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EXTENDED METHODS
Samples and analyses

In this study, we used a Fe-rich nanolite-free natural obsidian (0.11-0.15 wt% H.O; Tuffen and
Castro, 2009) from Hrafntinnuhryggur eruption of Krafla volcano in Iceland and a synthesised
Fe-Ti oxide-nanolite-rich glass with slightly higher water content (0.32 wt% H>0) of the same
composition than the natural obsidian. H>O was determined approximately with Simultaneous
Thermal Analysis (combined Differential Scanning Calorimetry and Thermogravimetry
methods) using a NETZSCH® STA 449C Jupiter at LMU Munich, Germany. Natural obsidian
is a homogeneous glass with very low crystal content (<1 vol.% of Fe-Ti oxide microlites) and
bubble-free. The synthesis was conducted in a Hot Isostatic Press (HIP) at the Rock Physics
and Mechanics Laboratory at the ETH Zurich, Switzerland, using fine powder (<63 pm
diameter particles) of the same natural obsidian from Krafla that was crushed and then put into
stainless-steel canisters internally covered by an Mo film to avoid chemical contamination from
the canister to the powder and melt. The synthesis was conducted at controlled conditions of
pressure (23 MPa) and temperature (800°C) during a 3 hour dwell time and then quenched at
~40°C min’, so that the final glass is completely sintered and the P-T-t conditions and low
water content of the sample allow the Fe-Ti oxide nanolites to form. The final synthesised glass
is a homogeneously thoroughly-sintered sample with very low microlite content (<1 vol.% of
Fe-Ti oxides) and ~2 vol.% of Fe-Ti oxide nanolites in the groundmass. Both staring materials
were drilled out and cut into cylinders of 5 mm-diameter and 3 mm-length in order to conduct

the experiments.

Samples were analysed under the scanning electron microscope (SEM) and a confocal Raman
spectrometer at the LMU and the Mineral State Collection in Munich respectively, in order to
confirm the absence and presence of nanolites in the case of the natural and synthesised samples
respectively. The SEM conditions were 10-12kV, 0.1 mA and 5.5 mm working distance, where
they were clearly visible at magnifications of x13,000 and higher. The Raman analyses were
conducted on the glass of the natural obsidian and the groundmass of the synthesised sample
following recommended conditions (Di Genova et al., 2017b). Nanolite and bubble number
densities, as well as porosities were determined using the image analysis software FOAMS
(Shea et al., 2010a) with binarized SEM images in the case of the synthesized samples and
using in-built analysis functions in Avizo™ with X-ray computed tomography (CT) obtained
with a GE-Instruments™ Phoenix Nanotom-M device from selected nanolite-free samples.

Nanolite-bearing samples were not systematically analysed through CT because of the



maximum spatial resolution that could be obtained according to the required contrast conditions
was 2 um per pixel size and bubble films are in the order of 1 um thick (Fig. 1F). For this
reason, individual bubbles could not be properly separated and no reliable value of N, could be
obtained in 3D, and so we opted to analyse the nanolite-bearing samples using 2D-based

analysis technigques via SEM images.

A key outstanding question is why the natural sample did not have nanolites while the re-
sintered synthetic sample did. We speculate that this is because the natural sample preserves
highly reduced iron oxidation state (Casas et al., 2019), which is not conducive to Fe-Ti nanolite
crystallization (Di Genova et al., 2017b). However, the dwell time at elevated temperature
during re-sintering and synthesis of what became the nanolite-bearing sample provided time for
iron oxidation state equilibration at elevated oxygen fugacity, bringing the sample into the
nanolite crystallization window. However, as we note in the main text, nanolite nucleation

conditions require further investigation.
Experiments

They were conducted isobarically (1 bar) in an Optical Dilatometer at LMU Munich, Germany.
Samples were heated up from ambient temperature (~23°C) at controlled heating rates between
1 and 60 °C min* and kept at final targeted temperatures of 820-1000°C between 0 and 840
minute dwell times. This procedure allows us to record porosity variations with time while
expansion occurs driven by vesiculation. The 2D areas of samples in silhouette cross section
were converted to volume by applying solid of rotation to a cylinder with equivalent area and
height. The size of the cores as well as the position of the samples placed in the optical
dilatometer ensure a homogeneous heating of the sample and precise measurement of the
sample temperatures (+2°C). Porosity calculations were tested through a wide range of
porosities (0.06-0.80) against that obtained with Computed Tomography (CT) analyses of
selected samples and other rhyolitic samples submitted at the same conditions to those in this
study samples. We determined that the error for porosity calculated with the optical dilatometer
is £0.02 (Fig. DR3), which is a good trackable real-time determination of porosity within the

range obtained.
Conduit modelling

The published model of Degruyter et al. (2012) was used in order to show what effect an
increase in the bubble number density can cause in an ascending rhyolitic magma. The original

model code solution was provided by Wim Degruyter. Similar to previous models (e.g. Mastin,



