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Abstract. Understanding the physicochemical conditions ex-
tant and mechanisms operative during explosive volcanism
is essential for reliable forecasting and mitigation of vol-
canic events. Rhyolitic pumices reflect highly vesiculated
magma whose bubbles can serve as a strain indicator for
inferring the state of stress operative immediately prior to
eruptive fragmentation. Obtaining the full kinematic picture
reflected in bubble population geometry has been extremely
difficult, involving dissection of a small number of delicate
samples. The advent of reliable high-resolution tomography
has changed this situation radically. Here we demonstrate
via the use of tomography how a statistically powerful pic-
ture of the shapes and connectivity of thousands of individ-
ual bubbles within a single sample of tube pumice emerges.
The strain record of tube pumice is modelled using empirical
models of bubble geometry and liquid rheology, reliant on a
constraint of magmatic water concentration. FTIR analysis
reveals an imbalance in water speciation, suggesting post-
eruption hydration, further supported by hydrogen and oxy-
gen isotope measurements. Our work demonstrates that the
strain recorded in the tube pumice dominated by simple shear
(not pure shear) in the late deformational history of vesicular
magma before eruption. This constraint in turn implies that
magma ascent is conditioned by a velocity gradient (across
the conduit) at the point of origin of tube pumice. Magma
ascent accompanied by simple shear should enhance high
eruption rates inferred independently for these highly viscous
systems.

1 Introduction

Upon  nucleation, bubbles may grow, deform
(stretch/collapse), coalesce, and burst (Proussevitch and
Sahagian, 1998; Proussevitch et al., 1993). This spectrum
of behaviour expresses the variable state of stress in the
magma column (Rust et al., 2003) and controls the evolution
of the permeable porous network (Ashwell et al., 2015;
Caricchi et al., 2011; Kendrick et al., 2013; Lavallée et al.,
2013; Okumura et al., 2008; Pistone et al., 2012; Rust and
Cashman, 2004; Wright et al., 2006; Wright and Weinberg,
2009), which regulates degassing, and thus internal pressure
build-up required for fragmentation (Rust and Cashman,
2011; Sahagian, 1999). Details of the porous network in
volcanic conduits are conventionally inferred from the
characteristics of explosive eruptive products frozen-in upon
fragmentation at the glass transition. This information has
enabled the elaboration of elegant magma ascent models,
including mechanical strain simulations (Neuberg et al.,
2006; Papale, 1999), permeable, porous network models
(Collinson and Neuberg, 2012; Klug and Cashman, 1996),
and fragmentation criteria (Koyaguchi et al., 2008; Spieler
et al., 2004). Of all volcanic products, tube pumices (also
termed fibrous or woody pumices) display one of the most
spectacular porous network configurations (e.g. Wright et
al., 2006). Their structure is made up of a collated amal-
gamation of elongate bubbles separated by extremely thin
glassy walls, questioning our understanding of the kinetics
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Figure 1. Eruptive shearing. Schematic view of magma shear-
ing during eruptions. Strain localization along the conduit margins
promotes a heterogeneous velocity gradient, which induces sim-
ple shearing (blue) and stretching of bubbles (white ellipses). In
the core of the magma column, a relatively low-velocity gradient
leaves the bubbles mostly undisturbed and near isotropic. Relatively
rapid decompression increases bubble pressure, which, if exceed-
ing the magmastatic pressure, will force the bubbles into a tensional
regime, which may promote pure shear. The deformed bubble shape
can be characterized by the semi-principle axes of a best-fit ellipsoid
1, b, and ¢ (modified from Rust et al., 2003).

underlying volcanic eruptions at the point of fragmentation
of such particular bubble-rich magmas.

Tube pumices have been postulated to offer a unique strain
marker of the ductile-brittle processes enacted at fragmenta-
tion (Marti et al., 1999). However, the dilemma posed by tube
pumices is that of stress and strain distribution inside vol-
canic conduits (Fig. 1). Fundamentally, do pores stretch due
to pure shear or simple shear? Such contrasting strain me-
chanics may underline equally contrasting magma ascent dy-
namics. For instance, pure shear may be favoured in a regime
where the ascent rate increase, stretching the bubbles in the
flow direction (Bouvet De Maisonneuve et al., 2013; Mader
et al.,, 1996). Alternatively, simple shear may be favoured
in a regime where velocity gradient in areas of strain local-
ization along the conduit margin may stretch bubbles (Po-
lacci, 2005). Thus the mechanisms causing tube pumice hold
key tensorial information necessary to assess conduit flow
mechanics. To resolve this dispute, we employ capabilities
recently gained through advances in neutron computed to-
mography (NCT) to reconstruct the porous network of tube
pumice in unprecedented detail.
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Figure 2. (a) Location of the Ramadas Volcanic Centre (RVC)
in the Altiplano—Puna Plateau, Argentina. (b) Photograph of
the Ramadas tube pumice studied here. The sample is about
40 x 40 x 35 mm? in dimension; 20 mm diameter coin for scale.

