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ABSTRACT

Crystallisation processes in magmatic plumbing systems strongly influence magma
rheology and eruptive styles. The presence of a deformation field in magma storage regions and
transport systems can greatly affect crystal nucleation and growth. Here we present new
experimental results on the effect of shear strain rates (Y) on texture, crystal zoning patterns,
mineral phase proportion (plagioclase, clinopyroxene, olivine, and oxides), and residual glass
composition. The experiments, five in total, were carried out using natural trachiybasalts under
controlled temperature conditions at atmospheric pressure. The main €xperiment has been
initially conducted at 1130 °C under a shear strain rate gradient (15t —Qs™, from the rotating
spindle to crucible walls) using a Concentric Cylinder Apparatus= Then, the deformation has
been removed and minerals continued to evolve under-temperature oscillations (1170 — 1130
°C). The main rationale behind our approach is te.demonstrate the impact of deformation on
early crystallization and the subsequent evolutionof the system, even after deformation ceases
to be effective. In natural settings, suchi"eonditions may arise during conduit dynamics, lava
flow emplacement and during the development of a shallow magmatic system. Major element
analyses and elemental maps were analysed using custom-built unsupervised and supervised
machine learning algarithms{(e.g., Hierarchical Clustering and Random Forest) to quantify how
the area proportions of different chemical zoning patterns vary with inferred Y. The effect of 'Y
on nucleatien, growth and mineral phase proportions was quantitatively investigated through
shape and crystallographic preferred orientation analysis. The experimental results demonstrate
how a small increase in"Y can lead to a significant increase in nucleation rate and thus in crystal
number density. While this general relationship has been observed in previous studies (Vona
and Romano, 2013; Kolzenburg et al., 2017; Vetere et al., 2017, Mollo et al., 2024), our results
demonstrate how these changes directly influence growth competition among different mineral

phases, leading to measurable variations in their growth rates, final mineral phase proportions,
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and residual melt composition. The application of our results to the February-April 2021
eruptive sequence of Mt. Etna reveals that the chemical variability observed in our experiments
is in the same range as that observed at Mt. Etna during the studied eruptive sequence. This
underlines how differentY (e.g., different magma ascent rates) can provide a major contribution

to the chemical variability of the erupted products.

1 INTRODUCTION

Volcanic eruptions have the potential to cause damage to human©life and activities
(Kandlbauer et al., 2013; Freire et al., 2019; Malawani et al., 2021; Mani'et al., 2021; Cassidy
and Mani, 2022; Papale et al., 2022). Basaltic volcanoes account for the majority of subaerial
annual volcanic discharge (over 70%, Simkin et al., 1994; Spina et al., 2019) and can exhibit a
wide range of eruptive activity, from less energetic effusive eruptions, through mildly explosive
events (e.g., Strombolian activity and lava-fountains), up to highly explosive Plinian episodes
(Sable et al., 2006; Simakin and Bindeman, 2008; Freda et al., 2011; Abbott et al., 2021;
Bamber et al., 2022). Reconstructing pre- and syn-eruptive dynamics responsible for shifts in
eruptive style is of primary importance for hazard assessment at basaltic volcanoes. A key factor
modulating eruptive style variability is magma rheology (Cassidy et al., 2018; La Spina et al.,
2021), which can besstrongly influenced by crystallization processes (Lejeune and Richet, 1995;
Cashman and-Blundy, 2000; Caricchi et al., 2007; Giordano et al., 2008; Arzilli et al., 2019;
Bamber et al., 2022; Vetere et al., 2022). Crystal nucleation and growth can occur on very short
timescales, down to minute, during ascent (Cashman and Blundy, 2000; La Spina et al., 2015;
Arzilli et al., 2019; Mollo et al., 2022), strongly affecting viscosity and explosivity (Vona et
al., 2011; Baker et al., 2012; Szramek, 2016; Moitra et al., 2018; Bamber et al., 2020).

Among the processes that promote crystallization, in addition to cooling and degassing

(Brandeis and Jaupart, 1986; Blundy and Cashman, 2001; Shea and Hammer, 2013; Mollo and
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Hammer, 2017), deformation during magma transport can also play a significant role.
Experimental studies demonstrate that shear strain rate (Y) can directly influence crystal
nucleation and growth, thereby affecting magma texture and rheology (Kouchi et al., 1986;
Ishibashi and Sato, 2007; Vona et al., 2011; Vona and Romano, 2013; Kolzenburg et al., 2018a;
Di Fiore et al., 2022, 2024; Vetere et al., 2024). In magmatic systems, Y can range from about
7x10 s to 10° s and deformation is ubiquitous during magma emplacement, storage, and
transfer (Nicolas and Ildefonse, 1996; Papale, 1999; Piombo and Dragoni, 20093Cashman et
al., 2013; Kolzenburg et al., 2018a, 2018b). Understanding and quantifying the role of
deformation in the chemical and textural evolution of magmas- 1s¢therefore crucial for
reconstructing pre- and syn-eruptive dynamics. This also allews—discrimination between
features linked to deformation-driven crystallization andsthose related to other petrologic
processes. While several studies have investigated“the role of deformation on magma
crystallization and rheology (Kouchi et al., 19863 Vona et al., 2011; Vona and Romano, 2013;
Vetere et al., 2019; Di Fiore et al., 2022; Frontoni et al., 2022; Kolzenburg et al., 2022),
knowledge of the impact of the.initial effects of deformation on the subsequent textural and
chemical evolution of magmasy(e.g., crystal zoning, phase proportions, and residual melt
composition) is still lacking.

Here we present an experimental study that investigates the impact of Y on crystal
zoning patterns;-mineral phase proportions, and residual melt compositions through high-
temperature’crystallization experiments on trachybasaltic melts from Mt. Etna (Italy). Mt. Etna
iIs among the most active mafic volcanoes in the world (Branca et al., 2004; Cappello et al.,
2013). The volcano shows a wide range of eruptive styles, and since the late 20th century has
shown a marked increase in explosivity (Behncke and Neri, 2003; Branca and Del Carlo, 2005;

Cappello et al., 2013). These characteristics make the products erupted from Mt. Etna perfect
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candidates for investigating crystallisation processes, their effect on rheology and eruptive
style, providing a framework to compare experimental and natural samples.

Five specifically designed crystallization experiments have been conducted under static
and dynamic conditions, applying a deformation field in the sample using a concentric cylinder
apparatus. This setup allowed different melt regions to experience distinct strain rates within
the same experimental run, while additional static runs served as controls to separate
deformation effects from purely thermal ones. Crystallographic Preferred Orientation (CPO,
Appendix 1) and Shape preferred Orientation (SPO, Appendix 1) was used as a proxy for
relative 'Y variation within dynamic experiments. Finally, we place thexexperimental results in
the context of natural products from the February-April 2021 (eruptive sequence of Mt. Etna,

with the aim of constraining the possible role of ascent dynamics in residual melt evolution.

2 MATERIALS AND METHODS

2.1 Experimental Strategy

Five crystallization experiments were conducted at the Department of Physics and
Geology, University of “Perugia, including two main runs under both dynamic and static
conditions. Specificallyythree dynamic experiments (Md, Sd2, and Sd3) were performed under
constant applied deformation, while two static experiments (Ms and Ss1) were conducted
without deformation. In the main experimental runs (Md and Ms), temperature oscillations were
imposed.

The Md run was performed under constant deformation conditions using a Concentric
Cylinder Apparatus (Dingwell and Virgo, 1987, 1988; De Campos et al., 2011) until a peak in
viscosity was achieved. The Concentric Cylinder Apparatus, described in detail below, allows
a Taylor-Couette flow to be established within the sample, with the 'Y decreasing from the

spindle to the walls of the crucible (Taylor, 1923). This set-up provides us with a sample that
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experienced identical thermal fluctuations (AT = 40°C) throughout, but at different Y. The Ms
experiment mimics Md, in static conditions. A temperature fluctuation of 40°C was chosen to
represent a broad thermal range below the liquidus temperature of clinopyroxene and
plagioclase, as calculated with MELTS (~1195°C for both phases; Gualda et al., 2012). This
ensured sufficiently distinct thermal conditions to allow for potential differences in crystal
chemistry as derived, for example, during convection or from repeated injections of new
magmas in a shallow reservoir. Additionally, temperature cycling can promote erystal growth,
facilitating the formation of crystals large enough for compositional analysis (Mills et al., 2011;
Mills and Glazner, 2013; Vetere et al., 2024). Further details on the experimental apparatus,
sample preparation, Taylor-Couette flow, and analytical methads.are-available in Appendix 1.

The three additional snapshot experiments (Ssl, 'Sd2,)and Sd3) were performed to
investigate the early stages of crystallisation and to assess the effects of temperature oscillations
on the resulting textures. Each snapshot experiment replicated the main experimental setup,
with the final products quenched at different stages of the run. Further information on both the
main and snapshot experiments is’provided in Section 2.3, “Experimental setup”. The adopted
strategy was chosen to investigate the role of deformation in early crystallization processes and
subsequent textural and chemical evolution of magmas. In natural settings, the investigated
conditions may arise during the development of a shallow magmatic system, establishment of
conduit flow, ‘er_associated with lava emplacement. For example, early crystallization may
occur duringascent and melt migration, where portions of an emplaced magma batch at shallow
levels reach high crystallinity, effectively inhibiting further deformation, while thermal
oscillations continue due to the repeated injection of fresh magma into the system or general

convective movements.
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2.2 Starting Material

We used trachybasaltic scoriae from the 2002-03 eruption of Mt. Etna as a starting
material. The scoriae were collected from scoria cones on the South flank of the South-East
crater (SEC). The products emitted from the southern eruptive fissure during the 2002-03 flank
eruption are among the most primitive erupted in recent history (Andronico et al., 2005). This
allows us to perform crystallisation experiments with the closest possible composition to the
source magma that fuels recent volcanic activity at Mt. Etna.

The natural trachybasaltic scoriae present a mineral assemblageof plagioclase (PI),
clinopyroxene (Cpx), olivine (Ol) and oxides (Ox) phenocrysts with a'microlitic groundmass
mainly composed of Pl and Cpx, with minor Ol and Ox (Fig«S1). The original bulk rock
composition of the starting material is reported in Andronico et al. (2005, Type 2 magma
composition erupted by the S fissure during the,2002. Mt. Etna eruption). A homogeneous
starting glass was produced from natural scoriae fellowing the procedure described in Appendix

1. The chemical composition of the starting glass is reported in Table 1.

2.3 Experimental setup

About 125 _grams of homogeneous glass was placed in a large PtgoRhyo cylindrical
crucible (height: 7°em; inner diameter: 3.7 cm; wall thickness: 0.1 cm) and remelted at 1400°C
in a Gero HFRYV 70-250/18 High-temperature furnace, at the oxygen fugacity (fO.) of air. An
Al>03 rod, covered with a PtgoRh2o-head cylindrical spindle (diameter: 1.2 cm), attached to an
Anton Paar RheolabQC rheometer, was placed at the centre of the crucible, and immersed in
the melt to a depth of 3.5 cm (Fig. 1a). In all the five experiments, the spindle was inserted into
the melt. However, in the static runs it remained stationary, while in the dynamic ones it was

rotated at a constant speed (Fig. 1b). This setup was used to isolate the effect of deformation on
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crystallization processes. Inserting the spindle in the static experiments also enabled us to look
for potential heterogeneous nucleation at the melt—spindle interface.

