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Explosive volcanic eruptions, driven by magma fragmentation, pose significant geohazards due to
their rapid energy release and widespread dispersal of pyroclasts. High magma viscosity promotes
brittle fragmentation by limiting volatile escape and enhancing internal pressure buildup. Although
recent studies have recognized that iron-titanium oxide nanocrystal formation increases melt
viscosity, the mechanisms underlying this effect remain poorly constrained. Here we quantify the
influence of nanocrystallization on magma viscosity by developing viscosity models that incorporate
iron-titanium variations, calibrated against nanocrystal-free andesitic melts. Using time-resolved
imaging, we show that nanocrystals form within seconds within synthetic andesitic melts. This
process generates nanoscale chemical heterogeneities, including silica enrichment in the surrounding
melt and aluminum-rich shells embedding the nanocrystals. These heterogeneities result in viscosity
increases of up to 30-fold at eruptive temperatures. Our findings indicate that nanocrystallization
modulates magma rheology during early crystallization, with direct implications for the dynamics of

andesitic eruptions.

Explosive eruptions are recognized as one of the most hazardous natural
phenomena on Earth', capable of injecting a large amount of gas and ash
into the atmosphere, posing a threat to inhabited regions. These eruptions
stem from magma fragmentation, the process by which a hot gas-pyroclast
mixture is produced”™". The triggers of magma fragmentation are twofold:
bubble overpressure caused by limited bubble growth due to high
viscosity”, and strain rates that exceed the relaxation time of the melt, which
is controlled by its chemical composition**’. Moreover, disequilibrium
crystallization and degassing during magma ascent contribute to the
enhanced explosivity of volcanic eruptions'®" by increasing melt
viscosity'*"”, which hinders gas bubble expansion'®. Several studies'*'"'"”"*
have shown that the syn-eruptive disequilibrium crystallization of microlites
increases magma viscosity, generating overpressure that can lead to
explosive eruptions™™.

Previous authors'”* have shown that the formation of Fe-Ti-oxide
nanocrystals (nanolites) increases the viscosity of volcanic melts in

laboratory measurements. Given that nanolites are commonly found in
volcanic products from explosive events™ ™, this supports the hypothesis
that they influence magma ascent dynamics and eruptive style. Several
mechanisms have been proposed: nanolite-induced chemical changes that
increase magma viscosity' ***, solid aggregation that hinders melt flow”,
and enhanced heterogeneous bubble nucleation that affects degassing.
Recent work™*” suggests that nanolites can serve as indicators of
the physicochemical conditions of magma during transitions in eruptive
style at andesitic volcanoes, also contributing to the rheological changes
that promote more explosive behavior. However, despite accumulating
evidence for their presence in explosive volcanic products, the extent and
mechanisms of how nanolites influence magma rheology remain poorly
Constrainedl 9,20,17,29,31,33,33738‘

To the best of our knowledge, this study reports the first in situ, high-
temperature imaging observation of nanolite formation in a synthetic
andesitic melt. We leverage these observations to investigate the connection
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between nanolite formation and the flow properties of various andesitic
compositions. To establish a reliable basis for comparison, we develop
chemical-dependent viscosity models using only viscosity data derived from
samples free of nanolites. This approach is necessary because previous
studies, including widely used viscosity models®, tend to overestimate the
viscosity of melts prone to nanocrystallization®*"***. Our results show that
nanolite formation induces nanoscale chemical variations in the melt. These
nanodomains increase melt viscosity and can significantly alter the physical
properties of magma. This suggests that nanoscale chemical thresholds may
influence magma properties and dynamics at early stages of crystallization.

Results and discussion

Preliminary in situ observations of nanolite formation during
heating

We produced four anhydrous andesitic melts and one transition-metal-free
analogue (Table 1). The sample AND100 (Fe’*/Fe, = 0.64) was designed to
mirror the andesitic chemical composition of the magma erupted at
Sakurajima volcano described in Okumura et al.”’. Samples AND100red
(Fe**/Feyy, = 0.27) and AND100ox (Fe**/Fe, = 0.71) represent isochemical
analogues of AND100 with lower and higher Fe’*/Fe,, respectively
(Table 1). AND65 (Fe’*/Feyy = 0.74) and ANDO were produced based on
the composition of AND100, from which 35% and 100% of the total
transition metal content (FeO., TiO, and MnO) were removed. The
amorphous nature of all samples was confirmed through a combination of
scanning electron microscopy (SEM) imaging in backscattered electron
(BSE) mode and Raman spectroscopy analysis; additional details can be
found in the Supplementary Information (Supplementary Preliminary
Characterization; Supplementary Fig. 1).

We initially explored the nanoscale textural response of the AND100
composition from a fundamental standpoint, performing in situ high-
temperature measurements. High-temperature Raman results (Fig. 1a)
reveal that the amorphous state of AND100 is considerably unstable against
thermal treatments, leading to the formation of nano-sized titanomagnetite
crystals already ~ 70 °C above the glass transition temperature (T), which
was determined by conventional differential scanning calorimetry (C-DSC)
(Table 1, Supplementary Table 2). This is evidenced by the appearance of
vibrational features that can be assigned to Fe-Ti-oxides such as

titanomagnetite*~*, which become even more distinctive upon cooling the

samples to room temperature (Supplementary Fig. 4b; Supplementary Post-
in situ Raman). To monitor the nanoscale changes associated with the non-
stoichiometric precipitation of titanomagnetite, we also performed in situ
nanoscale observation of nanolite formation in an andesitic composition
using transmission electron microscopy (TEM) combined with a heating
stage (Supplementary Movie). The experimental procedure, as previously
optimized by Zandona et al.”’, minimized possible artifacts arising from
electron irradiation, which could be limited to a simple shift of thermally
activated processes (i.e., phase separation and crystallization) to lower
temperatures and a minor loss of alkalis during the heating in vacuum.
During the heating experiment (Fig. 1b), we observed that the starting
material, which appeared homogeneous within the experimental resolution,
rapidly underwent amorphous phase separation®, possibly due to liquid-
liquid immiscibility'” or simply corresponding to a kinetically favored
metastable stage of chemical clustering preceding non-isochemical crystal
nucleation in the melt. This process led to the development of sub-rounded
(<5 nm in diameter) higher-contrast domains that lacked crystalline order,
as initially determined by local Fast Fourier transforms (FFTs) of the col-
lected TEM images (Fig. 1b). Notably, these chemically differentiated
nanodomains exhibited structural ordering into iron-rich nanosized crys-
tals at higher temperatures (>550 °C), followed by gradual growth and
accompanied by the development of aluminum-rich domains (Supple-
mentary Fig. 5). Fast Fourier transforms (FFTs) of images acquired at this
stage (Fig. 1b) are consistent with the formation of titanomagnetite***.
Energy-dispersive X-ray spectra (EDS) acquired before and after the in situ
experiment (Supplementary Table 3) confirmed that the overall bulk
composition remained almost constant after the experiment, except for an
unavoidable loss of alkalis due to electron irradiation in a vacuum. The
observed mechanism, ie., amorphous phase separation, followed by the
rapid formation and growth of nanocrystals within Fe-enriched
domains, has previously been reported for other aluminosilicate
glasses and melts™ and also mirrors those inferred from ex-situ observa-
tions on basaltic and basanitic melts’"*". Therefore, they provide an accurate
overview of the nanocrystallization processes that should be expected to
occur in deeply supercooled melts and reheated glasses of andesitic
composition.

