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ABSTRACT

Fe-rich filamentary textures are almost ubiquitous in products from explosive eruptions at basaltic volcanoes and, in particular,
they characterize the groundmass of ash and lapilli emitted during high-energy events. Here, we present a multidisciplinary study
integrating petrological analyses with computational fluid dynamics simulations to propose a new mechanism responsible for
their formation. Detailed textural and compositional features of Fe-rich filaments were examined in the products of explosive
eruptions with different intensities from Stromboli and Etna (Italy) volcanoes. Results reveal that they represent compositional
boundary layers developed at the plagioclase-melt interface in response to the interaction between magmas with different com-
positions and volatile contents. Numerical simulations indicate that boundary layers can detach from crystals and disperse
into resident melts due to their higher density and can survive as metastable melts for some days under magmatic conditions.
We suggest that Fe-rich filaments testify to the recharging of deep magma a few days before high-energy explosive events at
basaltic open-vent volcanoes, even when primitive magmas are not erupted.

RIASSUNTO

Filamenti ricchi in Fe sono presenti in quasi tutti i prodotti di eruzioni esplosive in vulcani basaltici e, in particolare, caratte-
rizzano la massa di fondo di cenere e lapilli emessi durante eventi ad alta energia. In questo articolo presentiamo uno studio
multidisciplinare che integra analisi petrologiche con simulazioni di fluidodinamica computazionale per proporre un nuovo mec-
canismo responsabile della loro formazione. Le caratteristiche tessiturali e composizionali dei filamenti ricchi in Fe sono state
esaminate nel dettaglio in prodotti di eruzioni esplosive a diversa intensita avvenute sia a Stromboli che all'Etna (ltalia). I risul-
tati suggeriscono che essi rappresentino le interfacce composizionali tra i cristalli di plagioclasio e il liquido circostante che
si sviluppano in seguito all'interazione tra magmi con diversa composizione e contenuto in volatili. Le simulazioni numeriche
hanno evidenziato che tali interfacce composizionali si possono staccare dai cristalli e disperdersi nei liquidi circostanti a causa
della loro alta densita e possono sopravvivere come liquidi metastabili per alcuni giorni alle condizioni magmatiche. Si ipotizza
che i filamenti ricchi di Fe siano la testimonianza di una ricarica di magma profondo che avviene pochi giorni prima di eventi
esplosivi ad alta energia in vulcani basaltici a condotto aperto, anche quando i magmi primitivi non vengono eruttati.

KEYWORDS: Basaltic volcanoes; Fe-rich melts; Micro-textures; Geochemistry; Magmas interaction; Timescales.

1 INTRODUCTION al. 2022]. Processes occurring from the time of intrusion to
a possible high-energy event encompass magma degassing,
crystallization, mixing, and variable interaction with the crys-
tal mush. Petrological evidence of these processes is usually
captured by the composition of mineral phases, and specifi-

Basaltic volcanoes are among the most spectacular and acces-
sible outdoor adventure attractions [Wadsworth et al. 2022],
and a large number of people live along their flanks as they
have the reputation of being “good volcanoes”. Neverthe- / - T
less, they are characterized by sudden transitions in eruptive cally by their zoning patterns and elementsl diffusion profiles.

styles that drastically increase the associated risk [Vergniolle However, thep are rarely idEI'.ltiﬁ(:'d in the composition. and
and Métrich 2022], texture of residual glasses, which better record the last input

of the deep recharge that triggers the eruption [Morgavi et al.

At basalti -conduit vol ie. Et d
some basaltic, open-conduit volcanoes (i.e naand . 17, and references therein]

Stromboli in Italy; Villarrica in Southern Chile), the shift to-
ward more energetic events has been associated with the ar-
rival of COy-rich fluids in the shallow systems days/weeks
before the paroxysms [Aiuppa et al. 2017; 2021; Caricchi
et al. 2024], sourced by the intrusion of hotter and primi-
tive, volatile-rich magma [Andronico et al. 2021; Romero et

In the products emitted at Stromboli and Etna before and
during high-energy explosive events, we found abundant Fe-
rich filamentary textures, not present in the products emitted
during ordinary activity. Similar textures have been previ-
ously observed in the groundmass from basaltic volcanoes,
*F4 claudia.doriano@ingv.it both as natural and experimental products.
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Laumonier et al. [2014] detected Fe-rich melts in mixing
experiments between mafic and felsic magmas conducted at
high temperature (1170-1200 °C) and high pressure (300 MPa).
In these experiments, crystal-free melt layer formed at the in-
teraction zone between the two magmas during long exper-
iments, lasting 50 hours under static conditions. Filaments,
showing heterogeneous chemical composition characterized
by high FeO, Ca0, and MgO contents, were associated with
remnants of these melt pockets stretched under torsional ex-
periments.

