependent viscosity of the melt phase, using
the formulation of Hui and Zhang (2007). In addition, the effect of phenocrysts is
accounted for using the Krieger-Dougherty equation (e.g., Mader et al., 2013) with
a critical packing fraction of 0.65 and an exponent of -2.5 (e.g., Gonnermann and

Manga, 2007).

3.5.2 Diffusive Bubble Growth Model

As ambient pressure, p,,, decreases the solubility of H,O and CO, decreases, caus-

ing them to diffuse into bubbles. In addition, the density of the exsolved H,O-CO,
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vapor mixture decreases as pressure decreases. Together, diffusion of H,O and
CO;, into bubbles and decrease in density result in bubble growth, which in turn is
resisted by viscosity of the surrounding melt. Therefore, diffusive bubble growth
couples the conservation of mass for H,O and CO, with the diffusion of H,O and
CO, within the melt and momentum balance for the bubble and surrounding melt.

I used the isothermal formulation first published by Amon and Denson (1984)
and Arefmanesh and Advani (1991) and subsequently applied to bubbles in magma
by Proussevitch et al. (1993b). The approach follows close to that presented in
Gonnermann and Houghton (2012).

Assuming that the bubbles exist in a uniform packing geometry, I modeled one
idealized representative bubble of spherical shape, which is surrounded by melt
shell with the thickness of S — R, where S is the outer radius and R is the final
bubble radius. The momentum balance is in this case given by Proussevitch et al.

(e.g., 1993b)

8ci 8ci . 1 8Ci 28Ci
ot "Uar T or (Dir 87“) ’ (3:5)

where r is bubble radius, ¢; is the concentration of volatile species i (either H,O
or CO,), v, = dR/dt is the radial growth rate at the melt-vapor interface (r = R),

and D, is diffusion coefficient of volatile species i. The boundary conditions are

oc;
or

given by ( )T:S = 0 and (¢;),—r = si(py, x.) (Gonnermann and Houghton, 2012).
Here s; is solubility of species i as formulated in Liu et al. (2005), p, is the gas
pressure within the bubble, and z. is the mole fraction of CO, of the H,O-CO,

vapor mixture within the bubble.

I assume that each bubble grows in a closed system. Therefore, it follows that
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mass conservation is given by

d
G (Pol) = AR pn Y a (3.6)

where p,, is melt density, and p, is the density of the H,O-CO, vapor mixture
calculated from an equation of state (Kerrick and Jacobs, 1981). ¢; is the diffusive
mass flux of volatile species i and is calculated fro mthe boundary condition ¢; =
D i(%)r:R'

The momentum balance is given by

2 1 dR

Pg(t) — pm(t) = 7 e — (3.7)

where ¢ denotes times, p, is gas pressure inside the bubble, p,, is the pressure in the
surrounding melt, o is surface tension, 7. is effective viscosity of the melt (Lensky
et al., 2001), which depends on the concentration of dissolved H,O (Hui and Zhang,
2007).

3.5.3 Fragmentation and Permeability

The model calculations stop once the difference between pressure of the H,O-CO,
vapor mixture inside bubbles and the ambient pressure, AP = p, — p,,,, exceeds

the fragmentation threshold of Mueller et al. (2008),

AP > APy = (8.21 x 10°M Pam ™" \/k;1.54M Pa) /¢. (3.8)

Here ¢ = R*/S? is the volume fraction of bubbles and the Darcian permebility, ki,
is calculated from ¢ using the formulation k; = r?(¢ — ¢.)" (e.g., Blower, 2001; Rust
and Cashman, 2004, 2011) with values for ¢., critical porosity, and n, power-law
coefficient, as shown in Table 3.5 and corresponding to the curves shown in Figure

3.5K.
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3.6 Results
3.6.1 Porosity

Sample porosities range approximately between 30% and 60% for Episode V and
60% — 80% for Episodes I-IV (Figure 3.1). All samples have connected porosity that
is lower than total porosity by ~ 10%—20% (i.e., not all vesicles are interconnected).
Episode I samples have a distinctly lower ratio of connected to total porosity than
all other samples. Given the high eruption rates of Episode I, this may be due to
less time for bubble coalescence relative to the other episodes, although Episode I
samples also of substantially lower phenocryst content (1% — 3%) than those from
Episodes II - IV (30% — 50%), which may also affect bubble coalescence (Takeuchi
et al., 2009; Rust and Cashman, 2011). The trend in connected versus total porosity
for the dome samples of Episode V is similar to that for Episodes II - IV, but at dis-
tinctly lower total porosities (Figure 3.1). This, together with the flattened vesicle
shapes of Episode V samples, is consistent with bubble collapse and loss of poros-
ity during permeable outgassing (Eichelberger et al., 1986; Westrich and Eichelberger,
1994b).

3.6.2 Permeability

Permeabilities (Figure 3.4) approximately follow the relation k; = (¢ — ¢.)"
(Blower, 2001), where r = 3 x 107° m is the approximate median vesicle radius
in the Novarupta samples (Adams et al., 2006b). A range in values of ¢, and n can
match the data, with Episode III and IV samples having on average higher values
of k; at any given ¢ than Episode I and II samples. Feasible values of ¢. and n

that fit the data of Episodes I-IV are ¢. > 0.5 and n > 3.5, whereas permeabilities
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of Episode V dome samples are not significantly lower, but shifted toward lower
values of ¢ and ¢.. This is consistent with permeable outgassing (Eichelberger et al.,
1986; Westrich and Eichelberger, 1994b), but makes it unclear to what extent perme-

ability prior to outgassing may have been higher.

