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ABSTRACT

Stromboli volcano (Aeolian Islands, Italy) hago types of magma: volatile-rich,
aphyric magma (LP) that produces pumices and V@ptior, highly porphyritic magma
(HP) that produces scoria. This work studies hoanges of magma properties affect the
bubble formation and growth, and the dynamics d€amo eruptions. The first part of
this work is a study of bubble formation and grovnhcrystal-free Stromboli basalts.
Using X-ray microtomographyuCT) | studied the 3-D bubble sizes and distribwgion
determined the permeability with lattice-Boltzmamgimulations and laboratory
measurements, investigated the factors that cotiieoloccurrence of Darcian and non-
Darcian flow, and delineated the Darcian and norciaa flow regimes in the vesicular
Stromboli basalts by constraining the correlatidietween friction factor f) and
Forchheimer numberF@). The second part of this work is based upon daggs
experiments of crystal-bearing basalts at a synamoX-ray beamline. | studied 3-D
crystal sizes and distributions, investigated thgstal effect on bubble sizes and
distributions with X-ray uCT, and measured the magma permeability. The sesult
demonstrate that the permeabilities of crystaldbgastromboli basalts are about 1 to 2
orders of magnitude higher than those in crysed-gamples in the porosity range of 31.6
to 55.3%.

Based on my experimental results, | propose ttia higher permeability in crystal-
bearing samples results in highly efficient degagsn the shallow, highly porphyritic
(HP) magma as opposed to the deeper, aphyric (la@jma. The LP magma flows up in a
cylindrical conduit due to the density and viscpslifference between the two magmas.
We calculated the ascending LP magma volume flux tie descending HP magma
volume flux, showing that LP magma can be effidietrtansferred through the overlying
HP magma, implying that this type of convection gatentially cause the more-violent

paroxysmal explosions occasionally observed aniaodi.



RESUME

Le volcan Stromboli (iles Eoliennes, ltalie)daux types de magma: un magma
aphyrique, riche en volatiles et produisant du memniet un magma hautement
porphyritique produisant de la scorie. Cette étdoeumente I'influence de variations en
propriétés magmatiques sur la formation et la sevise de bulles, et leur impact sur la
dynamique des éruptions volcaniques. En premiergepda formation et la croissance
des bulles a été étudiée dans les basaltes striembadans cristaux. J'ai étudié par
microtomographie en rayons-X la distribution tnrdinsionnelle et la taille des bulles
dans ces basaltes vésiculés, quantifié leur peifitéapar des simulations de type
Boltzmann sur réseau et par des mesures en laberatiovestigué les facteurs qui
contrélent I'écoulement darcien et non-darcien, détimité ces deux régimes en

contraignant les corrélations entre le facteur migidn (f,) et le nombre Forchheimer

(Fo). La deuxiéme partie est une étude expérimemtadiéu sur une ligne synchrotron du
dégazage de basaltes contenant des cristaux. tridwtion tri-dimensionelle des cristaux
et leur effet sur la taille des bulles et la perbil@@ du magma ont été quantifiés par
microtomographie rayons-X. Les valeurs de perm@ébdes basaltes de Stromboli
contenant des cristaux sont d'un a deux ordresraledgur plus élevées que celles de

basaltes sans cristaux, pour des valeurs de peiit€altant de 31.6 a 55.3%.

Ces résultats expérimentaux suggerent quertagadilité plus élevée des échantillons
de basaltes contenant des cristaux favorise le zdéga des magmas hautement
porphyritiques situés a faible profondeur, relatifx magmas aphyriques et présents a
plus grande profondeur. Le magma aphyrique remlenteng d’un conduit cylindrique a
cause des différences de densité et viscosité Estrdeux types de magmas. Des calculs
de flux volumique d’'un magma aphyrique ascendantd’ah magma porphyritique
descendant démontrent que le magma aphyrigue peulet efficacement et traverser un
magma porphyritique sus-jacent. Ce type de conwegtourrait potentiellement causer

les éruptions paroxysmales observées sporadiquentinomboli.
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CHAPTER 1: GENERAL INTRODUCTION

Magma degassing consists of two fundamentatgases, bubble nucleation and
bubble growth. Two kinds of bubble nucleation meutims exist: homogeneous
nucleation and heterogeneous nucleation. Accordmgclassical nucleation theory,
bubble nucleation is initiated by the formation @ftical-size nuclei (Sparks, 1978;
Navon and Lyakhovsky, 1998; Frank et al., 2007)midgeneous nucleation occurs in the
pure and homogenous melt. Heterogeneous nucleatiomrs when the heterogeneities
such as crystals are present because the surfacgyeof the crystal-gas interface is
lower than that of melt-gas interface (Hurwitz asalvon, 1994; Navon and Lyakhovsky,
1998). Previous degassing studies were primarihcemed with bubble nucleation and
growth in silicic melts without the presence of stals (Hurwitz and Navon, 1994;
Gardner et al., 1999; Larsen and Gardner, 2000tdVland Bureau, 2001; Larsen et al.,
2004; Bai et al., 2008). These degassing expersgraovide fundamental information on
the bubble number density, the bubble growth rée,bubble size distribution, and the
vesicularity in the crystal-free magma. Howeverinly magma degassing, magmas are
usually not crystal free. The crystals may play iemportant role in the magma
vesiculation process because crystals can havefaumd effect on the kinetics of bubble
nucleation, affect the degree of supersaturatiauired for bubble nucleation, and
influence bubble size and bubble number densityiitm and Navon, 1994; Mangan et
al., 2004; Gardner, 2007; Cluzel et al., 2008; @eket al., 2010). This study investigated

degassing on both crystal-free and crystal-bea@ingmboli basaltic melts.

Stromboli volcano, located in the southern Tigman Sea in the Aeolian Archipelago,
Italy (Figure 1.1), has a volcanic cone that ri984 m above the sea level (Rosi et al.,
2006; Martino et al., 2011). Stromboli has beenaatrcontinuously active since at least
Roman times and has been called the “light housaeoMediterranean” (Barberi et al.,
1993). It is an excellent natural laboratory foe thvestigation of volcanic processes and

is intensively monitored and studied by many resegroups.



Stromboli is characterized by oscillation betwehigh frequency, low-volume, low-
intensity, Strombolian eruptions and larger volumew-frequency, high-intensity
paroxysmal explosions (Barberi et al., 1993; Ripapd Harris, 2008). Stromboli also
exhibits lava effusion events that can last fronysdéo months (Landi et al., 2006;
Métrich et al., 2010).

Stromboli produces two types of ejecta thaetftwo types of magmas at depth and
different eruption styles; they have similar basatbmpositions but differ in crystal and
vesicle content (Métrich et al., 2005). The comnpattern of Stromboli is an almost-
continuous sequence of mild explosions that arsogjgally punctuated by paroxysmal
explosions. During normal eruptions and lava floffugons, Stromboli basalts are
characterized by low to moderate vesicularity, agerg 47%, and are crystal-rich (~ 50
vol.%) scoriaceous magma (Bertaginini et al., 199@ncalanci et al., 2004; Polacci et
al., 2009; Métrich et al., 2010). Scoria clastsrfroormal Strombolian activity have high
density and contain abundant millimeter-size, spheto sub-spherical vesicles, as well
as large, sub-spherical to slightly deformed, wndaenected vesicles. Paroxysmal
explosions generally produce volatile-rich, highlgsicular (~ 70 to 75%), crystal-poor
(less than 5 to 10 vol.%) pumice derived from apdeelatile-rich magma (Métrich et al.,
2005). Melt inclusions in olivine crystals indicdteat the major volatile concentration in
the crystal-poor magma are®l (~ 1.8 to 3.4 wt%), C&O(~ 707 to 1887 ppm), S (1660 to
2250 ppm), and CI (1660 to 2030 ppm) (Métrich et 2001; Bertaginini et al., 2003).
Vesicles in pumice are characterized by small termediate, mm-sized, tube-shaped

vesicles with few larger ellipsoidal vesicles (Raieet al., 2006).

Normal strombolian activity is believed to beivdn by gas slugs bursting
intermittently at the vent (Vergniolle et al., 1996 ava effusions at Stromboli are
initiated by a gradual pressure increase in themaagonduit that drives the shallow,
volatile-poor magma upward (Landi et al.,, 2006).eThroposed mechanisms of
paroxysmal explosions include: the ascent of gas4magma that induces an increase of
magmatic pressure (Ripepe and Harris, 2008); dsede@egassing efficiency of the

deeper system (Polacci et al., 2009); accumularmahdisruption of C@rich foams that



grow at interfaces within the magma chamber athgeph the order of a few kilometers,
where gas-rich aphyric magma interacts with vaapibor, crystal-rich magma (Allard,
2010); and the depressurization of the deep plupbystem due to lava effusion that
induces voluminous degassing and eventually detadithe crystal-poor magma
(Aiuppa et al., 2010).

The permeability of vesicular magma plays alviiole in controlling magmatic
degassing in volcanic conduits. Permeabilities agma affect the degassing efficiency
because permeability controls gas loss during wadcaruptions (e.g., Jaupart and
Vergniolle, 1989; Klug and Cashman, 1996). Degass&xperiments on vesicular
material analogous to that involved in volcanic daibh magma flow (Vergniolle and
Jaupart, 1990; Seyfried and Freundt, 2000) and noatenodelling studies of 1-D and
2-D flow (Jaupart and Allegre, 1991; Melnik and &sa 1999; Collombet, 2009)
indicate that efficient gas loss occurs when theeading magma becomes permeable
with interconnected bubbles providing pathwaysrfpid gas escape. This is consistent
with the generally accepted permeable degassingelmol volcanic eruptions (e.g.,
Eichelberger et al., 1986; Aiuppa et al., 2007)s@fations of pumice and scoria (Klug
and Cashman, 1996; Marti et al.,, 1999; Klug et 2002; Wright et al., 2006) and
degassing experiments on vesicular rhyolite orlb&dSechelberger et al., 1986; Burgisser
and Gardner, 2005; Bai et al., 2008) indicate thdibles can form networks when their
abundance exceeds a critical porosity. The devedopwf a permeable bubble network is
determined by bubble growth and coalescence, budjideture size, and shearing (Klug
and Cashman, 1996; Saar and Manga, 1999; Wrighit,e2009). Following percolation
theory, a connected network of random, equal-sigpderical pores in a vesicular
material occurs at a threshold value (~ 29 volunrequg), and the transport properties of
vesicular material, including permeability and coaility, are expected to show a
significant variation either at this percolationragshold value or at another critical
porosity (Rintoul and Torquato, 1997). Syntheticd®ls of vesicle geometries indicate
that the percolation threshold is affected by thblbe shape, bubble size distribution,
and deformation (Blower, 2001). Although most séisdifound abrupt increases in

permeability at porosities near 30% (Saar and Mat§89; Rust and Cashman, 2004;



Wright et al., 2006), permeability measurements oo set of rhyolitic pumices
demonstrated an abrupt increase at a thresholdsiporof 60% (Eichelberger et al.,
1986). Rust and Cashman (2004) suggested thatighédicantly higher threshold in
Eichelberger et al.’s (1986) observations is dububble deformation, bubble collapse,

and the presence of crystals in some samples.

Permeability-porosity relationships in thergtire are mostly derived from numerous
studies of dacitic to rhyolitic volcanic rocks (g.flug and Cashman, 1996; Klug et al.,
2002; Wright et al., 2006; Takeuchi et al., 2008k¥yama and Takeuchi, 2009).
However, only a few studies of basaltic rocks et@star and Manga, 1999; Mueller et al.,
2005; Benson et al., 2007). These show that vesicublcanic rocks have Darcian
permeabilities in the range 1bto 10 m? at porosities between 2 and 92%, and that the
measured permeability can vary by 3 orders of ntageiat a given porosity (Klug and
Cashman, 1996; Rust and Cashman, 2004; Wright,e2Q09; Yokoyama and Takeuchi,
2009). Such permeability variations have been batted to bubble deformation and
elongation (Saar and Manga, 1999), bubble sizes dasiibutions (Yokoyama and
Takeuchi, 2009), and the tortuosity of the bubleegpathway (Wright et al., 2009).

Initially, reported permeabilities were based@arcy’s law (e.g., Eichelberger et al.,

1986) where the pure Reynolds numkRe:&L (wherep is the density of the flowy
U

is the flow velocity,u is the viscosity of the flow, and is the length scale), was much
less than 1, so inertial effects can be negledsdilow velocity increases, fluid inertia
becomes increasingly important (relative to theeis stresses) and the flow eventually
becomes dominated by inertia. In the inertial laanifiow regime, there develops a non-
linear relationship between the pressure gradiewt @verage fluid velocity. At still
higher velocities, a turbulent inertial regime gy where the microscale flow is time
dependent even when subjected to steady forcingrdge pressure gradient). The
Forchheimer equation is generally used to studytialeflow in porous media and
describes non-Darcian flow (Ruth and Ma, 1992). Heoechheimer numbeFo (the

definition of Fo is discussed in section 2.3), obtained from theclifteimer equation, is



used to identify the onset of non-Darcian flow orqus media. Only a few volcanologic
studies have used the Forchheimer equation to &eathe impact of inertial effects on
permeability of volcanic rocks (Rust and Cashma@042 Takeuchi et al., 2008;

Yokoyama and Takeuchi, 2009). Note that the natatied in this thesis and the units of

measurement used are listed in Table 1.1.

