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Abstract

Water degassing plays a major role in magma transport and eruption by increasing liquidus temperatures, bubble and crystal
volume fractions, and strongly affecting the viscosity of bulk magma. High spatial resolution textural analysis detailing the
dynamics of bubble and crystal growth is key to unravelling the swift changes in magma crystallinity and gas content that
affect the conditions of magma flow, fragmentation, and eruption. Ex situ observation of samples from a previous experimen-
tal study of magma degassing reveals that vesicles are surrounded by chemically heterogeneous residual glass that may be
produced by newly formed minerals that are not observable at the microscale. Here, we present new in situ high-temperature
(500-1100 °C), time-elapsed (every ~ 20 min at 200-800 °C, ~ 10 min at 900-1000 °C, and ~ 5 min at 1100 °C) observations
of degassing of synthesised, hydrous (4.2 wt.% H,0) dacite glasses using scanning transmission electron microscopy at
0.4 nm resolution. The experiments reproduce degassing of a silicic melt by high-temperature heated stage mounted in the
analytical instrument. We monitor the dynamics of nucleation and growth of nanobubbles that experience coalescence and
formation of microbubbles and trigger the nucleation and growth of nanolites of plagioclase, clinopyroxene, Fe-Ti oxides, and
quartz, at the expense of the residual melt. The ability to image degassing and crystallisation at nanoscale reveals a sequence
of complex physical and chemical changes of the residual melt and shows that the kinetics of crystallisation in silicic melts
is modulated by the melt’s ability to exsolve fluids that help form mineral nuclei and nanolites. Finally, we highlight that the
competition between gas retention and crystallisation is initiated at the nanoscale and may anticipate the role of microlites
in controlling rates of magma ascent in a volcanic conduit and modulating the style of the consequent volcanic eruption.
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Introduction

Communicated by Gordon Moore. . .
Gas exsolution or degassing controls the ascent and erup-

tion of magmas (e.g., Melnik and Sparks 1999; Barmin

< Mattia Pistone

Mattia.Pistone @uga.edu

Department of Geology, University of Georgia, Franklin
College of Arts and Sciences, Geography-Geology Building,
210 Field Street, Athens, GA 30602-2501, USA

Georgia Electron Microscopy Center, University of Georgia,
Interdisciplinary STEM Research Building, 1, 302 East
Campus Road, Athens, GA 30602, USA

Department of Earth and Planetary Sciences, The University
of Texas at San Antonio, One UTSA Circle, San Antonio,
TX 78249, USA

Department of Geological Sciences, University of Missouri,
101 Geological Sciences, Columbia, MO 65211-1380, USA

Department of Mineral Sciences, National Museum
of Natural History, Smithsonian Institution, 10th Street and
Constitution Avenue NW, Washington, DC 20560, USA

et al. 2002). Degassing produces gas bubbles that, if they
are retained, can increase magma pressurisation (Sparks
1997; Girona et al. 2014), and facilitate magma flow if bub-
bles are deformable (at capillary number, Ca > 1; Llewel-
lin et al. 2002; Llewellin and Manga 2005; Truby et al.
2015), which allow even near-solidus magma bodies to be
extruded from the volcanic conduit (Swanson et al. 1989;
Melnik and Sparks 1999; Pistone et al. 2012, 2013), or can
increase magma viscosity if bubbles behave as rigid objects
(at Ca< 1; Llewellin et al. 2002; Llewellin and Manga 2005;
Truby et al. 2015). Vice versa, if sufficient gas release occurs
through permeable pathways generated by bubble coales-
cence and fractures (e.g., Taisne and Jaupart 2008; Gaunt
et al. 2014; Farquharson et al. 2016), magma depressurises
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and can be erupted effusively or solidified at depth. Degas-
sing also induces undercooling, where H,O removal from
the silicate melt increases its liquidus temperature and trig-
gers crystallisation (e.g., Tuttle and Bowen 1958; Sparks
and Pinkerton 1978; Cashman 1992; Johannes and Holtz,
1996; Hort 1998; Pistone et al. 2016a). The concomitant
H,O loss from the silicate melt and crystal nucleation and
growth favors the increase of magma viscosity (e.g., Zhang
et al. 2003; Ardia et al. 2008; 2014; Villeneuve et al. 2008;
Hui et al. 2009; Whittington et al. 2009; Romine and Whit-
tington 2015; Di Genova et al. 2017a).

Recent studies revealed that melt viscosity increase is ini-
tiated at the nanoscale when nanocrystals or nanolites (i.e.,
crystals of nanometre size; Sharp et al. 1996) are formed as
a response to change in temperature (Mujin and Nakamura
2014; Di Genova et al. 2017a, 2018, 2020a, b; Mujin et al.
2017; Caceres et al. 2020, 2021). In particular, the forma-
tion of Fe-Ti oxides drives Fe depletion in the residual melt
(Di Genova et al. 2017a, 2018, 2020b), and H,O loss by
gas exsolution (Mujin et al. 2017; Di Genova et al. 2018)
via heterogeneous bubble nucleation (Shea 2017; Caceres
et al. 2020), both of which favour a dramatic increase of
melt viscosity by up to two orders of magnitude (Di Genova
et al. 2017a, 2020b). Also, the effect of nanocrystallisation
or “nanolitisation” (Di Genova et al. 2018) would favour an
increase of magma viscosity as a consequence of the onset
of strong particle—particle interactions at crystal contents
as low as 10 vol.% (Di Genova et al. 2020a). In contrast, an
exsolved gas phase has the potential to reduce magma vis-
cosity dramatically (Pistone et al. 2012, 2013, 2016b). These
recent studies focused on the formation of nanolites during
relatively fast cooling (10 to 20 °C/s) of Fe-rich basaltic
melts (Di Genova et al. 2017a, 2018, 2020b) and slow cool-
ing (<0.5 °C/s) of Fe-doped rhyolitic materials (Caceres
et al. 2020, 2021) from superliquidus temperatures. While
these studies are relevant in highlighting the important role
played by nanolites during crystallisation in silicate melts
and their implications for the dynamics of explosive events,
they do not directly link nanolite formation to processes of
degassing, which is the major driving trigger of crystallisa-
tion in hydrous magmas ascending in volcanic conduits (e.g.,
Lipman et al. 1985; Cashman and Blundy 2000; Couch et al.
2003; Johnson et al. 2008; Applegarth et al. 2013; Allabar
et al. 2020). Moreover, besides lunar basalts (e.g., Wiec-
zorek et al. 2001), magmas erupted at superliquidus tem-
peratures at the Earth’s surface have not been documented.
Only the recent work of Di Genova et al. (2020a) attempted
degassing-driven experiments using a hydrous basalt that
crystallised upon vesiculation. They monitored the forma-
tion of nanolites using synchrotron-based X-ray diffraction,
small-angle X-ray scattering technique, and wide-angle
X-ray scattering, but observed no in situ evidence of nano-
structure formation.
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To explore the link between degassing and crystallisation,
we first analytically investigated post-degassing microstruc-
tures of synthetic dacitic samples from a previous study con-
ducted by us (Pistone et al. 2017) and found that the nature
of chemical heterogeneities of the residual silicate glass
surrounding vesicles is suggestive of nanolites not observ-
able at the microscale (1 pm). Then, we experimentally and
analytically investigated the formation of nanolites induced
by high-temperature degassing of dacitic melt, monitored
in situ using scanning transmission electron microscopy
(STEM) at high spatial resolution (0.4 nm). We observed
the silicic melt undergoing decompression stimulated by
thermal relaxation, followed by degassing and crystallisa-
tion at high temperature. Once microbubbles begin to form
an interconnected porous network, dehydration of the melt
triggers crystallisation of nanolites of quartz, plagioclase,
clinopyroxene, and minor Fe-Ti oxides (at 1100 °C). We
apply our experimental results to degassing processes in
silicic melts of felsic magmas, and highlight that decoding
the competition between initial bubble formation by degas-
sing, favouring viscosity decrease and faster magma ascent,
and release of gas via permeable pathways or outgassing
and crystallisation, favouring viscosity increase and slower
magma ascent, is key to understanding variations in eruption
style at active volcanoes.