In the Md experiment, the spindle was set to rotate at constant speed (Q: = 4.24 min!
or 0.45 rad/s), applying to the sample a constant shear strain rate (Y) of 1 s at the spindle-melt
boundary, which is the same order of magnitude as those expected in volcanic conduits (10—
10! s7'; Papale, 1999; Kolzenburg et al., 2018a), lava flows (2.5-0.001 s™!; Cashman et al.,
2013; Kolzenburg et al., 2018a), or during magma migration from deep to shallow reservoirs
(up to 1s?, Rubin, 1995; Petrelli et al., 2018; Albert et al., 2020). However, ‘this value is not
representative of the much higher shear strain rates expected during-highly€xplosive eruptions
(e.g., up to 70 s! during Plinian events, Papale, 1999; Kolzenburget al., 2018a), nor of the
much lower strain rates potentially occurring in high-viscosity magma storage regions, which
may reach values as low as 10 s™* (Nicolas and lldefonse, 1996; Kolzenburg et al., 2018a).

The Md experiment began by re-meltingithe starting material at 1400°C for about 30
minutes, after which the spindle was placed into the melt. After an additional 15 minutes at
1400°C, rotation was started (Y =s?)., The set-up remained at the temperature of 1400°C with
the spindle rotating for a fukther 25 minutes after which the temperature was lowered to the first
dwell temperature of{1170°C at the maximum achievable cooling rate of our experimental
setup, ~12-13°C/min. After one hour at 1170°C (dwell-T1), the temperature was decreased to
1130°C (dwell=F2) with cooling rate of 1°C/min and held constant for 1 h. At the end of this
step the spindle was stopped due to the high viscosity reached within the sample (over 10° Pas).
Then the temperature was cycled 10 times between the two dwell temperatures (with a dwell-
AT =40°C). Each cycle consisted of: (i) lowering the temperature to dwell-T> (1130°C) with a
cooling rate of 1°/min, (ii) 1h at dwell-T>, (iii) raising the temperature back to dwell-T1 with a
heating rate of 1°C/min, (iv) 1h at dwell-T1. At the end of the 10 cycles, the sample was left

48h at the average temperature of 1150°C (dwell-T3), with the aim of forming final crystal rims
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in equilibrium with the melt (Fig. 1c). The estimated uncertainty in T estimates within the
crucible is of about + 3° C (Appendix 1). At the end of the experiments, the crucible was
quenched in air, reaching the estimated glass transition temperature (~681 °C) in about 8 min.
The spindle was left inserted into the sample for all experiments.

The Ms experiment followed an identical temperature-time path, but the spindle
remained stationary after insertion.

The three additional snapshot experiments were performed by replicating the original
dynamic and static experiments, with the final products quenched at earlier stages of the
experimental run. Specifically: (i) in Ss1 we replicated Ms, quenching the-system after the first
step at 1130 °C, prior to the onset of temperature oscillations (Fig, 2d);(ii) in Sd2, we repeated
Ss1, but under dynamic conditions (Fig. 1e); and (iii) in, Sd3, we duplicated Sd2, but we

quenched the system earlier, immediately after the 1170 °C step (Fig. 1f).

2.4 Taylor-Couette flow

In the concentric cylinder,geometry used in the described experiment, with the outer
cylinder (crucible) fixed (angularyvelocity, Q. = 0 rad/s) and the inner cylinder (spindle) rotating
at constant angular velocity (Q. = 0.45 rad/s, Fig. 1b), a Taylor-Couette flow is established in
the high-temperature-melt that fills the gap between the two cylinders (Taylor, 1923; Donnelly,
1991; Perugini et al., 2008; Morgavi et al., 2015; Cagney and Balabani, 2019). In our specific
configuration we have the establishment of an inhomogeneous flow within the crucible, with
flow velocity (uz) and 'Y decreasing from the rotating spindle towards the crucible walls (Fig.
1b; Mondy et al., 1994; Toorman, 1994; Cheng et al., 2014; Sarabian et al., 2019). Further

details on the melt flow within the experiment and on the calculation of flow velocity and initial

Y distribution within the sample are provided in Appendix 1.
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Here, we assume that the estimated Y distribution (Fig. 1b; Appendix 1) is only present
in the sample until crystallisation begins. As the sample begins to crystallise, the presence of
zones with variable number of particles, different viscosities, and different crystal number
densities, leads to the development of inhomogeneities within the sample (Appendix 1; Shinbrot
et al., 1999; Morgavi et al., 2013, 2015; Perugini, 2021; Feldmann et al., 2023), complicating
the modelling of Y. For this reason, to correlate zoning-patterns with the relative 'Y degree, we

quantify the SPO and CPO strength in different zones of the experimental samples

2.5 Sample preparation for textural and chemical analysis

The post-run products were drilled, and a cylindrical‘core (30 mm diameter x 60 mm
length) was extracted. All the cylindrical cores were sectioned-perpendicular to the rotation axis
at a depth of approximately 20 mm from the sample surface. For the Md experiment two
sections were extracted at depths of 20mm, (Md-s28107) and 10 mm (Md-s28106) to
investigate potential chemical variations in the third dimension (Fig. S2). As shown later, the
Ms run product (Ms-s12101) sexhibits' a homogeneous crystal distribution throughout the
sample. Therefore, a detdiled study of the textural and chemical variations of the mineral
population was condueted only on Md, where significant textural variations were observed as

a function of the inferred Y.

2.6 Microstructural Analysis

The final products of Ms and snapshot experiments were analysed qualitatively by SEM
Backscattered Electron (BSE) imaging to determine which phases crystallised in each step.

Electron Backscatter Diffraction (EBSD) scans were collected to segment the different
mineral phases contained in the Md experiment (sample Md-s28107), and to quantify the crystal

SPO and CPO strength. EBSD scans deliver accurate mineral phase segmentation, as the
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technique is able to automatically separate individual crystals based on both crystal structure
and orientation (Berger et al., 2011). In addition, determining CPO and SPO (Demurtas et al.,
2019) enables us to qualitatively infer the relative 'Y in different regions of the sample.

We acquired large EBSD maps (area, A > 1.8 mm?) on sample Md-s28107 (20 mm
sectioning depth) from three different areas:

- scan-01: (1.82 mm?, 0.85 pm step size) was acquired close to the spindle (extending
from ~ 0.3 to ~ 1.3 mm away from the spindle)

- scan-02 and -03: (1.9 mm? and 3.92 mm?, both 2.3 pum step size) Were acquired far
from the spindle at similar radial distances (both extending from ~-6 te_=<7.3 mm away from

the spindle), but in areas presenting different microstructures.

2.6.1 EBSD analysis

EBSD analysis was carried out at the laboratory for field-emission scanning electron
microscopy and focused ion beam applications. at’the Faculty of Geosciences, Geography and
Astronomy, University of Vienna, using a FEI Quanta 3D field emission Scanning Electron
Microscope (SEM) equipped witthan EDAX Digiview V EBSD camera. The OIM DC v7.3.1
analysis software was used for data acquisition. The beam conditions used for the acquisition
of all the EBSD scanswwere a 15 kV accelerating voltage and a spot size of 1.0 with a 1 mm
aperture, correésponding to ~ 4 nA probe current. Additional details on EBSD analytical
conditions.and data processing are available in Appendix 1. All data processing was carried out
using the MATLAB toolbox MTEX (Bachmann et al. 2010) version 5.11.2. Grains were
reconstructed using a 15° misorientation angle threshold and minimum grain size of 4 (scan-
01) or 2 (scans -02 and -03) pixels. CPO information was obtained for all scans by calculating
orientation distribution functions (ODFs) for each mineral phase, using as input the grain mean
orientations to prevent area weighting of the ODF, which might otherwise lead to 2D sectioning

effects on the CPO data resulting from the SPO of anisotropically shaped grains. Note that for
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CPO analysis, plagioclase twins are counted as separate grains. Texture strength was calculated
using the texture index (also known as the J-index) of the whole ODF (Mainprice et al., 2015),

which ranges from 1 for a uniform orientation distribution to infinity for a single crystal.

2.6.2 Crystal size and SPO analysis

We estimated the crystal area fraction (@crystal) and the crystal number density (NA®Y5?)
for each mineral phase in each scan area directly from the EBSD data, using the fraction of the
total number of EBSD pixels indexed as a given phase (@crystal) and the numberof reconstructed
grains divided by the scan area (Na“*%®). From these parameters we ‘ther>estimated the

characteristic crystal size (Sn¥*®) as:

crystal
Ny

0.5
S;rystal — (@crystal) (1)

And the volumetric number density (Nve¥s®) as:

crystal

crystal _ Ny
Ny = Serystal (2)
N

The strength of 2D Pl SPO (S&,) was obtained from the orientation tensor derived from
the best-fit ellipsoid long axis orientations of the segmented crystals and expressed as the
normalized ratio between‘the two eigenvalues.

All size, number density, and shape-based analysis of plagioclase used grains merged

along twin boundaries, to prevent twinning from affecting results (see Appendix 1).

2.6.3 Crystal size distribution

We investigate, for each scan, the crystal size distribution (CSD; Cashman and Marsh,
1988; Higgins, 2000; Armienti, 2008) of all three mineral phases contained in our experimental
sample: plagioclase (PI), clinopyroxene (Cpx) and Fe-spinel (Fe-Spl). The CSD was calculated
using the software CSDCorrections (Higgins, 2000), this procedure calculates the true 3D-CSD,

using correction for both the cut-section effect and the intersection probability (Higgins, 2000;
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Mock and Jerram, 2005; Brugger and Hammer, 2010; Cashman, 2020; Okumura et al., 2022).
All the input parameters used for the CSD calculation are available in supplementary table ST1.
The 3D crystal aspect ratio (or habit, expressed here as Short:Intermediate:Long axis of the
crystal — S:1:L) used for CSD were estimated through ShapeCalc (Mangler et al., 2022). In
doing so, we assumed that all analysed crystals belonging to the same mineralogical phase have
a similar 3D shape. More details on aspect ratio calculation and CSD are available in Appendix
2 and 1. To minimise the impact that areas containing crystals with a strong, preferential
orientation might have on the determination of the representative 3D aspect ratio (Okumura et
al., 2022), we calculated the 3D aspect ratio for each mineral phase.imtwe-different ways: (i)
using the largest 1/3 of crystals from all three scans combined and“(i#) using all crystals from
scan-02 (which is the scan showing the least crystal preferential orientation). This procedure
yielded two 3D aspect ratio estimates per mineral phase, resulting in two CSD curves for each
phase. The difference between the two CSDs was minimal for all mineral phases, and we used
an average between the two as the best fit CSD(Fig. S3). Further information on this procedure

is also available in Appendix 2.