3.6.3 Overpressure, Fragmentation, and Permeable Outgassing

Explosive magma fragmentation is thought to be a consequence of gas overpres-
sure, estimated in (e.g., Equation 3.8; Mueller et al., 2008), and found to range be-
tween 1 and 5 MPa. For the erupting magma to have reached AP, the charac-
teristic viscous time, 7,;s ~ 1n/AP, and the characteristic permeable time, 7, ~
L?u/k1 AP, both had to exceed the characteristic decompression time, 74.. ~ AP/ P.
Here 7 is melt viscosity, L ~ 100m is the characteristic path length of permeable
gas flow, u ~ 107" Pa.s is the viscosity of the vapor phase (Rust and Cashman,
2011), and P is the decompression rate. The condition 7,;; < 74, implies that
there is insufficient time for buble growth during decompression, resulting in the
build-up of overpressure. At the same time, 7, < 74 indicates that there is insuf-
ficient time for permeable outgassing, providing an upper bound, k¥ < L?u/7, at
which permeability does not prevent the build-up of overpressure. Because the fall
deposits from Episodes I-III lack textural evidence for pervasive shear fragmenta-
tion, the shortest pathway for permeable outgassing is radially toward the conduit
margins, where flow fracturing may provide enhanced permeability (Stasiuk et al.,
1993; Gonnermann and Manga, 2003; Tuffen et al., 2003).

At magmatic temperatures (850 °C) and pressures similar to APy, the water
content of the Novarupta rhyolitic melt was ~ 1 wt% (Liu et al., 2005), resulting in

a viscosity n of ~ 107 Pa.s (Hui and Zhang, 2007), and in the presence of up to 50
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wt% phenocrysts, n ~ 10® Pa.s for the Novarupta dacite (Mader et al., 2013). Thus,
the conditions 7, < 74 implies that k; < 10~ m? for permeable outgassing to
have been insignificant during Episode I - III, which is the case for all samples. It
is also consistent with the relatively modest predicted increase in fragmentation
pressure due to measured permeabilities (Mueller et al., 2008). If the magma had
been pervasively flow fractured, at an average fracture spacing of L << 100m, gas
should have escaped into highly permeable fractures at sufficient rates to have re-
sulted in the transition from explosive to effusive eruptive activity. However, like
Plinian deposits of other rhyolitic eruptions (Castro et al., 2012, 2013), Episode I -
III deposits lack evidence for pervasive shear fracturing. Therefore, a decrease in
decompression rates to 7,;s > T4 and/or 7, > 74 is the most feasible explanation
for the cessation of sustained explosive magma fragmentation at Novarupta. All
else being equal, for this to be the case, the characteristic decompression rate, P,
must have been less than (APy)?/n ~ 10° Pa.s™!. Numerical modeling substanti-
ates these results (Figure 3.5) and illustrates that Episode I-IIl magmas may have
become permeable at a few hundred meters or less below fragmentation depth.

A potential caveat to this assertion is the possibility of permeable outgassing
near the conduit walls, as a consequence of shear fragmentation (Gonnermann and
Manga, 2003; Tuffen et al., 2003) and/ or high permeability of the conduit wall rock
(Stasiuk et al., 1993; Jaupart, 1998). Such outgassing has been suggested, based on
an increase in the proportion of dense clasts near the top og the Episode III fall
deposits, and may have produced a low-porosity and high-viscosity magma an-
nulus toward the end of Episode III (Adams et al., 2006a). This would have resulted
in an increase in viscous stresses and a decrease in discharge rate. Alternatively,

or perhaps concurrently, a decrease in reservoir pressure would have also resulted
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in a decrease in eruption rate (e.g., Jaupart and Allegre, 1991), albeit modulated by
caldera collapse during Episodes I and III (Hildreth, 1991; Fierstein and Hildreth,
1992).

3.7 Conclusions

Nothing inherent in the characteristics of samples from the 1912 Novarupta Plinian
Episodes I-III indicates that permeable outgassing by itself resulted in the transi-
tion from sustained explosive to effusive activity. Moreover, there is no indication
that Episode V lava required significantly different conditions for fragmentation
than prior explosive episodes; it simply did not attain those conditions. The most
viable to quiescent lava effusion during Episode V is a decrease in magma ascent
and, hence, decompression rate. I thus find that magma permeability was not
sufficient condition for the transition from explosive to effusive activity. Instead,
a decrease in magma ascent and decompression rate was necessary to end the ex-
plosive activity. Once the eruption changed to effusive, there was always sufficient

time during ascent for permeable outgassing and loss of porosity.



51

1 00 Epi‘sodel EpisL)de Il Episo‘de 1l Epi;ode Y I‘EpisodeV P 4
~18F [ -
90r¢& T
514

—~ 80 - € -
X |3
N g10
> 70r= .
= £
n 26
e 60 7:12‘:
g E

503 .
3
o 401 -
e
S 30t Plinian | T

Plinian Il
O oot Plinian 11l .
Pumiceous IV
10t Dome V .
. Dome V w/ cracks
0= ‘

O 10 20 30 40 50 60 70 80 90 100
Total Porosity, ¢ (%)

