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A B S T R A C T

Understanding the crystallization of silicate melts is key to reconstructing the processes occurring from magma 
rising to lava emplacement, the latter representing a major hazard for human settlements during effusive 
eruptions. Crystal growth, along with melt H₂O degassing, strongly influences lava rheology and surface flow 
behaviour. This study investigates the pre- to post-eruptive crystallization dynamics of trachybasaltic melts from 
the 1651–1654 CE eruption on Mount Etna’s western flank (Sicily, Italy), one of the 17th century’s most sig
nificant events due to its duration, lava field extent, and reach into inhabited areas. Investigation on different 
layers of a fractured pressure ridge allowed to reconstruct the crystallization history of a single flow unit, 
revealing significant textural differences between the inner and outer (crust) portion of the lava, allowing to 
quantify the extent of crystallization at subaerial conditions. By combining 2D and 3D textural analyses with 
chemical and mineralogical investigations, the pre-eruptive pressure-temperature (P–T) conditions of crystal 
formation were constrained. Phenocrysts nucleated in a vertically extended feeding system (down to 23 km 
below the sea level) at almost stationary condition of T = 1070–1060 ◦C. In the glass-rich crust, detailed chemical 
and textural analyses revealed chemical boundary layers around plagioclase microlites, which was used to model 
a subaerial growth rate of the outermost plagioclase rim in the order of 0.2–4.5 μm/s. These findings enhance our 
understanding of lava behaviour during flow, offering key insights for improving hazard models, monitoring, and 
response during effusive volcanic events similar to the 1651–1654 CE eruption.

1. Introduction

On active volcanoes characterized by frequent effusive eruptions, 
invasion by lava flows may lead to the disruption of inhabited regions, 
agricultural lands and industrial zones, posing a serious threat to both 
residential communities and economic infrastructures, representing one 
of the most significant hazards to human activities (Troll et al., 2024). 
The extent of lava flow propagation from its emission point depends on 
the interplay of many factors, including the amount of magma feeding 
the eruption and its emission rate, the slope morphology and the rheo
logical properties of the lava, which depends on its viscosity. Viscosity is 
mainly a function of chemical, physical and textural properties such as 

composition, temperature, crystal cargo and vesicle content (Giordano 
et al., 2008; Vona et al., 2011; Mader et al., 2013; Kolzenburg et al., 
2022; Namiki et al., 2025) and plays a fundamental role in determining 
the ability of a lava to flow (Calvari and Pinkerton, 1999; Lanzafame 
et al., 2022).

Once lava is erupted, complex and interacting processes contribute 
to its flow path on the surface. In fact, lava flows are in strong physical 
disequilibrium with the atmosphere and solidify at cooling rates driven 
by the temperature difference (ΔT) to the surrounding environment. 
During flow, ΔT decreases from the outer portions of the lava flow 
exposed to colder atmosphere and bedrock, towards the inner part 
where heat is more easily preserved. This often forms rigid lateral banks, 
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which helps channel lava into well-defined paths. As the outer portions 
of the flow continue to cool, solidification can extend to the surface, 
forming a rigid outer crust and developing lava tubes that insulate the 
molten flow, reducing its ability to lose heat, thus keeping it at a rela
tively high temperature and low viscosity and allowing its travel for long 
distances (Calvari and Pinkerton, 1999; Lanzafame and Ferlito, 2014; 
Lanzafame et al., 2022). Understanding why (and if) effusive eruptions 
from a certain volcano are prone to the formation of lava tubes is of 
paramount importance for evaluating the volcanic hazard. Variation in 
the emission rate upstream or changes in the downstream topography 
determine the increase in pressure within the tubes, causing the lava to 
inflate and break its crust, eventually leading to its tilting outward, 
forming structures known as pressure ridge or tumuli (Walker, 1991; 
Hon et al., 1994; Anderson et al., 2012; Robert et al., 2014; Harris et al., 
2022). When preserved, the breached portions of the outer crust of lava 
flows expose an accessible vertical section that allows the study of the 
different and outermost levels of the flow. Previous studies have 
demonstrated that variations in cooling rates can have a significant 
impact on both the texture and chemical composition of the solidified 
regions (Cashman, 1993; Mollo et al., 2011, 2012, 2013a, 2013b; Shea 
and Hammer, 2013; Giuliani et al., 2020).

In this work, we traced the evolution of a trachybasaltic melt from 
the initial nucleation of minerals under pre-eruptive conditions to its 
subaerial solidification as a lava flow. The study is based on a detailed 
petrologic characterization of a pressure ridge formed by fracturing and 
tilting of a flow unit of the pahoehoe lava field emplaced during the 
1651–1654 CE eruption at Mount Etna (Fig. 1). Textural investigation by 
scanning electron microscopy (SEM) and phase-contrast synchrotron X- 
ray computed microtomography (SR X-μCT), coupled with mineral 
chemical analysis by electron probe microanalysis (EPMA) enabled for 
modelling the pre- and post-eruptive crystallization and degassing pro
cesses, and to reveal the profound effect that different cooling paths 
have on final texture of trachybasaltic lavas. Our results showed that the 
fast-crystallizing glass-rich crust and the inner massive portion of single 
flows are different from each other, both in their crystal cargo and 
mineral textures. The investigation of the microlites in the groundmass 
of the lava crust revealed the preservation of chemical boundary layers 
around plagioclase crystals and allowed us to quantify the growth rate of 
these crystals on the surface of the flow, shedding new light on the 
timescale of crystallization of lavas during their emplacement.

2. Mount Etna volcano and the 1651–1654 CE eruption

Located on the eastern coast of Sicily (Italy), Mount Etna is one of the 
most active volcanoes in the world. Its activity can be traced back to 
about 0.5 My ago. Since then, the volcano has gone through different 
evolutionary stages. The initial tholeiitic phase (~500–220 ky ago) was 
followed by transitional (220–110 ky ago) and Na-alkaline phases, the 
last one is responsible for the construction of distinct stratovolcanoes 
(~110–65 ky) the remnants of which crop out on the flanks of the ‘Valle 
del Bove’ depression located on the eastern flank of Mount Etna (Tanguy 
et al., 1997; de Beni et al., 2005; Branca et al., 2008; Catalano et al., 
2004; Casetta et al., 2020). The present-day edifice reaches a height of 
~3350 m above sea level (a.s.l.), covers an area of ~1400 km2, and is 
built by the superposition of countless lava and tephra deposits formed 
during the latest activity, which started ~57 ky ago and is subdivided 
into Ancient (Ellittico) and Recent Mongibello phase (Monaco et al., 
2010; Branca et al., 2011). The activity of the Recent Mongibello (~15 
ky to present) is characterized by the occurrence of explosive and 
effusive eruptions of mostly hawaiitic to trachybasaltic products at the 
summit craters (central activity), along fissures opening on the volcano 
flanks (lateral eruptions), or even at large distances of up to tens of km 
from the volcano main craters (eccentric eruptions) (Rittmann, 1965; 
Andronico and Lodato, 2005; Andronico et al., 2005). The most 
impressive feature of Mount Etna is the persistent degassing from the 
summit craters, which testifies to an open conduit nature of its plumbing 
system from which thousands of tons of volatiles, mostly H2O, CO2 and 
SO2, are daily emitted into the atmosphere (Ferlito et al., 2014; Ferlito 
et al., 2017; Aiuppa et al., 2021, 2023; La Spina et al., 2023).

In the historic period, several effusive events threatened human ac
tivity on all the flanks of the volcano due to the opening of eruptive 
fissures and the formation of monogenetic vents located at low altitude. 
These episodes often involved contemporaneous strombolian activity 
from newly grown scoria cones and emission of high amounts (in the 
order of 106–108 m3) of lava. In this regard, the most intense period of 
activity was the 17th century, marked by three main eruptive phases on 
the northern (1614–1624 CE), western (1651–1654 CE) and southern 
(1669 CE) flanks of Mount Etna, during which lava flows with hawaiitic 
composition emitted by flank eruptions invaded low altitude populated 
areas, causing major damages to the human settlements (Branca and 
Abate, 2019). The lavas erupted during the 1614–1624 and 1651–1654 
events represent an interesting case study for Mount Etna also because of 
their peculiar texture, given by the large size of plagioclase phenocrysts 
(>10 mm) which led to the local definition of “cicirara” lavas, referring 

Fig. 1. Location of the main lava field of the 1651–1654 eruption on the western flank of Mount Etna volcano, where eruptive vents have been buried by subsequent 
activity. The inset shows the satellite view of the present-day area of Bronte town, partly built on the distal portion of the lava field. The star indicates the location of 
the sampled lava flow.
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to the chickpeas like appearance of plagioclase phenocrysts (Lanzafame 
et al., 2013; Vetere et al., 2015). Previous studies by Lanzafame et al. 
(2013) and Vetere et al. (2015) on these lavas demonstrated that the 
nucleation of plagioclase initially started in a pre-eruptive environment, 
but plagioclase growth became extensive only at syn- and post-eruptive 
conditions during lava flow. This observation has important implica
tions for modelling the evolution of the viscosity of the lavas during their 
path on the surface.