Table 1 | Chemical analysis results® (wt%) and parameters used for melt viscosity parameterization using the MYEGA

equation (Eq. 5)

AND100 AND100red AND1000x AND65 ANDO
SiO, 60.38 (0.36) 60.47 (0.40) 60.56 (0.35) 62.52 (0.19) 65.91 (0.34)
TiO, 0.79 (0.04) 0.80 (0.07) 0.81 (0.06) 0.56 (0.04) 0.04 (0.03)
Al,O5 16.69 (0.18) 16.83 (0.22) 16.79 (0.19) 17.28 (0.22) 18.01 (0.11)
FeOior 6.77 (0.12) 6.87 (0.12) 6.76 (0.15) 4.40 (0.11) 0.04 (0.03)
MnO 0.17 (0.03) 0.18 (0.04) 0.18 (0.03) .11(0.03) 0.01(0.01)
MgO 3.00 (0.07) 2.94 (0.06) 2.95 (0.06) 3.02 (0.07) 3.21(0.06)
Ca0 6.62 (0.09) 6.51(0.11) 6.49 (0.11) 6.76 (0.13) 7.26 (0.11)
Na,O 3.50 (0.15) 3.46 (0.10) 3.40 (0.10) 3.49 (0.11) 3.82 (0.14)
K20 1.58 (0.07) 1.65 (0.07) 1.66 (0.06) 1.70 (0.05) 1.75 (0.06)
P,05 0.18 (0.05) 0.18 (0.05) 0.18 (0.05) 0.16 (0.05) 0.04 (0.03)
Fe**/Feot 0.64 (0.03) 0.27 (0.03) 0.71(0.03) 0.74 (0.03) -
NBO/T® 0.34 0.31 0.34 0.27 0.16
K/G® 1.57 (0.02) 1.57 (0.02) 1.58 (0.02) 1.53 (0.02) 1.48 (0.02)
T, (°C) 654 (1) 645 (1) 662 (1) 696 (1) 737 (1)
m' 30.5 (1) 30.5 (1) 30.5 (1) 31(0.6) 31.8(0.2)

#Electron microprobe average chemical composition (n = 10). Parentheses represent +10.

“From Méssbauer spectroscopy. Ratios were derived using MossA software®. Numbers in parentheses represent +1c.

°NBO/T calculated after Prata et al."”’.
9From Brillouin spectroscopy. Numbers in parentheses represent +1c.
°From C-DSC. Numbers in parentheses represent the experimental error.

'Fitted fragility using the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) parametrization. Numbers in parentheses represent +1c.
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Fig. 1 | In situ high-temperature results. a Raman spectra evolution of sample
ANDI00 at 723 °C revealing the formation of titanomagnetite crystals during an
isothermal hold above T, (654 °C; Table 1). Each colored curve represents 5 minutes.
Shaded areas highlight the position of the most intense Raman features of
titanomagnetite*”*"*". b Images acquired during in situ heating TEM experiment
(Supplementary Movie), detailing the nanoscale evolution of AND100 from a

homogeneous amorphous glass to a heterogeneous amorphous material (350 °C),
and then a nano-crystallized glass (550 °C and 750 °C). FFTs (insets) and post-
experiment STEM-EDS (Supplementary Fig. 5) confirm the formed crystals to be
magnetite-like. Temperatures (Supplementary Fig. 6) are affected by electron irra-
diation and should be therefore considered only in qualitative terms.

The viscosity of homogeneous and crystal-free andesitic melts
High-temperature in situ measurements reveal the elevated reactivity of
ANDI100 above its T, (Fig. 1), highlighting the need for a meticulous
experimental methodology to determine the melt viscosity’****. To this end,
we employed direct viscometry techniques, including micropenetration and
concentric cylinder viscometry (Supplementary Micropenetration; Sup-
plementary Concentric Cylinder). We further expanded our dataset by
incorporating indirect viscosity estimates obtained from conventional and
flash differential scanning calorimetry (C-DSC and F-DSC, respectively;
Supplementary C-DSC; Supplementary F-DSC). To monitor potential
sample alteration during measurements, such as crystallization and/or iron
oxidation, we conducted Raman and Massbauer spectroscopy before and
after each experiment (Supplementary Preliminary Characterization; Sup-
plementary C-DSC; Supplementary F-DSC; Supplementary Micro-
penetration; Supplementary Concentric Cylinder).

The accurate fitting of melt viscosity requires data from samples that
preserved a homogeneous amorphous structure throughout all measure-
ment stages. However, post-experiment Mdssbauer and Raman results
(Supplementary Preliminary Characterization; Supplementary C-DSC;
Supplementary F-DSC; Supplementary Micropenetration; Supplementary
Concentric Cylinder), as well as micropenetration (Fig. 2b) and post-
micropenetration TEM results (Figs. 3, 4; Supplementary Figs. 11,
12 and 13), show that some viscosity measurements were affected by iron
oxidation and titanomagnetite nanocrystallization during the experiments.
Based on these observations, we exclusively used data from samples that
remained nanolite-free after experiments to establish crystal-free viscosity
parametrizations for our andesitic compositions (Supplementary Viscosity
Parametrization). We accounted for iron oxidation by categorizing datasets
according to the iron valence determined post-measurements. Combined
with T, values derived from C-DSC (Table 1; Supplementary C-DSC), we

applied the MYEGA parametrization (Eq. 5) usinglog¢#.. = —2.93"* to fit
the melt fragility index (). This allows us to characterize melt viscosity
across a wide temperature range. Viscosity data from nanolite-free samples
are shown as colored symbols in Fig. 2a, and the corresponding MYEGA
fitting parameters are summarized in Table 1. To model andesite viscosity,
we developed a calculator (provided as a Supplementary Data) applicable to
compositions ranging from ANDO to AND100. This tool is based on the
relationship between the transition metal content, glass transition tem-
perature (T,p), and fragility index (m) (Supplementary Viscosity
Parametrization).

Our results (Fig. 2a) show that the viscosity of homogeneous andesitic
melts increases with decreasing transition metal oxide content progressing
from AND100 to AND65, and then ANDO. A 35% reduction in transition
metal oxides (FeOy,, TiO, and MnO) from ANDI00 leads to an average
viscosity increase of 0.7 +0.05 log;o (approximately 5 times) at eruptive
temperatures (900-1050 °C) relevant for Sakurajima volcano™. Complete
removal of transition metal oxides (ie., ANDO) increases viscosity by
~1.5%0.1 log; (~30 times) at 900 °C and by ~1.1 + 0.1 log;o (~12 times) at
1050 °C. Moreover, within the same temperature range, increasing the iron
oxidation in AND100 (from Fe**/Fe, = 0.27 to 0.71) results in a viscosity
increase of ~2 times (Supplementary Fig. 9), consistent with previous
ﬁnding822,56,57.