Figure 3.1 : Connected porosity as a function of total porosity, with cumulative
volume of erupted magma (inset, as dense rock equivalent; (Hildreth and Fierstein,
2012)). Red and blue lines are drawn to guide the eye. Episode I samples have dis-
tinctly lower ratio of connected to total porosity than samples of the other episodes,
which may be a consequence of kinetically limited coalescence (i.e., bubble nucle-
ation and growth outpace rate at which bubbles coalesce).
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Figure 3.2 : Illustrative example of permeability estimation. Top: Measured vol-
umetric flow rate (blue circles) as a function of pressure difference across sample,
obtained using two different flow meters (100 cm?® s~ and 1000 cm?® s™'), and the
best fit to the data (red curve). Bottom: Misfit y as a function of logio(k;) and
logio(kz2). The combination of k; and k, that gives the best fit shown as the blue
star.
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Figure 3.5 : Results from numerical mode up to depth of fragmentation (see Ta-
bles 3.4 and 3.5). A-E: Ambient pressure P, as a function of depth (A), porosity,
¢ (B), gas overpressure, AP (C), ascent velocity, U (D), and magma viscosity, 1 (E).
F: Depth below fragmentation as a function of Darcian permeability, k;. G-J: Dis-
charge rate, (), as a function of Darcian permeability, k; (G), ambient pressure at
fragmentation, P,, ; (H), gas pressure at fragmentation, AP; (I), and decompres-
sion rate at fragmentation, P; (J). K: k,; as a function of ¢. Open circles in G-K are
estimated or measured values for the Novarupta samples; filled circles are model
predictions. Lines in K are for assumed permeabilities of k1 — R?(¢p—¢.)" with ¢ and
bubble radius r calculated by the model. Note that models provide reasonable fit
to observations. Furthermore, at decompression rates of < 1 MP.s™! (the hypothet-
ical low-discharge case), model predicts that fragmentation depth has moved to
the surface. Further decrease in decompression rate would not result in sufficient
overpressure for fragmentation.
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Table 3.1 : Porosity and permeability values of Novarupta samples (Ep. I)

Sample ID DB eonn. (%) Piorar(%) k1(m?) ka(m)
Episodel 89—-1-5-1-2 65.46 7781  263x107 6.63x107!
(Plinian) 89 —-1-5-2-1 56.01 76.02  747x107" 1.44x10710
89 -1-5-2-2-1 58.02 76.86  3.11x107'3 4.90x 10710
89 —1—-5—-5-2 45.46 69.28  4.13x107'* 1.68x 10710
80 —1-5-6-1 63.54 7776  421x10°1  1.65x107?
89 —1—-5—-6—2 59.41 7560  9.87x10713 581x107°
89 —1—-5-9 62.31 78.69  4.45x107'% 1.44x10710
89 —1—-5-21 70.28 8236  517x107'% 9.18x 107!
89 —1—5—27 49.50 68.35 1.82x107% 236x 10710
89 —1—-12-3 66.68 75.62  2.16x107'?2 3.64x 107
89 —1—12—4-2 63.81 73.65  3.65x 10715 9.76 x 10~!2
89 —1—-12—6 62.65 73.05  1.24x107'% 2.04x 10!
89 —1-12—-7-1 72.48 8431  144x1071 272x10710
89 —1—-12—-7-2 70.05 8321  452x107* 1.30x10710
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Table 3.2 : Porosity and permeability values of Novarupta samples (Eps. II & III)

Sample ID Deonn. (%) Protar(%)  ki(m?) k2 (m)
EpisodeII 94 —01 — 11 — 02 70.77 7530  1.28x107!3 4.05x10710
(Plinian) 94 — 01 — 11 — 03 71.07 7517  216x107% 270x 107!
94 —01—11—04 81.97 84.19  9.41x107* 4.31x1071°
94 —01—11-05 72.99 77.84  250x 10713 4.96x 10710
Episode III 94 — 01 — 2003 — 17 — 1 60.41 6520  1.82x10713 724x10710
(Plinian) 94 — 01 — 2003 — 17 — 2 81.11 84.15  8.88x1071 5.01x107°
94 — 01 — 2003 — 17— 3 68.86 7451  418x107'2 1.40x1077
94 — 01 — 2003 — 17 — 4 69.58 7649  434x107% 620x 10710
94 —01—2003 —17—14  59.59 66.44  1.26x 107 327x1071
94 —01-2D —01 62.02 74.09  998x10713 7.67x107°
94 — 01 — 2D — 02 61.41 62.54  3.06x 10713 9.81x10710
94 —01—-2D — 03 62.32 69.51  220x107'? 840x1078
94 — 01 — 2D — 04 65.36 70.18  4.87x10713 2.05x107°
94 —-01—-7D - 01 64.90 7459  216x107'2 9.86x 1078
94 — 01 —7D — 02 63.22 7434  234x10712 397x10°7
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Table 3.3 : Porosity and permeability values of Novarupta samples (Eps. IV & V)

Sample ID DPeonn. (%) Piotar(%) k1(m?) ko (m)
Episode IV Post — HBlocks — 7 53.07 62.34  4.06x107 921 x1071
(Blocks)  Post — HBlocks — 9 54.21 5931  542x107"° 1.44x10~ !
Post — HBlocks —15—2  74.22 7880 210x107'? 192x10°8
Post — HBlocks —17—1  56.51 6236 1.35x 10713 294 x 10710
Post — HBlocks — 22 65.65 71.84  3.68x10713 229x107°
Post — HBlocks — 24 71.67 76.67 3.83x10712 128x 1077
Post — HBlocks — 43 61.30 67.78 1.07x 1071 357x10°10
Episode V. R — Dome — 5 — 1 34.97 46.63 3.78x10715 525x 10712
(Dome) R — Dome —5 — 2 37.67 48.60 1.98x107* 6.50x 10711
R — Dome — 8 — 2 28.70 4198 528x107'¢ 757x1074
R — Dome — 10 23.64 36.28  1.97x107'6 6.13x 10715
R — Dome — 15 17.44 29.86  1.62x 10715 1.41x10712
R — Dome — 22 — 1 19.90 3057 1.11x107%% 563x10713
R — Dome — 22 — 2 16.90 2923  248x10°10 3.12x10"™
R — Dome — 32 43.33 54.00 231x1071% 2.33x107Y
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Table 3.4 : Compositions of Novarupta samples” and parameters used for

modeling®
Sample wt.% Si0y  wt% vol.% vol.% vol.%
matrix glass phenocryst rhyolite® dacite>? andacite®