The 1651–1654 eruption – object of this study - began in January 
1651 CE with the opening of a WNW-ESE striking eruptive fissure 
located at 1800–1870 m a.s.l. on the western flank of Mount Etna and 
lasted until December 1654 CE. The lava flowed westward, destroying 
the neighbourhood of San Silvestro, damaging farmhouses and culti
vated areas, and partially invading the town of Bronte (Branca and 
Abate, 2019), nowadays located at an elevation of 700–900 m a.s.l. The 
final composite lava field reached the elevation of 630 m a.s.l., 
extending ~10 km in length and covering an area of ~33 km2. Nowa
days, the 1651–1654 lavas are bordered and partially overlapped in the 
north by the effusive products of the 1832 CE eruption and at the south 
by those of 1843 CE eruption (Fig. 1).

The lava field is made of the superposition of numerous lava flows 
having thickness up to 5 m and displaying characteristic ‘pahoehoe’ 
morphology (Fig. 2), given by smooth and ropy crust indicative of high 
fluidity compared to the more viscous ‘aa’ morphologies, more common 
at Mount Etna. It is worth to note that the formation of aa or pahoehoe 
crusts does not depend only on viscosity, but some other factors play a 
crucial role, among which the increase in the terrain slope is the most 
effective, imposing transition from pahoehoe to aa morphology.

The lavas of the 1651–1654 eruption are also characterized by the 
presence of pressure ridges, originating from the concomitant flowing 

and cooling processes in active flows (Walker, 1991; Anderson et al., 
2012; Gregg, 2017). To investigate their solidification history, samples 
representative of the inner and outer portions of a single flow unit were 
collected and studied. Sampling was carried out collecting lava speci
mens from the vertical section of a 4 m high fractured pressure-ridge 
displaying typical slabby pahoehoe morphology (Harris et al., 2017) 
(Fig. 2a and d) and located ~2.5 km SE from the town of Bronte, at an 
elevation of ~940 m a.s.l. and a distance from the effusive fissure of 9 
km (Fig. 1). The choice of this location was made considering its 
representativeness in terms of height, comparable with the average 
thickness of the flows composing the lava field, and its accessibility that 
allowed an easy sampling of the different portions. The investigated 
section is composed by a massive internal part (~3 m), overlapped by a 
vesicular one (~0.5 m), and topped by a ropy crust (0.5 m). A sampling 
step of 0.5–1 m from bottom to top of the single section was determined 
based on macroscopic evidence such as massive (BRO1 and BRO2 
samples), vesicle-rich (BRO3 sample) or ropy (BRO4 sample) aspect of 
the flow (Figs. 2b, c, d).

3. Methods

3.1. Whole rock composition and mineral abundance

Whole-rock major and selected trace element abundances were 
determined on powder pellets with a Rigaku Supermini 200 benchtop 
sequential wavelength-dispersive X-ray fluorescence spectrometer 
(XRF). The uncertainty is less than 5 % on the determination of the 
major and minor element abundances based on the values of several 
USGS rock references. Loss on ignition (LOI) was measured by the 
gravimetric method, after roasting ~1 g of pulverized sample at 900 ◦C 

Fig. 2. Field pictures of the investigated lavas. a) general view of the investigated pressure ridge; b) sampled section inside the fractured pressure ridge, with the 
approximate location of the specimens along a vertical profile; c) detail of the BRO3 bubble rich layer, showing abundant centimetre-sized vesicles; d) typical ropy 
morphology of the lava crust (BRO4 sample).
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for 24 h.
Mineral abundance by X-ray diffraction (XRD) measurements was 

determined by a Miniflex Rigaku X-ray powder diffractometer equipped 
with Ni-filtered Cu Kα radiation generated at 40 kV and 15 mA. The 
measurement was set at a scanning speed of 5.0◦/min, steps of 0.0200◦

within the range of 5◦ to 65◦ (error ± 0.02◦), for a duration of 14 min per 
sample. Qualitative analysis was performed via the search/match 
technique using the Profex 5.0.0 Software, while quantitative analysis of 
crystalline and amorphous phases was carried out using the Rietveld 
method and corundum as an internal standard (Gualtieri and Zanni, 
1998).

3.2. Textural investigation

The textural investigation aimed to quantify the crystal and vesicle 
abundance in the four samples and was performed on two-dimensional 
(2D) images collected by SEM and on three-dimensional (3D) images 
acquired by X-Ray computed tomography. The 2D analysis allowed the 
quantification of the mineral (phenocrysts) abundances, whereas 3D 
images were used to retrieve information on the sole vesicle population. 
In fact, an accurate and reliable separation of the mineral phases (in 
particular plagioclase = plg, clinopyroxene = cpx and olivine = ol) on 
3D images is prevented by the overlap of their greyscale colours (espe
cially between cpx and ol) and by their fine and interconnected texture 
(especially among plg).

Textural investigations on SEM images were carried out by collecting 
and stitching tens of high-contrast back-scattered electron (BSE) images 
per sample with a Tescan Vega-LMU SEM at the University of Catania. 
Operating conditions were set at 20 kV accelerating voltage and ca 8 nA 
beam current for obtaining high-resolution BSE images. This allowed 
obtaining high-definition images of each thin section, useful for detailed 
analysis of the texture and for determining phenocryst abundances.

In order to characterize the vesicle population of the samples in three 
dimensions, high-resolution synchrotron radiation computed micro
tomography (SR μCT) measurements in phase-contrast mode (Cloetens 
et al., 1997) were carried out at the SYRMEP beamline of the Elettra – 
Sincrotrone Trieste laboratory in Basovizza (Trieste, Italy). Samples 
were prepared by cutting the original rocks into parallelepiped-shaped 
blocks with a size of about 4 mm × 4 mm × 8 mm. A polychromatic 
X-ray beam delivered by a bending magnet source illuminated the 
sample in transmission geometry. Filters (1.5 mm Si + 1 mm Al) were 
used to suppress the contribution of low energies in the beam spectrum, 
thus reducing the beam hardening effect. For each sample, a set of 1800 
projections was recorded with an exposure time/projection of 125 ms. 
The detector used was an air-cooled, 16 bit, sCMOS microscope camera 
(Hamamatsu C11440–22C) with a 2048 × 2048 pixel chip coupled to a 
17-μm-thick LSO scintillator screen. The effective pixel size of the de
tector was set to 1 × 1 μm, yielding a maximum field of view of ~2.4 
mm × 2.4 mm. Scans were acquired in local or region-of-interest mode, 
working in phase-contrast mode, setting the sample-to-detector distance 
to 150 mm. This led to an increase in the visibility of the different phases 
present in the samples, thanks to an edge-enhancement effect at their 
borders (Cloetens et al., 1997).

Reconstruction of the 3D tomographic images was done with the 
Syrmep Tomo Project (STP) software suite (Brun et al., 2017), applying a 
single-distance phase-retrieval algorithm based on the transport of in
tensity equation of Paganin et al. (2002) to the acquired sample pro
jection images before the reconstruction. Combining the use of phase- 
retrieval with the filtered back-projection tomographic reconstruction 
algorithm (Herman, 1980), the 3D distribution of the refraction index in 
the basaltic rocks was obtained. After manual optimization, the value of 
50 for the δ/β = γ parameter (ratio between the real and imaginary parts 
of the complex refractive index) was chosen to enhance the contrast 
between the different crystalline phases within the rocks, keeping the 
blurring effects of phase-retrieval processing as low as possible.

Following the protocol reported in Lanzafame et al. (2020, 2022), 

representative volumes of interest (VOIs) were extracted from the 
original stacks of slices and segmented to isolate the sole vesicle phase. 
The determination of the abundance in vol% and of the morphological 
descriptors (size, aspect ratio, and sphericity) of the vesicles was ob
tained by the PyPore3D software library (Aboulhassan et al., 2022).

3.3. Mineral chemistry and element distribution maps

The major element composition of mineral phases was determined 
by electron probe micro analysis (EPMA) using a Cameca SXFive FE 
electron microprobe at the EPMA laboratory of the Core Facility Elec
tron Beam Microanalysis, Faculty of Earth Sciences, Geography and 
Astronomy at the University of Vienna (Austria). The instrument is 
equipped with five wavelength-dispersive (WD) and one energy- 
dispersive (ED) spectrometers. Routine point analyses of olivine, ox
ides and clinopyroxene were performed using the following operating 
conditions: 15 kV accelerating voltage, 20 nA beam current, 20 s 
counting time on peak position, 1 μm beam diameter. For feldspar and 
glass, the beam was defocused to 5 μm and a 10 s counting time on the 
peak position for Na and K were used. Detection limits were: 100–250 
ppm for Al, Na, Cr, Mn, Ti and Cl; 300–500 ppm for Si, Fe, Mg, Ca, Ni and 
K. Relative errors depend on the concentration of the elements in the 
unknown, being generally in the range of 1–2 % (1 sigma) for Si, Al, Fe, 
Mg and Ca in pyroxene, olivine, spinel, feldspar and glass. Relative er
rors for Ti and Cr in spinel and pyroxene are in the range of 1–5 % (1 
sigma). Relative errors for Na and K in feldspar and glass are in the range 
of 1–5 % (1 sigma). Relative errors for minor elements such as Cr, Mn 
and Ni in olivine are in the range of 4–17 % (1 sigma; see also Casetta 
et al., 2025). For all analyses, natural and synthetic standards were used 
for calibration, and the PAP routine was applied for matrix correction 
(Pouchou and Pichoir, 1991).