Direct permeability measurements on volcanicksoare sensitive to measurement
conditions, such as sample shape, size, gas fltey esc. (Rust and Cashman, 2004;
Takeuchi et al., 2008; Wright et al., 2009). In test decade, lattice-Boltzmann (LB)
simulations have been widely used to study thestrart properties of porous media (e.qg.,
Martys and Chen, 1996; Hill and Koch, 2002; Manvedral., 2002). This is an effective
method for modeling flow through complex porousustures. However, few lattice-
Boltzmann simulation studies have been undertakerintestigate flow in volcanic
materials (Bosl et al., 1998; Keehm et al., 2004gFich et al., 2006; Wright et al., 2006;
Polacci et al., 2009).

Thus, the first object of this work is to intigate permeability development with
porosity in experimentally produced, vesicular,stay-free Stromboli basalt produced in
degassing experiments at 1 atm and at 162 to 378 Mie compute the hydrodynamic
permeability of the three-dimensional, 3-D, struetuof vesicular Stromboli glasses from
X-ray UCT using lattice-Boltzmann simulations, and we meashe permeability of
these samples using a gas permeameter. We exameineettial effect of flow in both
lattice-Boltzmann simulated flow and gas flow thgbuthe real vesicular samples, and
study the correlation between friction facterand the Forchheimer numbEp. These
results for our experimentally produced, vesicylasses are compared with previous

experimental measurements on volcanic rocks.

However, rocks from Stromboli contain crystalfiose crystals might influence the
bubble size distributions and permeabilities. Teeosd object of this work is to report
the results of my study on the porosity permeapitélationships for experimentally

produced, crystal-bearing, vesicular samples, whighcompared against the results of



the aphyric samples. | studied bubble formation gwadvth in crystal-bearing Stromboli
basaltic melts with X-rayCT at high (1.85 micron voxel edge length) and ([&M6 or
7.81 micron voxel edge length) resolution. | inigestied the effect of crystals on bubble
size distributions and permeability in the Stromblohsaltic magma. Based on my
experimental results, | present a model to desadmwection between a degassed, highly
crystallized, scoriaceous magma and a poorly diysd, volatile-rich, pumiceous
magma, which have been proposed by many authaesside in the Stromboli volcano
conduit (e.g., Métrich et al., 2001, 2010). | prepdhat the degassed, scoriaceous magma
body acts as a cap that allows bubbles to accuenalad form a foam layer at the top of
the volatile-rich pumice magma body, potentiallguiting in a more-violent paroxysmal

explosion.

All of these results were originally written msnuscripts, which were published in the
Journal of Geophysical Research (JGR) and GeopdlyRiesearch Letters (GRL). The
paper in JGR was co-authored with D R Baker andHRllJand paper in GRL was co-
authored with D R Baker, M Polacci and R J Hillvas the first author of both papers,
and | was the main contributor to these works. Myauthors helped to perform
experiments, assist with LB simulations, and td edi manuscripts by giving advice and

through discussions.



Figure 1.1 Map of Stromboli island (Figure reproduced from M et al., 2011,
Journal of Geophysical Researdhy permission of the author and the American

Geophysical Union).
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Table 1.1Notation and description of the notation

Notation Units Description
a pum voxel size (grid resolution)
Cc proportionality constant (equation (4.1))
C1 proportionality constant (equation (5.2))
C2 proportionality constant (equation (5.3))
D pum bubble diameter
Dr20o m® st water diffusion coefficient (equation (5.7))
f uniform body force
fi friction factor
Fo Forchheimer number
g m s? gravity acceleration
k ' Darcian permeability
k1 m? Darcian permeability in Forchheimer equation
ko m non-Darcian permeability in Forchheimer equation
I characteristic length scale
L m sample length
n exponent (equation (4.1))
NL voxel number of voxels in the lattice
P Pa pressure (equation (5.7))
Pg Pa gas pressure
P; Pa gas pressure at the inlet of the sample
Po Pa gas pressure at the outlet of the sample
AP Pa differential pressure
(ap) uniform pressure gradient (equation (2.4))
Qup m® s? volume flux of ascending magma (equation (6.3))
Qdown m®s? volume flux of descending magma (equation (6.4))
la m radius of ascending magma flow column (equattoB)}
o pum bubble radius (equation (5.7))
re m radius of the volcano conduit (equation (6.4))
Fery m crystal radius
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crystal volume fraction
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H,O density (equation (6.2))
density difference between two magmas (equatiat))6.
surface tension (equation (5.7))
melt thickness between two bubbles (equation)5.7
bubble coarsening time (equation (5.7))




CHAPTER 2: CRYSTALLIZATION EXPERIMENTS,
DEGASSING EXPERIMENTS AND PERMEABILITY
STUDY METHODS

2.1 Degassing experiments on crystal-free samples

We prepared samples of vesicular, crystal-8#emboli basalt glasses with porosities
from 5.3 to 92.4%. The samples were synthesizedhyyrating or hydrating and
carbonating aliquots of the Stromboli golden pumiesupted on April 5, 2003). The
composition of this pumice in weight percent iSOSF 50.8, TiQ = 0.94, AbO3 = 18.5,
FeO = 6.38, MnO = 0.15, MgO = 6.35, CaO = 12.2Na 2.43, kO = 1.89, and §Os =
0.38. The starting powder had an average grainaiz€0 um. Generally 55 to 90 mg of
powder was loaded into a Pt capsule with 2.2 tovd% H,O and welded closed. The
loaded capsules were put in a P00oven for at least 12 hours to verify that thescée
was sealed. This heating also homogeneously disédbthe water in the rock powder.
We melted powder + ¥ mixtures at 1256C and 1 GPa in a piston cylinder for 1.0 or
2.0 hours. After hydration, some samples were trsathermally decompressed to
between 162 and 370 MPa, and after bubble growmiesiof 0 to 3600 seconds the
experiments were isobarically quenched to 600 °@rtaluce vesicular glasses. Other
hydration and carbonation experiments at 1 GP&lab0 °C were isobarically quenched,
and the glasses produced in these experimentsugerkas starting materials for 1-atm,
in-situ degassing experiments performed on the G8ELbending magnet beamline at
the Advanced Photon Source (Argonne, lllinois, USBEtails of the 1-atm in-situ
degassing experiments can be seen in Bai et d&8J2@\fter the degassing experiments,
X-ray UCT analysis was performed on the vesicular glassghke GSECARS bending
magnet X-ray beamline, and 3-D microtomographicgesawere used to analyze the
structures, including porosity, bubble sizes, amstridutions. The cubic voxel edge
length ranged from 4.76 to 10.84n and was chosen to image the entire experimental

sample.
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About 100 to 400 slices from the 3-D tomographhages of each sample were
analyzed using the ImageJ program (Rasband, 199).this software, the melt in the
image is defined as the matrix component, and divigual bubble is represented by a
set of voxels, defined as the bubble componentugéel the threshold function to divide
the image into melt and bubble components. Durmggthresholding process, we began
with the Bright/Contrast function to increase timéensity of bubbles and decrease the
intensity of matrix, and hence clearly defined tngble and melt regions, then the
threshold process was applied. The threshold wasechto separate bubbles that appear
to touch, but not overlap into individual bubblesd to treat overlapped bubbles as a
connected bubble. Note that we did not perform ‘@pen” or “close” processes after
thresholding. Both processes smooth the objects,“dypen” process is an erosion
operation that can remove isolated pixels whilesel' process is a dilation operation that
can fill in small holes, so these processes canifgigntly affect the apparent bubble
connectivity and bubble fractions for samples withosities over ~ 65%. Bubbles were
separated and counted using the Blob3D program. detailed procedures related to
Blob3D are described by Ketcham (2005). The voluragsndividual bubbles were
measured, and the porosity of the samples was lasdufrom the sum of the bubble

volumes divided by the total sample volume (bubbtgass).

Thirty-four 3-D tomographic images of samplegrev used for lattice-Boltzmann
simulations. Four samples were produced in 1627tb Pa degassing experiments and
29 in 1l-atm in-situ degassing experiments; additilgn one natural Stromboli basaltic
pumice was studied. Full tomographic images cowtl be used for lattice-Boltzmann
simulations because of our computer limitationsesehsubvolumes of the tomographic
images were cropped for the simulations. The gadsdN, of most simulation samples
were in the range 160 to 240 voxels along each;enlyg one sample had 100 voxels
along each edge, and it had a porosity below 30%0o Df the porosities of the
subvolumes measured for simulations were about hgfter than the porosities of the
entire samples measured by X-fa&9T, but in most high-porosity samples the diffeeenc
is within ~ 4%. This difference is caused by hetermpus bubble distributions; the

bubble size and bubble number density were lowéneakedges of some samples. When
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we prepared the simulation samples, we generatippad the center of the complete
tomographic images where the highest bubble numMesity occurs; thus, the porosities
of subvolumes for simulations can be higher tham tibtal porosities of the original
samples measured by X-raT.

2.2 Crystallization and degassing experiments on ystal-bearing
samples

The experiments were performed in two stepgstat growth experiments at high
pressure and in-situ degassing experiments inalrpsaring melts at 1 bar. The starting
materials were the same finely ground basalt powfethe Stromboli golden pumice
(erupted on April 5, 2003). Platinum capsules weaeled with rock power and water and
welded following the same procedures as used fctiistal free experiments described
above. These capsules were placed in a pistondeyliapparatus and the powder 3CH
mixtures melted at 1 GPa for 1.0 hour, then theptmature was reduced to the
crystallization temperature at a cooling rate diCImin (Table 2.1). After the samples
were held at the crystallization temperature foto627 hours, the experiments were
isobarically quenched to room temperature. 3-D tatysize distributions in these
guenched glasses were analyzed using Xp@y on the GSECARS beamline at the
Advanced Photo Source in Argonne, lllinois, USA.eTK-ray beam from the bending
magnet source had an energy of 25 keV. The voxgé-sehgth during X-rayuCT was

5.22um. Then, we sectioned these glasses into chige-&itu degassing.

The in-situ degassing experiments were perfdrorethe GSECARS bending magnet
beamline at 1 atm, as described in detail by Bai.et2008). After bubble formation and
growth for ~ 10 min, the samples were quenchedrbefbubbles popped. The quench
temperatures were in the range of ~ 713 to 1200T%@. durations of the degassing

experiments varied from ~ 10 to 15 min.

The 3-D crystal and bubble size distributiomshie degassed samples were studied by
X-ray UCT on the GSECARS beamline at the Advanced Photanc® with an edge-
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length voxel size of 5.46 to 7.§0n. To investigate the effect of tomographic resohut
we also performed X-rayCT on these samples and natural scoria from Strbrbasalt

at the Tomcat beamline of the Swiss Light Soura#igen, Switzerland, with voxels of
1.85 um edge-length. The X-ray energy used for microtoraplgy was 25 kev. We
separated the bubbles and crystals respectiveiy fitte melt with ImageJ (Rasband,
1997) and the Blob3D programs (Ketcham, 2005), medsured the crystal and bubble
volumes as described above for the crystal-fre@mxgnts. The 3-D tomographic image
set collected at 5.46—-910n was studied entirely, but we cropped the tomdyraimnages

of experimental samples imaged at 1186 into volumes of 100& 1000x 800 to 1412

x 1476 x 1110 voxels; these volumes are large enough tocasornough bubbles and
crystals to be representative samples. Becaus&alsys the natural scoria samples can
be up to between 0.3 and 0.56 famwe cropped the tomographic images of the natural
samples into 196& 1993 x 1200 to 2044x 2044 x 997 voxel volumes that were large
enough to contain most crystals and vesicles. Theethresholded the images into binary
images with ImageJ, and separated the crystals finenmelt with the Blob3D program.
During the crystal thresholding process, becausectiistal intensities are similar to the
bubble intensities, we varied the threshold valuednstrain the pixels of crystals and
bubbles, then performed the “open” function to gdtof the bubble pixels, and the
performed the “dilate” and “fill holes” function tobtain the best separation of the

crystals in the binary images. We calculated thal torystal volume fraction in the

cry

+ Vbubble +V,

samples a:@,, = . The uncertainty ing is within 2 to 4.3%. The

cry melt

Vbubble
+ Vbubble +V,

melt

porosity was determined igp=

. The uncertainty irp is within 3.1 to
cry

5.0%. Note that the uncertainty is determined byutating the standard deviation gy

or gof the samples.