It is important to note that these parametrizations apply specifically to
homogeneous melts, free of nanolites or detectable nanoscale compositional
heterogeneity in the amorphous state, as discussed further below. Our
results indicate that the Giordano et al.”” model overestimates the viscosity of
AND100 (GRDO8 snp100> Fig. 2b) by up to a factor of 25 at 700 °C and a
factor of 3 at 900 °C. This discrepancy is not observed for the ANDO
composition (Supplementary Fig. 9). These findings are consistent with
Valdivia et al.”, who reported similar behavior for basaltic melts, suggesting
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Fig. 2 | Summary of viscosity results. a Colored T (°C) T (°C)
symbols represent nanolite-free viscosity data for a 1400 1200 1000 800 1400 1200 1000 800
homogeneous melt (HOM). Solid lines illustrate y r r y —— . T
MYEGA parametrizations for AND100, AND65
and ANDO (Table 1). b Impact of heterogeneities 124 412 | b -
and iron oxidation state on the viscosity of AND100
compositions. White symbols represent nanolite- |
bearing viscosity data. The shaded grey region 10 J10 i
(heterogeneous melt, HET) represents the expected —~
viscosity increase due to nanolite formation. Red < E
arrows depict the isothermal rise in viscosity mea- A~
sured during micropenetration experiments at 660, £ 8F 18F T
723 and 808 °C. The red dashed line shows the E HOM J ]
viscosity prediction for AND100 using the Giordano <
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Fig. 3 | Post-micropenetration (TEM) diffraction patterns of AND100 samples. a MPgqo. b MP;53. ¢ MPygqs. Yellow indices correspond to the assignment of electron
diffraction rings to specific lattice planes in the structure of titanomagnetite based on the respective d-spacings. The red points are the identification of a single spot associated

with pseudobrookite (Fe,TiOs).

that the Giordano et al.”” model may, for certain chemical domains, rely on
viscosity data from melts containing nanoscale heterogeneities. Similarly,
we observe deviations between our AND100 crystal-free parametrization
and the nanolite-free viscosity data reported by Okumura et al.** (Supple-
mentary Fig. 9), which also referenced the Giordano et al.”” model.

Nanoscale characterization of nanolite-bearing andesitic melts
During micropenetration measurements on AND100 samples, we observed
a time-dependent increase in viscosity at constant temperatures (Fig. 2b;
Supplementary Micropenetration). Post-experiment analyses revealed that
these changes were accompanied by nanocrystallization of titanomagnetite
and iron oxidation. To investigate the mechanisms behind the viscosity
increase, we conducted nanoscale characterization of the samples. We used
room-temperature (S)TEM on FIB-prepared lamellas of known thickness
(Table 2) to image the nanocrystals and obtain EDS chemical maps. To
further assess nanoparticle size distribution and phase composition, we
performed Small-Angle X-ray Scattering (SAXS) and Wide-Angle X-ray
Scattering (WAXS) on 50 pm thick samples (see below).

Electron diffraction patterns (Fig. 3) and high-angle annular dark-field
(HAADF) imaging (Fig. 4a), both acquired in TEM mode and STEM mode,
respectively, confirmed the presence of nanocrystals. Selected area electron
diffraction (SAED) patterns from post-micropenetration AND100 samples

are shown in Fig. 3. Most of the recorded d-spacings corresponds to the
structure of titanomagnetite***>”. The diffraction patterns evolved from
diffuse circular halos in sample AND100_MPgg, to well-defined diffraction
rings in AND100_MP;,3, and especially in AND100_MPgs (Fig. 3).
Notably, AND100_MPgs shows more pronounced diffraction features
along the rings, indicating the presence of larger and more ordered nano-
crystals. In particular, AND100_MPg4, displays one diffraction ring
(d=253(1) A) which matches the most intense reflection of
titanomagnetite™”, corresponding to the (311) plane (Fig. 3a). In
AND100_MP;,3, two additional low-intensity rings appear, with d-spacings
of 1.48(5) and 2.09(9) A, assignable to the (440) and (400) planes,
respectively’®*>” (Fig. 3b). These three diffraction rings become more
pronounced in AND100_MPgyg and are accompanied by weaker ones
assignable to the (220), (511), (620), and (642) planes™ (Fig. 3c). Addi-
tionally, a single diffraction spot consistent with the (021) plane of pseu-
dobrookite (Fe,TiOs, d-spacing = 4.3(1) A) is uniquely observed in sample
AND100_MPgs (Fig. 3¢)*".

Nanolites are recognizable in STEM-HAADF images (Fig. 4a) by their
bright contrast, consistent with their higher density relative to the sur-
rounding matrix. Elemental maps (Fig. 4b) show that these particles are
Fe-rich, in agreement with previous analyses (Supplementary Fig. 5).
Conversely, aluminum (Al) is preferentially concentrated around these
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Fig. 4 | Nanoscale local variations in chemistry for
AND100_MPgy5. a STEM-HAADF image of the
sample. The bright pixels represent the crystalline
phase. b EDS elemental distribution map of Fe.
cEDS elemental distribution map of Fe+Al showing
a preferential distribution of Al around Fe-rich
nanolites. d Magnification of A-A” EDS-line-scan.
e EDS line profile (A-A’) results, with SiO,, AL,O3
and FeOy, concentrations in wt%. Values on the
x-axis represent the distance along the line profile
(A-A’). Values on the y-axis represent the average
composition of 7 neighboring pixels along the y-axis
ind.

Oxide (wt%)

Distance (nm)

nanolites, creating Al-depleted zones between them. This distribution
becomes especially evident when Fe and Al elemental maps are overlapped
(Fig. 4c). To quantify local chemical variations, we extracted a representative
STEM-EDS linescan across the sample (Fig. 4d). The resulting profile
(Fig. 4e) confirmed the presence of Al-enriched halos surrounding Fe-rich
nanolites. We also observed localized SiO, enrichment in the residual melt,
corresponding to the darker region in the STEM-HAADF images (Fig. 4a).

From STEM-HAADF images (Supplementary STEM-HAADF)
obtained from lamellas of known thickness, we determined the minimum
nanolite radius, volume fraction, and nanolite number density (NND),
accounting for possible nanolite overlap in the axis perpendicular to the
plane of view. The average minimum nanolite radius increases from
1.4 £ 0.5 to 2.6 + 0.8 nm as the temperature during viscosity measurements
increases from 660 to 808 °C, with a progressive increase in nanolite content
from 0.51 + 0.1 to 2.45 + 0.1 vol% (Table 2). This trend is consistent with
Raman spectroscopy and electron diffraction results (Fig. 3; Supplementary
Fig. 4) as well as high-temperature in situ experiments (Fig. 1; Supple-
mentary Fig. 4), indicating that nanolite nucleation and growth become
more pronounced as temperature increases above the glass transition.

To explore the temperature dependence of compositional hetero-
geneity, we quantified the average composition of four sub-regions: (1) the
bulk image, (2) the nanolites, (3) the nanolites plus surrounding halos, and
(4) the residual amorphous matrix (Fig. 5). Due to sample thickness
(Table 2), compositions for nanolites and halos include a contribution from
the surrounding amorphous matrix. The bulk STEM-EDS composition
agrees well with the electron microprobe data for the AND100 starting
material (Tables 1, 2), indicating minimal alkali migration during EDS
analysis. Figure 5 illustrates the relative compositional differences of each
sub-region normalized to the bulk composition (Table 2).

All three samples exhibit SiO, enrichment in the residual matrix, with
average values near 70 wt% (Table 2), which is ca. 10 wt% higher than in the
original AND100 composition and ca. 4 wt% higher than in the iron-free
ANDO (Table 1). Conversely, Al,O; and FeO,,, concentrations in the matrix
decrease progressively as temperature increases from 660 to 808 °C. In
parallel, FeOy,, concentrations increase within the nanolites, consistent with
titanomagnetite growth observed in our in situ experiments (Fig. 1).