Element distribution maps at the interface between plagioclase 
microlites and glass (see section 5) were acquired in beam scan mode 
using the same Cameca SXFive FE EPMA, with a 35.5 nA beam current 
and 10–15 kV accelerating voltage. Map size varied depending on the 
investigated microstructure, while a fixed step size of 0.33 μm and a 
dwell time per pixel of 40–80 ms were applied. Relative Fe, K, Mg, Na 
and Ti concentrations were mapped using five wavelength dispersive 
spectrometers set to the corresponding Kα emission wavelengths for 
each element, while Si, Al and Ca concentrations, being more abundant 
in both the glass and the plagioclase, were acquired through EDS.

3.4. Fourier Transform Infra-Red (FTIR) spectroscopy

Hydroxyl abundance in the groundmass glass of sample BRO4, 
representative of the outer portion of the lava flow, was quantified on 
doubly-polished thin sections using a Bruker Tensor 27 Fourier trans
form infra-red (FTIR) spectrometer located at the Department of 
Mineralogy and Crystallography of the University of Vienna. A globar 
was used as light source and a KBr beam as beam splitter. Measurement 
positions were identified on a Bruker Hyperion 1000 FTIR Microscope 
with a Cassegrain condenser and objective (×15, 0.4 nA) and a LN2 
cooled MCT detector. Background and sample spectra were averaged 
from 128 scans in Bruker Opus 5.5.

Analyses were performed on a square 30 × 30 μm aperture, after 
ensuring by SEM and EPMA imaging the absence of gas bubbles, cracks 
and microlites. Water concentration was calculated according to Beer 
Lambert’s law, considering that IR absorbances are directly related to 
the concentration of O–H units (whether OH or H2O molecules) and the 
thickness of the sample as expressed by the equation: 

A = ε× c× t (1) 

where A (A = log I0/I) is the measured IR absorbance of the peak at 
3540 cm− 1, ε is the molar absorption coefficient, c is the concentration 
of O–H units in the unknown sample, and t is the sample thickness.
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The analytic H2O (including both OH and H2O molecules) concen
tration (CH2O) values (in wt%) were calculated from both linear and 
integrated absorbances (see Beran and Libowitzky, 2006; Libowitzky 
and Beran, 2006; Rossman, 2006). In the first case, CH2O was calculated 
as: 

CH2O(wt.%) = (α×1.8)/(ε× ρ) (2) 

Here, ε is the linear molar absorption coefficient (in 
L•molH2O

− 1•cm− 1), ρ is the density of the glass (in g•cm− 3), and α is the 
linear absorption coefficient (in cm− 1). The latter is obtained by dividing 
the linear absorbance A by the optical path length (i.e. sample 
thickness): 

α = A/t (3) 

In the case of the integrated absorbance, CH2O was calculated as: 

CH2O(wt%) =
(
αi,tot ×1.8

)/(
εi,tot × ρ

)
(4) 

Here, εi,tot is the total integral molar absorption coefficient (in 
L•molH2O

− 1•cm− 2), ρ is the density of the glass (in g•cm− 3), and αi,tot is 
the total integral absorption coefficient (in cm− 2). The latter is obtained 
by dividing the total integrated absorbance Ai,tot (Ai,tot = 3 • Ai ± 10–20 
% rel., Libowitzky and Rossman, 1997) by the sample thickness: 

αi,tot = Ai,tot
/
t (5) 

The thickness of the studied sample, as measured by digital micro
meter, was 120 ± 2 μm, and a density of the glass of 2.67 g•cm− 3 was 
assumed after computation with the DensityX software (Iacovino and 
Till, 2019). The linear absorption coefficient ε was set at 75 
L•molH2O

− 1•cm− 1 according to Beran and Koeberl (1997), while the 
total integrated absorption coefficient εi,tot was set at 79652 
L•molH2O

− 1•cm− 2 according to Libowitzky and Rossman (1997). As the 
characteristic bending vibration of H2O molecules at ~1650 cm− 1 is 
missing, the O–H stretching region at ca. 3200–3600 cm− 1 must be 
assigned predominantly to OH groups. Nevertheless, because of the 
generally low hydrogen content, a minor non-detectable amount of 
molecular water cannot be excluded. All details and results are reported 
in Table 4.

4. Results

4.1. Whole rock analyses

On the Total Alkali Vs. Silica Diagram (Le Maitre et al., 2002), all the 
studied samples fall in the trachybasalt field, with average anhydrous 
composition of SiO2 = 49.6 wt%, MgO = 4.25 wt%, Na2O + K2O = 5.9 
wt% (Table 1). This composition overlaps that of Recent Mongibello 
products in general, being in agreement with that of the plagioclase-rich 
lavas emitted in the 17th century of Mount Etna and matches with 
previous studies of the 1651–1654 lavas (Tanguy et al., 1997; Ferlito 
and Lanzafame, 2010; Nicotra and Viccaro, 2012; Lanzafame et al., 
2013, 2022). All samples show homogeneity in the analysed trace ele
ments content, with the exception of Cr and Pb that are sensibly higher 
than the average in BRO3 and BRO1, respectively (Table 1).

4.2. Texture and mineral chemistry

All the studied samples present the typical porphyritic texture of 
‘cicirara’ lavas (Lanzafame et al., 2013), characterized by larger euhe
dral to subhedral phenocrysts of Plg and Cpx followed smaller by Ol and 
Ti–Fe oxides, with very scarce presence of small accessory minerals 
such as apatite. In the following descriptions, phenocrysts, micro
phenocrysts and microlites are identified based on the longest size di
mensions >0.5, 0.5–0.3, and < 0.3 mm, respectively. The puzzles 
obtained by stitching BSE images collected by SEM (Figs. 1–4 in S1) 
cover an area of ~200 - ~450 mm2 (Table 2) and highlight the textural 

variability from the massive inner portion (BRO1) to the vesicle-rich 
outer portion (BRO3) and the crust with pahoehoe structure (BRO4) of 
the lava flow (Fig. 2). All the samples present the same paragenesis, with 
slight differences in the crystal amount, given by phenocrysts of Plg 
(29.09–32.79 vol%), Ol (1.62–3.03 vol%) and Cpx (7.95–14.76 vol%), 
and Ti–Fe oxides (0.29–0.66 vol%) and a variable vesicle content, as 
high as 12.64 vol% in sample BRO3 (see Fig. 3 in S1 and Table 2). 
Nevertheless, the most striking textural difference among the samples 
can be observed in the groundmass features. Phenocrysts and micro
phenocrysts in samples BRO1, BRO2, and BRO3 are dispersed in a 
groundmass constituted by subhedral to anhedral microlites of Plg, Cpx, 
Ol and Ti–Fe oxides with sizes ranging from 0.3 mm to few μm and 
subordinate interstitial glass (Fig. 3). Conversely, sample BRO4 repre
sentative of the ropy crust has a groundmass which is dominated by the 
presence of glass (~60 area%), in which only few microphenocrysts and 
microlites of Plg and subordinate Cpx and Ol are recognized (Fig. 3).

Plg is the most abundant phase in all samples (Table 2), with phe
nocrysts having sizes of up to 6 mm and displaying complex grain in
ternal textures (Fig. 4) characterized by inclusion-free and homogeneous 
areas together with sieve texture and patchy zoning (Giacomoni et al., 
2014). Smaller individuals (< 1 mm) are often homogeneous, whereas 
larger ones (> 1 mm) display either inclusion/texture-free cores sur
rounded by sieved and patchy mantle or sieved and patchy cores sur
rounded by inclusion/texture-free mantle (Fig. 4). Large individuals 
frequently show oscillatory zoning with compositional fluctuations 
extending over a few tens of μm in radial direction, together with dusty 
concentric portions containing numerous inclusions of Ti–Fe oxide 
crystals (Fig. 4). Results of compositional core-to-rim profiles and of 
single-spot analysis on groundmass microlites are reported in the sup
plementary material (Table 1 in S2 and Figs. 5 and 6 in S1). The phe
nocrysts generally display Ca-rich cores (An77–55) compared to rims 
(An69–36). However, the transition from An-rich cores to Ab-rich rims is 
not continuous: the core-to-rim profiles (An70 to An54 on average, see 
Fig. 5 in S1 and Table 1 in S2) are characterized by large scale compo
sitional oscillations (hundreds of μm), corresponding to sieve or dusty 
textured areas (Fig. 4). These latter display a general enrichment in the 
An content (Fig. 5 in S1). Rims of phenocrysts are mostly well defined 
and neat, with no textural evidence of resorption or disequilibrium 
during or after their growth. Microlites of Plg display an ample 
compositional range, broadly similar to that of Plg rims (An66–39) and 
are abundant in the BRO1, BRO2 and BRO3 samples, where they 
constitute a large part of the groundmass, being instead rare in the glassy 

Table 1 
Whole-rock major and trace element compositions.