2.6.4 Calculating nucleation,andygrowth rates

We estimate the maximum growth rate (Gmax) and the average nucleation rate (Jwm), for
each mineral phase.inrelation to the main experiment duration (starting from the first step at
1170°C) using the approach of Hammer and Rutherford (Hammer and Rutherford, 2002; Couch

et al., 2003; Vona and Romano, 2013). Gmax and Ju have then been calculated as:

_ (lX W)O.S

Gmax = ToxAt (3)
and,
Ju = Ny /At (4)
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Where At is the duration time of the experiment and the factor 2 used in the Gmax
formula accounts for the growth of the crystal in two opposite directions from its centre
(Hammer and Rutherford, 2002; Vona and Romano, 2013).

The use of Egs. 3 and 4, is optimal to calculate apparent Ju and Gmax in our
experimental conditions, where a linear log distribution of crystal sizes is not observed. This is
because the growth rate (G) under our experimental conditions may not be constant with respect
to time and size, making the use of CSD trends unreliable for determining ac€urate Kinetic

parameters (Mills and Glazner, 2013; Vona and Romano, 2013).

2.7 Chemical Analysis

Two samples from the Md experiment (Md-s28107 and Md-s28106, Appendix 1) were
analysed by Electron Probe Micro Analyser (EPMA)..Major element chemical analysis of all
mineral phases (Pl, Cpx and Fe-Spl) and glass.were acquired at different distances from the
spindle using a JEOL 8200 Superprabe atithe University of Geneva. For sample Md-s28107
(for which three large EBSD scansiare available) we also acquired three EPMA-WDS chemical
maps (> 500 x 500 um), within each of the EBSD areas. The Pl analyses were conducted with
a probe beam diameten(spot size) of 5 um, an acceleration voltage of 15 kV and a probe current
of 15 nA. Cpx andske<Spl analyses were conducted with a focused beam, a voltage of 15 kV
and a beaneurrent of 20 nA. The setup for glass analysis was a 10 um spot size, a 15 kV
voltage and a beam current of 6 nA. WDS maps (> 0.25 mm?) were collected using a 1 um
pixel size (> 256000 pixels per map). For each map we measured 5 elements (Al>O3z, CaO, FeO,
MgO and TiO) with an analysis time of about 13 hours per map. The analytical conditions
used for the chemical map were 15 kV, 50 nA and a dwell time of 150 ms.

Analyses of Pl and Cpx were filtered by removing all data with a total oxide content

below 98% and above 102% and keeping only analyses delivering a cation per formula unit
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between 5.04 and 4.98 or between 4.04 and 3.98 for Pl and Cpx, respectively. For Fe-Spl,
Fe**/Fe** have been estimated through stoichiometric calculation using OXyEMG (Ferracuti et
al., 2024), and all analyses fall within a valid compositional range.

All the EPMA point analyses are available in supplementary Table ST2. All the detailed
analytical conditions and uncertainties are available in the EarthChem repository

(https://doi.org/10.60520/IEDA/113368). Data filtering, transformation and normalization,

coupled with robust cluster validation methods and outlier detection minimizedithe effect of
analytical uncertainty on cluster identification (see section 2.8 “HierarchicahClustering” and

Appendix 3 for details).

2.8 Hierarchical Clustering

All the geochemical data collected for each mineral phase were analysed using a
Hierarchical Clustering (HC) algorithm. Clusteringmethods are unsupervised machine learning
techniques able to robustly group multivariate observations into meaningful and homogeneous
clusters (Templ et al., 2008; Rousseeuw and Hubert, 2011; Caricchi et al., 2020; Musu et al.,
2023, 2025; Petrelli, 2023;%2024). This methodology helps us to identify groups of similar
composition within -and’between crystals and it has the capability to track the variation in
proportions of ehemical clusters in the experimental products following the procedure described
in Musu et-al. (2023). The detailed procedure for the transformation and normalisation of the
data, the application of the HC, the detection of outliers and the validation of the number of
clusters are reported in Appendix 3. To summarise, the filtered geochemical data collected with
EPMA were first transformed using the isometric log-ratio (ilr) transformation (Egozcue et al.,
2003; Boschetty et al., 2022; Musu et al., 2023; Petrelli, 2023), then normalised following the
Media-MAD method (Templ et al., 2008; Rousseeuw and Hubert, 2011; Eesa and Arabo, 2017,

Musu et al., 2023) and finally analysed using HC algorithms. HC was applied using the ‘clusters'
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library in the open-source software R (R Core Team, 2021), using the Ward minimum variance
linkage criteria (Ward Jr, 1963; Caricchi et al., 2020; Musu et al., 2023). Clustered data are

available in supplementary table ST3.

2.8.1 Outlier detection

Once the clusters were uniquely identified we removed possible outliers from each
cluster. In our specific case outliers are mainly related to observations acquired between two
chemical zones or between two distinct phases.

To remove outliers, we calculated the Mahalanobis distance and markedas outliers the
observations lying outside the 97.5 percentile range of the distribution (Musu et al., 2023). The
Mahalanobis distance was calculated as (Mahalanobis, 1936; Boschetty et al., 2022; Musu et

al., 2023):

Dy (¥) = (- DT €~ (X — i) (%)
Where X is the matrix of all the observations within a single cluster, C is the estimator
of the distribution centre location, and fi.isthe covariance estimator. For the C and j estimators
we replace the classic estimators (mean and covariance) with more robust estimates of location
and dispersion such as-median and co-median (Di Palma and Gallo, 2016) using the package

“robustbase” in R((R Coye Team, 2021).

We finally determine and validate the number of clusters for each phase following the

approach proposed by Musu et al., 2023 and reported in appendix 3.

2.9 Elemental map segmentation

We visualised the distribution of clusters in two dimensions starting from the 2D EPMA
chemical maps. We first quantified the raw chemical maps by calibrating them with quantitative

points acquired within the maps using the open-source software XMapTools (Lanari et al.,
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2014). To cluster the calibrated maps, we followed two different approaches: (i) re-performing
HC analysis, for each mineral phase, on a new dataset consisting of all the map-pixel-
compositions combined with the point analysis dataset (in this case we could only use the 5
oxides analysed in the maps to define the clusters); and (ii) by using the clustering data already
obtained from the point analyses alone (but based on a larger number of chemical components)
to train a map classifier using the Random Forest (RF) algorithm (Breiman, 2002; Petrelli et
al., 2020; Higgins et al., 2022; Jorgenson et al., 2022; Musu et al., 2023; Petrellif,2023, 2024),
capable of quickly classifying each chemical map. A detailed comparison ‘hetween the two
techniques is available in Appendix 4. The two approaches produee~eomparable results;
however, the maps obtained through the RF classifier result indess noisy cluster maps and in a
clearer and more homogeneous characterization of areas with similar chemical composition.
After extensive comparison and evaluation, we adopted the second approach, training the RF
classifier on the HC results from point analyses., The model was then validated on a separate
test dataset and subsequently applied-to the-chemical maps, assigning each pixel to its
corresponding cluster. This procedure ‘enabled the generation of 2D maps that illustrate the
spatial distribution of the clusters across different areas of the experimental sample. A detailed
description of the RF elassifier, including its functioning and training, is provided in Appendix

4.

3 RESULTS

Most quantitative investigations (i.e., EBSD, CSD, and EPMA chemical maps) were
performed on the Md experiment, which exhibits significant textural variations across areas
subjected to different 'y (Fig. 2a). Experiments Ms, Ss1, Sd2, and Sd3 were used for hypothesis

testing and validation of the results. Unless explicitly stated otherwise, the results presented
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below refer to experiment Md and are presented hereafter following the same structure as in the
Methods section.

Within sample Md-s28107 (Fig. S4), we distinguished three areas based on the crystal
SPO and CPO strengths (Sspo and Joor; section 3.2). The area closest to the spindle displays a
stronger SPO and CPO (particularly of PI: PI-Sspo=0.096 and PI-Jopr = 1.44) and is interpreted
as a high-Y domain. A second area, located further from the spindle, shows a weaker SPO and
CPO (PI-Sspo = 0.077 and Pl-Jopr = 1.25) resulting in a lower inferred Y. A thirdvarea, located
at a similar radial distance from the spindle as the second area, exhibits netvisible SPO and the

weakest CPO (PI-Sspo=0.074 and Pl-Joor = 1.17), and is thus interpretedio represent the lowest

Y domain. Detailed correlations between crystal shape and._eriéntation are presented in

Appendix 5.

We acquired an EBSD scan and an EPMA.chemical map in each of these areas (scans
01-03 and maps 01-03; see sections 2.6 and 2.7, The three areas are presented in decreasing
order of inferred Y (i.e., scan-01, scan-03nthen scan-02) and are referred to as high-, low-, and
lowest-Y domains (HY, LY, 0Y), & he"lowest-Y domain (where the minimum CPO and SPO are

recorded) have been normalised te 0 and represented as OY.

3.1 Petrography

BSE imaging across all the experimental products enabled the identification of the
principal petrological features. The Md experiment exhibits a mineral assemblage of Pl, Cpx
and Fe-Spl, with marked variations in crystal size and orientation (Fig. 2a) moving away from
the spindle. The Ms run displays the same mineral assemblage as Md but it features a
homogeneous crystal distribution (Fig. 2b).

Among the snapshot experiments, Ssl is almost entirely glassy, with a few Fe-spinel

crystals dispersed throughout the sample (Fig. 2c¢). In contrast, Sd2 exhibits significantly
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stronger crystallization, with a mineral assemblage of PI, Cpx and Fe-Spl (Fig. 2d). Sd2 also
displays qualitatively the same variation in crystal sizes and orientation as experiment Md.
Finally, Sd3 resulted in a homogeneous, crystal-free glass (Fig. S5).

The qualitative textural features of all the mineralogical phases in the Md run, are
reported in Fig. 3, while BSE panoramas at fixed magnification for the three ¥ domains are
available in Fig. S6.

All over the sample, Pl crystals are elongated with a hopper to skeletal shape and exhibit
two distinct zones. These zones consist of (i) a bright skeletal core with hollow'section, partially
or entirely filled by plagioclase with slightly lower BSE intensity (Fig.*3a)-and (ii) a very dark
overgrowth rim (Fig. 3a). The filled zones in the skeletal bright cores are sometimes
homogenous and sometimes characterised by oscillatory zening (Fig. 3a). Some plagioclase
skeletal cores also present a sector-zoning-texture, with a slightly darker {001} sector. These
darker sectors may be incompletely developed, showing voids or shallow surface indentations
and they may be either homogenous or-eharacterized by alternating light and dark layers (Fig.
S7). As shown in Fig. 3a, sometimes the-bright skeletal zones show evidence of resorption at
the contact with the overgrowthims. The Cpx phase presents a tabular to sub-equant shape and
shows three texturally distinet zones, a euhedral dark core, an irregular bright mantle, and a
final rim with intermediate BSE intensity (Fig. 3b). In few smaller Cpx a sector-zoning texture
is also observed._(Fig. S8). The final rim looks internally homogeneous all over the samples.
Very minorysmall, dark cpx fragments are also found incorporated within the overgrowth rims
of the largest Cpx, mainly in scan-0Y. Only in Cpx that grew in the 0 area we observe complex
and thin (< 1 um) oscillatory zonation (Fig. 3b) between the resorbed bright mantle and the
final rim. The maximum number of clearly distinguishable oscillatory zones is 8 (Fig. 3c). Fe-
Spl are equant in shape and look homogeneous within the samples, with an idiomorphic to

slightly rounded habit (Fig. 3d).
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3.2 Mineral proportions, Shape and Crystallographic preferred orientations

3.2.1 Mineral phase distribution within the samples

Results for the mineral phase proportion within the three Y domains are displayed in the
pie charts in Fig. 4b. The glass area increases with decreasing PI CPO strength and inferred Y,
while PI area shows the opposite trend. Fe-Spl and Cpx area percentage is almost constant

across the three scans, although Cpx fraction shows a slight decrease in scan-=Y (Fig: 4).