Notably, during the early stages of nanolite formation (660 °C), we observed
that they coexist with a diffuse, high-contrast phase (Supplementary Post-
micropenetration STEM-EDS) and show an initial Al,O; enrichment
(Fig. 5¢), potentially reflecting a transient immiscibility between two alu-
minosilicate melts. At higher temperatures (808 °C), Al is expelled from the
developing nanolites as more ordered titanomagnetite nanolites form
(Fig. 5¢). We infer that this process explains the observed Al accumulation
around nanocrystals (Fig. 4; Supplementary Fig. 5) which is consistent with
low mobility of Al in SiO,-rich liquids®™.

This mechanism aligns with the titanomagnetite nanocrystallization
pathway proposed for the 2018-2021 Fani Maoré lavas’', where nanolites
formed from an PFe-rich immiscible melt™. It is also consistent with well-
established observations in glass-ceramic materials, where Al-enriched
shells are observed to surround the TiO,- and/or ZrO,- bearing nano-
crystals that serve as crystallization seeds during subsequent heating®*.
Additionally, recent tracer diffusion experiments in TiO,-containing albitic
glass demonstrate that Al mobility in supercooled aluminosilicate melts is
enhanced by the presence of transition metals®, supporting a crystal
nucleation mechanism involving the coupled diffusion of Al, Fe, and Ti.

To investigate nanoparticle distribution and crystallinity, we con-
ducted SAXS and WAXS analyses. SAXS is sensitive to nanoscale electron
density variations and provides information on particle size distributions,
while WAXS captures scattering at larger angles, offering insights into long-
range structural order and crystalline phases®’. SAXS results (Fig. 6a) indi-
cate the presence of a spherical phase with different density with respect to
the matrix, and changes in the spherical particle size and distribution with
temperature (SAXS parameters in Supplementary Table 4). The SAXS
signal shifts from a peak at ~0.9 nm™ for the 660 °C sample to ~0.5 nm™ for
the 723 °C sample. In the 808 °C sample, the scattering pattern changes
markedly, showing at least two distinct contributions: one centered at
~0.5 nm™, as observed at 723 °C, and a second, broader feature emerging at
lower g (~0.1 nm™), indicating the presence of two separate phases.

SAXS fitting results show a decrease in the Porod parameter from
0.14 x 10* for the 660 °C sample to 0.24 x 10 for the 723 °C sample,
indicating that the particles are relatively isolated, with limited aggregation
and simple surface morphology. Due to the restricted g-range at low g
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Fig. 5 | STEM-EDS local chemistry for each sub-
region. a Residual amorphous matrix. b Nanolites
and the compositionally differentiated halo sur-
rounding them. ¢ Nanolite cores. Average values
were normalized to the bulk composition of the
sample (Bulkrgys in Table 2). The data was obtained
from the analysis of STEM-EDS maps (Supple-

mentary Figs. 11, 12 and 13) performed on samples
treated at 660 °C, 723 °C and 808 °C during viscosity
measurements. Error bars correspond to +1o
(Table 2).

Local composition / bulk composition

Amorphous matrix
1 1

0.0

Nanolites
1

Nanolites+halos
1 1

0.0

660 723

1
808 660 723 808 660 723

Temperature of viscosity measurement (°C)

Fig. 6 | SAXS-WAXS analyses of post- i
micropenetration AND100 samples. a SAXS
results. The fit SAXS parameters used for the mod-
elling of particle size are reported in Supplementary
Table 4. b WAXS results. The numbers above the
peaks correspond to the calculated d-spacing (A)
using Eq. 18, where dashed lines correspond to peaks
assignable to titanomagnetite’*"*'. MPgqo was
X-ray amorphous, while AND100_MP;,; exhibited
diffraction peaks assignable to titanomagnetite and
AND100_MPygs contained titanomagnetite +
pyroxene.

Intensity (a.u.)

0.001 1

—— ANDI00_MP,,
—— AND100_MP,,,
—— ANDI00_MPy

0.1

g (nm™") g (nm™)

values, the Porod parameter estimated for the 808 °C sample (0.12) is not
considered reliable. The extracted fractal dimension (fract = 3.75 + 0.25;
Supplementary Table 4) is consistent with spherical particle geometry. The
structure factor (s, Supplementary Table 4) is approximately 0.1 for the
AND100_MPgso and AND100_MP5,; samples, but decreases to ~0 for
AND100_MPgs, indicating increased particle interaction and aggregation
at higher temperature. Overall, the temperature-dependent shift of the
SAXS signal toward lower g values suggests an increase in particle size,
accompanied by more complex surface features and a higher degree of
aggregation at elevated temperature.

SAXS modelling for AND100_MPgq, vields an average radius of
amorphous nanoheterogeneities (see WAXS description below) of
1.7 £ 0.02 nm (Table 2). For AND100_MP;,;, the average radius increases
to 3.1 + 0.1 nm, corresponding to nanocrystals as identified in WAXS. SAXS
analysis of AND100_MPgg reveals a dominant population with average
radii of 3.8+0.5nm. These values are consistent with STEM-HAADF
image analysis, which shows an increase in the average nanoheterogeneity
radius from 1.4 £ 0.5 nm to 2.6 + 0.8 nm (Table 2).

WAXS analysis provides complementary information on crystallinity
and phase composition over larger volumes than those probed by TEM. The
WAXS pattern of AND100_MPgq, (Fig. 6b) lacks sharp diffraction features,

indicating the absence of long-range order and the presence of nanoscale
amorphous phase separation. This is consistent with SAXS data showing
isolated particles with minimal aggregation and with the diffuse TEM dif-
fraction patterns observed in Fig. 3a. For AND100_MP;,3, WAXS patterns
display distinct diffraction peaks corresponding to titanomagnetite***>”,
with d-spacings assignable to the (311), (400), (511), and (440) crystal-
lographic planes. These observations match the TEM diffraction results for
this sample, indicating the onset of crystalline phase formation.

The WAXS pattern for AND100_MPgg reveals a more complex phase
assemblage, including both titanomagnetite****” and pyroxene®. Rietveld
refinement shows that titanomagnetite crystals have an average crystal size
of 67+0.5nm, while pyroxene crystals measure approximately
19.2 + 0.5 nm (Table 2). These results are consistent with those reported by
Mujin et al.”, who identified ferroaugite crystals measuring 20-30 nm and
titanomagnetite particles ranging from 1 to 20 nm in pyroclasts from the
2011 Shinmoedake eruption.

Overall, the combined SAXS, WAXS, and TEM analyses provide a
consistent and detailed picture of particle size evolution, phase composition,
and crystallinity as a function of temperature at the nanoscale, demon-
strating that our experimental results closely reflect natural magmatic
processes.
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Fig. 7 | Nanolite-bearing viscosity of AND100 samples. Normalized viscosity as a
function of temperature and FeO,,, + TiO, content (wt%) of their STEM-EDS-
derived residual matrix composition (Fig. 5; Table 2). Viscosity is normalized to the
ANDI100 melt (Table 1; Fig. 2). The MP sub-index represents the temperature (°C) of
micropenetration measurement. The black curves correspond to the viscosity as a
function of FeO,o + TiO, content (wt%) at 660, 723 and 808 °C respectively. A
viscosity calculator is provided as Supplementary Data.