Sample BRO1 BRO2 BRO3 BRO4 Average*

SiO2 48.89 49.23 49.04 48.68 49.63
TiO2 1.44 1.49 1.44 1.49 1.48
Al2O3 19.45 18.83 19.36 19.20 19.47
FeO 8.72 8.93 8.68 9.10 8.98
MnO 0.17 0.17 0.17 0.17 0.17
MgO 4.10 4.19 4.23 4.26 4.25
CaO 9.90 9.76 9.91 10.15 10.07
Na2O 4.02 3.99 3.88 3.72 3.95
K2O 1.52 1.55 1.50 1.47 1.53
P2O5 0.47 0.49 0.46 0.41 0.46
Tot 98.67 98.65 98.67 98.63 100.00
Sr 1181 1096 1144 1190 1153
V 234 231 222 210 224
Cr 34 30 53 35 38
Ni 33 25 33 28 30
Rb 32 33 31 35 33
Y 27 24 23 25 25
Zr 210 216 209 215 213
Nb 42 47 45 46 45
Ba 1795 1870 1850 1720 1809
Pb 26 14 17 18 19

* Normalized average values.
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groundmass of sample BRO4. In this sample, grains of the smallest 
population of Plg microlites have skeletal texture and are surrounded by 
thin (1–2 μn) chemical boundary layers, white-coloured in BSE images, 
at the interface with the surrounding glass (Fig. 3). The significance of 
these chemical boundary layers is discussed in the next sections.

Cpx is the second most abundant phase, with phenocrysts reaching a 
size of 6 mm and often presenting euhedral to subhedral habitus, 
whereas microlites in the groundmass are mostly anhedral (Fig. 4). All 
analysed crystals have diopsidic or augitic composition, with no evident 
differences among the four samples (Table 2 in S2 and Fig. 7 in S1). The 
average compositions of the diopsidic phenocryst cores (Mg# 75, 
DiHd81) are slightly enriched in Mg compared to the rims and the 
groundmass grains (Mg# 71, DiHd78–79).

Ol phenocrysts are volumetrically subordinate to Cpx and appear as a 
few subhedral and < 1 mm-sized individuals (Fig. 4). In rare exceptions 
(1–2 crystals per sample), they reach sizes of 3 mm. In all samples, Ol 
phenocrysts show a narrow compositional range, with average values of 
Fo73–75 in the cores and Fo71–72 in the rims. However, some crystals 
display higher Mg contents in the cores (up to Fo82) or, conversely, Fe 
rich rims (Fo67) (Table 3 in S2 and Fig. 8 in S1). Groundmass microlites 
are always subhedral to anhedral and have a wider average composition 
(Fo67–71), with some individuals showing high Fe content (Fo53).

4.3. Glass amount and composition

The samples from the inner portion of the investigated flow (BRO1 
and BRO2) and the vesicle-rich zone (BRO3) contain glass only as 
interstitial phase between the microlites, whereas the sample from the 
ropy crust of the flow (BRO4) has a glass-dominated groundmass. 
Although recognizable by SEM and SR μCT, quantification of glass by 
image analysis is prevented by its greyscale tone, often overlapping with 
that of the microlites. The quantification was therefore determined by 
XRD analysis, revealing values progressively increasing from 21.7 wt% 
in BRO1 to 48.3 wt% in BRO4 (Table 3 and Figs. S1-S4). Along with the 
increasing modal abundance, EPMA spot analyses reveal a progressive 
decrease in the SiO2 and FeO/MgO ratio and a parallel increase in alkali 
content (Na2O + K2O) and CaO/Al2O3 ratio from BRO1 to BRO4, i.e., 

from the base to the top of the lava flow (Fig. 5; Table 4 in S2). According 
to FTIR measurements, the H2O content of the groundmass glass at the 
top of the lava flow (ropy crust) ranges from 0.07 to 0.14 wt% (Table 4), 
confirming the almost complete loss of H2O during post-eruptive 
degassing. On the other hand, these results highlight that small 
amounts of H2O can be retained within the melt at post-eruptive con
ditions, with a potential effect on its degree of polymerization and ul
timately on the crystallization dynamics.

4.4. Vesicle content and morphology

The vesicle content and morphology were measured both employing 
2D and 3D techniques for large (mm-sized) and small (μm-sized) ones. It 
is worth noting that the different scale adopted in the two methodologies 
led to very different results in vesicle abundance. Indeed, image analysis 
of 2D puzzles allows to investigate large areas, adequate to include the 
mm-sized vesicles obtaining an accurate estimation of the vesicle 
abundance, but this approach does not allow to retrieve accurate in
formation on the 3D morphology of the vesicles. Conversely, the small 
volumes investigated by SR-μCT are not representative of the large-scale 
variation of textural features along the vertical profile of the lava flow, 
but provide robust information on the morphology of the micrometric 
vesicles which are related to the syn-eruptive degassing of the lavas 
(Polacci and Papale, 1997; Lanzafame et al., 2022).

Results of the 2D investigations confirm the observation made at the 
macro-scale in the field: the inner and massive portion of the lava flow 
contains only 5–8 area% of voids with a number density of ~78–80 
bubbles/mm2, while the external portions of the flow are richer in 
vesicles, with the highest amount of 12.64 area% and 173 bubbles/mm2 

in BRO3, and a slightly lower content of 10.9 area% and 160 bubbles/ 
mm2 in the crust (Table 5).

At the micron scale, results of X-ray SR-μCT (Fig. 6) allowed for the 
characterization of the smallest bubbles with sizes in the range of 
10–1000 μm. These vesicles occupy 3–5 vol% of the investigated vol
umes, are slightly deformed (see values of sphericity in Table 5), have an 
average volume of 10− 5 - 10− 6 mm3, and a number density that varies 
between 104 and 103 bubbles/mm3. The vesicle size distribution (Fig. 7) 

Fig. 3. Texture of the groundmass in samples a) BRO1, b) BRO2, c) BRO3 and d) BRO4. The BSE images display a texture difference, with an evident increase in the 
glass abundance from a) to d).
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depicts a clear trend from the inner to the outer portions of the flow. The 
number frequency diagram (Fig. 7a) indicates that all the distributions 
are unimodal and peaked at 10− 7 mm3. The fraction of the number of 

vesicles in this range increases from BRO1 to BRO4. The volume fre
quency distributions (Fig. 7b), however, indicate that these small vesi
cles contribute less than 5 % of the total porosity, which is instead 

Fig. 4. Main textures of Plg (a, d, g, j), Cpx (b, e, h, k) and Ol (c, f, i, l) phenocrysts of the samples, displayed from top (BRO1) to bottom (BRO4). See the text for 
descriptions.

Table 2 
Amount of phenocrysts, glass, groundmass and vesicles (area%) determined by 2D analysis of thin sections.

Sample Investigated area (mm2) Plg* Cpx* Ol* Timt* Gm + Glass* Vesicles

BRO1 329.28 32.79 7.95 2.93 0.52 55.81 5.39
BRO2 453.48 29.09 14.76 1.70 0.66 53.80 8.07
BRO3 334.23 31.22 12.25 3.03 0.29 53.21 12.64
BRO4 209.46 31.18 8.52 1.62 0.41 58.28 10.90

* Normalized to vesicle-free area; Plg = Plagioclase, Cpx = Clinopyroxene, Timt = Titanomagnetite, Gm = Groundmass.
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mainly given by a few vesicles with sizes in the range of 10− 2 mm3.

5. Discussion

5.1. Pre-eruptive crystallization and crystal cargo of the lava flow

The crystallization history and the pre-eruptive pressure (P) and 
temperature (T) conditions of the magma feeding the 1651–1654 
eruption were modelled using thermobarometric equations based on 
crystal-melt equilibrium and considering the progressive evolution of 
the melt composition due to crystal fractionation. As the high crystal 
cargo of the lavas prevents the use of their bulk-rock composition as a 
representative of a liquid (with the exception of the first nucleating 
phase), mineral-melt pairs were therefore established starting from the 
bulk-rock composition (M1 in Table 6) and progressively subtracting by 
mass balance the composition of the minerals appearing on the liquid 
line of descent, following the equation: 

Xliq =
Xwr − (Xxls1 × Φxls1 ) − • • • − (Xxlsn × Φxlsn )

1 − (Φxls1 + • • • + Φxlsn )
(6) 

where Xliq is the chemical component in the intermediate liquid 
expressed as oxide wt%, Xwr is the whole-rock composition, Xxls is the 
concentration of the component in the minerals as obtained by EPMA 
analyses and Φxls is the weight fraction of the mineral phase retrieved by 
petrographic analysis. This procedure is necessary to reconstruct the 
composition of the melts on the liquid line of descent and to couple it 
with the equilibrium mineral phase before thermo-barometric estimates.