Experimental and analytical methods
Starting materials

Samples of previously hydrated and annealed mixtures of
glass and quartz crystals were used in this study. Prepara-
tion of the starting materials is reported in detail in Pistone
et al. (2016a); here we provide a short description of it. The
felsic (F) composition is a synthetic approximation of the
natural Adamello bulk composition JM101 (dacite/tonalite)
reported by Blundy and Sparks (1992). Oxides (Si0,, Al,Os,
Na,Si0;) and hydroxides (AI[OH];, K,Si;0,-3H,0) were
used for material preparation, with hydroxides providing the
amount of structurally bound H,O to the felsic composition,
with a total of 4.2 wt.% H,O in the silicate glass. Aliquots
of the dacitic glass were mixed with quartz particles (DOR-
SILIT 2500 particles of 68 pm average size with aspect
ratios between 1 and 3.5 from Alberto Luisoni AG, Swit-
zerland) to produce starting materials of different crystal
volume fractions as follows: FO=0.0, F50=0.5, F60=0.6,
F70=0.7, and F80=0.8. Following the approach of Pis-
tone et al. (2012), the starting material powders were cold-
pressed into cylindrical stainless steel capsules (110 mm
long, 35 mm inner diameter, 3 mm wall thickness) lined
with a thin (25-pm) Mo foil. Filled capsules were stored at
100 °C to remove any adsorbed humidity, arc-welded shut,
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hot isostatically pressed in an internally heated pressure
vessel (Rock Physics and Mechanics Laboratory of ETH-
Zurich) at 180 MPa and 1200 °C for 24 h, and finally cooled
at 60 °C/min to ~ 100 °C above the glass transition tempera-
ture (~483 + 3 °C based on calorimetric measurements using
a Perkin-Elmer 8500 Differential Scanning Calorimeter at
the University of Missouri, Columbia), followed by cool-
ing at 0.6 °C/min to room temperature. During cooling the
confining pressure decreased slightly with decreasing tem-
perature by 3.8 MPa/minute and 0.1 MPa/minute in the first
and second cooling stage, respectively (Pistone et al. 2016a).
The final pressure of quenching of the starting materials was
68 MPa. After synthesis, cylindrical samples of 5.5 mm
diameter and variable lengths (5.6 to 11.1 mm) were pre-
pared. In addition, fine-grained (few um diameter) powders
of the crystal-free dacite glass were prepared using an agate
mortar with ethanol. These powders were dried at 110 °C
for 24 h prior to experimental investigation.

Degassing experiments

Here we consider the following two sets of degassing experi-
ments: experiments from the work of Pistone et al. (2017)
and experiments from this study using scanning transmission
electron microscopy.

Pistone et al. (2017) conducted high-temperature (500 to
797 °C) experiments simulating degassing processes occur-
ring in crystal-rich systems (crystal volume fraction, ¢ rang-
ing from 0.5 to 0.8 on the gas-free basis). All the experi-
ments were conducted using a Theta Industries Rheotronic
IIT 1000C Parallel Plate Viscometer (University of Mis-
souri, Columbia) at 0.1 MPa, with temperature monitored
by a K-type thermocouple and a constant uniaxial stress of
0.63-0.64 MPa, produced by 1.5 kg load over cylindrical
samples of 5.5 mm diameter. Room-pressure heating of
hydrous samples quenched at high pressure (68 MPa) during
synthesis allowed to simulate decompression-driven H,O
exsolution within reasonable conditions applicable to natural
ascending silicic magmas, whose melt viscosity increases
rapidly with H,O removal (especially at <1 wt.% H,O; Hess
and Dingwell 1996; Giordano et al. 2008; Romine and Whit-
tington 2015), even during exceptional events of degassing
induced by shear heating at the conduit margins (Lavallée
et al. 2015).

The second set of new experiments from this study was
conducted using a Hitachi Blaze heating stage, operating
from room temperature to 1100 °C, inserted into a Hitachi
SU-9000 low voltage scanning transmission electron micro-
scope (STEM), hosted at the Georgia Electron Microscopy
Center of The University of Georgia. Two different sets of
experiments were conducted with the hot stage in the STEM.
The first set were heating experiments, whereby images were
collected during heating, with 100 °C increments between

each step and a heating ramp rate between each temperature
of 5 °C/s. Images were collected over the temperature range
500 to 1100 °C, with a total duration of 4 h and 30 min at
high temperature conditions. The second set of experiments
were isothermal and consisted of observing changes at a
constant temperature of 900 °C over the course of 8 h. In this
case, the sample was also heated from room temperature at a
rate of 5 °C/s. All the experiments were conducted by moni-
toring degassing and crystallisation (i.e., formation of nano-
bubbles, microbubbles, and nanolites) in a time-resolved
manner at different temperatures as follows: every ~20 min
at 200-800 °C, ~ 10 min at 900-1000 °C, and ~5 min at
1100 °C. The temporal stepping of recording nanostructural
changes induced by processes of degassing and crystallisa-
tion in situ is a function of the kinetics of these processes
occurring at faster rate and shorter timescale with increasing
temperature. We also recorded degassing processes includ-
ing bubble coalescence every ~ 10 to~20 s.

Micro- to nano-structural analyses

Backscattered (BSE) images of the tangential and central
polished sections of the experimental charges from Pistone
et al. (2017) were acquired on a field emission gun scanning
electron microscope (SEM) FEI Nova NanoSEM600 (Smith-
sonian Institution) and a Hitachi S-3500 N SEM (University
of Bristol) with 15 kV accelerating voltage and a beam cur-
rent of 1 nA to obtain good contrast between glass, vesicles,
and quartz grains.

Images of the samples undergoing in situ degassing using
the STEM were simultaneously collected using the second-
ary electron, bright-field, and high-angle dark field detec-
tors. Here we present secondary electron and bright-field
observations. The bright-field observation was applied in
the sample portions where the thickness of the glass (in very
light grey colour) is small enough to visualise nanobubbles
(in dark colour).