2 Tube pumice of the Ramadas Volcanic Centre (RVC)

The RVC is located in the Altiplano—Puna Plateau of the
Central Andes, in north-western Argentina (Casas et al.,
1995; Gauthier et al., 1994; Marti et al., 1999; Tait et al.,
2009; Viramonte et al., 1984), near the township of San An-
tonio de los Cobres (Fig. 2a). Formed 8.7 Ma ago, the RVC is
composed of a 4 x 3 km amphitheatre defined by the remains
of rhyolitic domes and proximal pyroclastic deposits, set
within uplifted Precambrian—-Lower Cambrian metasedimen-
tary rocks of the Puncoviscana Formation, and a widespread
sequence of pyroclastic deposits mostly emplaced to the east
from that vent area. Due to a lack of clear and continuous ex-
posure, the vent boundaries are largely inferred from facies
relationships (Tait et al., 2009; Viramonte et al., 1984) and
geophysical gravimetric modelling (Casas et al., 1995).

Recent studies suggest that the Ramadas pyroclastic de-
posits were produced during an extremely explosive Plinian-
scale eruption from a flaring point source vent structure (Tait
et al., 2009). The RVC has erupted a complex suite of rhy-
olitic pyroclastic and coherent volcanic rocks, dominated by
thick, Plinian pumice fall deposits, with subordinate inter-
calated pyroclastic surge and ignimbrite deposits, represent-
ing more than 35 km? (DRE) of juvenile material (Tait et al.,
2009). A particular characteristic of the Ramadas pumice fall
deposits is the ubiquity of tube pumices (Fig. 2b).

The pumices are composed of angular lapilli, all of which
exhibit a texture composed of tubular bubbles (Marti et al.,
1999). The tube pumices come in two types: 60 % of the
clasts are undeformed and 40 % of the clasts show signs
of deformation. (Note that in Marti et al. (1999) the unde-
formed and deformed pumice are referred to as unsheared
and sheared; here we favour the use of undeformed and de-
formed to avoid confusion with the description of the shear
mode which formed the bubble structures.) The porosity of
the undeformed pumice has been estimated at 49-64 vol %,
whereas the deformed tube pumice reaches 63-78 vol %
(Marti et al., 1999). The stretched nature of undeformed
tube pumice pores exhibit variable connectivity achieving
an anisotropic permeability ranging from ~ 1078 m? along
the stretching axis to 107'3 m? in the orthogonal direction
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Table 1. Average normalized chemical analysis of Ramadas obsid-
ian rocks from Gauthier (1994).

Oxides Weight (%)
SiO, 75.47
Al,O3 14.02
Na,O 3.85
K,O 4.78
MgO 0.01
CaO 0.56
TiOy 0.01
FeOyot (T) 1.12
MnO 0.11
P>0s5 0.05
Total 100.00

(Wright et al., 2006). In contrast, the deformed pumice ex-
hibit localized kink bands, or box folds, characterized by
couples of parallel dextral and sinistral shear planes, cross-
cutting the main pore structure at an angle of 45° (Marti et
al., 1999) and thus providing evidence of a late-stage defor-
mation.

All pumices present in the deposits show very similar mor-
phological and textural characteristics — in terms of bubble
size, maximum stretching of bubbles, and thickness of the
bubble walls — at both, macroscopic and microscopic scales.
The sample investigated below (Fig. 2b) comes from a pop-
ulation of 200 samples, which correspond to the most pris-
tine of all the samples collected in five field seasons between
1985 and 2009. These 200 samples were selected because
they were not partially altered or devitrified due to post-
depositional processes. The sample analysed in this study is
representative of the eruptive products in these highly ho-
mogeneous deposits of Ramadas volcano. There is no sig-
nificant textural variability apart from the existence of the
aforementioned shear deformation in some of them. The re-
markable constancy of the kinematic features of the Ramadas
tube pumices is in fact what makes this choice of pumice so
appropriate for the analysis and conclusions presented in the
present study.