Episode I (A) 78.8 1-5 100 0 0
Episode I (B) 72.9-78.7 1-42 47 27 26
Episode II 76.6 25-42 0 100 0
Episode I1I 76.6 25-42 6 94 0
Episode IV~ 76.6 25-42 N/A N/A N/A
Episode V 78.1 1-5 > 95 <5 <1

Notes. @ Based on Hildreth and Fierstein (2012) and references therein. ® Mod-

eling was limited to Episodes I(A), II and III. ¢ Relative volumetric proportion of

compositional components erupted during the given episode. ¢ Matrix (melt) is

rhyolitic in composition and bulk composition is due to phenocryst content.
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Table 3.5 : Model parameters and values

EpisodeI Episodell EpisodeIll Low dischage

Mass discharge?, Q (kg.s™) 5 x10® 1.6x108 1.1108 6x10°
Initial pressure’, p,, (MPa) 100 125 125 125
Vapor saturation®

0 0.5 0.5 0.5
(mole fraction COy)
Volume fraction

0.02 0.4 0.4 0.4
phenocryst in matrix®
Bubble number density (m~3) 10" 10M 101 101
Conduit radius, a (m) 100 100 100 100
Percolation threshold, ¢, 0.65(0.5) 0.58 0.55 0.55
Power-law coefficient, n 4 3.75 3.5 3.5

Notes. @ Based on Hildreth and Fierstein (2012) and references therein. ° Initial
pressures and vapor saturation are based on the work of Coombs and Gardner (2001)

and Hammer et al. (2002).
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Chapter 4

Effects of permeability and open-system degassing on
the transition from explosive to effusive eruption of
rhyolitic magma

I analyzed porosity and permeability of pyroclastic samples from four different
Plinian eruptions: the A.D. 181 Taupo eruption, New Zealand; the A.D. 1060 Glass
Mountain eruption, California; the A.D. 1314 Kaharoa eruption; and the A.D. 1912
Novarupta eruption, Alaska. I found that Kaharoa samples have the lowest values
of porosity and permeability compared to samples from the other three eruptions.
Porosity and permeability of Kaharoa samples, as well as their pyroclastic textures,
are similar to those from the effusive Episode V of the 1912 Novarupta eruption.
I hypothesize that Kaharoa magma might have undergone a high degree of open-

system degassing prior to magma fragmentation.

4.1 Introduction

Pyroclasts are excellent records of preserving the conditions at which fragmenta-
tion occurs, especially in rhyolitic magma when bubble coalescence time far ex-
ceeds the quenching time (Nguyen et al., 2013). Therefore, these pyroclasts are used
as a proxy to investigate the open-system degassing at the time of fragmentation
through porosity and permeability data. In this chapter, I compare and contrast

four different Plinian eruptions of similar compositions, water content, phenocryst
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content, bubble size distribution as well as mass discharged rates (Table 4.1). These
eruptions are the A.D. 1912 Novarupta, Alaska; the A.D. 1314 Kaharoa, Tarawera,
New Zealand; the A.D. 1060 Glass Mountain; and the A.D. 181 Taupo, Lake Taupo,
New Zealand.

4.2 Eruptions Studied
4.2.1 Novarupta 1912, Alaska, United States

The A.D. 1912 Novarupta eruption is the largest eruption in the 20" century. It
started with Episodes I-III of Plinian eruption, which lasted for ~60 h, followed
by Episode IV of Vulcanian activity and ended with Episode V of dome formation
which is still present today as Novarupta dome (e.g., Hildreth and Fierstein, 2012;
Adams et al., 2006b). Eruptive products consist of rhyolite and dacite with some
negligible volume of andesite (Fierstein and Hildreth, 1992). This study focuses
mainly on Episode I with the highest magma discharge rate (Q =5 x 10® kg.s™?)

and eruptive products comprised mostly rhyolite (Hildreth and Fierstein, 2012).

4.2.2 Kaharoa 1314, Tarawera,New Zealand

The A.D. 1314 Kaharoa eruption consists of two stages with the total 13 sub-Plinian
to Plinian episodes that occurred along an 8-km long fissure in Tarawera, New
Zealand, which produced >9.1 km? of rhyolite and followed by the formation of
a lava dome that lasted for 4 years (Leonard et al., 2002; Nairn et al., 2004, 2010;
Sahetapy-Engel et al., 2014). The first stage produced 7 units (A to G) of lapilli fall
deposits toward the southeast of the volcano and is the focus of this study. Anal-

yses of clast size and pumice density suggest that there were some episodes of
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steadiness (Unit B) with uniformed clast size and density, and unsteadiness (Unit
D) with a wider range of clast size and density (Carey et al., 2013; Sahetapy-Engel
et al., 2014). Except for a thin layer of pyroclastic density current of Unit C, the
other units were comprised of well sorted lapilli fall deposits with low phenocryst

content (4-7 wt.%) (Sahetapy-Engel et al., 2014).