The viscosity of nanolite-bearing andesitic melts

To elucidate the impact of nanocrystallization and iron oxidation on the
viscosity of andesitic melts, we compare our viscosity micropenetration
results for AND100 samples with the corresponding melt viscosity para-
metrizations (Fig. 2b). For AND100_MPgq, the initial viscosity measure-
ment (= 10" Pa's; Supplementary Table 2) closely matches the predicted
melt viscosity of AND100 at 660 °C. However, a progressive increase in
viscosity was observed under isothermal conditions, reaching a final value of
1= 10" Pas, accompanied by a slight increase in the iron oxidation state to
Fe**/Fe = 0.7. This final viscosity is approximately 8 times higher than the
predicted value for AND100 (Fe*/Fe, = 0.64) at the same temperature.
STEM-EDS data (Figs. 3 and 4; Table 2) show that less than 3 wt% of the
total iron precipitated as nanocrystals in this sample. Thus, the presence of
solid particles (<1 vol%; Table 2), as considered in classical particle sus-
pension models”, and the overall compositional variations™** (e.g., Fe-Ti
removal in Fig. 7) of the surrounding amorphous phase are insufficient to
account for the observed viscosity increase.

We propose that the rapid formation of a SiO,-enriched matrix, the
segregation of Fe-rich immiscible domains, and subsequent crystallization
of titanomagnetite, leads to the development of a complex and hetero-
geneous nanostructure (Fig. 4). This structural evolution likely explains the
excess measured viscosity, as illustrated in Fig. 7.

Similar trends are observed at higher temperatures. For
AND100_MP,,3, the final viscosity (17 = 10" Pa s; Fe*"/Fe,; = 0.79) is nearly
5 times greater than the predicted viscosity of AND65 (r=10""* Pa s) at
723 °C, even though the residual matrix retains approximately 40% of the
initial FeOy, content (Table 2). For ANDI100_MPggg, the final viscosity
(1=10"" Pa s; Fe*/Fe,,, = 0.83) slightly exceeds the predicted viscosity of
ANDO at 808 °C (= 10" Fig. 2), despite the residual matrix still containing
~25% of the original FeO, (Fig. 5; Table 2).

It should be noted that complete precipitation of FeOy,, as crystalline
phases is unlikely during the experiment, as the temperature-dependent
solubility of FeOy, in the metastable melt is not expected to approach zero,
even under deep supercooling”. Even in the comparatively evolved
AND100_MPgs, the crystalline phase content (~2.45vol%) is too low

to significantly affect melt viscosity through conventional suspension
mechanisms®.

Overall, our findings highlight the complex interplay of nanocrys-
tallization, iron oxidation, and nanoscale phase separation in controlling the
rheology of andesitic melts. While previous studies'>” attributed the visc-
osity increase solely to iron depletion in the residual aluminosilicate matrix
due to titanomagnetite nanocrystallization, our results suggest a more
complex mechanism. We propose that the rapid segregation of nanoscale
Fe-rich immiscible droplets initiates the formation of a relatively SiO,-
enriched matrix. Titanomagnetite nanocrystallization then occurs within
these Fe-rich domains. As the nanocrystals grow and develop long-range
order, aluminum is expelled from the crystal structure, forming Al-enriched
shells around the nanolites.

Additionally, post-micropenetration Mossbauer spectroscopy (Supple-
mentary Micropenetration; Supplementary Table 2) shows that the Fe’*/Fei
ratios of the ANDI00 samples exceed the stoichiometric requirement for
titanomagnetite to consume all the iron in the melt. This indicates that in
samples such as AND100_MP;,; and AND100_MPgg, which contain well-
developed titanomagnetite nanolites, a significant portion of the remaining
iron in the SiO-enriched matrix likely exists as Fe’". This oxidation state may
enhance the polymerization of the residual melt structure by converting
network-modifying cations into charge-compensating species and promoting
Fe’" as a network-forming component™”' ™.

Notably, nanolite formation was observed under various oxygen
fugacity conditions during our high-temperature experiments. This obser-
vation aligns with previous work*"”, which shows that nanolites can form
across a broad range of redox conditions relevant to both natural magmatic
environments and experimental settings.

As discussed above, and accounting for Fe-Ti extraction due to
nanocrystallization, we observe a consistent surplus in viscosity across all
our nanolite-bearing samples, ranging from 2 to 6 times higher than the
expected values for homogeneous melts (Fig. 7). Notably, nanoscale che-
mical heterogeneity has the greatest impact at low crystal fractions, as seen in
MPgq (Fig. 7), where the pronounced viscosity increase cannot be explained
solely by Fe-Ti depletion, crystal suspension, or aggregation. Bulk Fe-Ti
extraction appears to play a more significant role at low to moderate
crystal fractions, such as in MP;,;, where the initial melt viscosity is
comparatively lower.

At higher nanolite contents, as in MPgg (Fig. 7), SAXS data indicate the
emergence of particle interaction, introducing an additional mechanism
influencing viscosity during magmatic crystallization. This interaction likely
arises from pervasive nanoscale heterogeneity driven by the concurrent dif-
fusion and segregation of elements such as Al, Ti, and Fe (Figs. 4, 5; Table 2), in
response to iron oxidation and titanomagnetite nanocrystallization”. These
processes lead to the formation of chemically distinct nanodomains in the
initially homogeneous melt, including nano-sized crystals, Al-enriched shells,
and highly SiO,-enriched regions (up to ~70 wt%; Fig. 5; Table 2), significantly
increasing the effective bulk viscosity (Fig. 2b).

The nanolite-bearing viscosity of AND100_MPgs (Fig. 7) indicates
that the viscosity of ANDO, a homogeneous melt devoid of transition metals,
only provides a lower bound for the viscosity of nanolite-bearing AND100
at temperatures above 808 °C. At these conditions, compositional fluctua-
tions and particle interactions at the nanoscale become increasingly pro-
nounced (Fig. 5).

These findings demonstrate that the physical properties of
titanomagnetite-bearing silicate melts cannot be directly compared with
those of homogeneous materials without a critical assessment of data
reliability. We show that nanolite nucleation and growth result in chemically
differentiated nanodomains that induce a complex and substantial increase
in viscosity. For example, progressive titanomagnetite crystallization is
accompanied by a systematic increase in DSC-derived characteristic tem-
peratures (Supplementary C-DSC; Supplementary F-DSC). Despite the
relatively low titanomagnetite content typically observed in natural melts, its
effect on viscosity should not be underestimated.
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Consistent with previous research’>>**’°, our findings suggest that the
viscosity increase induced by nanocrystallization, and modulated by the
formation of chemical heterogeneities at the nanoscale, may influence
eruption dynamics. These results have important implications for under-
standing the behavior of andesitic magmas, which are characterized by
diverse eruptive styles”. Rapid magma ascent can generate high under-
cooling, promoting syn-eruptive crystallization within volcanic conduits'’.
This is known to enhance the coupling between gas and melt, potentially
affecting the dynamics of magma ascent. Additionally, melt dehydration,
oxidation, and thermal fluctuations during magma ascent may also lead to
nanocrystallization in the shallow conduit™**.