3 Chemical properties of tube pumice

Extensive petrologic characterization of the eruptive prod-
ucts provides us with parameters to constrain their rheo-
logical behaviour (e.g. Gauthier et al., 1994). The Ramadas
fallout pumices are peraluminous rhyolite (Table 1). They
are mostly aphyric, but the minor presence of freshly pre-
served pyralspite garnets has been used to constrain start-
ing pre-eruptive conditions to 250-300 MPa and 860-875 °C
(Gauthier et al., 1994). The rheological analysis described
below requires first a detailed understanding of water con-
centration present in the melt at the point of fragmentation.

www.solid-earth.net/7/1383/2016/
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This was achieved via a combination of Fourier transform in-
frared analysis (FTIR) and stable hydrogen and oxygen iso-
tope analysis.

3.1 Water speciation in the Ramadas pumice

The water content present in the tube pumice was quantified
via micro-FTIR spectroscopy using a Varian FTS Stingray
7000 Micro Image Analyzer spectrometer at the Institute
for Research on Earth Evolution (IFREE), Japan Agency for
Marine Earth Science and Technology (JAMSTEC). Spectra
were collected over 512 scans at a resolution of 8 cm ™! using
a heated ceramic (globar) infrared source and a Ge-coated
KBr beam splitter. A UMA 600 microscope was coupled to
the spectrometer to permit precise focusing of the beam on
the area of interest. The beam path within the spectrome-
ter bench and microscope was continuously purged with N»
gas and the laboratory was kept as dry as possible to mini-
mize any interference from the atmosphere. The glass shards
were placed on a HyO-free IR-invisible KBr disk and spec-
tra were extracted from 350 x 350 um spectroscopic images,
collected with a Varian Inc. Lancer Focal Plane Array (FPA)
camera. The FPA camera consists of a MCT array detector
with 4096 channels (64 x 64), which collect spectra over the
spectral range 4000-900 cm™!. This setup offers a channel
(or spectral) resolution of 5.5 um. Any of the 4096 spectra
from the image could be extracted for individual treatment.
(For a more detailed discussion of spectroscopic imaging and
the setup see Wysoczanski and Tani, 2006).

The perfect plane-parallel nature of tube pumices’ bubble
walls mean that the fragmented glass shards require mini-
mal sample preparation to meet the requirements to be able
to conduct micro-FTIR spectroscopy, as the bubble walls are
naturally smooth and perfectly flat. The area where one bub-
ble wall intersected another bubble wall was not considered
as it was not possible to ensure a constant thickness for these
minuscule samples. Two samples were selected for image
and spot (n = 25) FTIR analysis. Absorbance at the 1628 and
3567 cm™! peaks was used to derive molecular H,O contents
(hereafter termed HyOy,) and total HyO content (hereafter
termed H,Oy), which includes HoOp, as well as OH™ species
using the modified Beer—Lambert law:

C Mi-A
T ped-g’

Ci ey
where ¢; is the concentration of the species i (in wt %), M; is
the molecular weight of the species of i (gmol~!), A is the
absorbance of the relevant vibration band, p is the sample
density (gL ™), d is the thickness of the area analysed (cm),
and ¢ is the molar absorptivity (L mol~' cm™!). Absorbance
was measured as the height of the peaks above a linear base-
line. Sample density was calculated from the oxide composi-
tion of the glass, measured by electron probe micro-analysis
(e.g. Lange, 1997). The thickness of the glass shards was es-
timated optically using a Zeiss micrometre. Molar absorptiv-

Solid Earth, 7, 1383-1393, 2016



1386

() (b)

Figure 3. Water distribution in two bubble wall fragments: (a—
b) TPRT1 and (c-d) TPRT2. (a) and (c¢) show absorbance of
the 3567 cm™! band, and (b) and (d) show absorbance of the
1628 cm™! band. The composite reconstruction is made of FTIR
images of 350 x 350 um (for each box). Note that the red areas sug-
gest high water concentration but reflect thicker glass due to the
intersection of two bubble walls; here, we use the homogeneous yel-
low distribution in the parallel portion of the bubble wall (for which
we measured the thickness) to determine water concentration.

ity coefficients of 55Lmol~!cm™! (Newman et al., 1986)
for the 1628 cm™! H,Oy, peak and 90 L mol~' em™! (Hauri
et al., 2002) for the 3567 cm™! H,O; peak were used.