Chemical analyses of glass

Glass analyses in the peripheral and central sections of the
run products from Pistone et al. (2017) were conducted
across each sample domain along its length and width using
15 kV, 10 nA beam current, and beam scanning technique.
The counting time on the peak and background positions for
glass was: 30 and 15 s, respectively, for Si, Fe, Ca, Na, K,
Mg, and Mn; 40 and 20 s, respectively, for Al, Ti, and P. Nat-
ural standards from the National Museum of Natural History
(NMNH) of the Smithsonian Institution (Jarosewich 2002)
were used and data were ZAF corrected using the Armstrong
method oxide (Armstrong 1988): VG-2 (basaltic glass from
Juan de Fuca Ridge [NMNH 111240-52]; Vogt and Byerly
1976; Byerly et al. 1977; Melson et al. 2002), VG-568
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(rhyolitic glass from Yellowstone National Park [NMNH
72854-2]), and A-99 (basaltic glass from Makaopuhi Lava
Lake, Hawaii, U.S. [NMNH 113498-1]; Wright et al. 1968;
Wright and Fiske 1971; Wright and Okamura 1977; Byerly
et al. 1977). Volatile content in the glass phase was esti-
mated using the volatile by-difference method (Devine et al.
1995), with uncertainty of 1.04 wt.% based upon calibrating
the analytical reproducibility at the chosen EPMA condi-
tions with hydrous felsic glass of similar H,O content (FO
from Pistone et al. 2016a, 2017; Table 1S), and by FTIR (see
below). The volatile by-difference method accounted for the
matrix corrections and element migration evaluated by ana-
lysing standard glasses during the analyses of the unknown
glasses. However, our analysis does not account for the effect
of sub-surface charging (Cazaux 1996; Hughes et al. 2019)
that may cause element migration and changes in oxidation
state during analysis (Hughes et al. 2018; Zhang et al. 2018).
The volatile by-difference method is applied here to evalu-
ate relative macroscopic changes induced by nano-phases
(nanolites, nanobubbles) in the glass rather than determining
the actual volatile content dissolved in the glass. Major ele-
ment composition and related variances of the glasses of run
products from Pistone et al. (2017) are reported in Table S1.

Target-oriented analyses of glass regions surrounding
vesicles in the run product F50 were carried out using a
CAMECA SX Five FE EPMA (University of Florida) using
10 kV, 20 nA, and 10-um beam diameter. The counting time
on the peak and background positions was 30 s and 15 s for
Al Ti, Ca, Mg, and P, and 10 s, and 5 s for Si, Fe, Na, and
K, respectively. Mineral and glass standards were used and
data were ZAF corrected as follows: albite, diopside, apatite,
orthoclase, rutile, rhodonite, almandine, and HGG glasses
(hydrous haplogranitic glasses with H,O contents ranging
from~0 to 5.25 wt.%; Ardia et al. 2008). Volatile content in
the glass phase was also estimated using the volatile by-dif-
ference method (Devine et al. 1995) described above. Here,
the analysis was affected by minor Na loss (<25%) due to
the relatively large beam current (20 nA) at 10 kV (Morgan
and London 1996) used to unravel small chemical changes
(on the order of 0.5 wt.%) from glass to vesicle.

X-ray distribution maps of Si, Ti, Al, Fe, Mg, and Ca
were acquired using the Oxford large area windowless
energy dispersive spectroscopy (EDS) of the STEM at 30 kV
and 10 pA.

We mapped the glass regions surrounding vesicles in the
doubly polished run product F50 using Fourier Transform
Infrared (FTIR) spectroscopy in transmission to quantify
dissolved H,O concentration in glass. FTIR was performed
at the National Museum of Natural History of the Smithso-
nian Institution, with the Thermo Scientific Nicolet 6700
FT-IR Spectrometer coupled with a continuum IR micro-
scope with motorised stage. We mapped the same glass area
inspected by FE EPMA, which was optically crystal-and
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bubble-free across entire doubly polished wafer (sample
thickness =64 +2 pm). The sample was purged with dry,
CO,-free air during collection. We applied a 20X 20 pm
square aperture moving in 10 pm steps for high-resolution
map (containing > 500 FTIR spectra). Each spectrum was
collected over 600-6000 cm™! wave numbers using 54
scans at 1 cm™! resolution. Individual transmission spec-
tra were reduced for estimating total H,O at 3570+ 1 cm™!
after fitting the spectral background with a spline function
and calculating the net intensity of the absorbance band
(Cottrell et al. 2018). The total H,O concentration for the
Fe-bearing dacitic glass (Si0,=65 wt.% and FeO,,,=3.8
wt.%; Pistone et al. 2016a) was calculated using the Beer-
Lambert law using a thickness of 64 +2 um, a glass den-
sity of 2400 kg/m>, and the molar absorption coefficient
€3570=02.32 L/mol-cm for the total H,O in evolved Fe-bear-
ing (FeO,,=4.5-7.6 wt.%), hydrous (H,0=0.2-4.2 wt.%)
andesite glass (Si0,=57-65 wt.%) from Krakatau (Man-
deville et al. 1996, 2002). As absolute thickness directly
impacts absorption, the data near the vesicle walls (i.e., at
distances < 10 pm from vesicle walls) are not reliable.

Results

Microstructures and glass chemistry
of experimental run products of Pistone et al. (2017)

The 2D microstructural analysis of the experimental run
products from Pistone et al. (2017) reveals complex micro-
structural domains characterised by different degrees of
deformation, including ductile high-strain glass- and vesicle-
bearing shear bands and brittle fractures across minerals,
glass, and vesicles, and other sample domains dominated
by clusters of vesicles surrounded by the pre-existing quartz
grains (Fig. 1). Visual inspection at macroscopic scale of
each run product suggests that the samples with high crystal
contents (¢ > 0.6) display numerous through-going fractures,
while samples with moderate crystal contents (¢ =0.5-0.6)
display numerous ductile shear bands. Moreover, sample
crystallinity is inversely proportional to the vesicle content
produced by degassing the same initial hydrous (4.2 wt.%
H,O0) silicic melt. There are no appreciable differences in
vesicle content between peripheral and central sections of
each run product (within 0.02 bubble fraction, f). No evi-
dence of cooling fractures (non-compliant with the field of
deviatoric stresses applied during deformation) was found.

The collection of all chemical analyses of the residual
glass phase in each run product reveals a monotonic decrease
of Al,0;, MgO, FeO, and CaO with increasing SiO,, while
alkalis display modest variations, with Na,O decreasing
by ~10% relative and K,O increasing by ~ 15% relative
with increasing SiO, (Fig. 2). The glass of run product F80
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Fig.1 SEM-based BSE images of tangential (A-D) and central sec-
tions (E-H) of the run products from Pistone et al. (2017), showing
quartz crystals (dark grey), vesicles (black), silicate glass (grey), and
fractures (black) in different volumetric proportions, arrangements,
and interactions. Yellow dots accompanied by numbered yellow cir-
cles indicate locations of EPMA-based spot analyses and the corre-

displays variable K,O content, up to~30% higher relative
to the glasses in the other run products, at all SiO, con-
tents (Fig. 2). TiO, decreases by up to 50% relative with
increasing SiO,; a few analysis spots indicate anomalously
high concentrations of TiO, up to 1.2 wt.% in the residual
glass (Fig. 2; Table S1). The volatile contents determined
via the by-difference method appear to be very scattered.