Importantly, nanocrystallization not only increases magma viscosity,
but it can also facilitate the formation of nucleation sites for gas bubbles™”*,
thereby hindering bubble connectivity and outgassing. We hypothesize that
the formation of the documented heterogeneous texture composed of melt
and (nano)crystalline phases may have a non-trivial impact on water
exsolution. The development of nanoscale heterogeneities may locally ele-
vate water concentration and induce supersaturation, as nanolites cannot
accommodate volatiles, thereby “squeezing” water out of the surrounding
melt. Additionally, this study also contributes to a better understanding of
the evolving physical properties of andesitic domes and plugs, as they are
known to be exposed to naturally occurring reheating processes”.

Together, these effects could potentially act as a gateway for magma
fragmentation", explaining the explosivity of andesitic magmas®. Sup-
porting this, a recent study” identified nanoscale Al-rich heterogeneities on
the surfaces of natural andesitic ash particles, indicating that ash-forming
fractures preferentially propagate through regions surrounding Fe-rich
nanolites. This mechanism for fracture propagation is consistent with the
formation of chemically differentiated nanodomains, as magma failure
should propagate through the most viscous zones (i.e., the SiO,-enriched
matrix), resulting in Al-rich surfaces in the ash particles.

In summary, the formation of nanolites and associated chemical het-
erogeneity drives rheological changes in andesitic magma, influencing
ascent dynamics and contributing to variations in eruptive style.

Conclusions

We present, to the best of our knowledge, the first in situ observation of
nanolite formation in a synthetic andesitic melt and introduce viscosity
models tailored to various andesitic compositions. Our observations show
that iron oxidation and nanocrystallization readily occur above the glass
transition temperature. This challenges conventional interpretations, as the
observed viscosity increase due to titanomagnetite nanocrystallization
cannot be explained solely by iron depletion in the residual amorphous
matrix or by the presence of solid particles. Instead, we propose a more
complex mechanism: rapid amorphous phase separation leads to the for-
mation of nanoscale Fe-rich domains, inducing relative SiO, enrichment in
the surrounding matrix. Titanomagnetite nanocrystallization then proceeds
within these Fe-rich domains. As these titanomagnetite nuclei grow, alu-
minum is expelled from the crystalline nuclei, forming Al-enriched shells
surrounding the nanolites. This sequence of events results in a viscosity
increase of up to 30 times at eruptive temperatures. This increased magma
viscosity, coupled with an inherently non-uniform mechanical response due
to its nanoscale chemical heterogeneity, may significantly influence the
rheological properties of the melt and, consequently, the eruption dynamics
of andesitic volcanoes.

Materials and methods

Synthesis of starting glasses

AND100, AND65 and ANDO were synthesized by mixing powder reagents
(Si0,, TiO,, ALOs, FeyOs, MnO, MgO, CaCOs, Na,COs, K,CO;, and
P,05) according to their target compositions. The mass of each oxide and
carbonate component was determined through molar mass calculations. All
reagents were mixed using an agate mortar and ethanol. The mixture
underwent manual grinding for ~45min before being dried using an
infrared light. Subsequently, the dry mixture was placed in an alumina

crucible and subjected to an overnight heat treatment at 900 °C to eliminate
CO, from the carbonate compounds. Following decarbonization, the
material was transferred to a Pt crucible and melted for 24 h at 1400 °C.
Afterwards, the melt was rapidly quenched in water to prevent crystal-
lization. The resulting quenched glass was crushed to powder using a
stainless-steel percussion mortar and then manually mixed before per-
forming a second melting to achieve chemical homogenization. The second
round of melting at 1400 °C lasted for 4 h, after which the crucible was
swiftly immersed in water for rapid cooling. Subsequently, AND100red was
produced by re-melting ANDI100 sample in a hanging AugyPd,, open
capsule at 1275 °C and 1 atm for 24 h, using a gas mixing furnace with a gas
mixture of 95% CO, and 5% CO. The resulting melt was rapidly quenched
in water by melting the Pt wire.

Electron microprobe analyses (EMPA)

The major elemental composition (Si, Ti, Al, Fe,.,, Mn, Mg, Ca, Na, K, and
P) of samples AND100, AND100ox, AND100red, AND65, and ANDO was
determined using a JEOL JXA-8200 electron microprobe at the Bayerisches
Geoinstitut (University of Bayreuth, Germany) (Table 1). Glasses were
embedded in epoxy, polished, and carbon coated. Measurements were
performed using 15KkV voltage, 5 nA current, and 20 s of counting time
under a defocused 10 um beam. We collected 10 points per sample to
account for heterogeneities. Synthetic wollastonite (Ca, Si), periclase (Mg),
hematite (Fe), spinel (Al), orthoclase (K), albite (Na), manganese titanate
(Mn, Ti), and apatite (P) were used as calibration standards. Sodium and
potassium were analyzed first to mitigate alkali migration effects™.

Micropenetration viscometry

We conducted micropenetration (MP) viscometry measurements on plane-
parallel and polished glass chips of 2-3 mm in thickness. These measure-
ments were carried out utilizing a vertical dilatometer (Bahr VIS 404) at the
Institute of Non-Metallic Materials, TU Clausthal (Germany). We mea-
sured the indentation rate of a sapphire sphere (r =0.75 mm) during iso-
thermal dwells at temperatures controlled using an S-type thermocouple
(Pt-PtRh) placed at ~1.5 mm from the sample surface. The temperature
error is estimated to be +2 °C considering the accuracy of the S-type ther-
mocouple and its distance from the sample”. We followed standard
procedures™"**** to achieve thermal equilibration at the target tempera-
ture. The indentation depth was measured as a function of time and the
viscosity curve was determined according to Eq. 1%:

3F

n=_—==y
16y/2rL 4

(1

where 7 is the Newtonian viscosity (Pa s), F is the applied force (N), ¢ is the
time (s), r is the radius of the sphere (m), L is the cumulative indentation
depth (m), and % is the indentation within a measurement interval. The
dilatometer was previously calibrated using a standard glass DGG-1,
reproducing the certified viscosity data*® with a deviation of + 0.1 in log
units. Data points are reported in the text according to the scheme
SampleName_MP royperanres  With temperature representing the final
experimental temperature expressed in °C, and the duration in minutes.

Concentric cylinder (CC) viscometry

High-temperature viscosity measurements were conducted using a Rheo-
tronic II Rotational Viscometer (Theta Instruments) at the Experimental
Volcanology and Petrology Laboratory (EVPLab, Roma Tre University,
Italy). The experimental apparatus featured an Anton Paar Rheolab Qc
viscometer head with a maximum torque capacity of 75 mN m®. Tem-
perature monitoring was carried out using a factory-calibrated S-type
thermocouple, with a precision of +2 °C. The concentric cylinder was pre-
viously calibrated using a standard glass NIST 717a, reproducing the cer-
tified viscosity data with a deviation of + 0.03 in log units®. To ensure
thorough thermo-chemical homogenization, the glass materials were loa-
ded into a PtgoRh, cylindric crucible (62 mm in height, and 32 mm inner
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diameter) and stirred at y = 10 s~ using a PtgoRh, spindle (3.2 and 42 mm
in diameter and length, respectively) at 1435 °C at air oxygen fugacity and
ambient pressure for 5 hours. Subsequently, the temperature was lowered by
steps of 25-50 °C down to 1150 and 1130 °C for the samples AND100ox and
ANDO, respectively. The viscosity was measured at every step, holding the
conditions constant until steady viscosity and temperature values had been
achieved (~45 min). At the end of the experiments, the temperature was
quickly raised to 1430 °C where a portion of the melt was rapidly quenched
in water to determine the iron oxidation state of the high-temperature
viscosity measurements.