Volatile distribution images obtained with the FPA cam-
era reveal the homogeneity of water speciation (Fig. 3). Thin
bands with higher concentration are where a second bubble
wall, orthogonal to the plane of view, intersects the main bub-
ble wall. Computation of the water speciation indicates the
presence of 4.78-5.49 wt % H, Oy, of which ~ 85 % is molec-
ular (Table 2). When compared to the equilibrium model of
water speciation for rhyolite compositions (Zhang, 1999), the
obtained water concentration (Fig. 4) shows disequilibrium,
which suggests post-emplacement hydration by meteoric wa-
ter (e.g. Denton et al., 2009). In order to confirm this we anal-
ysed the oxygen and hydrogen isotope compositions of the
samples, which also provides further information on the ori-
gin of the meteoric water.

3.2 Stable H and O isotope in Ramadas pumice
Stable isotope measurements on two tube pumice samples,
one unaltered and the other slightly weathered, were per-

formed at the University of Lausanne, Switzerland. Hydro-
gen isotope compositions were determined using a high-
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temperature (1450 °C) reduction method with He carrier gas
and a TC-EA linked to a Delta Plus XL mass spectrometer
from Thermo-Finnigan on 2 to 5mg sized samples (Sharp
et al., 2001). Each sample was measured three times. Hy-
drogen contents were calculated from hydrogen voltage sig-
nals, sample weights, and a calibration curve and are ex-
pressed as weight percent water. They have an accuracy of
about £0.08 wt % H>O. Oxygen was extracted from 0.5 to
2mg of sample by heating with a CO; laser in a F» atmo-
sphere of 50 mbar (Kasemann et al., 2001; Sharp, 1990).
An overnight prefluorination step was conducted to remove
easily exchangeable, surface-bound water. The extracted O»
was collected on a molecular sieve (5A) and subsequently
expanded into a Finnigan MAT 253 dual-inlet isotope ratio
mass spectrometer. The results are given in the standard §
notation expressed relative to Vienna Standard Mean Ocean
Water (VSMOW) in per mille (%o). The accuracy was better
than 2 %o for hydrogen and better than £0.2 %o for oxygen
isotope analyses.

The fresh tube pumice sample has a § 180VSM0W value
of 14.0 %0 and §Dysmow values are —129 == 2 %o, while the
slightly weathered sample is somewhat isotopically lighter
with 13.1+0.2 for oxygen and —135 %2 %o for hydrogen
isotope values (Table 3). The water contents are 4.85 wt %
for the fresh and 5.00 wt % for the slightly weathered sam-
ple. The oxygen and hydrogen isotope data are not consis-
tent with an undegassed primary magmatic isotope signature
(Goff and McMurtry, 2000; Sheppard et al., 1969). They plot
in a §'80-38D diagram (Fig. 5) close to the hydrated volcanic
glass line (HVGL) of Taylor (1968). This line corresponds
to isotope compositions of hydrated acidic glasses in equi-
librium with meteoric waters at low temperatures (~ 20 °C).
We note that this does not necessarily imply that anhydrous
glasses were hydrated at ambient temperatures (Cerling et
al., 1985; Taylor, 1968). It is possible that glasses that were
hydrated at high temperatures and re-equilibrated with mete-
oric waters at low temperatures due to diffusive isotope ex-
change over timescales of tens of thousands to about 1 mil-
lion years (Gilg and Sheppard, 1999). The isotope composi-
tion of waters on the global meteoric water line in equilib-
rium the two glass samples can be calculated using the equi-
librium isotope fractionation factors of Taylor (1968) and
Friedman et al. (1993) and are —12 for §'30 and —90 %o for
8D (Fig. 5). These values are higher than the local average
meteoric waters at an elevation of about 3800 m above sea
level (~ —15%o/ — 110%o; Fernandez et al., 1991; Hoke et
al., 2009; Quade et al., 2007; Sharp et al., 2001). This dif-
ference indicates the glasses were isotopically equilibrated
at lower elevations than they are at today, consistent with the
uplift history of the Altiplano (Garzione et al., 2008).