1mm

sponding number reported in Table S1. BSE images were acquired
at the Smithsonian Institution (A-C, E-G) and University of Bristol
(D and H). Panel B reports yellow area indicating the sample portion
which the exploded view of Fig. 3 is from. Modified Fig. 4 from Pis-
tone et al. (2017)

Most of the data tend to cluster at <3 wt.% volatiles in the
investigated SiO, range (Fig. 2). The volatile contents are
poorly constrained in our analyses but they do suggest that
the residual glass is chemically heterogeneous and not a sin-
gle phase due to possible presence of invisibly small gas
bubbles. The correlation between SiO, and the other major
elements indicates a chemical shift driven by degassing
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Vesicle of
reference

Fig.3 A EPMA-based BSE image of detailed sample portion of the
central section of run product F50 from Pistone et al. (2017). Dark
phase is vesicle, dark grey phase is quartz, and light grey is glass. FE
EPMA analysis spots are shown as yellow filled circles and FTIR grid
points that were quantified for total H,O (wt.%) are shown as blue
filled circles. B Plane and transmitted light image of the sample (light
brown is glass surrounded by whitish to dark vesicles). Solid yel-
low box shows area of the BSE image depicted in (A). Dashed white
box shows area of FTIR map depicted in (A) and (D). C SiO, (black

and crystallisation processes, but without evidence of even
incipient crystallisation of the glass matrix at the micro-
scale though. The increase of SiO, and concomitant change
of the other major element concentrations as described
above tend to be localised in regions populated by numer-
ous vesicles (Fig. 1). Target-oriented chemical transects
of analysis spots from glass to vesicle in F50 (Fig. 3A, B)
confirm a similar trend observed at the scale of the whole
run product. In F50, the closer to the vesicle, the more evi-
dent the compositional change of the residual glass, which
increases in SiO, (Fig. 3C) and decreases in Al,0;, MgO,
FeO, and CaO (Fig. 2). Along this analysis spot profile,
TiO, and K,O concentrations in the glass remain fairly
constant (Fig. 2), whereas H,O contents measured by FTIR
and Na,O contents measured by FE EPMA decrease as the
vesicle is approached (Fig. 3C). We note that absolute Na,O
concentrations are affected by partial Na,O loss (up to 0.4
wt.% absolute or ~20% relative) due to the application of
relatively high current (20 nA) during FE EPMA analysis,
with small offsets between FeO, CaO and, to a more limited
extent, MgO from the general trend (Fig. 2). Loss of Na
under the electron beam cannot explain the strong systematic
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filled circles) Na,O concentrations (red filled circles) (Table S1)
and total dissolved H,O (blue filled circles) in glass are reported as
a function of the distance from the interface between glass and vesi-
cle of reference depicted in (A). Error bars referred to data category
(Si0,, Na,O, and H,0) are reported as horizontal lines on coloured
empty circles. D FTIR map of the sample area enclosed in the white
dashed box of (A-B). The colour bar shows the total absorbance at
3750 cm™

0.0

decrease in Na,O of ~ 1.4 wt.% as the vesicle is approached
(Fig. 3C). The H,O content in the residual glass decreases
by 22% from 1.92 wt.% in the central portion of the glass
region to 1.5 wt.% at~ 10 pm from the vesicle (Fig. 3C, D).

Nanostructures and glass chemistry of experimental
run products from in situ secondary electron
and bright field observations

The secondary electron and bright field observations col-
lected during the heating experiments by STEM (Fig. 4)
reveal no tangible nanostructural changes in the melt of
sample FO starting from 500 to 800 °C (Fig. 4A). Changes
at nanoscale start from 900 °C and involve formation of dark
coloured open (i.e., connected to the sample surface) sub-
spherical nanovesicles of ~20 to 80 nm (Fig. 4B). In the
temperature range between 900 and 1000 °C, during gas
exsolution, the formation of new light grey phases in the
melt occurs under secondary electron observation. Such
phases are not clearly connected to the surrounding vis-
ible vesicles (Fig. 4B). At 1100 °C, the light grey phases
grow more remarkably in the melt and either appear to be
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Fig.4 STEM-based time-
elapsed view of development of
nanoporosity and nanolites in
sample FO in secondary electron
(left column) and bright field
observations (right column)
collected during heating experi-
ments. Grey phases are plagio-
clase and clinopyroxene, bright
roundish phases are oxides, dark
open phases are vesicles, dark
grey areas are quartz grains

in very dark grey melt, bright
areas are sample edges charac-
terised by charge effect, very
light grey areas are unidentified
phases in this experiment

connected to the residual vesicles or occupy the melt regions
where other vesicles were located prior to outgas (Fig. 4C).
In the bright field, the decrease of number of observable
vesicles in the melt is augmented up to 50% (Fig. 4B, C).
After 27 min under the same temperature, the melt appears
to be largely populated by several solid mineral phases that
are in direct contact with the residual large bubbles (up
to 100 nm), which adapt their shape within the available
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residual melt and form nanominerals (Fig. 4D). At the full
scale of observation, sample FO displays a strongly "crispy"”
texture formed by mobile bubble surfaces at the highest tem-
perature of the experiment (Fig. 4D).

A combination of high-resolution observation and EDS-
based chemical analysis of major elements allows to identify
the different nanominerals produced in the residual melt dur-
ing degassing at 1100 °C (Fig. 5). Specifically, we identify
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Fig.5 Secondary electron view
of the final temperature step of
the STEM-based heating experi-
ment showing both nanoporos-
ity and nanolites, with exem-
plary light grey phase indicated
by yellow polygon in sample
FO. EDS-based X-ray distribu-
tion maps of major elements

of the selected sample area.
Grey phases are plagioclase and
clinopyroxene, bright roundish
phases are oxides, dark open
phases are vesicles, dark grey
areas are quartz grains in very
dark grey melt. Bright areas are
sample edges characterised by
charge effect. Ves vesicle, Pl
plagioclase, Cpx clinopyroxene,
Qz quartz

Qz+high-SiO, melt

> \]{ht Grey Phase

the presence of subspherical Fe-Ti oxides (up 10 nm size),
tabular plagioclase (up to 40 nm size), clinopyroxene (up
50 nm size), and quartz (up to 30 nm size), all embedded in
high-SiO, silicate melt (Fig. 5). While plagioclase, clino-
pyroxene, and Fe-Ti oxides form crystal clusters altogether,
quartz is mainly found in regions populated by dark-coloured
melt. Quartz and melt are the most difficult for phase dis-
crimination due to the very low density contrast in second-
ary electron observation. The light grey phase identified
starting from 900 °C (Fig. 4) appears to be enriched in Si,
Al, and Ca and connected to nanominerals of plagioclase,
clinopyroxene, and Fe-Ti oxides and bordered by some vesi-
cles (Fig. 5). From a compositional standpoint, this phase

1um 1um

1um

may indicate presence of plagioclase, but the nanostructure
is not equivalent to a properly formed mineral.

The secondary electron imaging applied during the
isothermal experiments by STEM at 900 °C captured the
dynamics of bubble formation, impingement, and connec-
tivity during silicate melt degassing of sample FO (Figs. 6
and 7). Here, we observe the cohabitation of gas pockets
enveloped in silicate melt (gas bubbles) and open, outgassed
vesicles, with the latter growing during time. The bubble
impingement produces a pattern of hexagonal shaped fea-
tures similar to a honeycomb structure as a result of the
maximum packing fraction of bubbles forming a gas foam
(Fig. 6A). We observe the in situ degassing followed by
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Fig.6 A-D STEM-based time-elapsed secondary electron view of
development of nanobubbles (light grey phases) that grow, impinge
(A), and connect forming vesicles (dark areas) (B) after connected
bubble collapse (C-D) during isothermal experiments conducted on

outgassing through permeable gas pathways represented by
vesicles. Once bubbles connect, the melt film surrounding
them start to destabilise by getting pierced and fractured
(Fig. 6B), followed by a general bubble surface subsidence
(Fig. 6C) that produces a cascade effect leading to bub-
ble collapse and outgassing (Fig. 6D). At finer scale, gas
release is identified by holes that pierce either the edges of
neighboring bubbles or within the bubble central portion
(Fig. 7A). The holes formed at the bubble edges continu-
ously grow at the expense of the previous bubbles and follow
the edges/margins of the other surviving bubbles, forming
open vesicles (Fig. 7A). Gas connectivity rapidly evolves
into regions of topographic depression, which are large open
vesicles of several hundreds of nm size (Fig. 7B-D). Such
vesicles showcase open tubes into the sample domain with
"crispy" margins/surfaces of unconnected bubbles and small
holes/tubes connected to the main one (Fig. 7B-D). Bubble
collapse due to gas connectivity is evidenced by wrinkles
in the silicate melt enveloping the gas bubble, which pro-
gressively gets pierced by multiple holes (of 10 nm size)
and linear fractures along the bubble perimeter. Holes and
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sample FO. Time is reported as cumulative time since the beginning
of the experiment. Bright areas are sample edges characterised by
charge effect. Qz quartz