2.3 Permeability study methods

2.3.1 Defining permeability in porous media
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The Darcian permeability of a compressibledfloan be defined by (Innocentini et al.,
2000; Yokoyama and Takeuchi, 2009):

R*-PF _H
2P L _Tgug @D

g

wherek (m?) is termed the Darcian permeability of a sampidPa) andP, (Pa) are the
gas pressure at the inlet and outlet of the samplengthL (m). Py (Pa) is the gas
pressure at which the gas flow is measuggd(Pa s) is the gas shear viscosity, agd
(m/s) is the gas superficial flow velocity. Noteattor an incompressible fluid, the left-
side of equation (2.1) that represents the presgmaglient can be simplified to

R-R P

C . In the case of Darcian flow, fluid inertia is tigible and the applied
pressure gradient is linearly dependent on thesgpsrficial flow velocity. To study the
permeability of porous samples with fluid inertiwe adopt the one-dimensional

Forchheimer equation (Ruth and Ma, 1992; Rust aash@an, 2004):

=—U, +k—uI (2.2)

wherek; (m? is the Darcian (viscous) permeabilitg, (m) is the non-Darcian (inertial)

permeability,z4 (Pa s) is the fluid viscosity, ang (m/s) is the fluid velocity%uI in

1

(2.2) represents the contribution of the viscougiém between fluid layers and the pore

wall, and%ulzin (2.2) represents the contributions of inertia &mwbulence (Ruth and

2

Ma, 1992). Equation (2.2) can be written as:

0 =Ty (1+Fo) (2.3)
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where Fo :ﬂ{%} is the Forchheimer number, which is analogoufiédRe number
Ho K,

and compares inertial and viscous contributionhéodissipation. The inertial effects are
negligible whenFo << 1, in which case equation (2.3) reduces toDhecy’s equation
(2.1), andk; equals to Darcian permeabiliky If Fo >> 1, inertial effects are present, and
the non-Darcian permeabiliti, dominates. In this case, either or %increases,

2
implying that the fluid velocity and pore structurdluence the inertial effects. Thusp
represents the ratio of inertial to viscous foroesisting fluid flow, and indicates when
microscopic inertial effects lead to significantar@scopic effects. Corresponding to the
increasing inertial effects and variations fed, four major flow regimes have been
identified (Dybbs and Edwards, 1984; Wood, 2007grdian flow occurs whehko << 1;
transition flow (Forchheimer flow) dominated by hal effects occurs when 1 ~ 100
< 150; unsteady Darcian flow exists when 150F& < 300, this flow regime is
characterized by the occurrence of wake oscillatiand development of vortices in the
flow profile; and turbulent flow occurs whefo > 300. However, because different
systems display different pore geometries, tHes@anges may vary significantly; thus,
as discussed in later part, we introduce the nicfactor,fy, to better delineate the flow

regime.

2.3.2 Lattice-Boltzmann simulations
Exact numerical calculation, such as Latticé&Boann simulation, is an effective way

to study permeability of porous material, becauspeemental micropermeametry is
costly and inaccurate (Manwart et al., 2002). kcatfBoltzmann simulations provide
approximate solutions of the incompressible Na@&rkes equations on macroscopic
length and time scales (Martys and Chen, 1996; &hil Koch, 2002; Manwart et al.,
2002). The lattice-Boltzmann method models fluidtipkes on a lattice at discrete time
steps. The evolution of the particle velocity dimition consists of a collision step
followed by a streaming step, which relaxes thddfjarticle velocity distribution

function toward equilibrium. Population densitiesrespond to velocities in directions to
the 6 nearest and 12 next-nearest neighbouringcdattodes (cubic lattice). The
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individual particle interactions meet the requiremse of mass and momentum
conservation at each lattice node. The pressurevalodity are obtained from the zeroth
and first moments of the fluid-particle velocitysttibution function and the equation of
state relating the density to the pressure. ThigéaBoltzmann program in this study is a
slightly modified version of that used by Hill dt €£001) and Hill and Koch (2002).

In our simulations, the sample, composed atfifand solid domains, is subjected to a
uniform body force (per unit volumé)with triply periodic boundary conditions (Hill et
al., 2001; Hill and Koch, 2002). This is equivaleatdriving the fluid through the pores
by a uniform pressure gradietiilP). For the Darcian permeability, we ensure that the

body force is weak enough to drive a steady visdtmg with a pore-scale Reynolds

I - .
numberRe= %0 << 1. Here,upandl are characteristic velocity and length scales,ﬂd
| P

P
is the kinematic viscosity. Under low-Reynolds-numbeonditions, the average

(superficial) velocityu) is linear iKOP), i.e.,

(uy= —£<DP> (2.4)

H

Here, the microstructure is assumed to be statligtidgaotropic, so the Darcian

2
permeability tensor is isotropic with a scalar pembikty G (¢ 1s Brinkman screening
|

length, andy is the fluid shear viscosity). To emphasize theefurgeometrical
characteristics of the permeability, we report thecidam permeability as the square of
the Brinkman screening length(Brinkman, 1947) averaged from simulations WiEtP)

directed along each of the three principal axesath sample, i.e., X-, Y-, and Z-

(u)

u)l
directions. Withu, =-—andl = ¢, we verified tha Re= Q <<1, andthat(u) is linear
@

¢7|
1Y

with respect tqOP).
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The ability of simulations to predict the masrale Darcian permeability is limited by
two independent characteristics. The first is thansic grid resolution, as measured by
the physical voxel siza with respect to the characteristic length of theepofe.g., as
determined by bubble size, surface curvature ani@e roughness). The second is the
physical sample size (quantified by the produdhefnumber of lattice points along each
edgeN_ and the voxel siza), with respect to the geometrical correlation laén@.g., as
determined by bubble connectivity and volume fiaes) (Hill et al., 2001; Harting et al.,
2004).

In this study we did not quantify the anisotray the permeability. We performed the
LB simulations with the mean pressure gradient tee@long X-, Y-, Z-directions of
cubic tomographic images of samples, so the perifitezgbare determined along the X-,
Y-, Z-directions. Note that the flux is not necedgaim the direction of the applied
pressure gradient (Hill et al., 2001; Hill and Kocl®02). Nevertheless, permeability
variations in the X-, Y-, Z-directions in 30 out 84 of the crystal-free samples are within
one order of magnitude. Our tomographic images shawkubble sizes and distributions
did not exhibit anisotropy, except in the naturainple. Therefore we conclude that the

anisotropy of the permeability in the simulatioasot significant.

2.3.3 Permeability measurement techniques
The permeabilities were directly measured orGR-100-G-M gas permeameter

manufactured by Porous Materials Inc (PMI). The glas were mounted in an epoxy
plate with a diameter of 10 cm. Most samples weosiigd to 0.6 to 2 mm in thickness.
To determine the area, the samples were scannethantkarly circular cross-sectional
areas were measured using ImageJ. We calculatestjthrealent circular diameters based
on the cross-sectional areas. Samples were mounted adapter plate between two O-
rings in the sample chamber. The gas flow was cletrdy a pressure regulator and the
gas used was dry air. The air has a density 1.204*kand a viscosity 1.88 10°Pa s at

a room temperature of ~ 2G.
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Table 2.1Crystallization experiments and resfilts

H.O Crystallization
_ Growth Phase
Run  concentration Temperature Ry
Time (h) assemblade
(%) (°C)

Bt3 2.4 1125 8 plg, dl <5
Bt4 3.2 1125 8 plg, gl <5
Bt11 2.6 1115 16.5 plg, cpx, gl <5
SC23 6 1115 16.5 plg, spl, gl 47
Bt21 4 1100 27 plg, cpx, gl <10
Bt22 2.5 1100 27 plg, cpx, gl <10
Bt5 3.6 1100 18.4 plg, cpx, gl 38.8
Bt7 2.4 1100 18.4 plg, cpx, gl 41.6
Bt8 3.2 1100 17.8 plg, dl <5
SC22 9.9 1100 17.8 plg, gl <2
Btl 2.7 1100 16 plg, gl 42.9
Bt9 3.9 1100 16 plg, gl <5
Bt13 2.9 1100 10 plg, gl <2
Bt14 3.7 1100 10 plg, dl <5
SC21 9 1100 10 plg, gl <5
Bt20 3.1 1100 8 plg, cpx, gl <10
Bt17 3.2 1100 7.5 cpx, gl, spl 48.3

%Parameters arg,y, crystal volume fraction in the meltgaf, = Very/(Veryt Viner), Where
Very Is the total crystal volume, anhertis the total melt volume.

®The terms are plg = plagioclase; cpx = clinopyraxegi = glass; spl = spinel.
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CHAPTER 3: INVESTIGATING THE EFFECTS OF
SAMPLE SIZE AND RESOLULTION ON POROSITY AND
PERMEABILITY

3.1 Sample size effects on permeability from latte&eBoltzmann
simulations

A visualization of a representative lattice-Batann simulation is presented in Figure
3.1.Thisshows the steady dimensionless velocity field in@art25a with a porosity of
87.4%. The size of this simulation is 200 x 20000 Zoxels, where each voxel has an
edge length of 8.11 um. In the crystal-free sampld®re the bubble number density is
low and the binary tomography images only considiuifbles and melt, we can perform
simulations on samples of up to 200 to 240 voxé&®g each edge. However, in the
crystal-bearing samples, the bubble number derssigrger than the crystal-free samples
and more bubbles need more computer memory, so mexaly can perform simulations
only on samples of up to 180 to 210 voxels aloncheadge because of the computer
memory. So we chose the crystal-free samples tahtesimulation sample size effects.

In this studyN,, the number of voxels along each dimension ofctitgc volume used
for the lattice-Boltzmann simulations, varied fr@@ to 240 voxels with a fixed voxel
size a (grid resolution)between 4.76 and 10.84m to test the simulation sample size
effects. These simulations probe spatial corretgtim the microstructure with a fixed
pore-scale hydrodynamic resolution.

At low porosities the permeability decreases viittreasing sample sizéy,, at a
constant voxel size, and becomes independent cdaimple size wheN,a > 761.6um
(Figure 3.2a). The most significant effect of reidgcthe lattice-Boltzmann simulation
sample size is to increase the calculated permialbyl a factor of about 20. The sample
size effect on permeability is insignificant at psities over ~ 65% in our simulations,

because the bubble distributions tend to be honmgernBecause most of our samples
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have N .a dimensions over 761.¢um, the effect of sample size on the calculated

permeability is negligible.

3.2 Resolution effects on porosity and calculatedepmeability

Because each sample was only imaged at thedsedttion to scan the entire sample,
7 to 10.84um for large samples and 4.76 to 48m for the small samples, the grid
resolution effect was investigated by coarseninggheé. This was done by varying
with fixed Nia. During coarsening processed, was decreased by averaging and

reducing 8, 64, or 512 voxels of a sample to alsingarse-grained voxel.

No obvious trend between the calculated permgalsihd the voxel resolution was
found. Grid coarsening tests (i.e., varying the voxel s@eshow that permeability
variations are more sensitive to grid resolutiop@iosities below the sphere percolation
threshold of ~ 29 volume percent (Figure 3.2b aalld 3.1). The permeability decreases
with increasing grid resolution. However, grid resioin appears to have no effect on the
calculated permeability at porosities between axprately 65 and 94%. This implies
that the effect of grid resolution on the calculiapermeability is negligible at these high

porosities.

To further investigate the voxel resolutioneetfon the bubble size and porosity, we
performed X-raylCT on the same crystal-free samples with a low réisolwof 5.46 to
7.81um voxel edge-length at the Advanced Photon Sourwwath a higher resolution
of 1.85um voxel edge-length at the Swiss Light Source. Samphaged at 1.8am
display ~ 150-450 more small bubbles of the ordeéi0d mm®than imaged at 5.46—7.81
um; these small bubbles are generally distributedhan melt pockets between larger
bubbles, and they are not connected with the laogbbles. Despite the differences in
resolution the porosities measured in the same lesmmaged at high- and low-
resolution are within 4%, and the bubble size distions display the same trends (Figure
3.3). This suggests that voxel sizes of X-pgyT do not significantly affect the bubble

sizes and porosities determined in this study.
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To investigate the effect of voxel size on peatility, we performed LB simulations
on 4 samples imaged at 5.46-7.8fn and at 1.85um (Table 3.2). Prior to the
simulations, we cropped the same part of the tonphgcamages of samples that were
imaged at 5.46-7.8um and at 1.85um to obtain the same bubble geometry. The
porosity differences between the same samples imagéalv- and high-resolution are
within 2.4%. Simulations performed on three samglesw that varying the resolution
only affects the permeability by less than 1 ordemagnitude. The exception is the
fourth sample, Bt20, whose permeability based upeon fesolution images is about 1
order of magnitude higher than when high resolutibages are used. Bt20 hagaf ~
90%, most bubbles are connected due to coalescandesome thin bubble walls may
easily be detected as ruptured walls during threkshgl This artifact might produce its
higher calculated permeability, but consideringt tttee measured permeability of this
sample is close to both the permeability calculaaedow- and high-resolution, this
resolution effect is minor. Thus, the resolutiofeef on the calculated permeability is not

significant in our studies.