The liquid-line of descent of Mount Etna parental magmas have been 
depicted by petrographic evidences, experimental petrology (Métrich 
and Rutherford, 1998; Mollo et al., 2015a, 2015b) and thermodynamic 
simulations (Trigila et al., 1990; Armienti et al., 1988, 2012; Corsaro 
and Pompilio, 2004a, 2004b; Giacomoni et al., 2014; Kahl et al., 2014) 

Fig. 5. Composition of glass in the four BRO samples, showing a progressive 
decrease of the average FeO/MgO ratio and SiO2 and alkali content, and a 
parallel increase of the CaO/Al2O3 ratio from the inner (BRO1–2) to the outer 
(BRO3–4) samples.

Table 3 
Results of quantitative XRD analysis.

Sample Aug Fo Mag Plg Am

BRO1 19.90 5.26 2.21 50.93 21.70
BRO2 17.76 4.75 2.74 50.55 24.20
BRO3 16.60 3.74 1.16 47.01 31.50
BRO4 11.61 3.41 1.11 35.58 48.30

Aug = Augite; Fo = Fosterite; Mg = magnetite; Plg = Plagioclase; Am =
Amorphous phase.

Table 4 
Parameters adopted to calculate H2O concentrations (wt%) from FTIR absorption measurements on glasses in sample BRO4. A density of 2.67 g/cm3 for the glass was 
considered according to Iacovino and Till (2019).

Sample Thickness# Integrated 
Absorbance*

Integrated Abs.- 
Coeff.

Molar Abs.-Coeff.+ H2O+ Linear 
Absorbance

Linear Abs. 
Coeff.

Molar Abs.-Coeff.§ H2O§

spot [μm] (±2) [cm− 1] (±2) [cm− 2] [cm− 2 per mol 
H2O/L]

[wt- 
%]

[cm− 1] [cm− 1 per mol 
H2O/L]

[wt- 
%]

BRO4_gl4 120 66.20 5517 79,652 0.140 0.12 10.00 75 0.090
BRO4_gl5 120 59.70 4975 79,652 0.126 0.11 9.17 75 0.082
BRO4_gl6 120 50.90 4242 79,652 0.108 0.09 7.50 75 0.067

# Thickness from digital micrometer.
* Range of integration: 3750–2830 cm− 1, mean wavenumber: 3430 cm− 1.
+ Libowitzky and Rossman (1997), “General, wavenumber-dependent IR calibration”, Ai,tot = 3 * Ai, ± 10–20 rel-%.
§ Beran and Koeberl (1997), ± 5 rel-%.

Table 5 
Results of vescicles analysis of 3D images from SR μCT experiments.

VOI 
(voxel)

VOI 
(mm3)

Number 
Density 
(mm-3)

Amount 
(vol%)

Volume*
(mm3)

Sphericity*

BRO1
1200 ×
1461 ×
1792

3.14 10,053 4.82 4.79E-06 0.76

BRO2
1329 ×
1461 ×
2841

5.52 4707 3.18 6.75E-06 0.76

BRO3
1259 ×
1521 ×
5372

10.29 2833 5.01 1.81E-05 0.75

BRO4
1203 ×
1569 ×
3239

6.11 1371 3.23 2.36E-05 0.76

* Average values.
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that evidenced that Ol is commonly the first phase on the liquidus in less 
evolved magmas. However, since most of historic erupted lava differ
entiate up to 15 % Ol en-route to the surface (Kahl et al., 2014; Giaco
moni et al., 2014 and references therein), they are typified as Ol and Cpx 
appearance as cotectic phases. On these bases, the reconstruction of 2 
equilibrium melts (M2 and M3 in Table 6) relies on the following 
assumptions: 

- high-Fo(88–80) Ol is the first phase on the liquidus, in equilibrium 
with M1;

- high-Mg# Cpx and Ol Fo(80–70) are cotectic, in equilibrium with M2;
- Fe–Ti Oxides appear along the whole liquid line of descent;
- Plg crystallizes as the last phase, in equilibrium with M3;
- the growth of each nucleated individual continues throughout the 

entire magma migration;
- microlites in groundmass crystallized from a liquid with BRO4 glass 

composition (M4).

The composition of the reconstructed melts is reported in Table 6. 
The initial H2O content in the melt was set to a conservative value of 4 
wt%, according to the recent advances in the study of melt inclusions 
indicating that primary Etnean alkaline magmas can contain up to 6 wt 
% of dissolved H2O (Gennaro et al., 2019; Giacomoni et al., 2021, 2024).

The crystallization T of Ol cores (Tol) was determined using eq. 22 of 
Putirka (2008) on crystal-melt (M1) pairs in the range of equilibrium 
defined by the ol-liqKdFe-Mg = 0.3 ± 0.03 (Fig. 8a) and setting P = 7 kbar, 
the lowest P at which Tol ≥ Tcpx, and fO2 = QFM + 1 (D’Orazio et al., 
1998; Mollo et al., 2011; Giacomoni et al., 2014). Results indicate that 
Ol cores (Fo73–76) formed at an average T of 1070 ± 29 ◦C.

The P-T crystallization conditions of Cpx cores from M2 (Table 6) 
were determined through mineral− melt exchange reactions of Di/Hd-Jd 
and Hd/Ca-Tsch Putirka (2008), considering only cores that attained the 
equilibrium condition within the range of cpx-liqKdFe-Mg = 0.27 ± 0.03 
(Fig. 8b, Putirka et al., 2003; Mollo et al., 2015a, 2017). Most of the 

Fig. 6. 3D renderings of the analysed Volume of Interest (VOIs) from BRO4 sample (6.11 mm3). a) reconstructed VOI in greyscale: dark tones = vesicles, dark grey =
Plg, grey = glass, light grey = mafic phases (Cpx and Ol), bright tones = titanomagnetite; b) 3D rendering of the segmented vesicle phase; c) 3D rendering of the 
segmented glass phase.

Fig. 7. Results of the vesicle morphology analysis: a) vesicle number frequency 
computed as the fraction of number of vesicles having a given size range over 
the cumulative number of vesicles; b) vesicle volume frequency calculated as 
fraction of volume of vesicles having a given size range over the cumulative 
volume of vesicles.

Table 6 
Results of mass balance calculations using eq. (6) and (7). All compositions are 
expressed in normalized oxide wt%.

Melt label M1 M2 M3 M4

Equilibrium 
with

Ol core Cpx core Plg core Ol-Cpx-Plg rim, 
gm

Composition WR WR - 2.5 % 
Ol

Gl + 30 % Plg Gl

SiO2 49.63 50.16 51.21 50.27
TiO2 1.48 1.46 1.51 2.40
Al2O3 19.47 20.04 20.68 15.35
FeO 8.98 8.30 7.27 11.41
MnO 0.17 0.17 0.00 0.00
MgO 4.25 3.37 2.24 3.58
CaO 10.07 10.37 9.88 8.08
Na2O 3.95 4.08 4.48 4.72
K2O 1.53 1.58 2.07 3.12
P2O5 0.47 0.48 0.66 1.08

WR = average whole rock composition of samples from XRF analysis; Ol =
olivine; Cpx = clinopyroxene, Plg = plagioclase; Gl = glass.
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investigated Cpx cores are in equilibrium with a composition obtained 
by subtracting up to 2.5 % of Ol from the whole rock composition. T and 
P were estimated using eqs. 33 and 32b, respectively, in Putirka (2008), 
following the recent reliability assessments of Wieser et al. (2023a, 
2023b). Results indicate that the phenocrysts cores formed at an average 
T of 1069 ± 25 ◦C in a large P range of 6.29–3.09 ± 1.7 kbar.

The conditions of the crystallization of the Plg cores were modelled 
assuming their crystallization from a slightly more evolved liquid (M3 in 
Table 6). Indeed, the crust of the lava flow (BRO4 sample) displays a 
great abundance of glass (~55 %) in which phenocrysts of Fe-rich Ol (Fo 
< 80), Fe-rich Cpx and Plg are dispersed. To retrieve the composition of 
the M3, mass balance calculations were performed by adding the Plg 
average composition (Table 6) to the glass taking into account that Plg 
and glass density have similar values: 

Xliq =

(
Xgl × Φgl

)
+
(
Xplg × Φplg

)

Φgl + Φplg
(7) 

where Xliq is the component expressed as oxide in wt%, Φgl = 0.55 is the 
fraction of glass and Φplg = 0.30 the fraction of Plg phenocrysts in the 
rock. The obtained melt composition M3 (Table 6) is intermediate be
tween the composition of the whole rock and that of the glass.