3.3 Magmatic water content at fragmentation

Concluding that most of the water measured in the pumice
is derived from post-eruption hydration by meteoric waters,
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Table 2. Water content estimated by FTIR using a glass density of 2350gL_1, absorption coefficients of 55 (at 1630cm™1!) and 90 (at
3700 cm™! ), and sample thicknesses of 11.5 microns (TPRT-1) and 8.5 microns (TPRT-2).

Weight percents

Sample Image Row Column OH™ Mol HO  Total H,O Estimated

1630cm™!  3500cm™! magmatic HyO
TPRT-1 A 4 48  0.88 434 5.22 1.19
TPRT-1 A 10 46  0.80 4.46 5.26 1.05
TPRT-1 A 18 50  0.68 4.87 5.55 0.85
TPRT-1 A 30 53 063 5.01 5.64 0.76
TPRT-1 A 39 55 0.65 4.74 5.39 0.80
TPRT-1 B 58 44 0.69 4.78 5.46 0.86
TPRT-1 B 2 33 072 474 5.46 0.92
TPRT-1 B 9 34 078 4.66 5.44 1.03
TPRT-1 B 47 41 0.79 4.90 5.69 1.04
TPRT-1 B 16 35  0.65 4.95 5.59 0.79
TPRT-1 C 22 25 0.82 4.81 5.64 1.09
TPRT-1 C 41 30 0.79 4.84 5.63 1.04
TPRT-1 C 55 35 072 478 5.49 0.91
TPRT-1 C 10 24 0.69 4.79 5.48 0.86
TPRT-1 C 26 30 059 4.93 5.52 0.69
TPRT-1 D 9 35 054 4.87 5.41 0.60
TPRT-1 D 18 43 0.72 4.84 5.55 0.91
TPRT-1 D 53 52 0.67 4.87 5.55 0.83
TPRT-1 D 30 43 0.66 4.89 5.55 0.81
TPRT-1 D 2 36 0.89 4.83 5.71 1.20
TPRT-1 E 11 32 0.66 4.89 5.55 0.81
TPRT-1 E 23 36 0.65 4.90 5.55 0.79
TPRT-1 E 37 33 023 4.97 5.21 0.08
TPRT-1 E 47 36 052 4.89 5.40 0.56
TPRT-1 E 59 38 078 4.62 5.39 1.01
Average 0.69 4.81 5.49 0.86
TPRT-2 A 28 20 092 3.72 4.64 1.26
TPRT-2 A 30 22 0.85 3.76 4.60 1.13
TPRT-2 A 23 32 092 3.59 451 1.26
TPRT-2 A 21 33 073 3.97 4.70 0.92
TPRT-2 A 21 21 0.79 4.08 4.87 1.03
TPRT-2 B 38 16  0.79 3.79 4.58 1.04
TPRT-2 B 34 11 0.78 4.07 4.85 1.02
TPRT-2 B 15 45  0.81 3.97 4.78 1.06
TPRT-2 B 8 52 0.96 3.90 4.86 1.32
TPRT-2 B 22 31 0.64 4.15 4.79 0.77
TPRT-2 B 18 38  0.67 3.46 4.13 0.83
TPRT-2 C 30 16 073 3.35 4.08 0.94
TPRT-2 C 26 24 081 4.10 491 1.07
TPRT-2 C 23 37 058 4.05 4.63 0.68
TPRT-2 C 16 51  0.63 3.94 4.56 0.75
TPRT-2 C 10 58 0.85 4.36 5.22 1.15
TPRT-2 D 31 10 0.80 4.02 4.82 1.05
TPRT-2 D 20 37  0.68 423 491 0.84
TPRT-2 D 12 52 0.81 4.13 4.94 1.06
TPRT-2 D 26 23 0.86 4.02 4.88 1.16
TPRT-2 D 19 41 0.69 4.20 4.89 0.86
TPRT-2 E 12 50 0.74 425 4.99 0.96
TPRT-2 E 15 45 078 4.18 4.96 1.02
TPRT-2 E 20 35 077 4.30 5.06 0.99
TPRT-2 E 17 44 0.68 4.28 4.96 0.85
TPRT-2 E 24 33 091 423 5.15 1.25
Average 0.78 4.00 4.78 1.01
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Figure 4. Speciation of water for bubble wall samples (a) TPRT1
and (b) TPRT2, plotted against the equilibrium speciation model
for rhyolites of Zhang (1999). (¢) Total magmatic water extrapo-
lated from the OH™ concentrations measured by FTIR using the
equilibrium speciation model for rhyolites of Zhang (1999).