The resolution effect on the calculated perniigalis also supported by the similarity
of the measured permeability and the calculatethpability, showing that the difference
between the measured permeability and the calcupsadeability from most samples is
within one order of magnitude. See next chaptefudher details.
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Figure 3.1 Dimensionless velocity from a lattice-Boltzmann slation of flow in sample

St25a with a porosity of 87.4% (Figure reproduceainfrBai et al., 2010Journal of

Geophysical Researdty permission of the American Geophysical Union).
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Figure 3.2 Calculated permeabilities for the samples, but wifferent simulation sizes
(a) and with different grid sizes produced from tharsening procesd). The standard
deviations of uncertainties are indicated by threrdbars for each point. Note that X-axis
is the edge length of simulation sampliis) (multiplied by the resolution of samples) (
(Figure reproduced from Bai et al., 20J0urnal of Geophysical Researbly permission

of the American Geophysical Union).
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Figure 3.3 3-D cumulative (open circles) and non-cumulativeargh bubble size
distributions of sample Btlb imaged at high resolu{black symbol) and low resolution
(green symbol)a is resolution. The uncertainties grare within 3.1 to 5.0% as discussed
in section 2.2 (Figure reproduced from Bai et 2011,Geophysical Research Lettdrg

permission of the American Geophysical Union).
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Table 3.1Simulation results from coarsened sambples

Sample a (um) N_ (voxels) k (m?) Re
4.76 200 1.82x 10%° 1.75x 10*
sl 9.52 100 2.05x 10 1.50x 10°
19.04 50 4.45x 10"t 2.38x 10°®
38.08 40 2.09x 10° 4.05x 107
4.76 240 1.37x 10 5.91x 10°
Stgaf 9.52 120 2.28x 10%° 9.69x 10°
19.04 60 7.87x 10%° 2.87x 10’
38.08 30 1.15x 10°® 3.64x 10°

®Parameters ar® the voxel size (grid resolution), the lattice number along each edge
of simulation samplek, calculated Darcian permeabilityRe Reynolds number,

u)l
Re:Q , where! is the value of Brinkman screening length wkRen- 0 (see details

qoﬁ
P

in the text).

®The porosity of the subvolume of this sample usedrfeasurement before coarsening is

28.5%.

“The porosity of subvolume of this sample (natuamhple) used for measurement before

coarsening is 73.4%.
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Table 3.2 Permeability simulation results from samples imagath different voxel

sized
Sample a (um) N (voxels) ¢ (%) k (m?)
1.85 240 31.1 4.08+ 0.51x 10"
Btlb ]
5.46 160 335 4.85+ 3.57x 10%°
1.85 240 54.3 1.55+1.2x 10
Bt5b
5.46 120 52.2 5.21+ 3.47x 10*
1.85 240 67.5 2.84+ 0.35x 10"
Btl7a
5.46 240 66.0 1.59+ 0.38x 10!
1.85 240 90.3 8.91+ 1.72x 10"
Bt20
7.81 240 89.1 6.54+ 1.58x 10%¢

®Parameters arg the voxel size (grid resolutiony porosity of the tomographic images;
N., lattice number (voxels) along each edge of sitedlasamples;k, Darcian
permeability.
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CHAPTER 4: PERMEABILITY RESULS FROM
MEASUREMENTS AND LATTICE-BOLTZMANN
SIMULATIONS

4.1 Darcian permeability of crystal-free samples fom lattice-Boltzmann
simulation and measurements

4.1.1 Permeability-porosity relations
The calculated permeabilities from simulati@msl the measured permeabilites of the

crystal-free samples are listed in Table 4.1. Téengability development with porosity
from lattice-Boltzmann simulations and measuremenfzgesented in Figure 4.1a. Note
that all the permeabilities from LB simulationstins figure are Darcian permeabilities,
corresponding t&ke —» 0. The Darcian permeabilities from simulations efrgm 1(_)17

to 10'14 m? below a porosity ~ 29%; and they increase marketllg porosity ~ 29%,

-13 -9
reaching ~ 10 to 10 m? at porosities ~ 65 to 94.2%.

The permeability-porosity relationships canfibevith a Kozeny-Carman relationship
between permeabilitk and porosity ¢ (e.g., Eichelberger et al.,, 1986; Klug and
Cashman, 1996; Saar and Manga, 1999):

B=co" (4.1)

wherec is a proportionality constant that depends orstheare of the pore radius and the
tortuosity of flow path, and the exponent depends on sample size, pore size,
distribution, shape, as well as the spatial arramgeraf pores (Yokoyama and Takeuchi,

2009). Our lattice-Boltzmann simulations yiele: 6.12+ 0.88.

The measured permeability data can be fit withdame equation, baot= 4.95+ 0.5.
The difference in exponents between simulations rmedsurements is not significant;

both are close to 5 when considering fitting unéeties. We then fitted the permeability
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using the same exponemt 5. The fitting results show thktg) = 2.35x 10%° ¢ for LB
simulations andk(g) = 5.33x 10%* ¢ for measurements (Figure 4.1a). The expoment
derived from LB simulations and measurements iedrighan that in the natural volcanic
rocks (Klug and Cashman, 1996; Rust and Cashman4;20fight et al., 2009;
Yokoyama and Takeuchi, 2009) which shows that the rexmtm is in the range of ~ 2 to
3.5.

The higher value of the exponemtfound in this study may be attributed to the
differences in the sample size, pore size, porpeshand the spatial arrangement in our
synthesized samples and those in the natural sar(iflieg and Cashman, 1996; Saar and
Manga, 1999; Wright et al., 2009 ; Yokoyama and Take 2009). Perhaps most
importantly, bubble elongation or bubble deformiatis not observed in our samples. In
the natural rocks, the pore is deviated from sghério elongated or flattened to form
ellipoids, resulting in the lower exponent(Saar and Manga, 2002 ; Yokoyama and
Takeuchi, 2009).

The simulated permeabilities are about halfoagier of magnitude higher than the
measured permeabilities. This is attributed tostmaller volumes of samples used in the
LB simulations. As pointed out above, most LB siniola subvolumes were cropped
from the full tomographic images of samples whére highest bubble number density
occurs, so the bubble connectivities and bubblertaygs in some subvolumes of
simulation samples are higher than those in tred saimples. This can be identified in our
tomographic images of the samples. Additionally, #meallest bubbles might be not
detected due to the resolution of the tomograpmegery. However, our samples
analyzed using X-rayuCT with resolution of 1.85um at the Swiss Light Source
demonstrate that these smallest bubbles are ~ ¥ fam in diameter, and they are
generally distributed in the melt pockets betwesnydr bubbles. The total porosity of
these small bubbles is less than ~ 2%, and thes# babbles have not coalesced with
the larger bubbles, consistent with SEM images ofpdes used in this study (Figure 4.2
and Bai et al., 2008). Therefore they will not sfgraintly affect the permeability.
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Our results conclusively demonstrate that pehiliga increases markedly as the
percolation threshold for spheres is approached,pemmeabilities attain values ~0
m? at porosities over 65%. Our studies indicate a Hulesvalue of approximately 29
volume percent where the permeability increasesdwgral orders of magnitude; this
threshold is close to the percolation thresholdsfareres of two different sizes (Consiglio
et al., 2003). Thus, we also fit the permeabilitygsity relationship by cutting it off
below the porosity of 29% (Figure 4.1b).

4.1.2 Forchheimer permeability constantk; and k»

Examples of the pressure gradient versus flow wglodrom permeability
measurements are shown in Figure 4.3a. Note thafldhevelocity was obtained by
dividing the flow rate by the cross-sectional ar&ach pressure difference versus
velocity curve follows a quadratic relationship atocities > ~ 0.4 to 1 m/s, and follows
Darcy’s law at low velocities < ~ 0.4 m/s. This cunnéicates the presence of inertial
effects. The permeability constahkisandk, were obtained by fitting equation (2.2) to the

experimental data (Table 4.1).

To further discriminate between Darcian and norcida flow regimes, we plot the
Forchheimer equation in the form:

2 _p2
u = &+ﬁi (42)
2PLW  k, k u

The experimental data of representative samplelatéed in Figure 4.3b where the
approach to a constant at highindicates non-Darcian flow. Because we can calculate
K, : o : : _ou |k

k_2 based on the non-linear fitting of equation (2\2§ determine Fo—Tl{k—j for
each velocity. The results show tHad has values of about 1 to 3 for samples with
porosities less than approximately 65%, and abotat 8 for high porosity (> ~ 65%)

samples. Wheiro = 1, there are equal viscous and inertial contitimst to flow Ruth
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k " .
and Mg 1992). We us‘k—l to evaluate the critical flow velocity, at Fo = 1. Our results
2

show that;, is in the range ~ 0.5 to 1 m/s.

The relation betwedn andk, was found to bek; = 4.97 x 10 k' ®ork, = 1.11 x 16
k%% indicating thatk, andk, are linearly correlated (Figure 4.4a). Similamtinships
betweenk; and k, were previously reported in permeability measuremer natural
pumices (Rust and Cashman, 2004; Yokoyama and Thkeél@99) (Figure 4.4a). In our

. . . k , k& . .
study there is no obvious correlation betw¢k—1\ and porosity. Ask—l is not a direct
2 2

measurement of the bubble texture length scalet@wbsCashman, 2004), it is necessary
to constrairk; andk, with other parameters. Yokoyama and Takeuchi (2808yest that
permeability is strongly dependent on the pore.si¥e therefore seek a relationship

between pore sizand eithek; or k..

Accordingly, we further constrain the relatioredviieen permeability and pore size by
measuring bubble sizes from X-rafCT. For samples degassed between 160 and 370
MPa, all bubble size distributions have exponeridible size distributions, and bubbles
tend to be of similar sizes in most samples. Tines,can define a meaningful average
bubble size from our X-ray tomographic analysist Bamples degassed at 1-atm, the
bubble size distributions tend to display power-lalations due to multiple bubble
nucleation events, but bubble size distributionadteo evolve into exponential
distributions at porosities over ~ 65%, and at khghest porosities investigated an
interconnected foam is formed by many bubbles béspal shape that coalesced (Figure
4.2 and Bai et al., 2008). For these high porosésnples with power-law bubble size
distributions, the permeability is dominated by ttemnected bubbles forming the foam,
thus we can neglect the secondary bubbles when detegithe average bubble size.
Note that connected bubbles in the foam tend to baesame size at porosities greater
than ~ 65%. Therefore, we separated the bubblebenfdam into individual bubbles

using Blob3D and determined their average bubble. Stomparison ok; or k, versus
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bubble diameteD (um) reveals that they display a power-law relation \eixponents of
3.72 and 3.28 (Figures 4.4b and 4.4c):

k; = 9.28x 102°D 372
k, = 3.24x 1014 D 328

In our study we did not perform sensitivity Bisés on the parameters. Our results
show that bottk; andk; increase with increasing bubble diamdderbutk; varies by ~
102%° orders of magnitudek, varies by ~ 18* orders of magnitude (Figures 4.4b and

4.4c), suggestinkis more sensitive to bubble size tHan

4.2 Crystal and bubble size distribution, bubble nmber density, and
permeability in crystal-bearing samples

4.2.1 Crystal sizes and distributions
Crystal fractionsgy, measured from the X-rgyCT are listed in Table 2.1. We did

not count each crystal type separately becaus&X4fay contrast between crystals was
too small for accurate thresholding. However, we ehd@s samples for electron

microprobe analysis of crystals at McGill Universiffhe dominant crystals in the
experimental samples are plagioclase (plg) andpliroxene (cpx); spinel (spl) is also
observed in some samples. The relative proportafneach crystal in the crystalline
assemblage of the samples are: Btla (plg = 0.9~cpA); Bt5b (plg = 0.6; cpx = 0.4);

Bt7R (plg = 0.55; cpx = 0.45); Btl7c (plg = 0.9xcp 0.1); Bt27 (plg = 0.55; cpx =

0.45); and SC23a (plg = 0.9, cpx = 0.08, spl = .U2e did not observe any olivine in
the analysed run products, although it is foundhi& natural samples (Métrich et al.,
2005; Armienti et al., 2007). The lack of olivine ynhe due to the high pressure
conditions of crystal growth used in this study, vih&re necessary to dissolve high
concentrations of water in the melt. Alternatively,is possible that olivines in the

experiments are too small and too rare to find @malyze with the electron microprobe.
Also, because we did not perform microprobe analgsisall run products, we cannot
exclude the possibility that olivine occurs in ateamples.
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Only 5 of 17 crystallization experiments prodiicg,, of 38.8—-48.3%, similar to
natural Stromboli samples; the other experiment&lyeed @,y below 10%. Crystals in
Btl, Bt17, and SC23 range from 4 10* mn? in volume; they are elongated, and have
skeletal shapes, indicative of rapid growth far frequilibrium (Lofgren, 1980). Crystals
in Bt7 and Bt5 are larger, from 2@o 10> mm® they show tabular to granular shapes,
indicative of growth at near-equilibrium conditiofioofgren, 1980). After degassing, the
crystal number densityCND, i.e., the number of crystals per unit volume oftjrie 743—
3547 mnt (Table 4.2). Some large crystals were broken intallsomes during degassing
because of bubble expansion, but still retain thksletal shapes (Figures 4.5¢ and 4.5d).
3-D crystal size distributions in the degassed samglenerally display exponential
relations in the volume range from®® 10 pn?, and tend to evolve to a power-law
above 10 punt because of crystal intergrowths (Figures 4.6a ab)4Natural scoria has
a similar 3-D crystal size distribution type (Figsi#6¢ and 4.6d). Most crystals in scoria
have tabular shapes, and crystal volumes vary f@frto 10" mn®. Crystal networks are
common in the scoriag,y varies from 22.3 to 47.3%, which is generally higtiean
those in experimental samples. However, @D in scoria varies from 26 to 90 min
about 1 to 3 orders of magnitude lower than thathi@ experimental samples. This
difference is attributed to the longer crystal giowime and crystal intergrowths in

scoria.