Differential scanning calorimetry

Conventional differential scanning calorimetry (C-DSC) measurements were
performed at the Institute of Non-Metallic Materials, TU Clausthal (Ger-
many). Around 15 mg ( + 5) of glass was placed in a PtgyRhy crucible under a
constant N, (5.0) flow rate of 20 ml min~. We used two conventional dif-
ferential scanning calorimeters (C-DSC, 404 F3 Pegasus and 404 cell, Netzsch)
to measure the heat flow at a heating rate (g) of 10 and 20 °C min™". Addi-
tionally, we used ~50ng of glass to perform flash differential scanning
calorimetry (F-DSC) analyses, using a Flash DSC 2+ (Mettler Toledo)
equipped with UFH 1 sensors, under constant Ar 5.0 flow (40 ml min™").

The C-DSC was calibrated using melting temperatures and enthalpy of
fusion of reference materials (pure metals: In, Sn, Bi, Zn, Al, Ag, and Au),
and the F-DSC was calibrated using the melting temperature of aluminum
(660.3°C) and indium (156.6°C). In our C-DSC measurements, we
employed the methodology outlined by Stabile etal.*”. Initially, we erased the
thermal history of the glass by subjecting the sample to a two-step thermal
treatment. This involved a first upscan at a rate of gj, = 20 °C min " until it
reached a temperature slightly above T}z, namely T,,,... Subsequently, we
cooled the melt to 100 °C at rates of g.=10 or 20 °C min~". The actual
C-DSC measurements were then conducted using the rate-matching
method, which entailed an additional upscan (matching heating segment)
with a rate matching that of the preceding downscan (i.e., g = q.). From the
measured heat flow during the matching upscan, we extracted the char-
acteristic temperatures Toy,ee¢ and Teqx, both related to phase transitions or
thermal events observed during the heating or cooling of a sample. For
further details see the methodology presented in Valdivia et al.*’.

For F-DSC experiments, we followed the methodology described above
employing a g, = g.=1000 °C s~ (60000 °C min"). Subsequently, we
conducted a series of measurements on the same sample, using the same
chip, at 10000 °C s™' (600000 °C min ') to investigate the impact of nano-
crystallization on the characteristic temperatures Toyer and Tpeqr due to
consecutive thermal treatments.

Following the theoretical background discussed elsewhere***~", visc-
osity values were derived from C- and F-DSC data using the relationship
between the matching heating rate (g;,) of the measurement and the shift

factors Kopser and Kpeq' ™" expressed in Eq. 2:

l0g10q<Tonset,peak> = Konset.peak - loglo (qh) (2)

where Kpeer=11.20+0.15 and Kpene = 9.84+0.20" It is important to
mention that when gy, is 10 °C min™", 5(T,ps;) = 10 Pass, and therefore,
Tonset =~ Tg The validation of the shift factor method (Eq. 2) for our com-
positions is discussed in the Supplementary Viscosity Parametrization.

Brillouin Spectroscopy

Brillouin spectroscopy (BLS) measurements were performed at the Bayer-
isches Geoinstitut (University of Bayreuth, Germany). Plane-parallel glass
plates with a thickness of ~50 um were analysed using a solid-state
Nd:YVO4 laser source operating at a wavelength of 532 nm and 50 mW
power. The Brillouin frequency shift was quantified utilizing a six-pass
Fabry-Perot interferometer” coupled with a single-pixel photon counter
detector. Measurements were conducted using a symmetric forward scat-
tering configuration” with a scattering angle of 6 =79.8°. The accuracy of

the scattering angle was established through calibration with a reference
silica glass. Conversion of frequency shifts (Aw) to longitudinal (v,) and
shear (v) sound velocities was carried out using Eq. 3:

_ Awd
"3 sin(6/2) 3

where A is the laser wavelength and 8 is the angle between the incident and
scattered beams”™”. We collected 8 spectra for each sample at different
rotation angles (from —180° to +180°) to factor for uncertainties. Finally, we
calculated the K/G factor using the ratio between v, and v, (Eq. 4):

K (v\> 4
5—(7) 3 @

Room- and high-temperature Raman spectroscopy

Glasses subjected to micropenetration, concentric cylinder viscometry,
C-DSC and F-DSC were analysed before and after the measurements to
account for potential modifications (i.e., crystallization and/or iron oxida-
tion). For this, we used a confocal Raman imaging microscope at the
Institute of Non-Metallic Materials, TU Clausthal (alpha300R, WITec
GmbH), where spectra were acquired using a 100x objective in the ranges
between 10 and 1300 cm™". Acquisition parameters included an integration
time of 10s, an accumulation count of 5, and a laser power of 10 mW.
Spectra were smoothed to enhance the signal-to-noise ratio.

Additionally, we performed in situ high-temperature Raman analyses
on the AND100 sample. We targeted the same temperatures and heating
treatments as those used for micropenetration experiments. We used a
Renishaw InVia Qontor Raman spectrometer at the CEMHTI, Orleans
(France). Spectra were acquired using a 20x NA 0.35 objective in the ranges
between 150 and 2000 cm™". Acquisition parameters included an integra-
tion time of 60 seconds, and a laser power of 20 mW.

Méssbauer spectroscopy

Mossbauer measurements were performed at the Bayerisches Geoinstitut
(University of Bayreuth, Germany). Glass samples of ~4 mm diameter and
~600 pm thickness were measured before and after experiments at room
temperature (293 K) using a constant acceleration Mossbauer spectrometer
equipped with a high specific activity (370 MBq) *’Co point source within a
12 pum thick Rh matrix. Calibration of the velocity scale was relative to a
25 um thick a-Fe foil, and data were gathered within the range of
+ 5mms~’, with acquisition durations of 2 to 3 days each. The recorded
spectra were fitted with the full transmission integral using the MossA
software™. Finally, the resulting Fe**/Fe** ratios were calculated using the
relative area associated with each iron species.

Room- and high-temperature transmission electron microscopy
(TEM) analyses

We performed room-temperature scanning TEM (STEM) analyses on the
ANDI100 samples post-micropenetration experiments and in situ heating
TEM observations on the ANDI100 starting glass. Room-temperature
STEM explorations were performed at the Bayerisches Geoinstitut (Uni-
versity of Bayreuth, Germany) using a FEI Titan G2 80-200S/TEM. STEM
imaging was acquired from lamellas made using a focused ion beam (FIB)
with thicknesses ranging from 24(2) to 50(2) nm. These lamellas were
extracted from the same samples that were used for micropenetration
experiments, utilizing a SCIOS Dual Beam system from FEI Company. We
used a Gallium ion beam with variable current, from 7.8 pA to 300 nA
depending on the precision requirements. Analytical scanning transmission
electron microscopy (STEM) micrographs were collected at 200 kV using an
energy-dispersive X-ray spectrometer (EDS) system consisting of four sili-
con drift detectors (Bruker, QUANTAX EDS). The EDS maps were
acquired with a dwell time of 16 s using a sub-nanometer-sized electron
beam with less than 0.05 nA probe current at 200 kV-acceleration voltage.
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To accumulate statistically relevant characteristic X-ray counts in a quan-
titative EDS map, the total acquisition time was 12-30 minutes. During the
acquisition, an image drift correction function was always activated to
prevent drift in the profile. To get quantitative compositions of the samples,
we corrected the Z-number and absorption effects on the evaluations of the
EDS spectrum””. Geometrical analyses of STEM-HAADF images were
subjected to pixel segmentation and classification using the ilastik software,
version 1.4.0”. To identify nanocrystalline phases in the silicate glasses,
TEM-SAED patterns were collected after exploration in conventional
TEM mode.