4.2.3 Glass Mountain 1060, Northern California, United States

The A.D. 1060 Glass Mountain eruption is the last episode of the post- glacial erup-
tion of Medicine Lake Volcano, California (e.g., Heiken, 1978; Grove and Donnelly-
Nolan, 1986; Grove et al., 1997). The eruption comprised a Plinian period followed
by rhyolite-dacite flows (Heiken, 1978). This study focuses on the Plinian phase,
which lasted approximately 3-6 h and comprised of mostly rhyolite in the fallout
deposit of 0.27 km? (Heiken, 1978; Donnelly-Nolan et al., 2007). The poorly sorted
lapilli products from this episode have the phenocryst content of <5% and are ho-

mogeneous in texture (Heiken, 1978).

4.2.4 Taupo 181, Lake Taupo, New Zealand

The A.D. 181 Taupo eruption is the youngest of the two young rhyolitic caldera-
forming eruptions at the Taupo Volcanic Zone, New Zealand. It is the world’s sec-
ond largest known eruption in the last 2000 years (Wilson and Walker, 1985). The
181 Taupo eruption consists of 7 units. Unit 1 was a phreatomagmatic eruption fol-
lowed by a Plinian phase of Unit 2. Units 3 and 4 were of phreatoplinian followed
by a Plinian activity of Unit 5. Unit 6 recorded an extremely high magma discharge
rate of 7 x 10" kg.s~!, which produced the Taupo ignimbrite and ended with Unit
7 of dome formation (e.g., Wilson, 1993; Smith and Houghton, 1995; Houghton et al.,
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1998, 2014). The focus of this study is Unit 5, a Plinian eruption which comprised

mostly rhyolite.

4.3 Sample Analysis

I measured porosities and permeabilities of all samples using the method pre-
sented in Chapter 3, Section 3.4. All samples were drilled into cores of 0.5 - 5
cm in length and 0.5 - 2.5 cm in diameter. I discarded any sample with visually
observable cracks to avoid over-estimation of porosity and permeability values.

For porosity analysis, I used a Micromeritics AccuPyc II 1340® and measured
the skeletal sample volume, V. (the sum of the volumes of both solid and iso-
lated vesicles), following Boyle’s law. The volume of connected vesicles was cal-
culated as V.., = Viampie — Vike, Where Vgpie is the volume of cylindrical core of
the sample. I also crushed some samples into powder and used the same method
to determine the density of the glassy matrix, which was then used to calculate the
volume of isolated vesicles, V;,,. Finally, connected and total porosity were calcu-
lated as ¢con = Veon/Vsampie, and @rotal = (Veon + Viso)/Vsampie- Details of operational
procedures for pycnometry measurement are presented in Appendix A.

For permeability analysis, I used Capillary Flow Porometer (Model CFP-1100AXL-
AC, Porous Media, Inc.®). The samples were sealed with epoxy except for the two
ends, which only allowed for the gas flow along the sample length. At the inlet air
pressure, P, varied from 1.1 x 10° Pa up to 6 x 10° Pa; whereas the outlet pressure,
P,., at the other end was atmospheric pressure. Each sample was measured using
2 - 3 interchangeable flow meters in order to achieve several orders of magnitude
in flow rates. For all measurements, the controlled pressure gradient across the

sample length was thus between 1 and 5 x 10° Pa m~'. The measured volumetric
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flow rate of air, Q, was between 3 x 1072 and 5 x 107" m? s!

, with an accuracy
~ 5 x 1078 m? s7! (= 1% of the minimum measured flow rate).

The data from this method were pressure gradients, AP = P,, — F,,;, and corre-
sponding volumetric flow rates, (). I estimated Darcian permeability, &, and non-
Darcian permeability, ky applying Forchheimer’s equation (e.g., Reynolds, 1900;
Forchheimer, 1901; Rust and Cashman, 2004) for a compressible gas (Equation 3.1)

and using a grid search method (e.g., Tarantola, 1987).

4.4 Results and Discussion
4.4.1 Porosity

Figure 4.1 shows that porosities of Kaharoa samples range approximately from
35% to 60%, which are similar to those of the effusive episode of the Novarupta
eruption (Episode V, Chapter 3). Furthermore, the trend in connected versus total
porosity for Kaharoa samples is also similar to that of the dome samples of Episode
V. In contrast, the other three eruptions have a much higher porosity range, be-

tween 45% and 85%.

4.4.2 Permeability

Figure 4.2 shows that Kaharoa permeabilities range 1-2 orders of magnitude lower
than those of the other three eruptions, even lower than that of the effusive Episode
V of the Novarupta eruption. The low porosity and permeability values suggest
two competing hypotheses: (1) Kaharoa magma became permeable at a low poros-
ity threshold and magma ascent rate was much faster than bubble growth and co-

alescence rates; or (2) the Kaharoa magma became permeable at a high porosity
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threshold, underwent a high degree of open-system degassing and the permeable
pathways partially collapsed, resulting in low porosity and permeability (Figures
4.2 and 4.4, Eichelberger et al. (1986); Westrich and Eichelberger (1994a)).

The resemblance of porosity trend to that of the effusive Episode V of the No-
varupta eruption, along with textural observation of flattened vesicles in many
Kaharoa samples (Figure 4.3, Carey et al. (2013)) is likely to support the second
hypothesis.