4.2.2 Bubble number density, bubble shape, siadistribution, and permeability
The bubble number densigND, i.e., the number of bubbles per unit volume oftjne

is affected by the presence of crystals (Table.4IBg BND is higher in both crystal-
bearing experimental samples and in scoria thaplryric or low-crystallinity samples in
the same porosity range. TB&D in natural scoria is from 1 810 to 3 611 vesictes™

in the porosity range from 34 to 49%. In the criystzh experimental samples, tiBND
varies from 2 279 to 65 076 bubbles mim the porosity range from 31.6 to 55.3%.
Particularly in the samples using starting mateBidl7, which has higlg,, of 48.3%, and
has a very high population of crystals of®10 10* mm®in volumes, théBND can reach
25 960 to 65 076 bubbles mimThe BND of samples from the same crystal-bearing
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starting material tends to decrease with increasiagiculation. In the crystal-free
samples or samples wiifay below 10%, theBND is significantly lower, varying from
147 to 4 248 bubbles mir(Bai et al., 2008).

Most bubbles are attached to crystals; sometalsy are surrounded by bubbles,
implying heterogeneous bubble nucleation and groftibbles in samples dominated by
small crystals of 18-10° mn?® are spherical (Figures 4.5a, 4.5b, and 4.7a)bbbbles
are deformed and elongated in samples dominateldrggr crystals of 16-10" mn?
(Figures 4.5c and 4.7b). Bubbles in samples withllsmerystals easily grow into sub-
spherical to spherical bubbles of 1.4-1.9 In(Rigures 4.5a, 4.5b, and 4.7c). 3-D
tomographic images show that these large bubblescemeected to neighboring bubbles,
not isolated in the melts. In contrast, tBBID in natural scoria is 157-3611 rinat
porosities of 13-49.6%, lower than that in the expental samples.

The bubble size distributions in crystal-begraxperimental samples follow power-
laws, with exponents from 0.6 to 0.82 in the porosagyge from 34 to 55.3% (Figures
4.8a and 4.8b). Most vesicle size distributionssaoria also display power-laws, but
produce exponents of ~ 1.0 in the porosity rangenfd3 to 48.4% (Figures 4.8c and
4.8d). This is in agreement with the results foun&tromboli scoria from normal activity
(Polacci et al., 2009).

Our comparisons amongst crystal-free and crpsating samples demonstrate that
crystals significantly influence bubble shape, sidistribution, and permeability. The
permeabilities in crystal-bearing experiments aratural, crystal-rich scoria from
Stromboli are about 1 to 2 orders of magnitude dnighan those in aphyric experiments
and natural, crystal-poor pumices in this porosatyge (see discussion in section 5.6).
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Figure 4.1 Permeabilityk and total porosityprelationships for crystal-free samples from
lattice-Boltzmann simulations and measuremenjsafd permeability and porosity of
relationships at porosities above 29%, the pencwiahreshold If). The permeabilities
from LB simulations and measurements are Darciarmeabilities. The standard
deviations of uncertainties in LB simulations andasurements are indicated by the error
bars for each point ina] (Figure reproduced from Bai et al., 20ldgurnal of

Geophysical Researdty permission of the American Geophysical Union).
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Figure 4.2 Scanning electron microscope images of sampleSbSi6th a porosity of
46.3% @) and St58a with a porosity of 66.7%).( The holes in the bubbles (dark in
color) are the interconnections or pore throats,ctvhtonnect neighbouring bubbles
(Figure reproduced from Bai et al., 20J0urnal of Geophysical Researbl permission

of the American Geophysical Union).
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Figure 4.3 a Experimental data ¢
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Figure 4.4 a Relationships between Darcian permeability and non-Darcian
permeabilityky; b: Correlation between Darcian permeabikiyand bubble diametdd
(um); c: Correlation between non-Darcian permeabikiyand bubble diametdd (um).
All are log-log plots (Figure reproduced from Baiatt, 2010,Journal of Geophysical
Researclby permission of the American Geophysical Union).

10'95......., LLRLLIL B 0 w0 e L L e R L R

F O this study
E @ Yokoyama & Takeuchi (2009)
F © Rust & Cashman (2004)

10-10

o -12:_ -8 053
g 10 "Fk, =1.42x 107k,

¥ 10"k .
3 k, =4.97 x 10°k,
10'14;- E
10" 7k, =3.41x10%,% a
1016 vl | | | ol | | 1
10" 10" 10" 10° 10® 107 10® 10° 10*
K,(m)
F T
-10
10"k 3
k, =9.28 x 10°°D*"
— -1
ol 10 F =
£ : ]
X i
10’125- 3
r o b
10'135 | 3
40 100
D (um)
T
10°F E
o o]
b k,=5.24x107 D>
. 10°F E
é F
= f
Z i
107F -
c
-8 1
10 49 100

D (um)

37



Figure 4.5Backscattered electron images of crystal- and lmibbhring samples Btlg(
SC23ab), Bt7R(), and Bt27¢). plg = plagioclase, cpx = clinopyroxene, gl =sgaspl =
spinel. The plg has a skeletal shape in Btla, hadtoken crystals are indicated by the
cracks (black color) in Bt27 (Figures 4.5a and 4&groduced from Bai et al., 2011,
Geophysical Researdtetters by permission of the American Geophysical bhio

bubble
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Figure 4.6 3-D cumulative (open circles) and non-cumulative rgpacrystal size

distributions from tomographic images of experinaémtrystal-bearing Stromboli basalt
samples Bt7R{) andSC23ab), and natural scoria from Stromboli Str240506bcpatd
Str250506_c2{). r? is the correlation coefficient. The uncertaintiesg,y are within 2 to
4.3% as discussed in section 2.2 (Figure 4.6d dewed from Bai et al., 2011,

Geophysical Research Lettdyg permission of the American Geophysical Union).
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Figure 4.7 2-D slices from 3-D X-rayuCT of the degassed crystal-bearing samples
Btlb(@), Bt7c{), SC23c(), Bt22afl). The scale bar is 300 um (Figures 4.7c¢ and 4.7d
reproduced from Bai et al., 201Geophysical Research Lettelby permission of the

American Geophysical Union).
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Figure 4.8 3-D cumulative (open circles) and non-cumulativeargh bubble size
distributions in experimentally produced, crystabling, degassed Stromboli basalt
samples Btl&) and SC23df), and natural Stromboli scoria Str240506b cp34nd
Str250506_c2{). r’ is the correlation coefficient. Bubble size dsitions in crystal-free
experiments performed on the same composition @uedf in Bai et al. (2008). The
uncertainties ing are within 3.1 to 5.0 % as discussed in section (Eigure 4.8d
reproduced from Bai et al., 201Geophysical Research Lettely permission of the

American Geophysical Union).
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Table 4.1Description of crystal-free samples and permeatitisult§

D o N,a CalculatedMeasured® ka/k

sample, ¥ Distribution , - ky (m? ko (M v

Po)  (um) um) K@) Mk
St27 3.2 32.0 Exponential 1.16E-17
St82 5.0 35.4 Exponential 6.81E-18

St79 5.3 38.0 Exponential 970  3.09E-17 8.68E-18

St61 6.6 34.8 Exponential 952  1.05E-16 4.34E-18

St25 14.8 40.6  Exponential 952 6.8E-17 4.35E-16

St7ra  31.1 Power-law 2.36E-12 1.09E-11 7.99E-0:B7H-02
St46a 39.7 94.0 Exponential 1216.2.56E-13 2.27E-13 5.94E-13 4.68E-08 1.27E-02
St43a 423 614  Power-law 980 4.36E-13  3.66E-13 9B-2 1.01E-07 1.27E-02
St4lb 447 84.0  Power-law 840 9.58E-14 1.96E-13 6B-.#3 2.07E-07 1.68E-03

St43b  49.8 Power-law  1135.45.0E-13 297E-14 5095E-14 2.21E-09 2.69E-02
St82b  58.3 Power-law  1443.61.75E-12 3.52E-11 1.13E-10 5.49E-06 2.06E-02
St4la 64.2 Power-law  1297.@.21E-11 3.85E-11  1.16E-10 6.66E-06 1.74E-02
St3%9a 615 78.0 Power-law 1120 1.01E-12 7.70E-13 3412 1.17E-07 3.70E-02
St73c  62.8 Power-law 3.09E-12 1.79E-11 9.37E-0AP1E-02
St84f  72.0 Power-law 1164 1.37E-10 3.80E-11  9.06E- 7.88E-07 1.15E-01
St7rc 723 Power-law 3.21E-11 1.86E-10 9.15E-0®3R-02

St84ab 72.4 152.2 Exponential 970 6.02E-11 7.60E-13  2.27E-12 2.42E-037E-03
St29a 745 96.0 Exponential 1190 4.88E-12 1.09E-13.72E-13 2.84E-08 6.05E-03
St33a  74.6 211.7 Exponential 1.34E-11 8.60E-11 2.66E-06 3.23E-02
St87  76.1 212.4 Power-law 6.13E-12  3.46E-11 7.43E-07 4.66E-02
St46b  79.4 158.2 Exponential 1459.8 2.07E-11 1.07E-12 6.33E-12 1.40E-07 4.53E-02
St52a 80.9 170.4 Exponential 1622 4.44E-11 3.43E-12 1.76E-11 5.22E-B8.37E-02
St39b  81.7 339.5 Exponential 3.91E-11 1.38E-10 7.80E-06 1.78E-02
St52c¢  81.9 Power-law 1332 3.14E-11 8.24E-12  4Y4E-1.52E-06 3.11E-02
St33b  85.0 204.5 Exponential 1622 2.47E-11 2.08E-11  9.53E-11 2.86E-B.33E-02
St23b  85.7 246.9 Power-law 1951.2 7.49E-11 6.89E-11 1.62E-10 7.44E-06 2.18E-02
St25a 87.0 196.4 Exponential 1622 1.73E-10 3.08E-11 8.73E-11 5.56E-0.57E-02

St47b  92.4 Exponential 1480 1.91E-10 8.78E-13 B.02 1.29E-07 2.35E-02
St84d 2.9 Power-law 485 5.02E-16
Sto8b  18.5 Power-law 970  1.39E-15
Sts2b  23.9 Power-law  1135.42.66E-14
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St26  25.6 Exponential 952 1.31E-14

St23a  35.9 Power-law 2168 1.49E-13
St37¢  29.8 Power-law 1260 7.77E-14
St37a 525 Power-law 1050 3.96E-11
St69a 61.8 Power-law 1260 3.93E-12
St73a 61.9 Power-law 1184 6.02E-12
Sté4b 64.5 Exponential 776 1.42E-11
Sté5a 65 Exponential 970 2.33E-11
St58a  66.7 Exponential 970 8.6E-11

St84c  82.3 Exponential 970 3.18E-10
St58d  83.1 Exponential 776  6.63E-11

®Parameterare g porosity of entire sample determined by X-raCT (Our LB
simulations used the subvolumes of the tomograhages of entire samples, see text
for details); D, mean diameter of bubbles in samples, see textd&gails of D
determination;N a, simulation sample sizes determined by lattice lpemiN,_ (voxels)
along each edge multiplied by the grid resoluadpm).

PCalculated Darcian permeability from LB simulations.

‘Measured Darcian permeability.
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Table 4.2Description of crystal-bearing samples and permiabésults from degassing

experimentS

@ Gery BND CND N.a

Sample % P 3 (m?) ®k ()

Btla 36.1 317 2979 1310.48.31+14.0)E-12

Btlb 42.7 16.1 405 873.6(4.49t7.65)E-11

Btlc 31.6 16.1 2280

Bt5b 52.8 19.0 18869 2951 655.25.21+3.47)E-12

Bt7b 67.4 20.0 4440 1562 5.66E-11 8.73E-14

Bt7c 34.3 34.5 13647 3547 1249@.9A3.51)E-12

Bt7R 77.6 10 1076

Bt27 62 36 3345 1270.91.88:0.56)E-11

SC23a 33.8 20.6 400 743 13104.50t1.30)E-11

SC23b 34.6 17.4 1506 4.7E-12

SC23c 31.8 20.5 3686 1020 1146.6 1.58E-10 2.1E-11

Btl7a 67.5 <10 1754 1146.6 1.59E-11 3.38E-11

Btl7c 55.3 19.1 25960 1146.2.542.03)E-12

Bt17d 54.7 17.1 65076

Bt20 90.3 <5 3091 1874.4 6.54E-10 9.23E-11

Bt14 52.6 <5 1.2E-11

Bt22a 72.6 <5

Str240506a 13 47.3 157 26 216@F1.30t1.17)E-15
Str240506b 47.3 35.7 3611 90 189(8.3%t4.65)E-12
Str150406b 445 33.0 169 38 216@4.05:0.29)E-11
Str220506d 41.2 36.9 424 27 216@6.20t1.23)E-11
Str240506b bl 49.6 22.3 834 34

Str240506b_b3 34.1 29.5 1627 74
Str250506_c2 41.6 38.5 2517 51

‘Parameterareq porosity; Nia, LB simulation sample sizes determined by lattice
number N_ (voxels) along each edge multiplied by the gridoheson a (um); %,

calculated Darcian permeability from LB simulatiotise uncertainties are determined by
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the standard deviations of permeabilities from LiBwdations; °k, measured Darcian
permeability;a, grid resolution § =5.46 to 9um); @, BND, CND see text for details.