Following Putirka (2008), the equilibrium between Plg cores and the 
M3, and between Plg rims/groundmass and glass (M4) was checked 
considering plg-meltKdAb-An = 0.28 ± 0.11. Results (Fig. 8c) indicate that 
most of the Plg fall in the equilibrium with the reconstructed melts. The 
content of dissolved H2O in the melt was obtained by applying the hy
grometer of Waters and Lange (2015), which is based on exchange re
actions between Ab and An components. The calculation was made on 
Plg cores, assuming T = 1065 ◦C and P = 4 kbar, accordingly with the 
lower estimates obtained from Ol and Cpx thermobarometry. Results 
indicate a H2O content of 4.6 wt% (Fig. 9a) with an error of ±0.35 wt% 
at P = 4 kbar: this result is in agreement with degassing simulation 
(Fig. 9b) performed using the SolEx software (Witham et al., 2012) 
which indicates an exsolution threshold at P < 2.5 kbar for a trachy
basalt containing 4 wt% H2O. The application of the same hygrometer to 
Plg rims and microlites, assuming T = 1060 ◦C and P = 1 bar, yields a 
H2O content of 0.9–1 wt%.

5.2. Syn-flow degassing

Along with triggering and driving eruptive mechanisms in the upper 
portion of volcanic feeding systems (La Spina et al., 2022; Bamber et al., 
2024; Bonechi et al., 2024), vesicle nucleation, growth and coalescence 
in silicate melts strongly influence some of the crucial physical proper
ties of lava flows, particularly viscosity. Experimental works demon
strated that vesicle abundance and shape can significantly influence the 
rheology of the lava: generally, it is assumed that an increasing vesicle 
content reduces viscosity, but the extent of this effect varies depending 
on whether the bubbles are spherical or deformed (Rust and Manga, 
2002; Llewellin and Manga, 2005; Mader et al., 2013; Truby et al., 
2015). Vesicles can originate from gas exsolution from the melt at pre- 
eruptive conditions and are passively dragged within the lava as it 
flows on the surface. Theoretical studies and thermo-hygrometric 
models on natural samples showed that H2O exsolution in Mount Etna 
basaltic/trachybasaltic melts usually start to occur at around 2–2.5 kbar 
(Giacomoni et al., 2021) and continues along the ascent up to the sur
face. For the studied 1651–1654 CE eruption, simulations with the SolEx 
software (Witham et al., 2012) confirm this data, suggesting that a melt 
with initial H2O content of ~4 wt% begins exsolving H2O at P < 2.5 kbar 
(Fig. 9b).

Yet, a significant portion of vesicles can also be produced at post- 
eruptive conditions, due to the retention of residual volatiles, mostly 
H₂O, within the lava (Walker, 1991; Polacci and Papale, 1997; Harris 
et al., 2017). This leads to continuous vesicle nucleation, growth, and 
coalescence during lava flow and after emplacement (Lanzafame et al., 
2022). In our case, 2D observations at the millimetre scale indicate a 
lower vesicle content in the inner portions of the lava flow (BRO1 and 
BRO2) compared to the outer sections (BRO3 and BRO4), suggesting 
active bottom-to-top vesicle migration during flow. Furthermore, 3D 
analyses at micron scale reveal a decrease in the number frequency of 
very small vesicles (10− 8 mm3) from BRO1 to BRO4 (Fig. 7a). This trend 
is likely due to the lower cooling rates at the inner portion of the flow, 
allowing prolonged degassing and the nucleation of a higher number of 
small vesicles compared to the rapidly solidified crust. The inversion in 
the number frequency distribution trend at 10− 7 mm3 (Fig. 7a) is due to 
vesicle coalescence towards the upper portions of the flow, a process 
further supported by volume frequency distribution data (Fig. 7b). 
Specifically, vesicles >10− 2 mm3 constitute 58–72 % of the total vesicle 
volume in BRO4 and BRO3, respectively, versus the 42–34 % in BRO1 

Fig. 8. Results of partition coefficient determination for Ol, Cpx and Plg and 
equilibrium ranges indicated by dotted lines within each diagram. a) Forsterite 
(Fo%) vs. Ol-LiqKdFe-Mg diagram for Ol crystals, Ol-LiqKdFe-Mg = 0.27–0.33 from 
Roeder and Emslie (1970); b) Mg# vs. Cpx-LiqKdFe-Mg diagram for Cpx crystals, 
Cpx-LiqKdFe-Mg = 0.24–0.30 from Mollo et al. (2015a) and Putirka et al. (2003); 
c) Anorthite (An%) vs. Plg-LiqKdAb-An diagram for Plg crystals, Plg-LiqKdAb-An =

0.17–0.39 considering T > 1050 ◦C from Putirka (2008).
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and BRO2. These trends suggest that the emplacement of the 1651–1654 
lavas was accompanied by active degassing of a consistent residual 
volatile content in the melt during the flow.

The presence of volatiles in silicate melts, either dissolved or 
exsolved as vesicles, has important implications for the investigation 
and prediction of the behaviour of active lava flows, as it decreases 
viscosity with significant changes on the rheology of lavas and therefore 
on their path when flowing on the surface (Harris and Rowland, 2001; 
Herault et al., 2009; Kelfoun and Vargas, 2016; Chevrel et al., 2018; 
Lanzafame et al., 2022). EPMA analyses show that glasses in the inner 
portion of the lava flow retain 0.3–0.7 wt% Cl, while glasses in the 
pahoehoe crust have a lower and constant concentration of Cl 
(0.16–0.20 wt%; Table 4 in S2). This testifies to the active degassing of 
the lava during flowing, and/or the concomitant crystallization of 
mineral phases hosting Cl, such as apatite, in the microcryst assemblage. 
The FTIR measurements show that a low but not-negligible amount of 
H2O (0.08–0.17 wt%) remained dissolved in the glassy groundmass of 
sample BRO4 (Table 4). It is worth to remark that this amount represents 
only the water content at the moment of final quenching of the crust of 
the flow, occurred after that the investigated lava experienced 9 km of 
flowing (see Fig. 1) and degassing at disequilibrium condition on the 
surface.

5.3. Syn- to post-eruptive solidification

To reconstruct the subaerial processes of crystallization, it is neces
sary to retrieve the proportions of crystals and melt already present at 
the moment of the eruption. Thus, it is required to discern the portion of 
the investigated lava flow that best represents the state of the magma 
suspension (crystal + melt + vesicles) as it was emitted on the surface. 
This can be done by considering the textures of the BRO4 sample, 
collected from the crust of the lava flow. In fact, the crust is the portion 
of the flow in direct contact with the cold air and therefore subjected to 
cooling rates orders of magnitude higher than the inner portions (Harris 
et al., 2005). At these conditions, lava quenches very rapidly, over time 
spans on the order of minutes, preserving the original texture of the 
silicate melt at the time of its emission.

The XRD data and image analysis of this sample indicate that mo
ments after its discharge on the surface the lava comprised ~40–50 % of 
crystals, mostly phenocrysts, and ~ 50–60 % of melt. According to the 
mineral-meltKdFe-Mg data, Ol and Cpx phenocrysts rims and microlites in 
sample BRO4 are in strong chemical disequilibrium with respect to the 
surrounding glass (Fig. 8a and b). Yet, their euhedral morphology sug
gests growth at close to equilibrium conditions (Fig. 4l). On the contrary, 

the rims of Plg phenocrysts and the core of the microlites are in chemical 
equilibrium with the surrounding glass (Fig. 8c). Hygro- thermometric 
models indicate that these crystals formed at T = 1060 ◦C from a melt 
with dissolved water content of ~1 wt% (Fig. 9), which most likely 
represents the initial condition of the subaerial flow of the 1651–1654 
lavas. Interestingly, Plg microlites show skeletal morphology and the 
presence of a chemical boundary layer (CBL) at the contact between 
microlite and the surrounding glass, which is bright in BSE images 
(Figs. 10 and 11). Other authors documented the existence of Fe-rich 
CBLs at the Plg-melt interfaces in tephra products from Etna and 
Stromboli volcanoes (Pichavant et al., 2022; D’Oriano et al., 2025), and 
in the Kilauea Iki lava lake (Honour et al., 2019). These CBL domains 
form due to disequilibrium crystal growth taking place in very short time 
spans (seconds to minutes), and, if preserved as filaments within the 
melts, can bear witness of interaction between magmas with different 
temperature and volatile contents (D’Oriano et al., 2025).