3.2.2 Mineral SPOs
The SPOs of each mineral phase for each scan are shown as rese diagrams in Figure 5b,
e and h, accompanied by quantitative Pl SPO strength«(PkSsps) Values for each diagram. In

general, the degree of orientation is stronger at higher inferred Y and weaker at lower inferred

Y. Among the mineral phases Pl generally shows$\a stronger degree of orientation, followed by

Cpx and Spl.

3.2.3 Plagioclase CPO

In scan-HY, plagioclase’shows a weak (texture index, Joor = 1.44) CPO which
nonetheless clearly-reflects the geometry of the applied experimental deformation (Fig. 5a, b
and c). Plagioclase (100) poles are somewhat concentrated in a girdle aligned subparallel to the
spindle surface; with a weak maximum subparallel to the shear direction. (010)p poles show a
concentration normal to the spindle surface (radial to the spindle), while (001)p poles show a
diffuse girdle with no clear maxima, again subparallel to the spindle surface (Fig. 5¢). In scan-
LY, the plagioclase CPO is even weaker (Joor = 1.25), and the CPO is much less clearly oriented
with respect to experimental deformation (Fig. 5e, d and f). Nonetheless, diffuse (100)p and
(010)» maxima are present within tens of degrees of their positions in scan-HY. The (001)p

girdle of scan-HY is replaced by a single weak (001)p maximum in scan-L'Y (Fig. 5f). Scan-0Y,
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with the weakest Pl texture index of 1.17, still shows a (100)p maximum approximately in the
plane of the spindle surface but rotated from its positions in scan-HY and -LY (Fig. 5i). A
subvertical (010)p; maximum is also present, but (010)p poles are also found more frequently
in other orientations compared to the previous scans. Finally, (001)r poles in scan-0Y show

almost no preferred orientation (Fig. 5i).

3.2.4 Clinopyroxene CPO

The clinopyroxene CPO (Joor = 1.09) in scan-HY is considerably weaker than that of
plagioclase (Fig. 5). Nonetheless, slight concentrations of poles at, positions related to
experimental deformation are visible for scan-HY, with subvertical diffuse’(100)cpx and (010)cpx
maxima, and a weak girdle of (001)cpx poles subparallel to the spindle surface, with a maximum
subparallel to the spindle rotation axis (Fig. 5¢). In,scan-LY, the clinopyroxene CPO is only
slightly weaker (Joor = 1.07), but, as for plagigclase, the positions of maxima diverge from a
simple relationship to experimental geometry.“Nonetheless, (100)cpx poles are still rarer in
orientations parallel to the spindle.fotation axis, while (001)cpx poles are still slightly more
commonly oriented parallel to the rotation axis (Fig. 5f). The stronger clinopyroxene CPO in
scan-0Y (Joor = 1.23) islikely at least partly an artefact of the dramatically lower number of
grains contributing to the’CPO. The locations of the weak (010)cpx and (001)cpx maxima in
scan-0Y are identical to those of scan-HY, and thus more clearly related to experimental
geometry than'the CPO of plagioclase in the same scan, although the location of the (100)cpx

maximum is rotated ~ 90° compared to that of scan-HY (Fig. 5i).

3.2.5 Fe-spinel CPO
The Fe-Spl CPO is essentially uniformly distributed, with texture index (Jopr) not
exceeding 1.01 in any of the three scans (Fig. S9). The extremely weak regularly spaced

maxima visible in the pole figures are an artefact resulting from the skeletal habit of Fe-spinel
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- single skeletal grains appear as multiple identically oriented crystals, artificially increasing

the frequency of that orientation in the ODF (Fig. S9).

3.3 Crystal size distribution and kinetics

We produced CSD plots for each phase in each scan area (Fig. 5 and Fig. 6). Pl CSDs
are always curved with a concave-up pattern. In addition, scans -L'Y and -0Y also show a
downturn at low crystal sizes (Fig. 6a,b). The concave-upward curvature is obsérved only in Pl
(Fig. 5a,d,g and Fig. 6a,b) and allows interpolation of PI CSD curves using, two straight lines
(Fig. 6a): a steeper one at smaller crystal sizes and a gentler one at larger sizes. Cpx shows a
very steep CSD interpolation line in scan-HY, but its slope gradually decreases in scans -L'Y and
-0Y (Fig. 6¢,d). Cpx CSDs present a downturn at low crystal-sizes, except for scan-0Y where
the CSD appears to be more linear (Fig. 6¢,d). Finally;Fe-Spl shows a linear CSD in scan-HY,
a small hump downwards pattern with a Spike.up at smallest crystal size in scan-LY and a

downturn at low crystal sizes in scan=@Y (Fig. 6e,f).

3.3.1 Crystal Number Density, Nucleation and growth rates

The crystal number - density (Na), average nucleation rate (Jm) and maximum growth
rate (Gmax) estimates jfor each mineral phase within each scan are shown in Table 2. It is
important to peintout that these are estimates of the apparent J and G. J and G do not remain
constant over time or with respect to crystal size during the experiment. Consequently, in this
work, Ju and Guax are time-integrated values used as proxies to understand the relative effect
of Y on J and G, but their estimated absolute values do not represent actual values achieved
during the experiment at specific times. The Pl Gmax increases from scan-HY (1.57x101° ms°
1) to scan-L'Y (2.18x1072° ms™) but shows the lowest value in scan-0Y (1.08x1071° ms™?), while

the Pl Jm smoothly decreases from the highest to the lowest inferred Y area, from 2.7x10° to
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1.7x108 m3st. PI Na decreases with decreasing inferred Y from 4.4x10® t0 2.16x10® m™. The
Cpx Gwmax increases with decreasing inferred Y, from 5.6x10! to 1.29x10° ms?, while Jw
shows a opposite trend, decreasing from 1.3x108 to 1.98x10" m3s. Cpx Na likewise decreases
with decreasing inferred Y from 5.48x10® to 1.84x10® m™. Finally, Fe-Spl Gmax increases
from scan-HY (5.5x107* ms?) to scan-L'Y (6.6x10! ms™), but like Pl is again lower in scan-
0Y (5.1x10 ms™). Fe-Spl Ju shows quite similar values among the three scans ranging from
2.88x10" m3s? to 2.83x10" m3st. Fe-Spl Na also varies only slightly, betwee 1.26x10® and

1.41x108 m=.

3.4 Glass composition

Glass compositions were acquired for the two.samples of the Md run (sections s28106
and s28107, 10 and 20 mm below the surface, respectively). Results of the glass analysis (for
MgO, Al>Oz and SiOy) for both samples are shown in Figure 7.

In general, Md-s28107 exhibits minor to moderate chemical variations in major
elements, depending on the specifie,efement considered. For example, MgO ranges from 4.45
t0 5.01 wt.%, Al>O3 from™4.98 to 16.17 wt.%, and SiO> from 51.28 to 54.32 wt.% (Fig. 7a, b).
The analysis of glass cemposition in Md-s28106, collected approximately 10 mm above Md-
s28107, allowed us to quantify chemical variability along the vertical axis, thereby providing a
more complete picture of the compositional heterogeneity generated in the experimental
sample. When considering the overall chemical variation, the glass appears significantly more
heterogeneous than suggested by any single sample. MgO content varies from a minimum of
about 3.51 wt.% to a maximum of about 5.1 wt.% (Fig. 7). Al20s and SiO> chemical variation
span from 14.98 wt.% to 17.17 wt.% and from 51.28 wt.% to 55.77 wt.%, respectively. Most

of the major oxides analysed show a variability of their glass concentration between 1.5 wt.%
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and 4.49 wt.%, which translates into a relative variation per individual oxide ranging from 8.4%

to 43.2%.

3.5 Cluster chemistry

Following the cluster validation (Appendix 1), we defined the number of unique chemical
clusters for each mineral phase. Fig. S10 reports the cluster validation procedure and the
clustering results for Cpx. In detail, clustering analysis underlines the presencefof'three, three,
and two distinct clusters for Pl, Cpx, and Fe-Spl (Fig. 8), respectively. Tmthe‘following sub-

sections, we briefly summarise the main chemical characteristics of the identified clusters.

3.5.1 Pl clusters

Cluster analysis shows that Pl data group into three clusters.(CLp1, CLp2, and CLp3; Fig. 8a),
CLp1 is always found in the overgrowth dark rims, CLp2 in the portion filling the core hollows
of the skeletal structure and CLp3 in the main Skeletal cores (Fig. S11). The clusters’ chemical
compositions are:

(i) CLp1 presents an Anorthite’content = Ane> (Fig. S12a, Tab. 3) and features the lowest FeO
content (median (M) = 1776 wt.%) and K>O (M = 0.55 wt.%), median compositions for all the
major elements canbe found in table 3 or visualised in fig. 8a.

for FeO, whichris higher in CLp3 (M =2.61 + 0.05 wt.%) than in CLp2 (M =2.09 + 0.05 wt.%).
The median oxide K>O contents are M = 0.39 wt.% for both clusters. For the subsequent
discussion, we decided to combine CLp2 and CLp3 into a single cluster (Clp2+3, Fig. S11).
This choice was made after two considerations: (i) the two clusters present an almost identical
composition except for the higher FeO content in CLp3. (ii) The cluster CLp2 is only found in

the areas infilling the hollow-textured skeletal cores, such areas, depending on the cut, are often
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very tiny (< 2 um, especially for microlites) and thus hard to resolve, contributing to the noisy

distribution of CLp2 (Fig. S11).

3.5.2 Cpx clusters

Cpx exhibits three chemically distinct clusters (CLcl, CLc2, and CLc3; Fig. 8b). CLc1 is
mainly found in the dark core, CLc2 in the bright irregular mantle, and CLc3 in the rim (Figs.
9a and S10b). Their detailed chemical signatures are:

(i) CLc1 is the most mafic cluster (median Mg# = [Mg/(Mg+Fe)]*100) = 80.2), is augitic in
composition with a Wollastonite = Woas2 (Fig. S12b, Tab. 3) and register ashigher CaO/Al>O3
ratio. Of the three clusters Clc1 generally features the highest content of MgO (M = 16.06 wt.%)
and SiO2 (M = 49.34 wt.%) and the lowest content of Al,Oz(M™=4.68 wt.%), FeO (M =7.13
wt.%) and TiO2 (M = 1.17 wt.%). The CaO content varies stgnificantly within the cluster but
is lower compared with other clusters.