we turn to the water speciation equilibrium law for rhyolite
compositions (i.e. Zhang, 1999) in order to estimate the orig-
inal magmatic water content at the point of fragmentation.
Post-eruption hydration is believed to add molecular water
without altering the concentration of the OH group locked in
the structure of a glass (Denton et al., 2009). Thus we can
use the concentration of OH™ species to extrapolate the to-
tal magmatic molecular water assuming equilibrium specia-
tion (Fig. 4c). Here, the OH™ species concentration of 0.69—
0.78 wt % is used in the water speciation equilibrium law of
Zhang (1999) to constrain a total magmatic water content of
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Table 3. H and O isotope information.

Sample §'80ysmow  SDvsmow H
(%o) (%) (Wt% Hy0)
JIMRAML 14.0 —127 4.81
(fresh) —131 4.83
—131 4.91
IMRAM W 12.9 —135 5.06
(weathered) 13.3 —133 5.07
—136 4.89
T T T T T T /7
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6I8Ov-s,Mow (%0)

Figure 5. Oxygen and hydrogen isotope composition of tube
pumice, meteoric waters in equilibrium with the glasses, and
present-day local meteoric waters. Primary magmatic waters from
Sheppard et al. (1969); degassing trend (green arrow) from Tay-
lor et al. (1983); HVGL is hydrated volcanic glass line from Tay-
lor (1968); grey circles are hydrated silicic volcanic glasses from
Taylor (1968), Cerling et al. (1985), and Compton et al. (1999);
SMOW is the Standard Mean Ocean Water; GMWL is the Global
Meteoric Water Line.

approximately 0.86—1.01 wt %, which could indicate a pres-
sure as low as 10 MPa. Together with the geochemical com-
position provided by Gauthier (1994), the water concentra-
tion can be used as first-order constraint for the calculation
of the rheological properties of the tube pumice necessary at
the point of fragmentation to constrain the underlying shear-
ing regime.

4 Porous network analysis

Advance in nondestructive tomographic imaging has pro-
vided us with a key tool to detail the internal porous struc-
ture of volcanic rocks (Ashwell et al., 2015; Bai et al., 2011;
Baker et al., 2012; Degruyter et al., 2010; Lavallée et al.,
2013; Okumura et al., 2008; Wright et al., 2006). Here, the
internal structure of the tube pumice was imaged in 3-D us-
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Figure 6. Neutron computed tomography (NCT) reconstruction of
the tube pumice showing the internal structure of the tubular texture
(a) in parallel and (b) perpendicular cross sections. (¢) Rendering
of a sub-volume taken from the tube pumice NCT. (d) Cutaway of
the rendering shown in (c), revealing some of the internal structure
of the sub-volume. (e) A false-colour composite showing the re-
sult of the segmentation algorithm. Here each pore has been colour-
coded based on its volume, with small pores shaded blue increasing
through the colour spectrum to large pores, which are shaded red;
voxel size is 51.2 x 51.2 x 51.2 um?3.

ing NCT at the ANTARES beamline (FRM-II) in Garching,
Germany (Hess et al., 2011). 800 single radiographs were
taken by rotating the sample each time by 0.45° with an ex-
posure time of 50s at a collimation of 800 (ratio of beam
flight length to pinhole diameter). The neutron beam inter-
action with the sample was detected by a 100 um thick neu-
tron sensitive scintillation screen (ZnS + LiF). The resulting
set of radiographs was then reconstructed using the inverse
radon transformation (Deans, 2007) to generate a 3-D image
of the local attenuation within the object with a voxel size
51.23 um? (Fig. 6).

The resulting dataset (>12000 bubbles) was then seg-
mented using a watershed algorithm acting on the attenuation
gradient in order to accurately map the pores’ size, shape,
and orientation (Fig. 6; see Supplement). Except where the
bubble coalesced (which were discarded for the analysis be-
low), bubble walls are generally observed to form a perfectly
closed shell around each pore (Fig. 6¢c—). The pores were
characterized in terms of their volumes, aspect ratio (//a), el-
lipticity (1 —c/b), orientation (6), and undeformed radius (a)
(Fig. 7). Each pore was characterized using a least-squares
ellipsoid fit. This fitting was performed in an automatic fash-
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ion using the labelled regions and edges determined by the
segmentation algorithm. The quality of the fitting was man-
ually evaluated by overlaying the fitted ellipsoid and edge
voxels. Poor ellipsoid fits, often due to bubble coalescence,
were excluded.