2002), this is a 1-dimensional 2-phase model for steady flow in a volcanic conduit. Crucially,
this model implements the effect of outgassing via the development of magma permeability in
the shallow conduit once magma reaches a critical percolation threshold of porosity. Above this
point, outgassing affects the evolution of gas pressure and is a more realistic model for gas-melt
ascent in the crust than previously achieved ones (c.f. Mastin, 2002). For details of the
governing equations and solution method, we refer the reader to Degruyter et al. (2012). Here

we give the input parameters used in our scenario solution:

We take a conduit of length 5 km, an isothermal magma temperature of 825 °C, an initial
water concentration of 4.27 wt.%, an initial driving pressure of 120 MPa, and an initial bubble
size of 1077 m which are conditions designed to be consistent with an eruption similar to
Chaitén 2008 (based on Castro & Dingwell, 2009). For each model run, we varied the number
density of bubbles in order-of-magnitude steps from N, = 10* mm=3 to N, = 10° mm~3 (6
runs), and we then repeated each suite of those 6 runs for 3 different conduit diameters of C; =
10m, C; = 16 m and C; = 20 m (resulting in a total number of 18 model simulation runs),
which approximately encapsulates the end-member uncertainties on the conduit dimension
feeding eruptions such as the 2008 eruption of Chaitén (e.g. Castro & Dingwell, 2009). For all
other parameters (e.g. initial bubble size, permeability model formulation etc), we used the
default parameters used by Degruyter et al. (2012), which were selected for applications to

similar large silicic eruptions.

In each simulation run, we identify fragmentation as the discontinuous jump in the
output of porosity, pressure, or velocity with depth. These jumps in the output solutions
represent the transition from magma continuum with a disperse gas phase (at large depths in
the conduit) to a gas continuum with a dispersed melt phase (at small depths in the conduit).

This fragmentation transition is not seen in all runs (see main text).
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Figure DR1. Real time vesiculation profiles for: (A) natural (nanolite-free) and (B-C)
synthesised (nanolite-rich) samples, together with the evolution of the ratio of the initial H20
concentration and the H20 solubility. Initital H20 is measured value from STA analyisis (see
Extended Methods), and the H20 solubility is computed using Liu et al. (2005) solubility model
valid for rhyolites and for which 1 bar pressure was input. (C) Represents experiments
conducted with only a heating phase (without dwell time at maximum temperature). Bottom
silhouette images represent the sample images acquired from the optical dilatometer at the
beginning and end (final porosity) of the heating program of a representative sample of each

kind, from which volumes are computed continuously.



0.35

0.30}

H,O Solubility (wt%)
©
&

o
o
G

Figure DR2. Water solubility curve for rhyolitic magmas at 1 atm. Vertical dotted lines show
the glass transition temperature (Tg) for both the synthesised sample and the natural obsidian.
Gray keys show the water exsolved (Awt% H20) in equilibrium conditions dependent of the
final temperature. Black keys show the supersaturation level and hence the amount of water

exsolved in non-equilibrium conditions after crossing Tg during heating. Solubility model of
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Figure DR3. Comparison of porosity determined with optical dilatometer method versus
tomography. 1:1 line is shown as reference. Deviation is 0.02 (or 2 vol.% vesicularity).



Figure DR4. Sample from Kilian volcano (U1) with high N, (=108 mm) and nanolites.
Modified from Colombier et al. (2017b).
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Figure DR5. Gas volume fraction and bubble size evolution for a rhyolitic magma ascending

in a conduit of: (A) 10 m, (B) 16 m, and (C) 20 m diameter. Results are shown varying bubble
number density (N, ) between 10*-10° mm3. Effusive eruptions are in dotted lines and explosive
eruptions in solid lines. Fragmentation level is marked as a grey dotted line. Model used was

that of Degruyter et al. (2012). For details of modeling see main text. Bubble size was calculated

following Cassidy et al. (2018).



Table DR1. Chemical composition of synthesised sample (nanolite-bearing) and natural
obsidian (nanolite-free). Data represents the average of 10 points (n=10) measured on the

groundmass and normalised to a water-free basis.

Oxides (wt%)  Synthesised sample Natural obsidian

SiO; 75.46 75.34
TiO, 0.21 0.26
Al;03 12.17 12.11
FeO' 3.24 3.34
MnO 0.14 0.10
MgO 0.09 0.11
Cao 1.73 1.73
Na,O 4.19 4.28
K,0 2.75 2.72

P20s 0.02 0.01




Table DR2. Bubble number densities for experimental conditions.

Sample Type Heating rate (°C min') Dwell temperature (°C) Nb” (mm?3) Nb®(mm?)
Kb2-OD-03  nanolite-bearing 20 1000 5.95 x 10° -
Kb2-OD-06  nanolite-bearing 30 850 5.58 x 10’ -
Kb2-OD-14  nanolite-bearing 30 845 8.06 x 10’ -
Kb2-OD-15  nanolite-bearing 5 820 8.46 x 10° -
Kb2-OD-16  nanolite-bearing 10 820 1.79 x 10° -
Kb2-OD-18  nanolite-bearing 1 820 5.33x 10° -
Kb2-OD-20  nanolite-bearing 60 820 1.48 x 107 -
Kb2-OD-21  nanolite-bearing 30 820 2.45x 10’ -
Ka-OD-02 nanolite-free 30 950 - 1.47 x 10*
Ka-OD-03 nanolite-free 30 1000 - 7.90x 10°
Ka-OD-04 nanolite-free 30 975 - 6.51 x 10°
Ka-OD-08 nanolite-free 5 1000 2.39x10° -
Ka-OD-10 nanolite-free 20 1000 8.64x10? -
Ka-OD-14 nanolite-free 1 1000 5.97 x 10° -
Ka-OD-17 nanolite-free 30 1000 - 1.52 x 10°
Ka-OD-19 nanolite-free 10 1000 - 1.63 x 101

A Np melt corrected measured with FOAMS (Shea et al., 2010) from 2D SEM-BSE images.