(if) CL2c is diopsidic in composition (Woase)and displays lower Mg# (M = 71.9) and CaO/Al>O3
values with respect to the other clusters. The cluster features the highest Al203 (M =7.58 wt.%),
FeO (M = 9.15 wt.%) and TiO2(M.= 2121 wt.%) values and the lowest SiO2 (M = 44.99 wt.%)
and MgO (M = 13.10 wt.%)"values among the three clusters. The CaO content of CLc2 is very
similar to that of CLC8,(M ="21.44 wt.%).

(iii) CLc3 (Woss) features medium to high Mg# and CaO/Al>Os partially overlapping with the
ranges occupied by CLc1 (Fig. 8b) but showing a lower median Mg# (M = 77.2) and CaO/Al>O3
values than CLcl. The concentration of all the analysed oxides is generally in between CLcl
and CLc2 concentrations, with the following median values: SiO2 (M = 47.83 wt.%), Al.O3 (M
= 5.86 Wt.%), TiO2 (M = 1.54 wt.%), MgO (M = 14.57 wt.%), FeO (M = 7.71 wt.%), CaO (M

= 21.42 Wt.%).
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3.5.3 Spl clusters

Fe-Spl shows no zonation but two main compositional clusters (CLs1 and CLs2; Fig. 8c). The
majority of Fe-Spl show a CLs1 composition, while very rare single crystals, usually attached
to bigger CLs1 crystals, exhibit a CLs2 composition. This rare phase has been detected only
very close to the spindle in sample Md-s28106. The clusters’ compositions are:

(i) CLs1 present a high Magnesioferrite component = Mfrs3 (Fig. S12c, Tab. 3) and minor
Magnetite (Mtss) and Ulvdspinel (Usps). CLs1 has a significantly higher Al,@3 (M = 7.90
wt.%), MnO (M = 0.53 wt.%) and MgO (M = 11.90 wt.%) content comparedwith CLs2 and a
slightly higher SiO, content (M = 0.13 wt.%), while TiO2 content.is‘mueh”lower (M = 4.20
wt.%) compared with CLs2 (M = 14.62 wt.%) and median FeQ is justslightly lower (McLs1 =
69.56 wt.%; McLs2 = 69.97).

(ii) CLs2 (Mtso), present a higher Ulvdspinel component (Uspzs). It shows a median TiO; of
14.62 wt.%, and a lower amount of Al,03 (M = 1:88 wt.%) and MgO (M =5.49 wt.%) compared
with CLs1. The contents of other oxides.in CLs2 are: SiO2 (M = 0.08 wt.%), FeO (M = 69.97

wt.%) and MnO (M = 0.25 wt.%).

3.6 Distribution of chemicalclusters in different strain zones

RF classification, ‘applied on EPMA chemical maps, defines three 2D clustered maps (one for

each strainarea; Figure 9).

3.6.1 Spatial distribution of PI chemical clusters

While changes in the area fraction of different chemical clusters can be compared across
maps for Cpx and Fe-Spl, doing so for Pl may be misleading and should be avoided. Pl crystals
show a stronger preferred orientation, and in scan-HY they are mostly sectioned similarly,

whereas in scan-LY a large, differently oriented crystal dominates the map. This may artificially
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alter the apparent proportions of chemical zones, introducing bias in the comparison. The area

percentage of CLp1 (associated with Pl rims, Ane2) decreases with decreasing inferred relative

Y from scan-HY (70.5%) to scan-L'Y (41%) but increases again in scan-0Y to 66.4% (Fig. 9).

3.6.2 Spatial distribution of Cpx chemical clusters

The distribution of the three Cpx clusters shows a clear relationship to the inferred
relative Y (Fig. 9). CLcl (Woa26) area percentage increases with decreasing inferred v, from
4.9% in scan-HY, through 11.75% in scan-LY, up to 21.41% in scan-0Y. Assimilar trend is
observed in CLc2 (Woasg) which in scan-HY shows an area percentageyof 20.9%, in scan-L'Y
of 26.75%, and in scan-0Y of 33.9%. In contrast, CLp3 (Wo0449) Uecreases with decreasing Y
(74.3% in scan-HY, 61.5% in scan-0Y, and 44.7% in scan-0Y). 0 summarize, Cpx core and
bright mantle clusters (CLcl and CLc2) become mere-abundant with decreasing strain rate,
while the rim cluster (CLp3) decreases in abundance. We note that, while it was always possible
to segment CLc2 and CLc3, some challenge was encountered in accurately quantifying the area

percentage of CLc1 in scan-HY.

3.6.3 Spatial distribution of Fe=Spl chemical clusters

Fe-Spl are mostly classified as CLs1 in s28107 in all samples. BSE image analysis
highlights the presence of a texturally distinguished phase (then chemically recognized as

CLs2) only in‘the-area close to the spindle of s28106 (supplementary Fig. S13).

4 DISCUSSION

4.1 Crystallisation Kinetics

To reconstruct crystallization kinetics in our experimental set-up, we first modelled the
crystallization sequence using MELTS (Gualda et al., 2012). Under our experimental

conditions, MELTS predicts the formation of the same mineral assemblage observed in the
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experiments (Pl, Cpx, and Fe-Spl), with liquidus temperatures of 1259°C for Fe-Spl and 1193°C
for both Pl and Cpx.

Previous experiments on similar starting compositions (Mt. Etna trachybasalts) and
under comparable conditions (atmospheric pressure, temperatures between 1182°C and
1131°C, and imposed deformation using a concentric cylinder apparatus; Vona et al., 2011,
Vona and Romano, 2013; Vetere et al., 2024; Mollo et al., 2024) showed that PI crystallized at
higher temperatures than Cpx. Specifically, in the experiments performed by Vonaet al. (2011)
and Mollo et al. (2024), PI crystallized at 1182°C and 1170°C respectively,while Cpx appeared
only around 1131°C (Vona et al., 2011). In contrast, in our experiments;-as’confirmed by the
snapshot runs, all three phases crystallized only during the lowerstemperature step (Sd2) at
1130°C. We attribute the absence of Fe-Spl and Pl during the first hour at 1170°C (experiment
Sd3) to the initial nucleation delay (i.e., incubation time). In the Vona et al. (2011) experiments,
the melt was held at the dwell temperature (1182.4°C) for significantly longer time intervals
(>> 8h), while in Mollo et al. (2024) a.constant T of 1170°C was kept for 72h. This suggest
that, under our experimental conditions; one hour at 1170°C is not sufficient to initiate
nucleation, despite being below:the liquidus. Crystal nucleation can be delayed at lower degrees
of undercooling (Lofgren, 2014), and incubation time can also be increased by superheating
treatments (Lofgren, 2014; First et al., 2020; Rusiecka et al., 2020), which may explain the
delayed crystallization we observed. Finally, the crystallization of Fe-Spl alone after one hour
at 1130°C iw static conditions (Ss1), compared to the crystallization of all phases at the same
temperature under dynamic conditions, highlights the role of deformation in reducing

incubation time and promoting crystal nucleation (Kouchi et al., 1983).
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4.1.1 Pl crystallisation

All PI CSDs display a concave-up curvature (Figs. 5 and 6a), suggesting the presence
of two PI populations characterized by distinct nucleation and growth regimes. To better
characterize these regimes, we applied separate linear regressions to the data points before and
after the inflection point in the CSD curve (Fig. 6a,b). The population consisting of larger PlI
crystals (L > 100 um) displays a gentler CSD slope and lower intercept, indicative of lower
nucleation rate and higher average growth rates. This population is interpreted toshave formed
earliest in the experiment (“first nucleation pulse”) and have experieneed ‘a, longer growth
history. We note that Pl from the Sd2 run lacks dark overgrowth rims{ This, combined with
further chemical analysis of PI from this run, indicates that only,.Clp2-3 compositions were
present during the early stages of crystallisation (Fig. S14a)

In contrast, the population of smaller PI crystals (L < 100 um), is characterized by a
steep CSD slope and a high intercept, features, consistent with a high nucleation rate and
relatively lower average growth rates. Fhis population presents a Clpl composition, the same
recorded in the outer (henceforth/“overgrowth”) rims of larger Pl. We infer that these smaller
crystals mainly formed during the final step at 1150 °C, together with the overgrowth rims. The
presence of large euhédral portions of the smaller crystals with CLpl composition (Fig. 9)
indeed excludes the pessibility that all of them crystallized during rapid quenching, which
would be gxpeeted to result in plagioclase of a different composition to any grown during the
main experiment. However, we cannot completely rule out that some of the smaller, acicular
crystals may have formed during quenching, due to the difficulty of obtaining chemical
information for these crystals.

We focus the following discussion on the first nucleation pulse only, which we assume

to have occurred during the first step at 1130°C (as also confirmed by exp. Sd2), because we
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are mainly interested in unveiling the impact that early J and G events played in the evolution
of the system at varying Y.

In addition to the concave-up curvature, PI CSDs in scan-0Y and scan-LY also show a
downturn at low crystal sizes (Fig. 6a,b). This pattern is often related to coarsening (Cashman
and Ferry, 1988; Higgins, 1999, 2002, 2011; Mills and Glazner, 2013), a process which
promotes the growth of crystals larger than a critical threshold size over smaller crystals
(Higgins, 2011), and which has been shown to be particularly favoured under oscillating
temperature conditions, as in the case of the present study (Mills and Glazner,"2013). While in
scan-0Y the down-turn at smaller crystal sizes can be confidently attribtited to coarsening
effects, given that the minimum (3D) crystal size class in the, CSB~(11.4 um) is well above the
minimum detected grain size with EBSD map (2 pixels;.thus ~4.6 um, Appendix 1), in scan-
LY we cannot rule out a minor contribution from.resolution limitations, since the minimum
(3D) CSD size class is equal to the EBSD minimum detected grain size (again 2 pixels and ~4.6
um, Appendix 1).

Many Pl phenocrysts pfesent,a Fe-rich skeletal core (CLp2+3 in composition),
interpreted as fast growth features(Chernov, 1974; Kirkpatrick, 1975; Sunagawa, 1999) during
the first low temperature step at 1130°C (Fig. 3b, Fig. 10). This is also confirmed by the
snapshot experiments,’in which skeletal BSE-bright plagioclase with small and sometimes
hollow darker Sectors only form at 1130°C (Sd2, Figs. 2 and S15), with both CLp2 and CLp3
compositions recorded in the Sd2 run product (Fig.S14a). Some of the skeletal cores in the Md
show minor signs of resorption. This might indicate that during the 1170°C step, the growth
rate was greatly reduced or completely inhibited, with possible minor resorption. While larger
Pl skeletal cores were at most only slightly resorbed during the high temperature steps, the
presence of coarsening features in CSDs for scan-0Y and -LY (Fig. 6) suggests that smaller

crystals, with higher surface energy to volume ratios, may have been successively and
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preferentially resorbed during the re-heating steps at 1170°C, promoting the growth of larger
phenocrysts during oscillations at 1130°C (Fig. 10). The presence of some sector-zoned Pl in
both Md and Sd2 indicates that the Fe-poor {100} sectors form in the first nucleation pulse,
during the first step at 1130°C. The hollow sections of the skeletal cores and the sometimes-
incomplete {100} sectors show signs of being filled at varying degrees. The infill is sometimes
homogeneous and sometimes shows oscillatory zoning (CLp2 and CLp3; Fig. 3), this confirms
that cycles of slight resorption and filling occurred at different degrees in Pl 4100} sectors
during temperature oscillation (Fig. 10). Finally, the Pl overgrowth rimsyhave the same
composition as the crystals assigned to the “second nucleation puls¢™(mierolites, CLp1) and
thus we propose that they formed during the second pulse of nucleation occurring during the

long dwell at 1150 degrees (Fig. 10).