fractures lead to the structural subsidence and collapse of
the bubble surface due to gas escaping through the con-
nected permeable network (Fig. 7F). Bubble collapse and
disappearance is either followed by the formation of an
open vesicle (Fig. 7B-D) or by silicate melt with suspended
phases that may resemble quartz grains (Fig. 7G, H). In
our time-elapsed observation, the overall process of bubble
coalescence and release accompanied by silicate melt films
rupturing occurs within few tens of seconds at nanoscale
(Fig. 7E-H), whereas the development of micro-sized vesi-
cles occurs in < 10 min (Fig. 7A-D).

Discussion

Degassing-induced nanoporosity and bubble
coalescence by melt film resonance

The experiments performed at nanoscale using the STEM
shed light on the causes leading to the chemical hetero-
geneities around vesicles observed in the experimental
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Fig.7 A-D STEM-based
time-elapsed secondary
electron view of development
of nanobubbles (light grey
phases) that grow, impinge,
and connect forming vesicles
(dark areas) at microscale
during isothermal experiments
conducted on sample FO. E-H
Detailed observation of bubble
impingement (E), subsidence
through gas connectivity (F)
and subsequent bubble collapse
by outgassing (G) followed by
formation of incipient quartz
in the residual silicic melt (H).
Time is reported as cumula-
tive time since the beginning
of the experiment. Bright areas
are sample edges characterised
by charge effect. Yellow inset
shows bubble-melt interface
wrinkles accompanied by holes
and linear fractures during bub-
ble collapse. Oz quartz

3 h 46 min

run products from the work of Pistone et al. (2017). The
observed depletion of Al,O;, MgO, FeO, CaO, and, to a
lesser extent, TiO, (Fig. 2) can be explained by the gen-
eration of clusters of nanobubbles (filled with H,O) and
open vesicles (outgassed voids) within an illusory homo-
geneous glass shell around the vesicles when observed at
microscale (Fig. 3). The generation of nanoporosity (bub-
bles + vesicles), accompanied by incipient crystallisation of

Connected Vesicles

Bubble Cluster
(Honeyeomb Structure)

Bubb'le Cluster

Toonm 7 h 15 min

N

Fracture

Melt Film
Subsidence

7 h 17 min

100 nm

ubble Cluster
\ llapse

Ortgassing

100 nm 7 h 18 min

Microsized Vesicle

7 h 19 min

100 nm

quartz (Figs. 6D, 7H), locally shifts the initial glass/melt
composition to high SiO, contents, with relatively constant
alkali concentrations (Fig. 2). At large scale of observation
(hundreds of microns), we may speculate that the homoge-
neity of alkali concentrations across the investigated glass
may be related to the relatively large diffusivity of alkali as
network-modifying species through the silicate melt (~ 107!
m?%/s at 700-800 °C in a silicate melt bearing 3.5 wt.% H,0;
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van der Laan and Wyllie, 1993). However, at more local
spatial scale (on the order of 60 pm) around the bubble,
variations of alkali concentrations in glass are clearly found
(Fig. 3), testifying chemical heterogeneities are not exclu-
sively driven by diffusion processes, but also by H,0O exsolu-
tion and crystallisation.

If the presence of nanoporosity is as dominant as observed
in the STEM experiments at 900 °C (Figs. 6 and 7), we may
interpret that the large scattering of volatile contents (Fig. 2)
could be caused by the presence of both H,O-rich nanobub-
bles and vesicles devoid of H,O, heterogeneously arranged
at the microscale during degassing processes (Figs. 4, 5, 6,
7), and ultimately coalescing and leading to the generation
of large vesicles (Figs. 1, 3, 7A-D). In this context, the vari-
ation of residual H,O content on the scale of tens of microns
(Fig. 3C, D) could be related to diffusion of H,O out of the
melt and into bubbles as recorded by natural samples (Castro
et al. 2005, 2012; Cabrera et al. 2010; Schipper et al. 2013).
This contrasts with hydration processes leading to spherulite
formation (Castro et al. 2008; Watkins et al. 2009; Gardner
et al. 2016) or resorption of bubbles upon cooling (McIntosh
et al. 2014), both of which will lead to H,O concentration
increase in the glass. The combination of microscale major
element and H,O analyses of the glass in the run products
from Pistone et al. (2017) do not clearly reveal the presence
of nanolites, as these phases appear to form at temperatures
exceeding 900 °C at the nanoscale resolution applied in our
study (Figs. 4 and 5). At such high temperatures, the same
starting dacitic to rhyolitic hydrous melt is forced to degas
more vigorously with formation of numerous nanobubbles,
which rapidly impinge against each other, coalesce, and pro-
duce open permeable vesicles that outgas H,O and dehydrate
the overall sample (Fig. 6).

At the spatial scale of our time-resolved observations,
the formation of bubbles appears to occur without assis-
tance of crystal substrates or other phases in the crystal-free
sample FO, and results from the large supersaturation pres-
sure of the starting melt (originally quenched at 68 MPa).
It is known that heterogeneous bubble nucleation tends to
be dominant in multiphase magmatic systems undergoing
degassing upon ascent (Shea 2017; Hajimirza et al. 2021).
Intrinsic heterogeneities such as amorphous phase separa-
tion, chemical melt demixing, and incipient crystallisation of
nanolites (Binder 2015; Mujin et al. 2017; Di Genova et al.
2020a) can play a key role in promoting the nucleation of
gas bubbles in partially molten materials (Hoche et al. 2011;
Cormier 2014; Deubener et al. 2018; Kleebusch et al. 2018;
Zandona et al. 2019; Di Genova et al. 2020b). To the best of
our time-resolved observations during the whole duration of
each STEM experiment, we only observe first the nucleation
of nanobubbles in the silicate melt followed by nanocrys-
tals generated during gas release by connectivity between
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nanobubbles (Figs. 3,4,5 and 6). The possible absence of
unidentified nanocrystals is corroborated by the relatively
homogenous distribution of nanobubbles produced in the
silicate melt at nanoscale (up to 1000 nm; Figs. 6A, 7A).

The polygonal network of impinged bubbles forming
borders made of thin melt films separating the gas pockets
(Bikerman 1973; Kraynik 1988) is then disrupted by bubble
coalescence in a cascade effect. Bubble coalescence occurs
by melt film instability evidenced by wrinkles on the melt/
bubble interface, later pierced by holes and peripheral frac-
tures that indicate melt film rupture between adjacent bub-
bles (Figs. 6C, D and 7F). This mechanism is quite different
from vesiculation through melt film thinning by stretching
between expanding gas bubbles as described in previous
works examining gas connectivity at microscale (Prousse-
vitch et al. 1993; Martula et al. 2000; Okumura et al. 2006;
Gardner 2007; Castro et al. 2012; Nguyen et al. 2013; Martel
and Tacono-Marziano 2015; Giachetti et al. 2019).