The acquisition of high-resolution element maps by EPMA at low- 
voltage conditions shows that the core of Plg microlites is relatively 
Ca-rich compared to the outermost 1–5 μm wide rim, which is more 
albitic (Figs. 10 and 11). With respect to the unaffected glass far from the 
grains, the surrounding CBL is characterized by an enrichment in MgO, 
FeO, TiO2, and CaO and a depletion of SiO2 and Al2O3. Moreover, in 
most of these plagioclases, short tails (<1 μm) are present at all corners, 
beyond which no significant CBL is observed. From a theoretical point of 
view, a CBL can form when chemical components that are incompatible 
in a fast-growing crystal accumulate in the glass immediately in front of 
the crystallization front (Zhang et al., 2010; Zellmer et al., 2016). The 
extent of accumulation/depletion of a specific component depends on: i) 
the concentration difference of this component between the glass and 
the growing crystal, and ii) the competing effects of diffusion of the 
component in the melt and the delivery/extraction of the component to/ 
from the melt at the crystallization front due to repulsion from/frac
tionation into the growing crystal (Levich, 1962). In our case, elements 
with low partition coefficient (KD) with respect to Na-enriched Plg, like 
Mg, Fe, Ti and Ca, preferentially partition into the melt, while elements 
such as Si, Al and Na are more compatible in the Plg. The incompatible 
elements pile-up at the moving Plg-melt interface (crystallization front), 
and can be preserved as a CBL only if their diffusivities in the melt are 
too slow to effectively homogenize the component that is locally 
delivered to/removed from the melt at the crystallization front in the 
melt. The preservation of such features in lavas offers the unique op
portunity to apply diffusion chronometry models to retrieve the rate of 
crystal growth of the Na-rich rim present in the Plg microlites in the 
crust of the pahoehoe lava.

Fig. 9. Water content of the melt and degassing path of the magma; a) water content determined hygrometry on Plg crystals using the model of Waters and Lange 
(2015); b) Dissolved water in the melt as function of pressure modelled by SolEx software (Witham et al., 2015), assuming two compositions equal either to the whole 
rock (in equilibrium with Ol) or to the glass + dissolved Plg (in equilibrium with Plg cores); modelling of degassing was done considering an initial CO2 = 4000 ppm, 
S = 2800 ppm and Cl = 1400 ppm according to melt inclusion in Ol from trachybasalts erupted at Mount Etna (Métrich et al., 2004; Spilliaert et al., 2006).
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Compositional profiles at the Plg-glass boundary for elements such as 
Mg, which is incompatible in Plg, show a positive spike in correspon
dence with the CBL, which is ~1 μm thick (Fig. 12a). The easiest sce
nario for modelling the chemical profile of the Plg-CBL-melt system 
assumes that this system reaches a steady state (e.g. Lucassen et al., 
2010). Under these conditions, the concentration of a component across 
the CBL can be approximated by: 

C(x, t) = C2 +(C1 − C2)exp
(
−

v
D

x
)

(8) 

where C1 is the concentration of the component at the Plg/CBL inter
face, C2 is its concentration in the bulk melt/glass far from the CBL, v is 
the velocity at which the Plg-CBL interface moves into the melt and D is 
the diffusivity in the melt of the component considered. This equation 
describes diffusion into the half space x ≥ 0 from a source at x = 0, where 
the strength of the source is related to the difference in element con
centrations between the Plg and the melt/glass and the propagation 
velocity of the crystallization front. The modelled concentration profiles 
only depend on the ratio k = v/D, which can be obtained from a fit of the 
model curve to the observed concentration data (Lucassen et al., 2009). 
For such modelling, Mg, Fe and Ti are the most suitable elements. In our 
study-case, we developed a diffusion chronometry model using the 
compositional profile of Mg (Fig. 12a) because it best discriminates the 
glass-CBL-Plg system, where MgO varies from 3.5 wt% in the glass far 
from the Plg-melt interface to 5–6 wt% within the CBL and then to 
nearly 0 wt% in the Plg (Fig. 12a). On the other hand, Fe can be 
incorporated in low amounts (up to 1.0 wt%) in the fast-growing Plg, as 

shown by both single-spot analyses and chemical profiles (Fig. 11), 
while Ti concentration in both glass, Plg and CBL are comparatively low. 
To this end, the data are linearized by rearranging Eq. 8 into: 

ln
(

C2 − Cfit(x, t)
C2 − C1

)

= −
v

DMg
x (9) 

The diffusion coefficient of Mg in the melt (DMg) was calculated using 
the equation of Zhang et al. (2010), considering a T interval between 
850 and 1100 ◦C, i.e., a T range plausible for erupted trachybasalts at 
their contact to the air: 

lnd
Mg = − 5.17 − 11.37XSA − 2.16XFM −

10993 + 17839XSA

T
(10) 

where X is the cation mole fraction in the melt, XFM = Fe + Mn + Mg, 
and XSA = Si + Al, and T is the temperature expressed in Kelvin. In 
accordance to the low amount of H2O dissolved in the matrix glass 
(0.07–0.14 wt%) as inferred from FTIR measurements, DMg was calcu
lated considering anhydrous conditions in the melt. Eq. (9) represents a 

straight line in ln
(

C2 − C(x,t)
C2 − C1

)

– x space, where k = v
D represents the 

modulus of the angular coefficient of this line and can be calculated by a 
linear regression procedure. Solving the equation enables the retrieval of 
the only unknown v which represents the speed at which the interface 
moved.

Comparing the modelled curve with the measured data profile, both 
the exponentially fitted curve and the measured profiles align well 
(Fig. 12b). Assuming an exponentially fitted growth model and Mg 
diffusivities in the melt DMg = 1.17 μm2 s− 1 (consistent with T =

Fig. 10. a) BSE image of the groundmass of a Bronte lava near the contact with 
air. b-d) high magnification BSE image of Plg micro-crystals (dark grey) sur
rounded by CBLs (white). c-e) EPMA chemical map (scanned at 15 kV) showing 
Ca relative amount in the phases composing the scanned area. All scale bars are 
10 μm long.

Fig. 11. a) BSE image of the Plg-CBL-melt system selected for a high-resolution 
EPMA scan (10 kV). b-f) Ca, Mg, Fe, Si and Al elemental EPMA maps of the 
same area of (a).
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1060 ◦C), the estimated growth rate of the Na-rich rim around Plg 
microlites is 4.5 μm/s (4.5 × 10− 4 cm s− 1). Considering the lower-end of 
the temperature range (T = 850 ◦C) and thus adopting DMg = 0.051 μm2 

s− 1, the estimated growth rate decreases to 0.2 μm/s (2 × 10− 5 cm s− 1) 
(Fig. 12c). It has to be emphasized that the model should be considered 
as a limit-case scenario and applied with caution. It is possible that a 
steady-state condition might not have been fully achieved, or it may 
have been established.

The growth rates calculated for Plg microlites range from 2 × 10− 5 

cm s− 1 to 4.5 × 10− 4 cm s− 1, indicating extremely fast crystallization. 
Through 4D in situ crystallization experiments in basaltic melts, (Arzilli 
et al., 2019) obtained very fast growth rates for Plg (from 3 × 10− 5 to 1 
× 10− 4 cm s− 1) considering undercooling temperatures ΔT between 60 
and 140 ◦C. Differently from their experiments, where they obtained Plg 
grains with high morphologic aspect ratio, often showing swallow-tailed 
textures, our Plg microlites are bulkier and only the ultimate μm-wide 
Na-rich rims have grown extremely fast and form swallow-tail like 

features. The main cause of the observed difference could be that in the 
Bronte lava flow, the relatively more An-rich core regions of the 
microlites grew slower and in a more isometric shape before the lava we 
finally exposed to the air. Only the very last moment, when the lava 
came into contact with the air, a sudden temperature drops close to the 
quenching temperature, and probably an ultimate episode of H2O loss, 
promoted further combined thermal and chemical undercooling of the 
system, bringing it closer to the nearly anhydrous conditions (measured 
H2O in glass = 0.08–0.16 wt%) where the diffusivities of the oxides are 
slow. Both hypotheses can be valid and not mutually exclusive. In our 
study case, the most realistic growth rates are the slower ones (2 × 10− 5 

cm s− 1), which likely result from the last crystallization episode taking 
place at decreasing T (850 ◦C). Considering 0.5–2 μm thick CBL, this 
translates into timescales of 2.5 to 10 s for the growth of the rim of Plg 
microlites in the glass-rich crust of the basaltic flow, in good agreement 
with what was calculated by D’oriano et al. (2025) for tephra samples 
from Etna and Stromboli.