Note that the last 7 samples are scoria from Stréimtiee others are experimental
samples.
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CHAPTER 5: DISCUSSION

5.1 Comparison lattice-Boltzmann permeabilities wih other studies

Previous lattice-Boltzmann simulations indichtbat sandstone permeabilities are in
the range 1%° to 10 m? at porosities below 30% and that the simulationgegith
measured permeabilities (Bosl et al., 1998; Keehal.e2004; Arns et al., 2005; Fredich
et al., 2006). These permeabilities are about 2 toders of magnitude higher than our
simulations at similar porosities. Such differencgight be caused by the different pore
geometries in the sandstone and in our experimesatalples, where in sandstone the
porosity occurs between sub-spherical grains wheeasur samples the porosity is
created by sub-spherical vesicles. We performedcest by comparing our lattice-
Boltzmann simulations to sandstone permeabiliteterdnined in earlier studies. To take
into account the different geometries we invertedimages so the pores are considered
solids to mimic the pore structure of sandstondtideaBoltzmann simulations performed
on these “inverted” tomographic images yielded peilites of 1.3« 10*? to 6.8x 10*2
m? at porosities of 14.3 to 50.2%, in good agreemett sandstone permeabilities from
simulations and measurements in that porosity rdBgsl et al., 1998; Keehm et al.,
2004; Arns et al., 2005; Fredich et al., 2006).

5.2 Comparison between simulated and measured peralities of
crystal-free experiments with volcanic rocks

Previous permeability measurements on natwasalbic rocks (Saar and Manga, 1999;
Mueller et al., 2005) indicated that basalts caaimtpermeabilities I8 to 10° m? at
porosities over ~ 30%, consistent with our resuttswever, calculated and measured
permeabilities of crystal-free samples in our stady about 2 orders of magnitude higher
than the permeabilities of rhyolitic and dacitideanic rocks with porosities over ~ 30%
(Klug and Cashman, 1996; Rust and Cashman, 2004ht\at al., 2009; Yokoyama and
Takeuchi, 2009, and Figure 4.1).
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One of the significant results in our permed#pitiorosity relationship is the transition
at porosities of approximately 29 volume percengfe 4.1a). The permeability is low
(10*" to 10 m?) at porosities below 29%:; the permeability increaserkedly in the
porosity range 18.5 to 29% where the percolatioresttwld is approached, and
permeabilities attain values of 10to 10° m? at porosities over 65%. In our study, the
permeability increases significantly at the thrédhbecause permeability development
requires bubble-bubble coalescence and interaclising degassing creating a porous

network that efficiently spans the sample.

The higher permeabilities are attributed taghér degree of bubble interconnectivity
and larger bubble apertures in our basaltic samflas in rhyolitic ones. In these
samples, most bubbles are spherical and multipimected at high porosities (Figure 4.2
and Bai et al., 2008). Klug et al. (2002) showed thast bubbles are elongated in one
direction in one natural rhyolite, and that the lblels connect with each other only along
their edges; thus, bubble edges dominate the pemmetry and result in lower

permeabilities than in this study.

The 3-D tomographic images of our samples shbat bubble coalescence is
extremely rare at porosities below 18.5%. With digant bubble coalescence, a
percolation cluster appears to form at a porosfitalmut 29%. 3-D tomographic and
SEM images of degassed samples indicated that dutdilescence is common at
porosities over 29%, where we observed partially eszad bubbles composed of
interpenetrating spheres and bubble walls that wermed and ruptured. At porosities
over ~ 65%, a foam formed by multiply connectedilesced bubbles, and the degree of
bubble connectivity is extensive (Figure 4.2 and &aal., 2008). The coalesced bubble
aperture diameters can attain ~ 40 tquA®in the porosity range 40% to 65% and ~ 110
to 140pum in the porosity range 72% to 92.4% due to coalese. We estimated the
bubble connectivity of our samples by (Okumura gt24108):

Connectiviy = Vinax (5.1)

bubble
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where Vnax is the volume of the largest bubble, avidnpeis the total bubble volume.
Estimated connectivities are in a range of 0.7@.8% at porosities over ~ 65%, implying
a high degree of interconnected porosity, and tbe¥ea high permeability. This high
degree of connectivity results from bubble coaleseen the low viscosity basaltic melts
studied, ~ 50 Pa s (Giordano and Dingwell, 2003). l@&ncontrary, rhyolitic and dacitic
volcanic rocks have high viscosities, which inhilbtgbble coalescence and restricts the
bubble interconnectivity, producing bubble aperwigameters of only ~ 2 to 1m in the
porosity range 78 to 85% (Klug et al., 2002). Prasi@xperimental studies on bubble
apertures show that Darcian permeability,is strongly correlated with pore aperture
diameter; larger aperture sizes produce higher eabitities (Klug et al., 2002;
Yokoyama and Takeuchi, 2009).

5.3 Bubble size and distribution effects ork; and k, in crystal-free
experiments

As is evident from Table 4.1 and Figures 4.48 4nc, the permeability constaks
andk; are sensitive to bubble sizes and distributionsieGaly, k; andk, in samples with
power-law bubble size distributions are higher thansimples with exponential bubble
size distributions. This is more obvious in sam@&sc, St7a, St4la, St52c, St82b, and
the natural sample, which are different from sampleSt29a, St84b, St46a, St47b with
exponential bubble size distributions. 3-D tomograpimages and 3-D bubble size
distributions show that bubble sizes vary by ~ 2 mrders of magnitude in samples with
power-law bubble size distributions; a few bubbles banup to 200 to 30@um in
diameter and are generally surrounded by mediumsamall bubbles (Figures 5.1b and
5.1c¢). The types of bubble sizes and distributionghese samples are consistent with
observations on natural scoria from normal Stromalpobctivity (Polacci et al., 2009).
Bubbles in samples with exponential distributiomsdtéo be of medium size, ~ 96 to 152
pum in diameter, although these samples have higtal porosities of about 72 to 92%
(Figure 5.1d). Plots df; or k, versus bubble diametBr (um) in our study reveal a strong

correlation betweek;, k, and bubble siz® (Figures 4.4b and 4.4d); andk; increase
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with D. Walsh and Saar (2008) simulated a single-phasenddy of large bubbles, and
added a second small-bubble population to the spate, demonstrating that the small-
bubble population did not contribute significantty the overall permeability, although
the small-bubble population might increase bubblenectivity.

Because permeability is sensitive to porositgl @ore structure, it is necessary to
guantitatively describe the pore size and porosiiect on the permeability. For
monodisperse spherical particles, the relationbbigreen permeability and pore size and
porosity is well expressed by the semi-empirical ugrgequation (Ergun, 1952;
Sidiropoulou et al., 2007):

D%
1= 6 2 5.2
“1-g) 5-2)
K, =c,27 (5.3)
@

wherec; andc; are constantd) is the pore or bubble diameter, apts the porosity. We
evaluated the above equations based on our megsema@abilities. Note that we did not
include the data sets St7a, St7c, St4la, St43RRcS&73c, St82b, and St84f (natural
sample) because these samples have obvious powéwulavie size distributions, and an
average bubble diameter cannot be defined accyr&aimple St47b was also not used
because it has a porosity of 92.4% and most bulaskesighly connected, so we could
not separate the bubbles in the foam into indiVituéobles and measure their diameters
using Blob3D.

D?¢g’

)2

2
Fitting ky against andk; agains1% furnishesk, = 766x 10‘”(5—(”;2 and
- -9

= 278x10° —— (Figures 5.2a and 5.2b), demonstrating the relalipps given by
k,= 278 109;)@ (Fi 5.2 d 5.2b), d [ he redalit i b
-@

equations (5.2) and (5.3). The significant disperef k; andk, about the best-fit lines
might be explained by the effect of the geometrieators. In this study, we define a
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Vi

. k . . . .
geometrical factoa = k’ which is a dimensionless function of the pore geioyn The
2

values ofa vary from 1.6 to 18 in the porosity range of 316692.4%; a tends to be
higher for the samples with power-law bubble sizerithistions. For samples with a
porosity below ~ 65%, the degree of bubble coaleszénlow and the coalesced bubbles
are randomly distributed, so the spatial arrangéraebubbles and the tortuosity of the
flow can vary significantly between samples; thuse tbeometry factora and
permeability are expected to be more sensitivléégbre structure. For the samples with
porosities ~ 65% and greater, most bubbles areemed to form a foam, and the spatial
arrangement of bubbles tends to be homogenous;rdaegly, the influence of the
geometry factor on permeability tends to decredd$e relationship betweear and
bubble size (Figure 5.2c) demonstrates thatlecreases with increasing bubble size
(which is positively correlated with porosity). Thus,might have a larger influence on
the permeability of samples with small bubble sidesy porosity); this results in the
significant dispersion in small bubble size rangieswn in Figures 5.2a and 5.2b. At high
porosity, ~ 65% to 92%, bubble sizes are largeg, geometry factor tends to be a
constant, and permeabilitiés and k, have a stronger dependence on bubble size and
porosity. Our results quantitatively constrain te&ation between pore sizes, porosity and
permeability.As shown above, the occurrencekpandk, strongly depend on the flow
velocity and pore geometry, if we can determineuheation of flow velocity and pore
geometry in the vesicular magma, we can expect dterchine whether Darcian
permeability or Non-Darcian permeability dominaths flow in the vesicular magma.
However, because our samples are from degassingiregoes with spherical bubbles,
we cannot estimate the effects of other factorshenpermeability, including tortuosity
and pore shape. Bubble diameters in natural Strbrobsaltic pumice and scoria can be
up to 0.5 to 4 mm (Polacci et al., 2008, 2009), hatbles are elongated. In this case,
tortuosity and pore shape influences on the perilitgahre expected to be significant,
and future studies are needed to incorporate teitfu@and pore shape effects on
permeability.
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5.4 Correlation between friction factor fy, and Forchheimer number Fo
in crystal-free experiments

The experimental data plotted in Figure 4.3tmskhe transition from Darcian flow to
Forchheimer flow due to the increasing inertial citmitions. However, Figure 4.3b can
not clearly delineate the regimes of Darcian flow and-Darcian flow. The presence of
inertial effects, particularly the transition torlulent flow is highly dependent on pore
geometry (Wood, 2007). To clearly delineate thaditgoon between Darcian flow, non-
Darcian flow, and turbulent flow, we write the Forchiher equation as:

2 _p2
u)L=1+i (5.4)

( 2PL " pu? Fo

where the left-hand side of equation (5.4) is thetiém factorfy for fluid flow in porous

2 _p2
media (Holdich, 2002 f, =(u) kzz
2PL " pu

. fx describes the friction of fluid flowing

over the porous media surface that causes a peedsy, and relates the shear stress at

the surface of the solid to the pressure gradient.

Equation (5.4) shows thittends to a constant value of 1 wHewr>1. In this casefyk
is independent dfo for fluids whenFo >> 1, and it is only dependent &g which itself

is pore size and structure dependent. Given a wglagia Forchheimer numbeFo, a
pressure gradiemA—LP) and a densityn, we can determing for gas flow in porous

media. The results of friction factor-Forchheimember correlationsfy — Fo) obtained
from the measurement data of the selected crysaldamples are shown in Figure 5.3a.
Fo andfy from the other measurements of samples fall ors#ime trend line shown in
Figure 5.3a. Generallyi decreases with increasifg with a linear relationship wherfo

<< 1, corresponding to Darcian flow. &® increases, the inertial effects are increasingly
significant and the transition from Darcian flow t@mDarcian flow occurs. The
transition occurs wheRo is in the range ~ 0.2 to 10, as indicated by tiaglgal departure

from linearity in Figure 5.3a. Théo range where the transition occurs is consistent with
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previous simulations and experiments (Venkataranrah Rao, 1998; Andrade et al.,
1999). Consistent with the definition ffit reduces to a constant of 1 wheo>> 1. The
occurrence of a transition region implies a gradinginge from Darcian to non-Darcian
flow, rather than an abrupt change. This behavious pr@viously suggested to be a
common phenomenon for fluid flow through sphericatgs (Venkataraman and Rao,
1998).

To compare simulations with measurements, we opadd lattice-Boltzmann
simulations of flow with increasing body forces 1.0x 10° 1.0x 10°, 5.0x 10%, 1.0x
10%, 5.0x 10%, 1.0x 10°, where the uniform pressure gradient is equal ¢ofdncef per

unit volume, i.e <DP>:VL. Here,V is the nondimensional volume of a simulation

sample V= NL3). Accordingly, the Forchheimer equation for theti¢e-Boltzmann fluid

can be written as:

(OP) :%(u) +%‘<u>2 (5.5)

where¢ is Brinkman screening lengtli’ = k;, g is the lattice-Boltzmann fluid density
which is a nondimensional parametgy € 24 in our simulations)y is the lattice-

Boltzmann fluid viscosity g = 0.24), and(u) is the velocity. We scale the uniform

2
pressure gradientIP) with (u>7,0, to calculate the friction factdg, then equation (5.5)

can be rearranged in the form:

@Pye_ 1, ¢ 56)

<u>2pl Fo Kk,
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u
We define f, =<DF;> ! ,andFo= Mﬁ. In this casef-o in the simulations is analogous

(u)ma A

to Fo in the experimentsFo :%{%}) as discussed in section 2.2, b'% and/
| 2 2

have the dimensions of length. Note that the charatic length ofFo in simulations is
different from that in measurements, becaldgen the simulationss constrained by the
nondimensional parameters of velogity, g, and¢. The results of the LB simulations in
terms of friction factofy andFo for different sample porosities are shown in Feg&r3b.
The simulations agree with the experimental resuits display a transition from Darcian
flow to non-Darcian flow. The departure from lingaioccurs in thé=o range ~ 0.2 to 1
for most samples with porosities over ~ 75%, anthearange of 1 to 10 for samples with
porosities below ~ 75%, consistent with the expental observations. We fit the results
of measurements and simulations to constrain tlatiorship between the friction factor

+
fi and Fo: f, = 111+ 017) +%0039 (for measurements),

+
f, = (059 049) +1'0|‘:—00'01 (for LB simulations). The fit to the measurementiose

to that of the simulations if the uncertaintiesghae fitting are considered.