4.1.2 Cpx crystallisation

As shown in Fig. 6, the Cpx CSB slope markedly decreases from the HY to the 0Y
domain, indicating an increase“in growth rate with decreasing Y. The intercept, which is
proportional to the nucleation rate (Cashman and Marsh, 1988; Toramaru, 2022), shows the
opposite trend, decreasing nucleation rate with decreasing Y. These trends are consistent with
the quantitative estimates of apparent Gmax and Jm obtained using the approach of Hammer and
Rutherford (2002; Table 1 and Fig. 11), which show that Jv in Scan-HY is approximately an
order of magnitude higher, while Gmax is about an order of magnitude lower.

The CSD of Cpx shows no concave-up curvature (Fig. 6), which implies the presence
of just one family of crystals, formed during the experiment. Scan-HY shows a downturn at
smaller crystal sizes (Fig. 6), which we rule out as a map resolution artifact, as it affects more
than just the smallest size class and the minimum CSD length class lies above the minimum

grain size threshold used for grain reconstruction (Appendix 1). A plausible explanation for this
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curvature is a coarsening effect. The fact that this is observed only in Scan-HY is likely
reflecting the distinct growth conditions near the spindle at higher initial strain rates. In scan-
HY, the apparent J is approximately one order of magnitude higher than in the other areas,
implying the formation of many small crystals during the first nucleation pulse. This evidence,
combined with the presence of resorption textures (detailed below), suggests that during the
subsequent temperature oscillations, numerous small crystals and nuclei were reabsorbed,
thereby favouring the growth of larger ones. In contrast, the lower J and higher.grewth rates in
other regions resulted in fewer, larger crystals already at the end of theAirst'step at 1130°C,
effectively inhibiting resorption-driven coarsening.

Cpx cores (CLcl) and bright mantles (CLc2) formed (duringthe first step at 1130°C
(Fig. 10). This is also confirmed by exp. Sd2, where both dark' and bright areas are observed
(Fig. S15). Targeted analyses of these areas within.the Sd2 run confirm that both compositions
(CLcl and CLc2) are already present at early stagesof crystallisation (Fig. S14b). CLcl is the
more mafic with higher Mg# and higher<CaO/Al2Os ratio, and it is always found in the cores
showing only minor resorption. €Le2 has high values of Al,O3, TiO,, and shows also higher
values of NazO (Tab. ST3).

The presence of bothyzones since the first nucleation pulse allows for several possible
interpretations:

(i)ClcIwepresents the initial composition, followed closely by the rapid growth of Clc2
bright mantles as disequilibrium zones. Indeed, high Cpx growth rates can produce
compositional boundary layers enriched in incompatible elements such as Al, Na, and Ti,
leading to the formation of Al-rich Cpx zones (Mollo et al., 2010, 2013).

(i) Alternatively, Clcl and Clc2 may have formed simultaneously, with the dark cores

and bright mantles corresponding to hourglass and prism sectors of sector-zoned crystals,

920z Aenige Jz uo Jesn eualS Ip IpN}s 11Bap eysienun Aq 6220618/ L oBebs/ABojosad/ca01 01 /10p/e1onie-eoueApe/ABojosjed/woo dnoolwepese//:sdyy Woly pepeojumo(



780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

respectively. Their compositions are also consistent with this interpretation, as Clcl is enriched
in MgO and SiO2, and Clc2 in Al203 and TiO2 (Ubide et al., 2019).

(iii) A third possibility is that Clc2 formed first as a skeletal core, later partially filled
by Clcl. Support for this may come from the control exp. Sd2, where darker crystal sectors
appear only partially developed, suggesting incomplete filling.

Although none of these hypotheses can be entirely confirmed or ruled out, the frequent
occurrence of incomplete dark sectors and the presence of sector-zoned crystalswith Clc1 and
Clc2 compositions support the latter two scenarios, which are not imutually exclusive.
According to Welsch et al. (2016), sector zoning can result from the.rapid=growth of dendritic,
Al-rich {-111} hourglass sectors, subsequently backfilled by Al-poerprismatic {hk0} sectors.
In contrast, our observations suggest a reversed pattern; with JAl-rich zones associated with
prismatic sectors, consistent with the findings of Ubide et al. (2019) on clinopyroxenes. It is
also possible that the two zones formed simultaneously, without any backfilling process, and
that the incomplete fill simply reflects.the skeletal or hopper habit of the crystals, which
preserves cavities along {-111} faces. However, additional experiments are needed to better
constrain the process behindeetor zoning formation in our experimental conditions.

The irregular _shapevof the CLc2 bright mantles is interpreted as a clear resorption
texture, inferring that Cpx was not stable at 1170°C. This further indicates that the mantle zone
evolved during,successive cycles of growth (at low dwell-T1 = 1130°C) and resorption (at high
dwell-T2 =2170°C), where the net growth rate was always larger than the net resorption rate
allowing the bright mantle to be preserved. This process clearly led to the formation of
oscillatory zoning in some areas of the sample, such as in Scan-0Y, where higher growth rates
have been recorded and different Cpx show oscillatory zoning between the first, more
homogeneous bright mantle layer and the final overgrowth rim (Fig. 3c). We infer that this

feature is preserved only in scan-0Y because of the competition between resorption (at 1170°C)
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and growth (at 1130°C). The much higher Gmax in Scan-0Y might allowed the oscillatory
zonation to be preserved in this region. The last resorption cycle occurred during the final step
at 1170°C before lowering the temperature to dwell-T3 (1150°C) for 48 hours (Fig. 10). During
the 48-hour step at dwell-T3 we have the formation of the last rim (Fig. 10). The lack of a
concave-up curvature in CSD, coupled with the lack of microlites showing clear quenching
habits, and the evidence that even the smallest Cpx show the three different zones (core, mantle
and final rim), allow us to confidently attribute the rim growth to the last phase,at dwell-T3

rather than quenching (Fig. 10).

4.1.3 Fe-Spl crystallisation

Fe-Spl CSD curves are quite linear (Fig. 6), and their.ehemical composition is mostly
homogeneous within the sample and show no evidence of zoning, with CLs1 composition
dominating all the analysed areas. The absence oficlear signals of two populations in the CSD,
suggest this phase crystallize during a’Single nucleation pulse, occurred during the first step at

1130°C (Fig. 10) as also confirmed by exp. Sd2.

4.2 The impact of strain rate on nucleation, growth rates

Pl pregents the highest crystal number density in scan-HY, reflected also in the highest
values of nucleation rate (Fig. 4 and Fig. 12). Since scan-HY is the area characterized by the
highest inferred 'Y, this suggests a direct relationship between nucleation rate and 'Y (Table 2).
This agrees with the results reported in Mollo et al. (2024), that highlight higher PI fraction and
higher nucleation rate at increasing Y. In our experiments, this effect is even more pronounced
for Cpx, where the nucleation rate increases by an order of magnitude from inferred lowest to

highest Y domains, whereas measured G of Cpx in our experiments shows the inverse trend,
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decreasing with increasing Y (Fig. 11a). Scan-0Y shows less evidence of deformation compared
to scans HY and LY. Following the trend of G variation with 'Y for Cpx (Fig. 11a), we would
also expect Pl to show the maximum value of G in this zone. Indeed, Mollo et al. (2024)
crystallised Pl under almost identical conditions (same starting composition, P = 1 atm, T =
1170°C,Y =0, 0.1, 1 and 10 s) and found that average G decreases at increasing Y. However,
this was not the case in our experiments (Fig. 11), where the smallest PI G was recorded in
scan-0Y. We interpret the PI discrepancy in the growth rate trend for the lowest inferred Y
domain to be modulated by the competition with Cpx for nutrients (MethhandyCarlson, 2005;
Nabelek et al., 2010; Shea and Hammer, 2013). More specifically; by “competition” we refer
to the effect produced by the higher growth rate of a specific ‘phase (e.g. Cpx), which locally
modifies the residual melt composition, thereby influencing‘the’nucleation and growth rates of
the other phases (e.g., PI). A higher growth rate of\€px might accelerate local melt depletion of
competing mineral phase components and.quicklyreduce the degree of undercooling of the
melt and thus the driving force for further crystallisation. As a consequence, the growth of
competing phases such as Pl can, be-inhibited. Similar effects have been already reported in
relation to crystallisation dynamies in magmatic systems (Brandeis and Jaupart, 1986; Hammer
and Rutherford, 2002; Mangler et al., 2022). It is important to stress that Pl growth rate
suppression by-cempetition with Cpx in these experiments requires Ca to be the limiting
element for.Pl growth — crystallisation of the measured Cpx compositions should deplete the
melt of CaO but enrich it in Al2Oa.

To better understand how the dynamics of initial nucleation influenced the growth of
the crystalline phases, it is important to identify which phase crystallised first. MELTS
estimates suggest that at equilibrium, the first phase to form would be Fe-Spl, followed by
contemporaneous formation of Pl and Cpx at the same temperature conditions. However,

experimental studies at comparable conditions (e.g., Vona et al., 2011; Vona and Romano,
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2013; Arzillietal., 2019; Vetere et al., 2024) report lower liquidus temperatures for Cpx, which
typically appears after Pl. For example, Vona et al. (2011) observed Pl starting to crystallize at
1182.4 °C, while Cpx was first detected only at 1131 °C. At comparable conditions, Vetere et
al. (2024) observed the crystallization of both Pl and Cpx at 1150 °C, with PI consistently more
abundant than Cpx, regardless of the dwell time (3, 6, or 9 h). In our case, determining the
relative timing of Pl and Cpx nucleation is challenging. Arzilli et al. (2019) observed dendritic
Cpx growing heterogeneously on PI, but no evidence of such growth is found intour samples.
We therefore infer that Pl and Cpx crystallised either simultaneously or in«close succession.

The fact that in our experiments only Cpx presents the expected menotonous increase
in J and decrease in G with increasing 'Y, the same trend observed fer-PI crystallising alone in
melt under strain by Mollo et al. (2024), might suggest that Cpx nucleated slightly earlier
compared to PI, modulating the nucleation and growth behaviour of the latter phase. Even if we
assume that Cpx nucleated slightly later, its marked spatial variability in nucleation and growth
rates, spanning approximately one order of 'magnitude, compared to the relatively minor
variation observed for PI, likely stil} governed the growth dynamics of Pl and influenced the
final phase proportions.