The growth rate estimated through this model could be an average of 
all the growth stages of the Na-rich overgrowth. The listed possibilities 
correspond with the growth stages described by Welsch et al. (2023). At 
the very beginning of the temperature drop, the growth rates are 
probably higher, and consequently CBL could have built up, i.e. the 
acceleration stage of Welsch et al. (2023). If a steady state was reached 
the Na-rich rim would be characterized by a linear growth stage (linear 
growth stage of Welsch et al., 2023), in which the assumptions of the 
model above are fully valid. The end of crystallization is characterized 
by a deceleration stage, which may coincide with depletion in compo
nents necessary for the crystal to grow (deceleration stages of Welsch 
et al., 2023). The last stage can also be caused by the formation of a CBL 
itself. The CBLs surrounding the Plg microlites are not only enriched in 
oxides such as MgO, FeO, TiO2, and CaO, which are preferentially par
titioned into the melt and consequently repelled from the growing Na- 
rich rim, but also depleted in slow diffusing oxides such as SiO2 and 
Al2O3 (Figs. 10e-f), which preferentially partition in the growing crystal 
(Zhang et al., 2010). If this depletion occurs, the lack of tetrahedra- 
forming oxides could inhibit or even halt the growth of the Plg crystal 
itself. This further supports the choice of supercooling conditions, with 
temperatures <1000 ◦C, in our case at around 850 ◦C. Indeed, at higher 
temperatures (1050 to 1100 ◦C), the Plg growth rate might increase to 
sustain the formation of a CBL, but the same problem of depletion in 
SiO2 and Al2O3 would occur. Although the diffusivities of these elements 
are higher at high T, they are still lower than the growth rate of Plg, 
potentially restricting further growth. When the Plg ceases growing, the 
CBL may temporarily diffuse away from the Plg-melt interface until 
another growth episode occurs. While this is a plausible scenario, it 
would likely also produce internal cycling zonation within the Na-rich 
rim, for which there is currently no chemical and textural evidence 
(Figs. 10–11).

The obtained timescales indicate that the Na-rich rims of small Plg 
grains in the groundmass formed right before the final quenching of the 
lava flow, providing further evidence for the efficiency of Plg crystalli
zation in post-eruptive conditions at Mount Etna (Lanzafame et al., 
2013).

5.4. Significance of the solidification models and future perspectives

The first outcomes of this study confirmed that even compositionally 
homogenous individual trachybasaltic lava flows can exhibit significant 
textural variations at a macro scale (decimetres to metres) along their 
vertical profile. These variations result from differing crystallization 
conditions during the syn- to post-eruptive stage, emphasizing the 
importance of adopting appropriate sampling strategies to ensure 
representativeness. Such variation mostly regards groundmass and 
vesicles, whereas large phenocrysts display compositional and textural 
homogeneity along the vertical profile, allowing for reconstruction of 
the pre-eruptive processes during magma ascent.

Fig. 12. a) MgO content along the glass-Plg profile showing a peak in corre
spondence of the CBL before a drop in Plg. b) Eq. 9 represented as a straight line 

in a ln
(

C2 − C(x,t)
C2 − C1

)

– X space; the graph demonstrates that the fitting curve 

accurately describes the behaviour of the measured MgO profile (also linear
ized). The graph also includes the equation that fit the linearized profile, with 
the angular coefficients used to calculate k = v

D = − 3.82. c) calculated Plg 
growth rate vs. DMg at different temperatures.
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The estimated pre-eruptive crystallization conditions of the 
1651–1654 eruptive event lie at the lower end of the P-T-X-H2O range 
estimated for historic Mount Etna products (Giacomoni et al., 2014, 
2021; Mollo et al., 2015b), and differ slightly from those emitted in the 
17th century. Indeed, the absence of Ol with Fo > 77 marks a net 
contrast with the lavas erupted in historic times, which often contain Ol 
with Fo(84–80) (Giacomoni et al., 2018). The estimated <1080 ◦C crys
tallization T of Ol is therefore due to the relatively Fe-rich nature of 
olivine in the studied samples, suggesting the formation of olivine 
phenocrysts at shallow conditions. This observation is reinforced by 
results from Cpx-melt T-P estimates which are comparable with Ol re
sults and restrict the Cpx crystallization conditions to the range of 1069 
± 25 ◦C and 6.3–2.7 kbar, respectively (21–8 km b.s.l., considering the 
density model of Corsaro and Pompilio (2004a, 2004b). At these con
ditions, Ol and Cpx are commonly cotectic on the liquidus for the tra
chybasaltic compositions of Mount Etna magma but also far from those 
of parental melts (Lanzafame et al., 2013, 2022; Mollo et al., 2015a, 
2015b; Giacomoni et al., 2018). Most of the high-Fo (Fo > 80) Ol likely 
fractionated from the melt in the deeper portions of the feeding system 
and the magmatic batch that fed the 1651–1654 eruptive event, while 
the relatively Fe-rich Ol (Fo80–70) in the studied samples formed in the 
shallower (P < 7 kbar) portion of the feeding system at T lower than 
those commonly observed in magma erupted from central craters during 
recent eruptions (Corsaro and Pompilio, 2004a, 2004b; Giacomoni et al., 
2018, 2021). Results from the Plg-based hygrometer of Waters and 
Lange (2015) show that crystal cores formed in a melt with 4 wt% dis
solved H2O, while rims and groundmass crystals formed in a relatively 
H2O-poor melt (1 wt% dissolved H2O) (Fig. 9a). Combined with water 
exsolution modelling, these data suggest that Plg rims and groundmass 
crystals formed in the upper portion of the feeding system during/after 
volatile exsolution (i.e., H2O, <6 km b.s.l.) and at syn-eruptive 
conditions.

The investigation on the final stage of crystallization, and in partic
ular the modelled growth rates of Plg at post-eruptive conditions testify 
very fast solidification, potentially able to grow the observed microlites 
(up to hundreds of μm in size) in a few minutes. This is apparently in 
contrast with the well-extended lava flows of the 1651–1654 eruption. A 
possible explanation for this paradox lies in the architecture of the lava 
field. The sampling site in this study, a pressure ridge, clearly reveals the 
formation of a network of lava tunnels that retained high internal 
temperatures, preventing efficient crystallization. In fact, the calculated 
Plg growth rates refer only to the crust of the flow, in direct contact with 
the air and therefore subjected to a very high cooling rate compared to 
the inner portions. Starting from this, future investigations will focus on 
better constraining the cooling rates along the vertical profile to the 
actual growth rates of crystals, and to better quantify the vesiculation 
process at the post-eruptive stage, to link the crystallization and 
degassing kinetics to the variation of the rheological properties of the 
melt. Our findings will contribute to refining predictive models of lava 
flow behaviour, particularly regarding the links between the viscosity of 
the lava suspension and its ability to flow, in the context of integrating 
petrologic real-time monitoring data with risk evaluation during effu
sive eruptions.

6. Conclusions

The 1651–1654 CE eruption at Mount Etna represented a typical 
effusive volcanic event occurring in populated areas, a common hazard 
on volcanoes such as Mount Etna. In this work, a comprehensive study of 
the crystallization processes occurring in the trachybasaltic melts 
feeding this eruption, from the magma ascent within the crust to its 
complete solidification as a lava flow, was carried out by investigating a 
well-exposed vertical section of a fractured pressure ridge on the 
pahoehoe lava field. Results advance our knowledge of these physical 
and chemical processes, but also pose some intriguing questions. The 
main outcomes of this work are reported in Fig. 13 and summarized as 

follows: 

- Before the eruption, the rising magma underwent significant frac
tionation in a vertically extended polybaric feeding system. Parental 
magma fractionated most of the high-Fo Ol at P > 7 kbar and phe
nocrystal Ol and Cpx formed at cotectic conditions at depth between 
21 and 8 km b.s.l., at significantly colder conditions than magma 
commonly erupted from central summit craters. Plg crystallization 
started in a melt with 4 wt% dissolved H2O and continued during/ 
after volatile exsolution;

- An initial 4 wt% of dissolved H2O in the magma started to exsolve 
only at P < 2.5 kbar, corresponding to ~6 km depth. Degassing 
continued to the surface during the flow of the lava, as testified by 
the trend of the small vesicles’ distribution and by the chemical 
analyses on residual glass in the lava samples collected in different 
portions of the investigated flow unit. The residual amount of H2O 
dissolved in the glass after emplacement of the lava flow varies be
tween 0.07 and 0.14 wt%.

- After the emission, the rapid cooling of the flow surface preserved 
the syn-eruptive solid/liquid proportion of ~40–50 % crystals and ~ 
50–60 % melt in the lava at the moment of discharge. This rapid 
cooling for the reconstruction of the growth history of microlites, 
detecting and mapping micron-scale chemical boundary layers 
(CBLs) surrounding Plg and providing a novel perspective on the 
rapid syn-eruptive crystallization processes. The modelled growth 
rates are in the range of 4.5 μm/s for T = 1060 ◦C to 0.2 μm/s for a 
more conservative value of T = 850 ◦C.

As shown by the results of this work, the reconstruction of the so
lidification path in melts feeding effusive eruption is puzzling and must 
take into account the complex chemical and textural evolution to which 
magmatic melts are subjected during their journey from deep crust to 
surface. Determining the melt suspension features at the onset of the 
subaerial flow, and constraining their evolution with increasing preci
sion, represents an intriguing goal for future research that will be aimed 
at determining the role of subaerial crystallization and degassing in 
forecasting the lava flow path, essential for effective monitoring and 
decision-making in mitigating such events.

Fig. 13. Schematic model of the pre- to post-eruptive crystallization conditions 
for the 1651–1654 lavas.
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