In our studies for samples with highewvalues, the manifestation of the inertial effect
tends to occur at lowo values for samples with a higher geometry factoSamples
St46b, St47b, and St46a, which display the inegfédct in theFo range of 0.2 to 1
(Figure 5.3a), have highr values of 13.5 to 18, in comparison with St52ahuower a
value of 8, that displays the inertial effect ie #o range of 8 to 10. The manifestation of
the inertial effect also tends to occur at srrallvalues for samples with relatively higher
geometry factors in our simulations. This obseprain both the measurements and the

simulations demonstrates that inertial effectshagbly dependent on pore geometry.

The occurrence of turbulent flow Rt values between 0.1 and 10 was not identified in
either our experimental measurements or LB simutiatiWood (2007) suggested that the

transition to turbulence varies with the pore getyneand that fully turbulent flow
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regimes occur wheRo > 300. Our results show a gradual transition regimBarcian to
non-Darcian flow withFo in the range 0.1 to 10. This suggests that thesifian from
Darcian to non-Darcian flow is gradual (Venkataramaad Rao, 1998). In this transition,
the friction factorfy depends on botk, andFo, and both the inertial and viscous forces
contribute to the dissipation. Beyond the transiticorresponding t&o >> 1, fy reduces

to a constant, becoming a function only kaf which itself is a function of the pore
structure. Thereforé depends on pore size, shape, and geometry at Fogee., at

conditions of turbulent flow.

Note that our samples are from degassing exjgetis with bubble sizes in the range ~
30 to 340um, and the bubbles tend to be fully penetrable rgzhat porosities above ~
65%. In contrast, bubble sizes in natural Strombasialtic magma can attain diameters in
the range ~ 0.5 to 4 mm (Polacci et al., 2008, 2@0@ ~ 0.4 to 1 mm in diameter in
rhyolitic magmas close to the critical porosity fmagma fragmentation (Wright et al.,
2009); thusk, might increase in the natural samples, with inkdféects dominating at
largeFo. In this case, gas flow through porous media \itge pore sizes and geometry

factors is expected to be turbulent flow.

5.5 The effect of crystals on bubble growth, bubblsize and distribution

Our results show that crystals influence bubkiee and shape. In samples that
primarily have smaller crystals of £010° mm®and @,y > 16%, a large spherical to sub-
spherical bubble is generally formed (Figures 4amd 4.7c); this is different from the
behavior in samples witl, < 10% and in aphyric samples, where most bubbles
connected to form a foam after similar growth dorad (Figure 4.7d and Bai et al.,
2008). The large bubbles in crystal-bearing expenits grow at the expense of small-to-
medium sized bubbles, becald¥Dsdecrease with bubble growth duration.

Previous studies show that Ostwald ripeningamarirol the growth of larger bubbles at
the expense of small bubbles (Lautze et al., 20Lk¢. coarsening time for a bubble

with radiusrp can be estimated by (Herd and Pinkerton, 1997):
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o= % (5.7)
where d is the melt film thickness separating two bubblRss the gas constant, is
absolute temperatur®,is pressureDy,o is the water diffusion coefficien§ is the water
solubility, o is the surface tension. The ripening rates forbleg show that when
Ostwald ripening influences the bubble size distiim, 7~ ry’, and for ~ 1Qum bubbles,

7 reaches 30 min in basaltic magma (Herd and Pinke®97) and 40 min in rhyolitic
magma (Larsen et al. 2004). In our experimentspthzble growth duration was only up
to ~ 10 min, so Ostwald ripening can not accounttfie growth of the large bubbles.
Instead, the large bubbles form by bubble expansind coalescence. Crystals are
tangentially aligned around the large bubbles (Fegli5a), indicating that the small-to-
medium sized crystals are pushed and oriented blglbwexpansion. Also, in the samples
with larger crystals, bubbles grow on the surfatergstals, and the medium-to-large
bubbles are trapped between the crystals. Thddgldriare deformed and elongated due
to bubble expansion around the crystals, and treesoed bubble walls are highly
ruptured (Figures 4.5¢c and 4.5d). These obsenatioa direct indications that bubble

expansion and coalescence cause the growth of bhaitgjees.

Experimental crystal-bearing run products poadpower-law bubble size distributions
with exponents ranging from 0.6 to 0.82 in the pdyorange of 13 to 55.3%; these
exponents are lower than in crystal-free experiadesamples in the same porosity range,
~ 1to 1.42 (Bai et al.,, 2008 and Chapter 4). Tinalker power-law exponents derived
from our crystal-bearing samples imply fewer muéipubble nucleation events, because
the power-law exponent can be associated with timaber of the nucleation events
(Blower et al., 2001). Multiple bubble nucleatioreats are affected by the concentration
of exsolved volatiles in the melts during degassiiighe initial bulk volatile
concentrations in our crystal-bearing glasses bettggassing are mostly in the range
from 2.4 to 3.6%, except for SC23, which has 6%HIn contrast, initial volatile

concentrations in our previous crystal-free glassdere degassing were 2.9 to 7.2%0H
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or 2.9to 7.2% KD + 440 to 1478 ppm C{Bai et al., 2008 and Chapter 2). The higher
volatile concentrations in the crystal-free glassgght be more supersaturated during
degassing, consequently producing a higher numbaudeation events. These results
are supported by electron microprobe analysis efdigassed samples. The oxide totals
are up to 99.4% in Btla and SC23a, which did notvxshultiple nucleation events, and
the power-law exponent in the bubble size distidsuis 0.6 to 0.79. This suggests that
most volatiles in the glasses were depleted dugagy degassing; there are fewer
volatiles left to exsolve from the melt to creataltiple nucleation events with continued
degassing. In contrast, the oxide totals in Bt5l &i17c are from to 95 to 95.6,
suggesting that the volatiles in these two glassese not totally depleted during
degassing, therefore, more multiple nucleation &vencurred, producing higher power-
law exponents, from 0.77 to 0.82.

5.6 Permeability comparison between crystal-free, rgstal bearing
samples and natural scoria

The permeability-porosity data of the experitaéorystal-bearing samples are fit with
a Kozeny-Carman relatiork (¢) = 2.04x 10%° ¢°* (Figure 5.4). Note that during LB
simulations on crystal-bearing samples, we simdldteid flow through binary 3-D
porous samples (pore + solid), all bubbles weratéak as pore phase, and all the crystals
and melts were treated as solid phase. We can imotlage fluid flow through 3-D
samples consisting of three different phases (poceystal + melt). The natural scoria
yields permeabilities of 8.4 10* to 4 x 10* m? at porosities of 34.1-49.6%, consistent
with the permeabilities of the experimental sampieshe same porosity range. Scoria
Str240506a, with ap of only 13% andg,y of 47.3%, has a permeability of 10n?,
similar to the permeability of crystal-free samples the same porosity. The
permeabilities in the crystal-bearing samples ar0**-10'° m? at porosities of 31.6—
55.3%, about 1-2 orders of magnitude higher thasehn aphyric samples in the same
porosity range (Chapter 4). This result is consisteith Polacci et al. (2009), who
demonstrated that the permeability of Strombolizoria is about one order of magnitude
higher than that of one pumice clast erupted duttiegApril 2003 and another clast from
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the March 2007 paroxysmal eruptions. The highempability is attributed to the effect

of crystals on the bubble sizes and distributiaesussed above.

Darcy permeabilitk, bubble size, and porositgcan be related by the Ergun equation
(Ergun, 1952):

D'y (5.8)

k=c 5
(1-9)

wherec is a constantD is the pore (bubble) diameter. Permeabilitiesamgles with
larger bubbles are higher than those in samplds mwédium-size bubbles (Chapter 2). In
crystal-bearing samples, larger bubbles are gdwegalesent, resulting in higher
permeabilities, as given by the Ergun equationg,atee coalesced bubble walls are
highly ruptured, producing larger bubble apertuaes] thus higher permeabilities.

At higher porosities, ~ 55.3 to 90%, the perbil@ges of both crystal-bearing and
crystal-free samples are similar. In this porosityge, g,y is below 10%, the crystals can
not have a significant effect on bubble shape,, silzgtributions, and coalescence as
indicated from 3-D tomographic images (Figure 4afdl Bai et al., 2008), thus the

crystal effect on the permeability is small.

TheBNDsin the experimental samples are higher than thosatural scoria because
our experiments are similar to the degassing cammditwithin a few seconds to minutes
after formation and most probably prior to erupsiowhere bubbles are not modified by
syn- and posteruption processes. Scoria probaldyuhdergone longer bubble growth
durations, which can decrease BidDsdue to bubble coalescence. In experiments with
longer bubble growth durations, Btlb and SC23aBiN®sdecrease to values similar to
those of the scoria. Our results show that bublzie distributions in the experimental
samples follow a power-law, consistent with sc@Ralacci et al., 2009). However, the
power-law exponents in scoria generally are neargher than measured in experimental

samples, ~ 0.6-0.82.
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The power-law exponent has been associatedtigtnumber of the nucleation events
(Blower et al., 2001).¢, in scoria are 22.3-47.3%, wheregs, in the degassed
experimental samples are only 16-34.5%. The kgghin scoria might induce more
multiple nucleation events during scoriaceous magmnagtion because crystals can
decrease the supersaturation required for bubbldeation and facilitate bubble

nucleation (Hurwitz and Navon, 1994).
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Figure 5.1 3-D bubble size distributions from 3-D tomograpimages of experimentally
produced vesicular Stromboli basalt samples witffeint porosities. The colors
distinguish independent bubbles. Blue represenés gbre phase (bubble) and red
represents the solid phase (glaassample St26 with a porosity of 25.6%;sample 41a
with a porosity of 64.2%g: sample St52c¢ with a porosity of 81.96;sample 29a with a
porosity of 74.5%. St26 and St 29a have an expaidmibble size distribution; St4la
and St52c have a power-law bubble size distribufidre bars in the plots are the bubble
size distributions indicated by 10g (bubble volume) ~ logN (bubble number), the open
circles and the line fit to them are the cumulatiubble size distributions indicated by
log (N >V) ~ logN, both are normalized to melt volume, not the brdkume (bubble +
melt) (Figure reproduced from Bai et al., 20Dournal of Geophysical Researdly
permission of the American Geophysical Union).
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Figure 5.2 Permeability constantk; and k, and porosity-pore size relationships from
measurementsa( b), and the relation between the geometry factoa @nd the bubble
diameterD (um) (c). See text for a complete discussion (Figure réypced from Bai et
al., 2010,Journal of Geophysical Researbly permission of the American Geophysical

Union).
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Figure 5.3 Relationship betweethe friction factorfy, and the Forchheimer numbé&w,
for experimental measurementa) (and for lattice-Boltzmann simulationd)( from
samples with different porosities. The uncertast@e shown in the results of fitting:

066+ 039 10+ 001
F

f, = 111+ 017)+
K= 7) Fo

(measurements) an(f, = (059+ 049) + (LB

simulations) (Figure reproduced from Bai et al.1@QJournal of Geophysical Research

by permission of the American Geophysical Union).
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Figure 5.4 Permeability,k, and total porosityg relationships from lattice-Boltzmann

simulations and measurements in crystal-bearingpkesn The permeability results of

crystal-free samples are from section 4.1. The uaicey in crystal-free samples (black

symbols) is indicated by the error bars shown iguFeé 4.1a. The uncertainties in

permeabilities from LB simulations are given by 8tandard deviations (see Table 4.2)
(Figure reproduced from Bai et al., 20Q@gophysical Research Lettdyg permission of

the American Geophysical Union).
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CHAPTER 6: IMPLICATIONS FOR STOMBOLI BASALT
VOLCANO

6.1 Implications for Darcian to non-Darcian flow transitions

One of the significant trends in our perme#&piorosity relationships is revealed in
the transition from high pressure, low porosity,léa pressure (1 bar), high porosity
degassing. The permeability is low {0to 10* m? at porosities below ~ 29%,
corresponding to small amounts of degassing exgettéarge depths; the permeability
increases markedly in the porosity range ~ 18.89% as the percolation threshold is
approached, and permeabilities finally attain valag10™°to 10° m?at porosities over ~
65%.