The observed geometry of the pore space was numerically
modelled to constrain the conditions of strain rate in the con-
duits, considering the overprint by post-fragmentation relax-
ation. The steady shapes and orientations of bubbles in a vis-
cous Newtonian fluid deforming via simple or pure shear can
be expressed as a function of the capillary number (Ca):

_ aGus
T

Ca

, 2)

where a is the undeformed bubble radius, and G, ug, and I’
are the shear rate, the shear viscosity, and the surface tension
of the magma, respectively.

The surface tension of peraluminous silicate liquid at
1 kbar pressure (Bagdassarov et al., 2000) can be expressed
as functions of temperature (7') and measured total magmatic
water content (w = 1.0 wt %):

—11323.7
r = — +179.17. 3)

Similarly, the shear viscosity of peraluminous silicate liquid
can be estimated via (Hess and Dingwell, 1996)

9601 — 2368 Inw

log s = —3.545+0.833Inw + 0000 MW
OB Hs + Mt T 957 —nw

“4)
The undeformed bubble radius is calculated from the voxel
volume of each pore (V) via

3 1/3
a— (Ev) . 5)

However, the reconstructed bubbles preserved in the tube
pumice may not directly reflect the bubbles present in the
conduit upon fragmentation; that is, after fragmentation, the
liquid in the bubble walls may have some time to relax and
the bubble may regain a spherical shape before the eruptive
products freeze in at the glass transition. The effect of re-
laxation time () on bubble radius has been experimentally
determined to be

l—a —0.67T't
—oxp (2297 ©)

li—a apg

where £ is the current major radius of the bubble and ¢; is
the initial major radius (Rust and Manga, 2002). Although
the experimental calibration of these relations has been per-
formed at lower bulk vesicularity than is exhibited here, the
precedent of applying this treatment at similar levels of vesic-
ularities is well established in the recent literature (Moitra et
al., 2013). We note that an experimental calibration at higher
vesicularities, using controlled deformation experiments, is
clearly a priority for the future.
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Figure 7. Parameterization of pores: (a) geometry used to parameterize the pores; distribution of the frequency of pores identified with
(b) different orientation and (c) ellipticity. Note that the 6 angle is obtained as one of the fitting parameters for the ellipsoid and that the zero
angle is chosen arbitrarily. The figure shows that the horizontal cross sections of the bubbles are strongly aligned.

Table 4. Bubble deformation and orientation for pure shear and simple shear scenarios as compiled by Rust et al. (2003) and references
therein. b, ¢, and [ are the semi-principal axes of the deformed bubbles (see Fig. 7a). D = (I — b) /(I + b).

Geometrical conditions Pure shear Simple shear

Bubble deformation: Ca<<1 D =2Ca D=Ca

Bubble deformation: I/a>>1 [/a=16Ca%** 1/a=3.45Cal/?

Bubble orientation: Ca <<'1 60=0

Bubble orientation: [ /a >> 1 0=0 6 =tan! (0.359 Ca73/4)

* The constant of proportionality in the bubble deformation equation for //a >> 1 assumes that

P/Gus =2, where P is the pressure in the bubble.

In our post-fragmentation bubble relaxation analysis, we
assume that the temperature of the liquid in the tube pumice
follows the Newtonian cooling law:

T =(T; — Teny) ek + Tenv, @)

where T; is the initial temperature (set by geothermometry
at 860-875°C), Tepy is the temperature of the environment
(20°C), and k is the characteristic cooling rate defined by
the following cooling rate experiment. A thermocouple was
embedded in the centre of the tube pumice block used for
tomography that was then subjected to cooling from 850 °C
to room temperature while recording upon removal from the
furnace; using Eq. (7) the characteristic cooling rate was con-
strained to 10749 571,

Equations (2) through (7) provides us with the framework
to constrain the capillary number of bubbly magmas, which
may be assessed for bubble orientation and deformation in
pure or simple shear flows for high- and low-deformation
regimes (Table 4; Rust et al., 2003). We ultimately obtain
expressions for the evolution of bubbles’ shape and orien-
tations. Extrapolation of these expressions to an arbitrarily
large time allows the shape and orientation of pores in a tube
pumice formed under each shear scenario to be predicted.