4.5 Conclusions

Of all four eruptions studied pyroclastic samples of the Kaharoa eruption display
the lowest range of porosity and permeability. These low values, along with textu-
ral observation of elongate vesicles in pyroclasts, resemble those of dome samples
of the effusive Episode V of the Novarupta eruption. I hypothesize that Kaharoa

magma might have undergone a high degree of open-system degassing.
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line represents Kaharoa porosity trend, whereas blue, red and green lines are for
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Figure 4.2 : Darcian permeability, k;, versus total porosity, ¢. Kaharoa samples
show much lower ranges of permeability and porosity values than those of the
other eruptions. Black line is a schematic diagram representing the power-law
relationship of permeability and porosity in hypothesis (1), where Kaharoa magma
became permeable at a low porosity threshold. Blue lines indicate a schematic
diagram of permeability development in hypothesis (2), where Kaharoa magma
became permeable at a high porosity threshold, underwent some degree of open-
system degassing and the permeable pathways partially collapsed.
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Figure 4.3 : Scanning electron images of Kaharoa samples from Units B and D show
that the majority of the samples display flattened vesicles. The field of view is 500
pum (Modified from Carey et al. (2013)).
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Figure 4.4 : Schematic diagram of a Plinian eruption, ranging from explosive (a,
b) to effusive (c) activity. Hypothetically, Kaharoa eruption would be close to (c),
whereas Novarupta, Glass Mountain and Taupo eruptions are between (a) and (b).
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Table 4.1 : Composition of and other parameters of 4 eruptions in this study

Novarupta® Kaharoa’ Glass Mountain® Taupo?

wt. %Si0, in matrix glass 78.8 76-77 72-75 N/A
wt. %H,0 1 4.93 4.6 3.6-43
wt. % phenocryst 1-5 4-7 <5 2-35
vol. % rhyolite 100 100 100 100
Mass discharge?, Q (kg.s™) 5 x10° 2.5x10®  10® 108
Melt density, p,, (kg.m™3) 2400 2350 2430 2400
Melt temperature, 7'(oC) 850 880 N/A 850
Bubble number density (m—%) 10" 10" -10" 4 x10" 3 x10™ -3 x10'°
Average bubble radius, r (um) 30 20 12.1 35
Notes.

® Based on Hildreth and Fierstein (2012) and references therein. Here we only an-
alyzed Episode I of Novarupta eruption for relevant comparison to the other 3
eruptions. ° Based on Leonard et al. (2002); Nairn et al. (2004, 2010); Carey et al.
(2013); Sahetapy-Engel et al. (2014). ¢ Based on Heiken (1978); Grove and Donnelly-
Nolan (1986); Grove et al. (1997); Donnelly-Nolan et al. (2007). ¢ Based on Wilson
(1993); Smith and Houghton (1995); Houghton et al. (1998, 2014).
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Chapter 5
Conclusions and Future Directions

The principal findings of the thesis include:

1. New laboratory experiments provide constraints on inter-bubble film thinning
and bubble coalescence as a consequence of liquid drainage by gravitational and
capillary forces. To ensure dynamic similarity to magmatic systems, the experi-
ments are at small Reynolds numbers (Re < 1) and cover a wide range of Bond
numbers (107 < Bo < 10?). Results indicate that at Bo < 0.25 film drainage is due
to capillary forces, whereas at Bo > 0.25 gravitational forces result in film thinning.
The film drainage time scale is given by ¢ ~ C' In(«) 7, and is orders of magnitude
faster than previously assumed for magmatic systems. Here C' ~ 10 is an empir-
ical constant, « is the ratio of initial film thickness to film thickness at the time of
rupture, and 7 is the characteristic capillary or buoyancy time scale at values of Bo
< 0.25 and Bo > 0.25, respectively.

2. I measured porosities and permeabilities in samples from the A.D. 1912 erup-
tion of Novarupta volcano, Alaska, and analyzed them within the context of well-
constrained eruptive sequence that encompasses sustained explosive and effusive
activity. For the explosive samples, I found that the degree of vesicle intercon-
nectivity, measured as the ratio of connected to total porosity, decreases with the
phenocryst content and with increasing eruption intensity. Permeabilities of ex-
plosive samples show a weak dependence on porosity. Dome samples are not

significantly different in permeability, but are of lower porosity, which together
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with abundant flattened vesicles is consistent with bubble collapse by permeable
outgassing. Numerical modeling indicates that outgassing alone was insufficient
to affect the transition to effusive activity. Rather, the change from explosive to
effusive activity was probably a consequence of high versus low magma ascent
rates.

3. I analyzed porosity and permeability of pyroclastic samples of four different
Plinian eruptions: the A.D. 181 Taupo eruption, New Zealand; the A.D. 1060 Glass
Mountain eruption, California; the A.D. 1314 Kaharoa eruption; and the A.D. 1912
Novarupta eruption, Alaska. I found that of all eruptions studied, Kaharoa sam-
ples have the lowest values of porosity and permeability recorded for a Plinian-
style eruption. Furthermore, porosity and permeability data, as well as pyroclastic
textures of Kaharoa samples are similar to those of effusive Episode V of the 1912
Novarupta eruption. I hypothesize that Kaharoa eruption might have undergone

a high degree of open-system degassing.

5.1 Future Directions

While obtaining film drainage timescales in basic cases, such as gravitational and
capillary drainage, is important, my next step is to explore the more complicated
cases such as film drainage in multiple bubble systems, shear-induced film drainage
and film drainage caused by fluid flows (e.g., decompression). These are more real-
istic processes applicable to magmatic processes inside the magma conduit during
a volcanic eruption.