We infer a sort of resonance of wavy vibrations on the
melt film surrounding the bubble due to gas migration
through permeable pathways that lead to melt-bubble inter-
face subsidence and collapse (Figs. 6B-D and 7E-H). In
the light of the time-resolved observations, such vibrations
increase in frequency until the melt is no longer relaxed
that fails in a brittle manner (Fig. 7E, F). Unfortunately, the
time-elapsed acquisition of the STEM-based observations at
nanoscale does not capture continuously the shift of the melt
film disturbance from low to high frequency. This resonance
of the viscoelastic melt is a known phenomenon in acoustic
properties of bubbly magmas (Ichihara and Kameda 2004;
Kurzon et al. 2011; Tisato et al. 2015; Karlstrom and Dun-
ham 2016; Melnik et al. 2020). In this case, the melt vibra-
tion is triggered by the gas movement through H,O diffusion
from melt into bubble and exsolved H,O migrating along
permeable pathways (holes and linear fractures) that, in turn,
destabilise neighbouring bubbles that collapse and destroy
the original polygonal network in an irreversible cascade
effect (Figs. 6 and 7).

Bubble coalescence in initially crystal-free felsic melt
occurs at a critical gas volume or “percolation threshold”
(Stauffer and Aharony 1994; Blower 2001; Blower et al.
2001; Walsh and Saar 2008) values (> 0.9; Figs. 6 and
7) that are more consistent with permeable reticulite pum-
ices than largely impermeable crystal-free and crystal-poor
systems analysed at microscale ( <0.78; Eichelberger et al.
1986; Sahimi 1994; Garboczi et al. 1995; Klug and Cashman
1996; Saar and Manga 1999, 2002; " et al. 2003; Takeuchi
et al. 2005; Burgisser and Gardner 2005; Mueller et al. 2005,
2008, 2011; Namiki and Manga 2008; Polacci et al. 2008;
Wright et al. 2009; Rust and Cashman 2004; 2011; Nguyen
et al. 2014; Farquharson et al. 2015; Lindoo et al. 2016;
Wadsworth et al. 2016; Burgisser et al. 2017; Colombier
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et al. 2017; Gonnermann et al. 2017; Kushnir et al. 2017;
Vasseur and Wadsworth 2017; Vasseur et al. 2020). The
unconnected/impermeable porosity of 0.9 was achieved in
heating experiments at~ 1024 °C in initially H,O-poor (0.24
wt.%) rhyolitic obsidians (Pistone et al. 2015a). At micro-
scale, such high porosity was interpreted as the result of a
combination of three factors: the presence of pre-existing
vesicles in the starting glass prior to heating, rapid heating
rates (30 °C/s), and short experimental duration (< 14 s; Pis-
tone et al. 2015a). In this study, we show that gas impinge-
ment and maintenance of high porosity prior to coalescence
and then release via permeable pathways can persist for
long durations (several hours) even at high temperatures
(=900 °C). High temperature favours lower melt viscosity
and faster melt relaxation (Hess and Dingwell 1996), until
H,O0 loss from the melt by degassing becomes the dominant
factor that, conversely, favours the increase of melt viscos-
ity and susceptibility to rupture (Dingwell and Webb 1989;
Hess and Dingwell 1996).

Degassing-induced liquidus temperature rise
and melt nanocrystallisation

Melt dehydration by H,0O degassing moves the
H,O-saturated solidus for near-eutectic felsic systems to
higher temperature (Tuttle and Bowen 1958; Cann 1970;
Harris et al. 1970; Johannes and Holtz 1996; Balashov et al.
2000; Blundy et al. 2006; Glazner 2019). During our high-
temperature experiments, the system continuously degasses
H,O (originally dissolved in the silicate melt quenched at
68 MPa during synthesis) from melt into bubbles in a fash-
ion similar to decompression heating (McKenzie and Bickle
1988; Glazner 2019). During decompression heating an ini-
tially high-pressure system slides along the H,O-saturated
solidus to conditions of lower pressure and higher tempera-
ture, induced by H,O loss from the melt by degassing. In
our experiments, the sample is heated and progressively
dehydrates, simulating the system degassing upon decom-
pression. Under these conditions, for which residual H,O
contents are expected to be well below 1 wt.% at > 800 °C
(Pistone et al. 2015b), the liquidus temperature rises and
stimulates the nucleation and growth of nanolites upon bub-
bles/vesicles still trapped in the melt or in the melt regions
previously populated by bubbles/vesicles (Figs. 4 and 5).
From a petrological standpoint, we observe the simultane-
ous formation of mineral phases such as plagioclase, clino-
pyroxene, Fe-Ti oxides (ilmenite and magnetite), and quartz,
consistent with H,O-saturated (<4.2 wt.%), low-pressure
(£68 MPa, as a function of H,0O degassing from the resid-
ual rhyolitic melt), high-temperature (800 to 1100 °C), and
relatively oxidising (NNO+ 1 to +2) andesitic to rhyolitic
systems (Blatter and Carmichael 1998, 2001; Moore and
Carmichael 1998; Blatter et al. 2001). The newly formed

minerals (mainly plagioclase) are arranged in dense clus-
ters pervaded by residual melt films of < 1 nm thick (Fig. 5).
Following the seminal studies of Cahn (1961), Binder and
Stauffer (1974), and Cormier (2014), formation of single
nanocrystals and clusters of nanolites can be modulated by a
combination of spinodal decomposition induced by chemical
heterogeneities and sensu stricto nucleation leading to the
separation of the solid phase from the original silicate melt
(Binder 2015). The observed formation of nanocrystals in
our experiments can be related to the generation of chemi-
cal heterogeneities of the melt (i.e., increase of the silica
content) induced by the formation of nanobubbles. Indeed,
recent preliminary analyses using electron energy-loss spec-
troscopy and atom probe tomography revealed that chemical
heterogeneities in the vicinity of gas bubbles start to occur at
sub-nanometer scale and highlight an equivocal scenario in
which mineral nuclei or gas bubbles may form first during
hydrous melt degassing and crystallization (Dubosq et al.
2021). These nanolite clusters formed in nearly eutectic-
based melt composition, that, before the evident appearance
of nanolites, evolves from a dacite (66—74 wt.%) to a "nor-
mal" rhyolite (74—78 wt.%) and a "ultra-high silica rhyolite"
melt (78-84 wt.%) at~3 wt.% total alkali (Fig. 2) using the
total alkali versus silica plot (Le Maitre et al. 2002). The
observed silica increase of the residual melt is a function of
the increase of porosity (bubbles + vesicles composing the
light grey phase identified during the heating experiments,
Fig. 4C) and possible presence of quartz (Figs. 6D and 7H)
at nanoscale. Especially, these chemical changes in the
residual glass inspected analytically at microscale occur in
proximity of vesicles that become permeable routes of H,O
loss from the sample (Figs. 4, 5, 6 and 7). Gas exsolution
driving undercooling is an important process that stimulates
mineral formation (Hammer and Rutherford 2002; Couch
et al. 2003; Martel and Schmidt 2003; Brugger and Ham-
mer 2010; Cichy et al. 2011; Martel 2012; Mollard et al.
2012; Arzilli and Carroll 2013; Riker et al. 2015a; b; Waters
et al. 2015; Befus and Andrews 2018). Then, the chemi-
cal heterogeneities observed at the vesicle-glass interface
in our run products at microscale (Fig. 3C) may be related
to physical and chemical changes induced by the generation
of nanolites of quartz following the formation of nanopo-
rosity (Figs. 6 and 7) rather than chemical diffusion-driven
processes. At<900 °C, diffusivities of major elements are
very low (< 107! m%/s; van der Laan and Wyllie 1993) and,
consequently diffusion length scales are expected to be on
the orders of few microns, which cannot explain chemical
variations in the order of 60 pm length scale (Fig. 3C). A
possible physical process that may lead to such chemical
heterogeneities is a combination of melt expulsion during
nanoporosity formation (similar to gas-driven filter press-
ing; Pistone et al. 2015b) and incipient formation of quartz
nanolites (Figs. 6D and 7H). Once the H,0 is released and
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the melt becomes highly H,O-poor and near-solidus, nano-
lites form and can be clearly observed using STEM (Figs. 4,
5,6 and 7).