All these observations-highlight how variations in Y can impact nucleation rates and, in
turn, influence.the final mineral phase proportion, and magma rheology, generating local
textural and melt’ chemistry variations. The increase in nucleation rate with increasing
deformationcan directly impact the rheology of rising magmas, contributing, along with other
conduit processes, to modulate variations in eruptive style. The effect of deformation on the
reduction of incubation time and the increase in nucleation rate has been extensively studied in
the literature, and our experimental results confirm the relationship already observed by other
authors (Kouchi et al., 1983; Vona et al., 2011; Vona and Romano, 2013; Chevrel et al., 2015;

Tripoli et al., 2019; Di Fiore et al., 2021, 2022, 2023; Vetere et al., 2021, 2024; Mollo et al.,
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2024). This effect can be attributed to different processes. Considering theoretical nucleation
under steady-state conditions, the nucleation rate can be calculated using the following equation

(Toschev, 1973; Kouchi et al., 1986):

] = KD*exp (_ﬁf) (6)

where K is a constant, D* is the diffusional transport factor, AG* is the activation energy
(i.e., the minimum energy required by the system to generate stable crystal nuclei), T is the
temperature, and k is the Boltzmann constant. In this context, deformation can promote
nucleation by primarily affecting both the diffusional transport factor (D*),and-the activation
energy (AG*). Specifically, deformation can enhance the convective ‘transport of material,
leading to an increase in D* (Kouchi et al., 1986; Vona and Romano, 2013; Vetere et al., 2024),
and it can also provide mechanical energy that helps the'system overcome the minimum AG*

threshold required for the formation of the first nuelei (Tripoli et al., 2019).

4.3 The strain rate control on minetal proportion and residual melt composition

While, as discussed above;, the relationship between deformation and nucleation is
already established in the\literature, our experimental results offer new insights into how the
effect of Y on nucleation also influences the subsequent evolution of the system, modulating
the mineral phase fraction, the development of specific textures, and the final composition of
the residual glass. Mineral and chemical cluster proportions vary in space within the
experiment, impacting the residual melt composition (Fig. 7), CSDs (Fig. 6) and magma
rheology.

In two of the three scans, application of the Vona et al (2011) model yielded infinite
viscosities, indicating crystallinities exceeding the maximum packing fraction (émax). This is
unsurprising, given that growth proceeded after the cessation of spindle rotation. To investigate

rheological variations despite this limitation, we adopted two alternative approaches: (1)
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applying the Einstein-Roscoe equation with spherical crystals and ¢max = 0.6; (2) forcing the
VVona model by setting dmax slightly higher than the observed maximum crystallinity (¢max =
0.52). Using the Einstein-Roscoe method, viscosity increases by roughly one order of
magnitude with inferred Y, from 5.63 x 10 Pa-s (scan-0Y) to 3.34 x 10° Pa-s (scan-HY). When
forcing the Vona model, the increase spans four orders of magnitude, from 9.28 x 10* Pa's
(scan-0Y) to 6.10 x 10? Pa-s (scan-HY).

Although these values are approximations (neglecting strain localization, crystal
orientation, and dynamic crystallinity evolution) they highlight two key insights; (1) the textural
differences produced at varying Y can lead to viscosity contrasts of several orders of magnitude;
(2) under our experimental conditions, ¢max was reached rapidhy~in-all regions, implying no
significant crystal migration occurred during the run. Hewever,this does not preclude possible
melt redistribution among different areas througheut the. experiment.

In general, even considering glass_re-equilibration and homogenization processes
during 48 hours at a constant 1150°C;"the glass composition varies significantly within the
experiment. Notably, while significant’variations in the residual glass composition can be
observed globally in the samplewithin the individual samples analysed (Md-s28106 and Md-
$28107) this variationdis enly'minor to moderate (Fig. 7). The main difference between the two
samples is the depth at'which they were cut in the drilled core (~ 10 mm for s28106 and ~ 20
mm for s28107Fig. S2). This means that s28107 is also sampled closest to the hot-spot centre
of the oven, and it might have experienced slightly higher temperatures compared to s28106.
However, as the temperature gradient estimated using multiple thermocouples does not suggest
large vertical variations in temperature (x 3°C) during the experiment, we rather associate the
differences in residual glass composition to the presence of varying crystallinity within the
sample. Indeed, a comparison between the crystal texture of the two samples close to the spindle

reveal an even higher crystallinity in sample Md-s28106 (up to 57.7 area % of crystals, Fig.
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S16), possibly responsible for the more evolved compositions of the residual glass recorded in
this sample. This suggests heterogeneities in the degree of strain localisation in different
portions of the whole experimental sample, with the possible formation of areas at higher and
lower Y compared to the range observed in Md-s28107 only.

The variations in crystallinity and mineral assemblage suggest that different mineral
phase proportions (in areas with varying 'Y) may be the primary cause of the observed
differences in residual glass composition. However, in our experimental samples, the real
impact of the mineral assemblage on the measured glass composition might bexmasked by melt
re-equilibration during the final step of the experimental run.

To estimate the true effect of different mineral phase_proportions on residual glass
composition, we calculate the ideal residual glass composition/with a mass balance based on
mineral phase and compositional cluster proportians for the different’Y domains. In detail, we
can use the phase proportions in different areas to recalculate the expected residual melt

chemistry as follow:

ox ox 0% ox
ox CStartMelt_CCpx'mCPX_Cplg'mplg_CFe—spl'mFe—Spl. (7)

ResMelt — oo y Mphase = Xphase ) pphase

Where C is the wt:% /concentration of the oxide (0x) in the respective phase (e.g., Cpx,
Pl, etc.), m, X and; p arethe mass, volume fraction and density of the respective phase. To
calculate X, we assume that the crystal area fractions are equal to the crystal volume fractions
(Brugger and Hammer, 2010). ResMelt is the residual melt and StartMelt is the glass starting
composition before crystallisation. Being that the p of the residual melt it is not known a priori,
the mass of the residual melt has been calculated iteratively till convergence has been reached.

For each mineral phase, C2%s: and m have been estimated as the sum of each cluster mean

composition and its relative volume fraction (X), as:

ox _ N [0):4 ) ¢
cryst — Zi:l Ccryst—CLi mcryst—CLi (8)
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Where CL; is the cluster number (from i to N). The residual glass mass balanced
calculations are available in the supplementary table ST4. The composition of the residual glass
thus calculated shows a more evolved range than that measured in sample Md-s28107 and is
closer to that of sample s28106, with a minimum MgO content of 3.6 wt.% and a maximum
Si02 content of 53.69 wt.%.

We observe that even the small variation in ‘Y inferred to separate scan-0Y and scan-L'Y
can lead to strong differences in nucleation, growth, and competition between different
mineralogical phases. This leads to variation in mineral phase proportions that'ean locally affect
the residual melt composition, as shown by the variations in calculated reSidual melt chemistry
for the areas of differing strain rates. The variation of residual melt‘eemposition (from s28106
to s28107) along the vertical of the sample is therefore<inferred to be related to the complex
nature of strain localisation within the sample. While this is sub ideal for experiments, these
conditions are close to those of volcanic plumbing systems and lava flows at the surface.

As shown in section 3.2 and displayed in Figure 12a, at increasing relative 'Y we observe
an increase in Pl fraction. If we observe the residual glass composition (estimated through eq.7
and eq.8) as a function of the variation in the PI/Cpx fraction (Fig. 12b) we can observe that at
increasing PI/Cpx fraction, we have an increase in Mg#. This result helps us to quantify the
potential nature. and magnitude of chemical variation in residual glass due to variations in
mineral propottions, which may be governed by variations in the Y to which crystallising

magmas are subjected.

4.4 Strain rate control on chemical and textural evolution in natural systems

Magmatic systems exhibit complex chemical and physical variability in space and time,
with strong to moderate thermal gradients and 'Y ranging from ~70 s to 10 s (Nicolas and

Ildefonse, 1996; Papale, 1999; Piombo and Dragoni, 2009; Cashman et al., 2013, 2017;

920z Aenige Jz uo Jesn eualS Ip IpN}s 11Bap eysienun Aq 6220618/ L oBebs/ABojosad/ca01 01 /10p/e1onie-eoueApe/ABojosjed/woo dnoolwepese//:sdyy Woly pepeojumo(



978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

Caricchi and Blundy, 2015; Kolzenburg et al., 2018a, 2018b). In this work, we observed how
small variations in Y (< 1s) can heavily influence nucleation and growth dynamics, exerting
primary control on magma evolution.

Musu et. al. (2023) measured variations of the chemical composition of crystals and
glass during the February-April 2021 eruptive sequence of Mt. Etna. The natural glass chemical
variations were previously linked to input of varying proportions of new, more mafic magma
throughout the eruptive series (Corsaro and Miraglia, 2022; Mollo et al., 20223\Musu et al.,
2023). On the other hand, the discharge rate varied significantly duringthe“ava fountaining
sequence (Calvari and Nunnari, 2022). For example, the Feb 28 event-presents a higher
discharge rate, which might be associated with higher mean "Y(to.which the erupted magma is
subjected (Kolzenburg et al., 2018a). The question we posethere is: how much of the chemical
variation observed in the glass erupted at Etna is due.to (1) different proportions of mafic
magma involved vs (2) conduit dynamics (Y variations)?

Assuming that the starting meltthat drove the 2021 Etna eruption and the melt used in
our experiments have a similar .gompasition, we used our experimental results as a guide to
interpret the chemical variationsobserved during the Etna Feb-Apr 2021 eruptive sequence. It
is crucial to note that'the. experiments are conducted under different starting conditions than
those found in the\natural environment of Mt. Etna (e.g., H20 content, fO,, and pressures). The
upcomingreomparison primarily aims to highlight the potential impact of the 'Y on residual melt
composition, assuming all other conditions remain constant.

The plots in Figure 13 directly compare the total degree of chemical variation observed
throughout our experiment (right side of the plots) with that recorded at Mt. Etna during the
February—April 2021 eruptive sequence. As shown in Figure 13 (see also Musu et al., 2023),
the chemical variability observed in our experiments falls within the same compositional range

as that recorded at Mt. Etna during the February—April 2021 eruptive sequence. This
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underscores the possibility that Y alone could drive glass chemical variations of a magnitude
sufficient to explain the natural variability observed at Mt. Etna.

From the estimated residual melt composition in our experiments, we observe an
increase in MgO content at higher Y. As can be observed in Fig. 13, the 28 Feb event,
characterised by a higher total average discharge rate (Calvari and Nunnari, 2022; Musu et al.,
2023), presents a chemical composition consistent with what we would expect for higher Y
values, based on our experimental observations (e.g., with an increase in MgQ’centent — Fig.
12a). In our experiment, glass chemical variations are directly related to-variations in mineral
phase proportion (with higher PI fraction at higher Y; Fig. 12a). The28 Feb eruption is also the
one that shows a higher amount of Pl microlites in the erupted ‘preducts (Musu et al., 2023).

In light of these results, our question is: could the‘different and more mafic composition
of the 28 Feb (Corsaro and Miraglia, 2022; Musu~et al,-2023) event be due to higher ascent
velocities and thus higher Y experienced by.the magma? Our experimental results suggest that
this might be possible, but obviously, Whether the impact of the 'Y on the glass composition at
Etna can be exactly described bysthe pattern observed in our experiments at present remains

speculative.