8 Ny, melt corrected measured with Avizo™ from 3D pCT reconstructions.



Table DR3. Reference list for bubble number density data compilation.

Short Reference for Nb

Eruption

Adams et al., 2006a
Adams et al., 2006b
Alfano et al., 2012

Campagnola et al. (2016)

Carey et al., 2009
Cioni et al. 2011
Colombier et al., 2017b
Giachetti et al. 2010
Gurioli et al., 2005
Houghton et al. 2010
Klug & Cashman 1994
Klug et al., 2002
Nakamura 2006
Polacci et al. 2001
Polacci et al., 2003
Rosi et al. 2004
Rotella et al., 2014
Rotella et al., 2014
Rotella et al., 2014
Rotella et al., 2015
Rotella et al., 2015
Rotella et al., 2015
Shea et al., 2010b
Sheaet al., 2012

Shea 2017

Suzuki & Nakada 2002

Novarupta 1912 11-111, Alaska, USA
Novarupta 1912 V R1, Alaska, USA
Chaitén 2008, Chile

Green Tuff Pantelleria 45ka, Italy

Askja 1875, Iceland

Vesuvius 512, Italy

Kilian 9.4 ka, France

Montserrat 1997, UK

Vesuvius 79, Italy

Taupo 181, New Zealand

Mt St Helens 1980, Washington, USA
Mt Mazama 7.7 ka, Oregon, USA
Sakurajima 1914-1915, Japan

Pinatubo 1991, Philippines

Campanian Ignimbrite 39ka, Italy
Quilotoa 800 BP, Ecuador
Raoul-Matatirohia (3.7 ka), New Zealand
Raoul-Oneraki (3.15 ka), New Zealand
Raoul-Fleetwood (2.2 ka), New Zealand
Raoul SW volcano Holocene, New Zealand
Healy (recent), New Zealand

Havre 2012, New Zealand

Vesuvius 79, Italy

Vesuvius 79, Italy

Pinatubo 1991, Philippines + Campanian Ignimbrite 39ka, Italy
Usu 2000, Japan

Céceres et al., 2018
Colombier et al., 2017b
Degruyter et al., 2012
Giachetti et al. 2010
Shea et al., 2010b

Laguna del Maule (rle, rIn) Holocene rhyolitic lava flows, Chile
Kilian 9.4 ka (effusive inferred*), France

Montserrat 1997 (effusive inferred*), UK

Montserrat 1997 (effusive inferred*), UK

Makapu’u 1.8-2.8 Ma, Hawaii, USA

* Inferred values correspond to Ny, only for large bubble population as described in each reference



Table DR4. Reference list for chemical composition in bubble number density data

compilation.
Short Reference for composition Eruption
Coombs & Gardner 2001 Novarupta 1912, Alaska, USA

Fierstein & Hildreth 1992
Alfano et al., 2011

Lanzo et al., 2013
Sigurdsson & Sparks 1981
Cioni etal., 2011
Colombier et al., 2017b
Harford et al., 2003

Cioni et al., 1995

Stokes et al., 1992
Blundy & Cashman 2005
Bacon & Druitt 1988
Nakamura 2006
Rutherford & Devine 1996
Polacci et al., 2003
Stewart & Castro 2016
Rosi et al. 2004

Barker et al., 2013*
Barker et al., 2013*
Barker et al., 2013*
Rotella et al., 2015
Rotella et al., 2015
Rotella et al., 2015
Suzuki & Nakada 2002

Novarupta 1912, Alaska, USA
Chaitén 2008, Chile

Green Tuff Pantelleria 45ka, Italy
Askja 1875, Iceland

Vesuvius 512, Italy

Kilian 9.4 ka, France

Montserrat 1997, UK

Vesuvius 79, Italy

Taupo 181, New Zealand

Mt St Helens 1980, Washington, USA
Mt Mazama 7.7 ka, Oregon, USA
Sakurajima 1914-1915, Japan
Pinatubo 1991, Philippines
Campanian Ignimbrite 39ka, Italy
Quilotoa 800 BP, Ecuador

Quilotoa 800 BP, Ecuador
R-Matatirohia (3.7 ka), New Zealand
R-Oneraki (3.15 ka), New Zealand
R-Fleetwood (2.2 ka), New Zealand

Raoul SW volcano Holocene, New Zealand

Healy (recent), New Zealand
Havre 2012, New Zealand
Usu 2000, Japan

* whole rock composition
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