Degassing at low H,O concentrations in the melt (<0.5
wt.%; Applegarth et al. 2013) can lead to rapid crystalli-
sation (Hoblitt and Harmon 1993; Wright et al. 2007) up
to ¢ ~0.3 in mafic systems (Applegarth et al. 2013). In
our experiments simulating degassing of viscous silicic
melt, ¢ reached up to~0.5 in the sample regions explored
at nanoscale, but only after degassing for several hours
at 900 °C, tens of minutes at 1000 °C, or a few minutes
at 1100 °C (Fig. 4). The kinetics of crystallisation in fel-
sic melts is known to be generally slow at <800 °C (e.g.,
Bagdassarov et al. 1996; Befus 2016), but, with degassing
induced by heating, crystal nucleation and growth can be
considerably accelerated (e.g., Cashman and Blundy 2000;
Waters et al. 2015), as observed in our experiments start-
ing from 900 °C with incipient crystallisation of quartz
(Figs. 6D and 7H) and enhanced crystallisation of quartz,
plagioclase, clinopyroxene, and Fe-Ti oxides at 1000 and
1100 °C (Fig. 4C, D). As the experiments were run either
with stepwise heating or isothermally, we did not explore
the influence of effective decompression rate due to heating-
induced H,O exsolution on the generation of nanolites.

Previous observations of gas exsolution at 1100 °C
stimulated by high heating rates and very short timescales
indicated that the radius of gas bubbles grew at~1 pm/s
and no microlite formation was observed (Pistone et al.
2015a). Although these samples were not inspected on the
nanoscale, nanolite formation is expected to be very improb-
able due to the short duration of the simulated vesiculation
of silica-rich melts (< 14 s; Pistone et al. 2015a). Previous
studies reporting synthesis of hydrous phonolite, dacite, and
rhyolite glasses in internally heated pressure vessels (Schi-
avi et al. 2018; Allabard et al. 2020; Giordano et al. 2021;
Gonzalez-Garcia et al. 2021) have shown the formation of
nanolites with cooling rates ranging from 200 °C/min to
16 °C/s within 3 min to 50 s of cooling from high-tempera-
ture conditions (1000-1250 °C) to the glass transition tem-
perature. The timescales of the internally-heated pressure
vessel experiments are longer than the timescale of vesicula-
tion measured by Pistone et al. (2015a). However, lower H,O
content and larger undercooling might favour the formation
of nanolites on short timescales (on the order of millisec-
onds), as observed during the synthesis of anhydrous glasses
ranging from basalt to rhyolite (Di Genova et al. 2017a, b;
2020a, b; Kleest et al. 2020).

In the present study, nanolite formation occurs once ini-
tially retained nanobubbles largely outgas from the sample
(Fig. 5). Therefore, the nucleation and growth of nanolites
is favoured when melt degassing is sustained for reasonable
duration at specific temperature (hours at 900 °C, tens of
minutes at 1000 °C, and several minutes at 1100 °C) and
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once gas bubbles are readily removed from the sample,
leaving behind a relatively anhydrous, near-solidus residual
melt. Such a mineral formation mechanism is consistent with
previous findings on crystallisation kinetics in magmas that
demonstrate that high heating rates or decompression rates
(generating large undercooling) suppress crystallisation in
felsic systems (Hammer and Rutherford 2002; Couch et al.
2003; Martel and Schmidt 2003; Brugger and Hammer
2010; Cichy et al. 2011; Martel 2012; Mollard et al. 2012;
Arzilli and Carroll 2013; Riker et al. 2015a; b; Waters et al.
2015; Befus and Andrews 2018).

Degassing-induced magma mobility

with nanoporosity and magma stalling

with nanocrystallisation: implications on magma
ascent and fragmentation in volcanic conduits

The STEM-based experiments show that, at nanoscale,
degassing processes in silica-rich systems generate: first,
a foam of clustered gas bubbles that largely populate the
hydrous melt; second, once the gas bubbles connect and out-
gas, nanolites form and increase the crystal content of the
residual melt. These two stages of the degassing-induced
crystallisation process are expected to exert a crucial influ-
ence on the rheological behaviour of the silicate melt and, by
inference, on the transport of magma in volcanic conduits.
At 900 °C, the silicic melt is so enriched in nanobub-
bles that the viscosity of the bubble-bearing suspension
may increase if bubbles behave similarly to solid parti-
cles (Ca> 1; Llewellin et al. 2002) or may decrease in the
presence of deformable bubbles (Ca < 1; Llewellin et al.
2002). Within a crystal-rich magma (¢ > 0.3; i.e., crystal
mushes; Marsh 1981; Bachmann and Bergantz 2004) car-
rying microlites and/or phenocrysts, such bubble-bearing
melts are gas foams with low density and high buoyancy
(Gonnermann 2017) and, under intensive deformation,
substantially favour the flow of magmas. The rheological
experiments at ~ 700 to ~ 800 °C conducted by Pistone et al.
(2017) (Fig. 1) simulated the extrusion of crystal-rich lava
domes experiencing large decreases of bulk viscosity, con-
trolled by crystals, bubbles, and silicate melt arranged in
different modal proportions. Based on chemical inspection
along a glass-vesicle transect (Fig. 3C), the areas populated
by the “invisible” nanobubbles that cause chemical changes
in the glass (Fig. 2) are arranged as ~ 60-pum thick coronas/
halos/annuli around the vesicles. Assuming that each vesicle
is surrounded by the same thickness of bubbly corona, the
actual value of f relative to that determined in BSE imaging
is augmented up to 0.04 in each experimental run product.
If nanobubbles forming foams (Fig. 6) are highly deform-
able (Ca> > 1) as much as the microbubbles investigated
in the run products of Pistone et al. (2017) (Figs. 1 and 3),
the increased total porosity in the melt pool surrounded by
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quartz crystals can promote an additional sample viscosity
decrease up to half order of magnitude at large crystallinity
(¢ >0.5; Pistone et al. 2016b) at which gas bubbles already
favour a decrease of magma viscosity of up to 4 orders of
magnitude (Pistone et al. 2012, 2013), with consequent
increased mobility of the magma ascending in the volcanic
conduit.

At higher temperature (> 900 °C), bubble coalescence
drives gas loss from the sample and the residual melt crys-
tallises up to 50% at nanoscale (Fig. 5). As pointed out in
previous works (Mujin and Nakamura 2014; Di Genova
et al. 2017a; 2018; 2020a, b; Mujin et al. 2017; Céaceres
et al. 2020, 2021), nanocrystallisation of the silicate melt
increases both the viscosity of the silicate melt due to deple-
tion of network-modifying elements (Fe, Ti, Mg, Ca) and
concomitant increase of polymerizing elements (Si), and
the viscosity of the whole system due to the increase of
the nanolite cargo. In this case, the silicate melt viscosity
increase is primarily augmented by H,O loss via degassing
and is expected to be larger than two orders of magnitude as
previously stated (Di Genova et al. 2017a).