In situ heating experiments were performed at the CNRS CEMHTT in
Orléans (France) using a JEOL ARM200F (JEOL Ltd.) Cold FEG micro-
scope operating at 80 kV, mounting a double spherical aberration corrector,
a Gatan Imaging Filter (GIF, Gatan Ltd.) and a OneView camera. The
experimental procedure was optimized in a previous work* to minimize
artifacts and sample damage due to highly energetic electron irradiation.
The ANDI100 glass was crushed and ground in an agate mortar, adding
ethanol to obtain a diluted suspension; one drop of the liquid was then
loaded onto a MEMS grid specifically adapted for a Protochips Fusion
double-tilt heating holder and dried in air overnight. Plasma cleaning was
avoided to prevent major changes in the redox state of iron in the sample.
After introducing the sample holder into the TEM column, it was pre-
emptively treated at 200 °C for 1 h to remove possible volatile contaminants.
The subsequent in situ experiment involved manual heating at 1 °C s to
various temperatures between 200 °C and 750 °C, where isothermal dwells
of 30-60 s were applied to facilitate nanoscale observation in TEM mode
(Supplementary Fig. 6). Sample drift was manually compensated during the
heating ramps. After the experiment, the acquired data was manually
resampled (3 images for each isothermal dwell) and re-aligned using the
software DigitalMicrograph GMS.3 (Gatan). To identify nanocrystalline
phases in the silicate glasses, we performed Fast Fourier transform (FFT) on
HR-TEM images. The EDS maps were taken in STEM mode with
an acquisition time of 30s using a sub-nanometer-sized electron beam
of 1 A. To accumulate statistically relevant characteristic X-ray counts in a
quantitative EDS map, the total acquisition time was approximately 11 min.

Viscosity parametrization

The combination of C-DSC, F-DSC, MP and CC viscosity data enabled the
parametrization of the melt viscosity of our samples as a function of tem-
perature #(T), via the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) equa-
tion (Eq. 5)°"

Tg m Tg
log o1(T) = logo1s + (12 - loglorloc) Texp 12 — log o1 -1 T 1
107oc0

where log 1., = —2.93+0.3 is the logarithmic viscosity at infinite
temperature’™, T, is the glass transition temperature (in K) determined by
C-DSC (Topser at g =10 °C min~") and m is the melt fragility defined in
Eq. 6™ as the slope of viscosity curve evaluated at T;

olog,yn
m= (6)
oM,

The melt fragility parameter, m, can be determined by fitting Eq. 5 to
our viscosity datasets (Supplementary Table 2) and the measured T, via
C-DSC (Table 1). Additionally, m also can be inferred from BLS mea-
surements using the empirical relationship introduced by Cassetta et al.”
(Eq.7),

K
—43.— 31 7
m e (7)

Small- and -wide angle X-ray scattering (SAXS and WAXS)

The SAXS and WAXS measurements were conducted at the ID02 beamline
of the European Synchrotron Radiation Facility (ESRF)”” in Grenoble,
France. The experiments utilized a monochromatic, highly collimated, and
intense X-ray beam in a pinhole configuration, with a sample-to-detector
distance of 6 meters. This arrangement enabled the exploration of a scat-
tering vector range from 0.01 nm™' to 2.5 nm™', where q is the scattering
vector, defined as

q= |q| — 47'tsi\rt((7)7 (8)

with the X-ray wavelength A = 1 A and 0 is the scattering angle. To eliminate
parasitic background around the primary beam, a guard slit before the sample
was set to 0.45 mm vertically and 0.5 mm horizontally. Data reduction was
performed using PyFAI, which leverages the geometry of ID02.

The analysis of the SAXS data was performed using a custom-
developed software package, which has been successfully validated and
applied in previous studies'™'”". Assuming a spherical form factor for the
nanoparticles, and based on TEM observations indicating potential close
contact among the nanoparticles, the scattering intensity, I(q), was mod-
eled using the decoupling approximation'**'*'**;

4

1(0) = A(p)S(@)P(a) + ek + St ©

where A(p)z is the difference of electronic density between the nano-
particles and the surroundings, bck is the background constant, P(q) is the
contribution given by a poly-disperse system of not-interacting homo-
geneous spheres,

P(q) = / D(R,r)F(r,q, R)2r6dr (10)
F(q,r) is the form factor of a sphere of radius r given by Eq. 11
F(q, T) _ si.n(qr);yq}rcos(qr) (1 1)

and D(r, R) is the Weibull size distribution of particle sizes defined as

(b-1)

D) = () exp ()" (12)
in which R is the average radius of the nanoparticle. The possibility of having
a bimodal distribution is also included in the fitting. In this case the dis-
tribution function is given by the sum of two Weibull distribution functions
centered in R, and R,. S(q) is the structure factor for interacting spheres
with a hard-sphere radius Ry, constituting the effective interaction distance
between particles. The 7, is the hard sphere volume fraction. S(q) can be
calculated analytically using the PercuseYevick approximation which works
well for systems characterized by a short-range interaction potential.

Accordingly, S(q) is equal to:

S(q.Rys) = [1+ 24’7Hsf(RHs:Q)rl (13)
and by defining x = Ry q it is possible to arrange f(x) as the following:

f(x) — a(fxco;;chsinx) + ﬁ(fxzcostijcc_zierJchosfo) (14)
+y[—x4casx+4x3sinx+12x2 w:x—24xsinx—24casx+24]
X6

with,

o= (1+2’1HS)2 15
(1 - ’7Hs)4 ﬂ (9
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_ —61ps(1 + %)2

B= 3 (16)
(1= 1)
y =12 (17)

Finally, by assuming that a particle grows at the expense of the sur-
rounding iron oxide content, Ry is proportional to the actual nanoparticle
radius Ry = 2Rkc'"'">'”, where kc is a constant term > 1. This parameter
considers the possibility that the nanoparticles are not fully in contact. To
reproduce the SAXS pattern at very low g a Porod behavior Kporoa/q* has
also been added. This inverse fourth power dependence indicates that at high
q values, the scattering intensity decreases sharply. The Porod function is
instrumental in understanding the surface roughness and the specific surface
area of the particles in the sample. It assumes an ideal, smooth interface,
leading to a clean power law, but deviations from this behavior can reveal
information about surface fractal dimensions and the nature of the interface.

Finally, we calculated d-spacings (d) for the crystalline phases from
WAXS experiments using Eq. 18'”,

21

d=""
qpeuk

(18)

with g, corresponding to the WAXS peaks (Fig. 6b).

Data availability

Data supporting the findings of this study are available within the article or
in the Supplementary Information. Additional source data for figures are
available in the following link: https://zenodo.org/records/15342490.
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