Solid Earth, 7, 1383-1393, 2016

The 3-D dataset reveals that the major axis length varies
with the undeformed bubble radius (Fig. 8). From the me-
chanical scenarios that we have envisaged, the largest bub-
bles in a pure shear regime would implicitly stretch with the
flow direction, whereas in a simple shear regime they would
stretch according to the local stress, which will not neces-
sarily be parallel to the flow direction. It is thus abundantly
evident (Fig. 8a) that the bubble orientation matches the ex-
pected distribution from a simple shear mechanism, best con-
strained by a strain rate of 10~2 s~!. Numerically, it was only
possible to fit the observed bubble elongation using a simple
shear model, whereas pure shear failed to fit some of the ob-
servations, unless considering a cooling rate of infinity. In the
simple shear model, we observe that internal heat transport
can account for the entire data distribution (Fig. 8b). Thus
the model indicates that simple shear controls the late fate of
the porous network of the tube pumice immediately preced-
ing explosive fragmentation.

5 Simple shear in volcanic conduits

The dominance of simple shear in the generation of tube
pumice of the Ramadas Plinian phase speaks of its signif-
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Figure 8. Bubble geometry population and shear models. Bub-
ble geometry distribution compared to (a) the best fit for simple
(red) and pure shear (green). (b) The fitting curves for simple shear
evolving using our constraints of the characteristic cooling rate of
10~49s~! and a strain rate of 107251, Applying a cooling rate
profile across the sample explains the data distribution. The best fit
for pure shear requires a nonphysical, infinitely fast, cooling rate;
a realistic cooling rate pushes the modelled bubble length to below
the imaged population, rejecting the possibility that pure shear in-
duced the porous structure of the tube pumice.

icance in the magma column. Geometrically, we may view
tube pumice as an estimate of the simple shear in the conduit
flow. In a mechanistic sense, this simple shear strain drives
the extremely fast ascent rates prior to fragmentation (Castro
and Dingwell, 2009). Indeed, the formation of tube pumice
in marginal areas of strain localization suggests that the prin-
cipal stress was subparallel to flow direction and not parallel,
as proposed in our previous study (Marti et al., 1999).

The preservation of kink bands forming angular box folds
in the pumice further highlights the need for fluctuations in
compressional deformation axial to the stretching direction
of the bubbles. Whereas the stretched bubbles record the per-
vasive, or ductile, nature of deformation in the marginal areas
of a plug flow, the kink bands, with their localized character
akin to a box fold, entail a stronger and presumably shorter
compressional event in the direction of a highly anisotropic
medium. Here we speculate that their triggering mechanism
is the very-late-stage passage of shock fronts generated dur-
ing the explosions accompanying fragmentation, as an earlier
generation of kink bands would have been subjected to fur-
ther deformation and offsetting, although other unexplored
mechanisms of very-late-stage generation might be feasible.

If tube pumices are indeed a strain marker of the ductile—
brittle transition of magma upon fragmentation, they may
thus provide us with the information required to reconstruct
the shearing mode distribution that drives explosive erup-
tions. Increased simple shearing of the bubble network may
eventually accentuate the permeability and vertical degassing
of the magma in the conduit (Wright et al., 2006; Wright and
Weinberg, 2009). The effects of such shearing in the conduit
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may favour a shift of the fragmentation level in the magma
column to greater depths and higher pressures. Upon frag-
mentation, compressive shocks released in the marginal mag-
mas may generate kinks, which offset the tubular bubbles and
upset the degassing network, subsequently leading to frag-
mentation and generation of tube pumices. We conclude that
an overlying and overriding simple shear strain in magma
(accompanied in this case by kink band generation) is a ma-
jor regulator of ascent dynamics and fragmentation front sta-
bilization. Major kinematic campaigns of eruptive products
will be necessary in order to perform the global comparison
of eruptive dynamics unlocked by these techniques.

6 Data availability

Data can be access upon request to Kai-Uwe Hess at
hess@Imu.de

The Supplement related to this article is available online
at doi:10.5194/se-7-1383-2016-supplement.
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