Even though permeability has been intensively studied, percolation threshold
and permeability development are not well constrained (e.g., Eichelberger et al.,

1986; Klug and Cashman, 1996; Mueller et al., 2005; Takeuchi et al., 2005; Adams et al.,
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2006a; Wright et al., 2007; Mueller et al., 2008; Nakamura et al., 2008; Takeuchi et al.,
2009; Rust and Cashman, 2011; Degruyter et al., 2012). My plan is to conduct ana-
log experiments to investigate permeability development. Specifically, I plan to
perform decompression experiments and vary decompression rates to allow for
bubbles to grow and coalesce in epoxy. This epoxy is a viscous and fast-curing
epoxy that can be locked in texture within minutes to capture each step of de-
compression process. In other words, I plan to produce synthetic porous samples
resembling pumices at each step of decompression process to investigate perme-
ability development during a volcanic eruption.

Another goal is to develop a numerical model for open-system degassing to ac-
cess the inaccessible conditions inside the magma conduit prior to fragmentation.
This model is similar to that of diffusive bubble growth and conduit flow model
but additional parameter for open-system degassing. The purpose of this model
is to understand how open-system degassing plays in a role in the transition from

explosive to effusive eruption.
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Appendix A

A.1 Helium Pycnometry

To determine the porosity of a volcanic rock sample, we used the AccuPyc II 1340
by Micromeritics Instrument Corporation, which includes three units for different
chamber sizes (Figure A.1). Helium is used to penetrate all the connected vesicles
in the porous sample in order to measure the connected void volume. Each unit
includes two chambers connected to each other by an Expansion valve as seen in
the diagram (Figure A.2). The principle of this method is based on Boyle’s law.
The ideal gas law for chamber C1, which is the calibration chamber, is expressed
as,

Pl‘/l = TLlRT, (Al)

where P, is elevated pressure, V; is the chamber volume, n is the number of gas
molecules in the chamber, R is the gas constant and 7" is the ambient temperature.
Subsequently, the ideal gas law for chamber C'2, which is the sample chamber

at atmospheric pressure, is as,
PQ‘/Q = TLQRT, (AZ)

Once started, the Fill valve opens and the gas fills the first chamber of known
volume. When the Fill valve is closed, the Expansion valve between the two cham-
bers is open, which allows gas to enter the sample chamber and the pressures in

both chambers adjust to the new value, P. The mass balance of the two connected
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chambers is expressed as,
P(Vy + Vo — Vige) = (ny + no) RT. (A.3)

Here V. is the skeletal volume of the sample, which is the sum of the vol-
umes of both solid and isolated pores (Vs = Vioria + Viso). Equations A.1 and A.2
give the values of n; and n, as the other values are known. Replace n; and n, in
Equation A.3, V. is calculated. The volume of connected pores is calculated as
Veon = Vsample — Vske, Where Vigmpie is the volume of cylindrical core of the sample.

We also crushed some samples into powder to measure the density of the solid
part (DRE) using the same method. The volume of the isolated pores is then cal-

culated as,

m

iso — se_‘/soi = Vske — T~ 0
V k lid Vk DRE

(A.4)

where m is the mass of the sample. The connected porosity and total porosity

are then calculated as,

V,
con — =< y A5
¢ ‘/sample ( )
‘/con + ‘/iso
ot = ———. A.6
gbt ' V:eample ( )

A.2 Detailed Procedures of Pycnometry Measurement

Volcanic samples are cored into cylinders of 0.5 - 2.5 cm in diameter and 1 - 5 cm in
length (Figure A.3). We then measure the diameter, length and mass of the sample.
The pressure range for the AccuPyc II 1340 is from 0 to 19.5 psi. Therefore, the

pressure regulator should be set at ~ 21 psi (Figure A.4).
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Before measuring the sample, a necessary step is to calibrate the volume of the
sample chamber. All the steps are shown in Figure A.5. First, the calibration is with
the empty chamber, then we place the calibration standard inside the chamber and
continue the calibration procedures.

Once the calibration is done, the sample is placed inside the chamber. Alter-
natively, the insert capsule is used to make sure that the volume of the sample is
> 10% of the volume of the chamber to avoid machine error. One then sets the
sample default including sample name in sequence, detailed notes, and what pa-
rameters to show in the report (Figure A.6). For higher accuracy, one could set a
higher number of cycles, which will also take a longer time for each measurement.
Figures A.7 and A.8 show a measurement in progress and the final report. The

volume measurement is the volume of the skeleton, V..
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Figure A.1: The Micromeritics AccuPyc II 1340 with three different units. Unit 1 is
on the right, which is also a main unit with a screen displaying controlled param-
eters such as pressure, temperature, etc. This unit has the smallest chamber of 1
em?. Unit 2 is in the middle with the 10 ¢m? chamber, and Unit 3 on the left has the
largest chamber of 100 em?®. Of all three units, there are several inserts, which are
smaller capsules to fit inside the chambers with the purpose of measuring smaller
samples. Note that if the volume of the sample is less than 10% of the chamber vol-
ume, the measurement is not accurate. Therefore, chamber inserts are necessary in
some cases.
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-~ Instrument Schematic {Unit 1 - S/N: 155) x

Porous
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...........

Fill Expansion Vent

Sample: Pressure: 0.266 pzig
O peration: Idle Temperature: 2514 °C
Elapsed Time: Cycle:

E quilibration:

Denszity:

Figure A.2 : A schematic diagram of the AccuPyc II 1340 showing the calibrated
chamber, C1 and sample chamber, C2. There are three valves. The Fill valve is
to fill the calibrated chamber, the Expansion valve is to connect the two chambers
and the Vent valve is to release the gas in the chambers after all pressure values are
recorded.
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Figure A.3 : Top image is a sample of an explosive pyroclast that was cored using
a drill press. Bottom image is the sample core.
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Figure A.4 : An image of inlet pressure. The pressure regulator should be set at ~
21 psi.