5 CONCLUSIONS

We reported on the effect of shear strain rate (Y) on the textural and chemical evolution of
basaltic melt. We observe that, at the same temperature, an increase in Y results in higher
nucleation rates and thus influences the competition for nutrients in different mineral phases
that are forming in the crystallising melt. The impact of 'Y variation on initial crystal number
density can lead to significant variations in the final mineral phase proportion and thus in the

composition of residual glasses. These results underline the role of 'Y in textural and chemical
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changes of erupted products, a role that cannot be overlooked if we want to correctly link
variations in chemical and textural signals to deep magmatic processes or emplacement
dynamics. Future detailed investigation is required to isolate the contribution of 'Y to chemical
and textural variations from that of other magmatic processes at Mt. Etna and, more generally,

in active natural systems.
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1458 FIGURE CAPTIONS

1459  Fig. 1 - a) sketch of the crucible with the spindle immersed in the melt. b) sketch of the rotating spindle
1460  with velocity (u) and shear strain rate (Y) profiles within the melt-filled gap. ¢) schematic sketch of the
1461  experiment from the super-liquidus melting at 1400°C to the final quench after 84h.
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1464  Fig 2 — BSE images comparison between the static (Ms; a) and the dynamic (Md; b) main experiments,
1465  far and close to the spindle. BSE images of the static (Ss1; c) and the dynamic (Sd2; d) snapshot
1466  experiments.

a) Md exp. (Md-s28107) b) Ms exp. (Ms-s12101)
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Fig. 3—a) ) PI BSE images from sample Md-s28107. b) Cpx BSE images from the three different
scans in sample Md-s28107. ¢) Zoom on Cpx oscillatory zoning. d) Fe-Spl BSE images from sample
Md-s28107.
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Fig. 4 —a, d, g) CSDs of all mineral phases in the three different scans (HY-0Y). The CSD
interpolation lines of the largest crystals, for each mineral phase, are reported with a continuous line
coloured according to the phase colour. Gmax and Juw values have been reported for each phase in each
scan. b, e, h) Rose diagrams of the SPOs for each mineral phase in each scan, with quantitative Pl SPO
strength. c, f, i) Stereographic, upper hemisphere, antipodal pole figure projections of orientation
distribution functions (ODFs) describing the CPO of Pl and Cpx in each scan. All ODFs use mean
grain orientations and a halfwidth of 15°. The plane pole / direction to which each pole figure
corresponds is labelled directly above it. For each phase, the CPO strength (Joor) and number of grains
(N) is given, along with the maximum (upper left of each pole figure) and minimum (lower left of
each pole figure) intensity in each pole figure, in units of multiples of the uniform distribution. The
colour map used is shown at the bottom of the figure. The pole figures and rose diagrams are oriented
identically to the corresponding scans in Fig. 4. Thick black sub horizontal lines in rose diagrams and
pole figures indicate the orientation of the plane parallel to the spindle surface. Dashed subyvertical
lines in pole figures indicate the trace of the radial direction. Shear sense is indicated, to theleft of rose
diagrams.
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1494

Fig. 5 —a) crops of the EBSD segmented scans (HY-0Y), Pl are displayed in orange, Cpx in light grey

and Fe-Spl in red. b) area phase proportions in each scan, the total crystallinity (¢) has been also

reported for each scan.
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1495  Fig. 6 — CSDs in the three scans of Pl (a,b), Cpx (c,d) and Fe-Spl (e,f). In figure a, c and e regression

1496 lines are reported for the CSD of all the crystal population (highlight by a red dot line the size cut-off
1497  between the two PI population; a). In figure b, d and f we report CSD curves for all the mineral phases
1498  and the relative errors. Zooms on Pl CSD curves at small crystal sizes are highlighted in figure b.
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1506

Fig. 7 — Oxide glass composition of sample Md-s28107 and Md-s28106 shown as MgO vs Al,Os ()
and MgO vs SiO: (b). Analytical points acquired in scans-HY, -0Y and -L'Y have been highlighted with
larger pink, yellow and red dots respectively. The MgO, Al,Os and SiO- average analytical

uncertainties have been reported within all figures.
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1507  Fig. 8 —a) Violin plot reporting the main major oxides composition of clusters in each mineral phase
1508  (PI, Cpx and Fe-spinel. b) FeO has been plotted against CaO for plagioclase, and the observation in the
1509  plot colour coded according to the cluster of belonging. Mg# and CaO/Al,O3; have been plotted against
1510  each other for Cpx and MgO against the Usp component for Fe-Spl. All the observations are colour

1511  coded according to the cluster of belongings.
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1514  Fig. 9 —a) Clustered map for each mineral phase (Cpx, Pl, Fe-Spl) in each scan area. b) cluster area

1515  proportion in each mineral phase (for each scan) expressed as area percentage.

a)  Clustered chemical maps b) Cluster proportions
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1518  Fig. 10 — Sketch synthesizing the main crystal cluster formation events along the experiment.

Cpx Sketch Pl Sketch Fe-Spl Sketch
(o Rim Filling zone
Mantle Skeletal core Homogeneous
Core Overgrowth rim crystals
 EClpt , ECLct L
“@Clp2 2MOCLe2 Py,
OCLp3 “ BCLc3 toar =1

M8

e (4

)
1400

/L
7/

T(°C)

1170 -

AT

1130 -
Quench

(in air)
1
P 7L s
0 T T 7/ 7/ T
1 (\( 4 35 84

1519 AQ,
s o4

920z Arenuga4 /z uo Jasn eualg Ip Ipnis 116ap elsisAlun Aq 62206178/ L 0Beba/ABojoned/ce0L 0L /10p/8lonle-soueape/ABojoliad/woo dno olwspese)/:sdyy Wwolj papeojumod



1521  Fig. 11 —a) PI, Cpx and Fe-Spl growth rates (G in m/s) plotted against the CPO strength. b) PI, Cpx
1522  and Fe-Spl nucleation rates (J in 1/m3s) plotted against the CPO strength. Error bars on Guax represent
1523  the standard error for Gmax calculated from the ten largest crystals in each map, reflecting the

1524  precision of the mean estimate. Error bars on Jw represents uncertainties propagated error from crystal

1525  size correction and crystal count.
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1528  Fig. 12 —a) PI CPO strength versus Pl fraction; b) Residual glass Mg# variation as a function of PI/Cpx
1529  fraction variation.
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Fig. 13 — Comparison between natural glass variability (Musu et al., 2023), and experimental residual
glass variability observed in this work (for MgO and Al>Oz). The natural glass MgO and Al,Os content
is reported against the eruption event as red circles. The continuous black line fitting the Mt. Etna
chemical variation in time pass through the median compositional values of each eruptive episode. On
the right side of the plot, we report the compositional variability range measured in our experiments for
MgO and Al;Os. As can be observed the chemical variation observed in our experiment is of the same

order of magnitude that the one observed at Mt. Etna.
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1542  Table 1 — Starting glass composition.

&\\\\\\\\\\\\\\ SiO2 | TiO2 | Al,03 | FeO | MgO | MnO | CaO | Na20 | KO | Total

Mean wt% | 47.44 | 1.72 | 16.10 | 10.03 | 5.99 | 0.19 | 10.62 | 3.37 | 1.91 | 97.38
Sd 0.20 |[0.03 | 0.08 | 0.11 | 0.06 | 0.03 | 0.05 | 0.08 | 0.03| 0.34

1543  Table 1 — Chemical composition of the starting glass used in this study (ETNO2M). The reported oxide
1544  concentrations in wt % are the result of the average between the composition of 23 EPMA point acquire
1545  throughout the starting glass sample. We reported for each average oxide concentration the respective

1546  standard deviation (sd).
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1550

1551

1552
1553
1554
1555
1556

1557

Table 2 — Apparent G and J as function of pl orientation

Scan phase | Gmax (ms?) | SE Gmax | Jm (m3s?) olw sltorleiljg?h Na (m?2)
Scan-HY Pl 1.57E-10 0.20E-10 | 2.74E+06 | 6.45E-12 1.44 4.40E+07
Scan-LY Pl 2.18E-10 0.55E-10 | 2.30E+06 | 1.73E-11 1.25 4.13E+07
Scan-0Y Pl 1.08E-10 0.17E-10 | 1.70E+06 | 5.50E-12 1.17 2.16E+07
Scan-HY Cpx 5.60E-11 0.29E-11 | 1.30E+08 | 1.04E-12 1.44 5.48E+08
Scan-LY Cpx 1.06E-10 0.14E-10 | 3.06E+07 | 4.34E-12 125 2.18E+08
Scan-0Y Cpx 1.29E-10 0.30E-10 | 1.98E+07 | 9.62E-12 1.17 1.84E+08
Scan-HY | Fe-Spl 5.55E-11 0.40E-11 | 2.88E+07 | 1.29E-12 1.44 1.38E+08
Scan-LY | Fe-Spl 6.64E-11 0.51E-11 | 2.83E+07 | 1-14E-12 1.25 1.41E+08
Scan-0Y | Fe-Spl 5.14E-11 0.66E-11 | 2.85E+07 | 2.25E-12 1.17 1.26E+08

Table 2 — Average nucleation (Ju), maximum growth (Gwuax) rates and crystal number density (Na) for

all the mineral phases in the 3 scans, the PI CPO strengthris also reported together with the shear strain

rate (Scan; HY, LY and 07) domain. Standard erkor (SE) for G has been calculated from the ten largest

crystals in each map, reflecting the preCision of the mean estimate. J uncertainties (¢./v) include

propagated error from crystal size eorrection and crystal count.
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1558

1559

Table 3 — Cluster chemical composition

Crysta | cluste | SiO; | TiO2 | Al;03 | Mn | CaO | Na; | FeO | MgO | K;O | Phas
| r o (0] e
Cpx Clcl 493 | 1.17 | 4.68 | 0.14 | 20.6 | 0.33 | 7.13 | 16.0 0 Woas
4 9 6
Clc2 449 | 2.21 | 7.58 | 0.12 | 214 | 046 | 9.15 | 13.1 0 Woass
9 4
CLc3 478 | 1.54 | 5.86 | 0.14 | 21.4 | 044 | 7.71 | 145 0 Wogss
9 2 7
Pl Clpl 52.3 0 28.3 0 12.3 | 3.87 | 1.76 0 0:5 | Ane
5 1 2 5
CLp2 50.8 0 28.6 0 13.5 | 3.37 | 2.09 0 0.3 | Aney
4 9 2 9
CLp3 | 50.7 0 28.8 0 13.7 | 3.33 | 261 0 0.3 | Anes
3 7 3 9
Fe-Spl | CLsl 0.13 4.2 7.9 | 053 | 0.17 0 69.5 | 11.9 0 Mfrs3
6
Cls2 | 0.08 | 146 | 1.88 | 0.25 | 0.33 0 69.9 | 549 | O Mteo
2 7 (Ti-
Rich)

Table 3 — Average chemical composition of eachtmigue compositional cluster for each mineral phase.
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