The increase of magma viscosity by the increasing
amount of nanolites is difficult to quantify as we did not
perform in situ viscosity measurements. Di Genova et al.
(2020a, b) conducted viscosity measurements on analog
materials made of silicon oil and suspended SiO, parti-
cles. Analog materials simulating certain physical aspects
of magma properties are very helpful, but they are char-
acterised by constant chemical and physical properties of
the suspending liquid and fail to capture the geochemical
changes of the melt composition caused by concomitant H,O
degassing and formation of nanolites, both favouring melt
polymerisation as observed in high-resolution Raman spec-
troscopic analysis (Di Genova et al. 2017a, 2018; Céceres
et al. 2021). Subsequent experiments led by Di Genova
et al. (2020b) have shown that agglomeration/clustering of
nanocrystals and formation of high-viscosity shells around
the newly formed nanolites can produce a tangible increase
of magma viscosity up to one order of magnitude in prox-
imity of the glass transition temperature. However, these
experiments only capture the formation of nanocrystals upon
temperature increase in absence of gas exsolution. In our
experiments, we expect a rapid change of magma viscosity
that first decreases with the increase of nanoporosity and,
then increases due to the concomitant increase of nano-
lite volume fraction and silicate melt viscosity upon H,O
degassing.

Because the quantification of magma viscosity must
account for such concomitant effects, the choice of the rheo-
logical model is crucial. Several models adopt the effective
medium theory to reduce a three-phase flow to a two-phase
system when either crystals or bubbles is consistently larger
in size than the other, assuming that gas bubbles remain

spherical and rigid during deformation (Ca < 1; Phan-Thien
and Pham 1997; Harris and Allen III, 2008; Mader et al.
2013; Truby et al. 2015). For further details on the suitabil-
ity of each rheological model, see the work of Pistone et al.
(2016b) proposing an empirical three-phase magma rheol-
ogy model that does not apply the effective medium theory.

The combination of experiments from Pistone et al.
(2017) highlighting deformation of microbubbles, and
the new STEM-based experiments showing nanoporosity
forming microporosity via gas coalescence, suggests that
H,O-saturated silica-rich magmas (ranging from andesite
to rhyolite) may experience an initial acceleration (up to
25%) due to the development of deformable nanoporosity
that increases buoyancy and supports magma flow even at
¢ > 0.3 (Pistone et al. 2016b). Conversely, if the nanoporos-
ity is composed of rheologically rigid gas foams, this will
favour an increase of magma viscosity (Llewellin and Manga
2005). In any case, during bubble coalescence triggered by
a combination of gas expansion, shear deformation, and
localised fracturing of melt films that favour magma outgas-
sing (e.g., Tuffen et al. 2003; Okumura et al. 2010; Caricchi
et al. 2011; Castro et al. 2012; Pistone et al. 2012; Shields
et al. 2014, 2016) and densification (Vasseur et al. 2013;
Wadsworth et al. 2014; Heap et al. 2015), the initial magma
mobility is rapidly changed into a rheological stalling or
jamming (Cates et al. 1998; Petford 2009) that would either
halt the magma flow in the conduit (Pistone et al. 2013) or
force the system to fragment violently (Sparks 1997; Papale
1999; Alidibirov and Dingwell 2000; Gonnermann and
Manga 2003; Spieler et al. 2004).

Silicic volcanoes commonly exhibit alternating episodes
of explosive and effusive activity during dome-forming erup-
tions (e.g., Matthews et al. 1997; Watts et al. 2002; Sherrod
et al. 2008; Holland et al. 2011; Ogburn et al. 2012, 2015;
Lamb et al. 2015; Wolpert et al. 2016) promoted by the
ascent and extrusion of high-crystallinity systems (¢ > 0.5,
including both phenocryst and microlite populations; Watts
et al. 2002). Using the ongoing activity of La Soufriére in
St. Vincent (Global Volcanism Program 2021) as an example
of a dome-forming eruption, the volcano starts with a low
volume effusion of a lava dome, accompanied by mild to
vigorous outgassing on and around the pancake style dome.
Then, the volcano can quite unexpectedly produce a very
high-intensity explosive eruption. Such explosive events fol-
lowing the initially benign lava dome extrusion tend to occur
after stages of unusual deflation and drain-back events of
the dome body, which is thought to have sealed gas escape
routes (Matthews et al. 1997; Watts et al. 2002; Simmons
et al. 2005). This type of behaviour is interpreted as a result
of H,O degassing-induced crystallisation favouring the
magma strength and internal overpressure increase, which
both lead to system fragmentation (Matthews et al. 1997;
Melnik and Sparks 1999).
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Our results suggest a new alternative interpretation
explaining how sudden explosive eruption may follow
initially benign lava dome extrusion. Degassing forming
macrobubbles, microbubbles, and nanobubbles allows lava
domes to be gently extruded until the generation of perme-
able pathways for persistent gas escape promotes slow crys-
tallisation of nanolites that rheologically lock the system,
trap additional volatile inputs derived from larger depth, and
make the lava dome a sort of pressure cooker that may blow
up violently with consequent explosive volcanic activity. In
this framework, nanolites anticipate chemical (Figs. 2 and
5) and physical changes of the residual melt (Figs. 3, 4, 5,
6 and 7) that have been generally correlated to microlite
formation (Geschwind and Rutherford 1995; Hammer et al.
1999; Martel and Poussineau 2007; Noguchi et al. 2008;
Cichy et al. 2011; Martel 2012). Microlites forming during
magma ascent serve to exaggerate the changes introduced by
nanolite formation, but nanoscale changes may in fact have a
greater impact than what has been considered at microscale
so far. The rheological effects at the two different scales are
then cumulative.

Conclusions

In this study, we have explored degassing-induced crys-
tallisation in situ and at nanoscale using a novel approach
that combines secondary electron imaging and heating, to
simulate decompression of felsic magma. We monitored the
nanostructural changes in terms of formation of nanopo-
rosity, deflation and removal of this nanoporosity via out-
gassing, and nanolite crystallisation. Such nanostructural
changes help explain variations in the geochemical finger-
prints of glasses from run products of Pistone et al. (2017)
who explored the rheology of high crystallinity, hydrous
dacite samples able to vesiculate during deformation at
high temperature in a parallel-plate viscometer. The ability
to image degassing and crystallisation at nanoscale reveals
a sequence of complex physical and chemical changes of
the residual melt. Studies at such high spatial resolution are
crucial to unravel the impact of nanostructures on macro-
scale petrophysical and hydrodynamic properties (Garing
et al. 2015, 2017; Hebert et al. 2015; Soulaine et al. 2016).
This study indeed provides insights into the competition
between gas retention and crystallisation, that modulates the
ability of magma to ascend in a volcanic conduit, and may
control the transition between effusive and explosive erup-
tions occurring in lava dome-forming volcanic activity. Spe-
cifically, we have detailed that degassing of felsic hydrous
melts produces initial widespread nanoporosity, expected
to decrease magma viscosity and enhance magma mobility
even at high crystallinity. Then, with continuous degassing,
nanolites form dense clusters in a H,O-poor viscous melt
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that increase the viscosity, potentially slowing ascent and
trapping residual exsolved gas, and keeping the magma gas-
charged until its possible brittle fragmentation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-022-01900-1.
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