(a)

()

(d)

Figure A.5 : Volume calibration before measuring the sample. (a) Choose the ap-
propriate unit and procedure for calibration. (b) Calibration with the empty cham-
ber. (c) Calibration with the manufactured standard. (d) Calibration is done and

ready for sample measurement.
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Appendix B

The methodology of permeability measurement using the Capillary Flow Porome-
ter (Model CFP-1100AXL-AC, Porous Media, Inc. ®) has been described in details
in Chapter 3, Section 3.4. Here I describe gas permeametry, in which volumetric
flow rates of a fluid (ambient air in this case) and the pressure gradients across the
sample were measured to estimate permeability using Forchheimer’s equation.
Figure B.1 shows the schematic diagram of the operational procedures of gas
permeametry, in which compressed air is connected to one end of the sample, flows
through the sample and exits the other end, where volumetric flow rate is recorded
by a flow meter. Gas pressure increases in small steps. The differential pressures
across the sample and the corresponding flow rates are measured as a function of
differential pressure. Permeability of the sample is then computed using gas flow

rates, pressure gradients and sample dimensions.

B.1 Sample Preparation

A plexi-glass plate with a hole of the same diameter of the sample is used to mount
the sample into the hole. A coat of epoxy is applied to seal the side of the sample
and left it overnight to make sure that the epoxy is completely solidified. This
epoxy seal had the purpose of constraining the gas to flow along the sample axis
without flowing out radially. I also used compressed air to blow through the sam-

ple before measurement to remove any dirt.
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B.2 Operational Procedures of Gas Permeametry

I used several flow meters (Figure B.3) to obtain different ranges of volumetric
tlow rate in order to increase the accuracy of the measurement. The error for each
flow meter is within 1%. To begin, I used the highest flow meter, which is 200
1/m. This flow meter allows the highest flow rate to pass through the sample
corresponding to the highest pressure gradient. Unless the sample has very low
permeability (expected based on very low porosity), this step is necessary because
it will potentially cleanse out all the permeable pathways in the sample (tiny dusts,

for example). Steps of measurement are as follows,
Step 1: Apply a small amount of vacuum grease on the O-rings of the chamber
for better seal. Note that only apply a little amount, otherwise it might block the

air flow. Place the sample inside the chamber and seal it (Figure B.4);

Step 2: Connect the proper flow meter to the Capillary Flow Porometer (Figure

B.5), and also make sure that the porometer is connected to the computer;

Step 3: Turn on the compressed gas line, the porometer and the computer;

Step 4: Choose the proper software for the porometer (Figure B.6a);

Step 5: Once the software is open, a window pops up. Click on Auto Test to start

the measurement (Figure B.6b);

Step 6: Enter the name of the output file (usually related to the sample identi-
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fication) and all parameters of the sample including the sample dimensions and
pressure gradient range (any value between 0 - 75 psi). One also needs to make
sure to choose the appropriate test type, in this case it is gas permeametry using

ambient air (Figure B.7);

Step 7: The screen will show the measurement in progress. Once the analysis is
completed, a plot of pressure gradient and volumetric flow rate is displayed (Fig-

ure B.8);

Step 8: Run the report by clicking on the Report button. A report window will

pop up and one can select the type of output file (Figure B.9);

Step 9: Once all is done, close the software, remove the sample, disconnect the
flow meter, and turn off the gas line, porometer and computer.

Note that before measuring the real samples, one should perform a leak test
with a blank steel plate. Lastly, one should measure at least one of the standards
and compare the results to those posted on the side of the porometer. If the values

are close to the posted values, the porometer is good for use.
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Figure B.1: Schematic diagram showing the operational procedures for gas perme-
ametry using the Capillary Flow Porometer. Elevated compressed air is connected
to a pressure regulator, which then allows gas to enter the top of the sample and
flow to the bottom at small intervals of pressure gradients. At the exit, the volu-
metric flow rates are recorded by a flow meter. Permeability of the sample is then
computed using gas flow rates, pressure gradients and dimensions of the sample.
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Figure B.2 : An example of sample preparation. A cylindrical sample was sealed
with epoxy on the side and mounted onto a plexi-glass plate, which only allowed
gas to flow through from one end to the other end of the sample.
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Figure B.3 : Four different flow meters used for gas permeametry. They are (a) 200
1/m, (b) 1000 cm?/m, (c) 100 cm®/m and (d) 30 cm?®/m. Typically, two or three
meters are used for each sample measurement.
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Figure B.4 : (a) Sample is placed inside the sample chamber. (b) The chamber is
sealed off and connected to the gas line.
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Figure B.5 : An image showing all the connections before measurement. The gas
line of compressed air is connected to the sample chamber to allow inflow. A flow
meter is connected to the other end of the sample to measure the volumetric flow
rate.
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(@) (b)

Figure B.6 : (a) The folder for choosing the proper software for the flow meter. If
the flow meter of 100 cm®/m is used, open the folder of 100 cm®/m and choose the
software Capwin 6.74.91(highlighted) (b) The software is open and ready for use.
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Figure B.7 : An image showing all the parameters needed for the measurement.
Differential pressure range can be chosen from any value between 0 - 75 psi.
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Figure B.8 : Animage showing permeability measurement. Once the measurement
is completed, a report shows the pressure gradient and volumetric flow rate (red).
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Figure B.9 : There are several options for output file. For all permeability values,
use the raw data of pressure gradients and volumetric flow rates only. These data
sets are then fitted using grid search method to obtain the best fit for Darcian and

non-Darcian permeabilities.
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