We create a simple model to investigate theppase fraction exsolved from a magma
and the permeability it creates during ascent. \fesicler the case of a basaltic magma
consisting of a water-bearing melt and a gas phasgosed only of pO (i.e., steam).
Magmas with initial dissolved water concentratiafdl, 2, and 4% are modeled as they
ascend to the surface, decompress, and exsolve.vilatehe model, the melt density
remains constant at 2.6 kg/mand the water within the volume of magma includes
dissolved and exsolved,B (gas phase). The dissolvedis determined by the
solubility at each pressure (Dixon et al., 1999)e we can calculate the total mass of
exsolved of HO (H:Oexsonveg for magmas with different initial concentratioosH;Oxotq

by:
fq)exsolved: Hzototal - Hzodissolved in melt (6-1)
We determine the water density at each pressurg @sjuation of state of B at high

pressures and temperatures (Duan and Zhang, 20@®)we can calculate the volume

fraction of exsolved kD (Vu20%) during decompression by:

Mi20% = (HxOexsolved PH20 )/ ( H2OexsolvedPH2o + Meltbasai/ Poasan (6.2)
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The relation between pressure (bars) and voluaction of HO is presented in Figure
6.1a. Considering the volume fraction of exsolve®Hquivalent to the porosity of the
magma, we calculate the permeability using the fitrgermeability relationship
derived from our measurements of crystal free erpmrts and obtain a pressure-
permeability relationship, or a depth-permeabiligiationship (Figure 6.1b). For a
magma initially with 1 wt% HO, the significant increase in permeability occatrslepths
of 10 to 200 m. For a basaltic magma containinguaBao 3 wt% water, the significant
increase of permeability begins to occur at a dept®00 to 1100 m (~ 300 to 600 bar).
This depth is very close to the depth below basalticanoes where the permeable
bubble network is proposed to occur (Jaupart andginelle, 1989; Harris and
Stevenson, 1997). The permeability increases aetdepths are associated with bubble
growth and coalescence, which produce permeables patthe vesicular magma (Klug
and Cashman, 1996); thus, gas may flow from coatedsubbles through bubble
apertures toward the surface of the Earth (Gonnemnzaad Manga, 2007). Our model
shows that at the porosity of ~ 70 to 80% whiclhis magma fragmentation threshold
value, the permeability can be in the order of #21®?, this relatively low permeability
might substantially increase the gas overpresuaesing magma fragmentation. Note
that the fragmentation threshold values are moddyived from measurements of
porosity on natural samples, the pore size andggrin these natural samples might be
modified by posteruption processes (Vergniollelet1096; Herd and Pinkerton, 1997,
Thomas et al.,, 2004), therefore the fragmentattmeshold might not be the critical
porosity for the onset of magma fragmentation.

This and previous studies indicate that comalule inertial effects can be present when
gas flows through a permeable magma under the twonsliof magma degassing (Rust
and Cashman, 2004; Takeuchi et al., 2008). We dutltamine the inertial effect based
on theFo value. Assuming a steam flow through a vesicutaorboli basaltic magma
with pores of 1 mm in diameter and a porosity 729, calculate the Forchheimer
permeabilitiesk; andk,, of basaltic magma based on equations (5.2) andl ivangk; =

2.34x 10 m? andk, = 4.79x% 10° m. Assuming steam flow through this magma at 1200
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°C and 25 MPa (~ 1 km in depth), this density is’36 kg/ni and viscosity is 3.703%

10° Pa s. For a gas with a velocity 0.1 to 1 m/s,Rbechheimer numbe¥o varies from

~ 0.5 to 47. This range is close to the value corresponding to the transition from
Darcian to non-Darcian flow, implying that inertieffects play an important role under
these eruption conditions. However, if at 1200 AG@ 25 MPa, a gas with a velocity of 10
m/s flows through the porous magma with a pore sizer 5 mm, which has been
observed in some basaltic systems (Harris and S¢ewe 1997), the calculatdeb can

attain values as high as 912, far aboveRbesalue corresponding to the transition flow
regimes. In this case, it is likely that a fullytulent flow occurs in the vesicular magma.
In Stromboli basaltic magma, large vesicles withesi over 5 mm are commonly
observed in scoria associated with the ordinaryiosige activity (Polacci et al., 2008).
During the ordinary explosive eruptions, the ga®aity can be over 10 m/s, in which
case the turbulent gas flow is expected to occutha vesicular Stromboli basaltic

magma.

This turbulent gas flow in the porous magmaliféerent from the gas slug flow or
turbulent annular flow observed in paroxysmal Stootian eruptions or Hawaiian
eruptions (Vergniolle and Jaupart, 1986; Jaupad %ergniolle, 1989; Seyfried and
Freundt, 2000). In the gas slug regime, gas bubdle®st fill the entire diameter of
volcanic conduit, and can collapse to turbulentudamflow upon bursting at the surface
(Vergniolle and Jaupart, 1986; Seyfried and FreuddD0). However, below the conduit
depth where the gas slug regime occurs, gas flowesigh the porous magma, and further
studies on the connection between turbulent gas tfwough the porous magma and gas

slug flow need to be performed.

6.2 Implications for magma convection in Strombolivolcano conduit

Our studies show that crystals can increasm@ability by 1-2 orders of magnitude at
porosities of 31.6-55.3%. Crystal-bearing sampéesproduce extremely higpNDsthat
decrease significantly to lower values with incregsbubble growth durations. This

implies that normal Strombolian eruptions are drivey crystal-rich and higiBND
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magmas. The higher permeability of the crystal-meagma at shallow depths induces
more-efficient gas loss during normal Stromboliptiens and passive degassing, which
results in a vesicle-poor, crystal-rich, dense magafter degassing, as shown from
sample Str240506a and other studies (Lautze andhion, 2007; Polacci et al., 2008).

The densities and viscosities are 2500 and Rg0@® and 15 to 20 versus X0 Pa s
for LP and HP magmas, respectively (Métrich et 2001). The density contrast allows
the HP magma to descend and cause mixing betweetwthmagmas, as shown by Sr
isotope variations (Francalanci et al., 1999, 2G0%) crystal zoning (Landi et al., 2004).
2AP, 91,

, Where
Oy

We estimate the crystal sinking velocity,, by Stokes lawU_ =

L, the viscosity of degassed HP magma, isx104 Pa s,rqy is the crystal radius,

ancAp,_,, the density difference between the crystal awndidi, is 200 kg/my g is

gravitational acceleration. From X-rgT, most crystals in scoria are 0.16 to 0.3 mm in
radius, and the calculatéd} is low (8x10*°to 2.8x10° m/s), implying that most crystals
are sinking together with the melt, not separat€hus, we propose that the high-density,
non-erupted, degassed HP magma can sit abovewhaelasity, volatile-rich LP magma,

that eventually causes the paroxysmal explosions.

Analogue experimental studies on the mixinghef stratified liquids show that a low-
density, low-viscosity liquid rises through a modense, viscous overlying liquid
(Huppert et al., 1986; Thomas et al., 1993). Whwen Miscosity ratio between the two
liquids is >300, the low-density, low-viscosity Uigl flows up in a concentric pipe, and
the high-density, high-viscosity one flows downtla¢ periphery (Stevenson and Blake,
1998). According to Métrich et al. (2001), the wasity ratio between HP and LP magmas
is ~ 7000, therefore a similar flow pattern can dxected at Stromboli. Below the
fragmentation level, magma flow can be describedPbigeuille flow (Kazahaya et al.,
1994):

_ oo

Qup SILIa

(6.3)
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r.C4 _r4 (rc2 _ra2)2] (64)

mp|—|g[ _
on(r /1)

Qdown - 8,Ud
where Qup and Qqown are volume flux of ascending and descending magrspectively,

Ap _, is the density difference between the two magmaandr. are the radius of the

central ascending magma flow and volcano conddiug/4, and gy are the viscosities

of the ascending and descending magmas, respgctiMeé 2003 paroxysmal eruption
produced a mass discharge rate of 2.8 ts1®0%kg/s (Rosi et al., 2006). The fraction of
juvenile material erupted was 0.81. If we consithait the juvenile materials are from the

ascending LP magma that has a density of 1200 %kgfrelt + gas), theiAp,_, =1500

kg/m®; the calculated ascending magma volume flux is 1892434 ni/s, and the
calculated descending magma volume flux is 192P988 ni/s for a conduit radiuk, of

10 m, and 19 to 21 s for a conduit radiug, of 4 m. Our calculations show that the LP
magma flowing up the center of a pipe might effithe transfer LP magma to the
overlying HP viscous magma for a volcano conduiiua between 4 to 10 m, which is
the accepted value for the Stromboli volcano candBtevenson and Blake, 1998).
Paroxysmal explosions are suggested to be genebgted batch of LP magma rising
quickly through the shallow conduit (Métrich et,&005). Analogue experiments show
that bubbles might form plumes or large pocketsaaflesced bubbles because of the high
viscosity of the upper liquid, such plumes or gaskets efficiently transfer exsolved gas
from the low-density, low viscosity liquid to ovgimg viscous liquid (Thomas et al.,
1993). Thus, we propose that LP magma might besfeared through the high density,

viscous HP magma and undergo rapid decompressi@incgparoxysmal explosions.
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Figure 6.1 Relationship between volume fraction of,(H and pressureal and
permeability and depthb]. Solid symbols in Figure b represent the volunaetion HO
above the percolation threshold (Figure reprodutech Bai et al., 2010Journal of
Geophysical Researdty permission of the American Geophysical Union).
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CHAPTER 7: CONCLUSIONS

This work compares bubble formation and growtible sizes and distributions, and
permeability development with porosity in crystedd and crystal-bearing Stromboli
basalts. The results can be used to constrainytienaics of Stromboli volcano eruptions.

Lattice-Boltzmann simulations indicate that ccddited permeabilities are strongly
dependent on the simulation sample size at poessiéiss than ~ 65%, and that lattice-
Boltzmann simulations generally produce higher meilities for small sample sizes
(NLa < 714 to 761.6um). However, the permeability is insensitive to sisulation
sample size in this study when porosities are gretttan ~ 65%. The simulated

permeability is not affected by the grid resoluti@riations over the range investigated.

The permeability and porosity in crystal-fre¢rogboli basaltic magma can be
expressed by a power-law relationshifp) = c (¢)°, wherec = 2.35x 10%° (LB
simulations) andc = 5.33 x 10%* (measurements). The permeability and porosity in
crystal-bearing Stromboli basaltic magma can algo dxpressed by a power-law
relationship:k(¢) = ¢ (9>** wherec = 2.04x 10%° (LB simulations). Bubble sizes and
distributions affect the Darcian permeabiligy and non-Darcian permeability.

Variations ink; andk, with porosity g and bubble diametdd are fit well to the Ergun

2
relation, withk, = 766x10™" (1D ﬁ)z andk, = 2.78><10‘91D—¢. Our results show that at
- 4

porosities above the sphere percolation thresho2§ volume percent, permeabilities are
1 to 2 orders of magnitude higher than in rhyoldarmd dacitic volcanic rocks; the high
permeabilities in these basaltic foams are atteithud a higher bubble interconnectivity

and large bubble apertures due to bubble coalesderibese low viscosity melts.

Both simulations and measurements show thatrégones of flow occur in vesicular
basaltic porous media. One is the Darcian flowmegfo < ~ 0.2 to 1) and the other is a

transitional flow regime (1€0 < 1 to 10). In this second regime, inertial far@egin to
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dominate over viscous forces. The friction facfprderived from the Forchheimer
equations is strongly dependentlenthe pore size, and the pore geometry factorrgela
Fo. The correlations betwedpand Fo from measurements agree well with those from

simulations, where  f, = (111+ 017) +M (measurements) and
0

10+ 001 . . _
f, = (059« 0.49)+F—0 (LB simulations). The variations betwedp and Fo

indicate a gradual change from Darcian to non-Rardiow, rather than an abrupt

change.

Our study also demonstrates that the permaabiliof crystal-bearing Stromboli
basaltic magmas are about 1-2 orders of magnitigleeththan those in aphyric magmas
at porosities of 31.6 to 55.3%. We propose thaiciefit degassing pathways in the
crystal-rich, scoria-producing, shallow Strombolagma results in a degassed magma
that sits above the crystal-poor, volatile-rich bilagma and would descend, the LP
magma flows up in the concentric pipe due to larigeosity differences. Our magma
flux calculations indicate that this type of contrex can efficiently transfer LP magma
and exsolved gas through the overlying degassednBgma, potentially resulting in a

more-violent paroxysmal explosion.

Modelling the depth-permeability relationshgr imagmas with initial concentrations
of H,O from 1 to 4 wt% indicate that high permeabilitpgmas can occur at depths of ~
100 to 2000 m (~ 3 to 600 bar). A gas flow at vgsles of 0.1 to 1 m/s through pore sizes
of ~ 1 mm is in the transition flow regime, and thertial effects should be considered in
modelling degassing at these depths. For a gaswith a velocity over 10 m/s through
porous Stromboli magma with a vesicle size over mrf, Fo can attain values well
above the transition, implying that inertia domiyamon-Darcian flow or turbulent flow

probably prevails in the vesicular magma.

However, in our experimental studies, we did mwvestigate the effect of other
volatiles such as CO S, and Cl on the Stromboli basalt degassing. & hedatiles
comprise a large portion of the volatile budgetha Stromboli magma system (Métrich
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et al., 2001; Bertaginini et al., 2003; Burton kf a007). Future degassing experiments
should be performed with these dissolved volatidso, we did not address the effect of
crystallization, and magma mixing on convectionwssn these two magmas. Future
work should incorporate crystallization and magmzimg on the convection model, then

the oscillation frequency might be more closely ¢chat to the real oscillation frequency

of Stromboli eruptions.
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