During the recent 2021 Tajogaite eruption of Cumbre Vieja
(Canary Islands, Spain), Fe-rich filamentary textures have been
described within the matrix glasses of products emitted dur-
ing the first phase (first week) of the eruption. They were
correlated with the ascent of primitive basanitic melts from
a deep storage level of 25-35 km, dragged by gas bubbles,
which induced an increase in the explosive behaviour of the
basaltic magma [Gonzélez-Garcia et al. 2023]. The preserva-
tion timing of these filaments has been estimated to be in the
order of seconds to a minute, allowing to associate them with
the latest phase of magma ascent from the sub-Moho depths.

Moving toward the shallower portions of a volcano plumb-
ing system, in a study focused on a large dataset of products
emitted at basaltic volcanoes during explosive events, Fe-rich
filamentary textures were interpreted as partial healing of brit-
tle fractures propagated within the magma column in the up-
per conduit before melt quenching/ eruption [Taddeucci et al.
2021].

The Fe-rich textures present in samples from Stromboli and
Etna can only be partially interpreted with the mechanisms
proposed in the literature, which consider a wide range of
magmatic conditions and timescales. To find a possible mech-
anism responsible for the formation of Fe-rich filaments at
Stromboli and reconcile it with previous works, we integrated
chemical and textural analyses with computational fluid dy-
namics simulations. The same information was collected on
pyroclasts from Etna, giving interesting results that allow us
to extend the new insights to basaltic volcanoes in general.

1.1 Stromboli eruptive styles and magma composition

Stromboli is considered as a case study for basaltic explosive
eruptions due to its frequent activity, ranging from the iconic
and persistent “normal” Strombolian explosions to more en-
ergetic events with variable intensity, named “major explo-
sions” and “paroxysms” [Rosi et al. 2013]. During “normal
activity,” a shallow, highly-porphyritic (HP) magma, charac-
terized by a shoshonitic glass composition, with ~50 vol.% of
crystals (mainly plagioclase), is erupted. The rare “paroxysms”
(0.1 events/year [Bevilacqua et al. 2020]) interrupt this be-
haviour, triggered by the arrival of a hotter, volatile-rich, low-
porphyritic (LP) magma, with a shoshonitic basaltic glass com-
position and less than 10 vol.% of crystals (olivine and pyrox-
ene), ascending from 6-9 km deep [Métrich et al. 2021]. “Major
explosions,” intermediate explosive events with a spectrum of
intensities ranging between normal activity and paroxysms
[Ripepe et al. 2021], occur with a frequency of ~3 events/year
[Pioli et al. 2014; Bevilacqua et al. 2020]. The triggering of ma-
jor explosions at Stromboli has also been linked to the ascent
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of LP magma, although not all major explosions are associated
with the emission of LP magma [Métrich et al. 2001]. Petrolog-
ical studies indicate that, in products from major explosions,
processes acting at intermediate depths (<100 MPa), where
the LP magma crystallizes, degasses, and mixes with the res-
ident HP magma, are recorded by the textural and chemical
features of groundmass glass and mineral phases [Landi et al.
2004; La Felice and Landi 2011; Pioli et al. 2014; Métrich et al.
2021; Landi et al. 2022; Pichavant et al. 2022; Voloschina et al.
2023]

2 SAMPLES AND METHODS

Studied samples were collected during the April-June 2022
field surveys on the volcano summit area Pizzo Sopra La Fossa.
They consist of juvenile fragments emitted during “normal
activity” on 11 April (lapilli) and 29 June 2022 (coarse ash) and
the “major explosion” which occurred on 13 May 2022 (lapilli).
We also analysed lapilli from the major explosions of 8 and
24 November 2009 [La Felice and Landi 2011], 19 July 2020
[Landi et al. 2022; Voloschina et al. 2023, and 6 October 2021
[Landi et al. 2022}, and lapilli from the 3 July and coarse ash
from the 28 August 2019 paroxysms [Andronico et al. 2021].
These samples represent the whole spectrum of compositions
emitted at Stromboli, from HP scoriae to mingled HP and LP
products to LP pumices [Bertagnini et al. 2008]. In addition, we
analysed also samples from Etna: coarse ash from the 23-24
March 2021 lava fountain [Andronico et al. 2024]; lapilli from
the powerful Strombolian-like explosion of 24 December 2018
[Laiolo et al. 2019}, and fine ash from the following ash-rich
emission of 23 January 2019 that started the January-February
2019 ash-emission cycle [D'Oriano et al. 2022]

21

Ash and lapilli were glued in epoxy resin and polished to 1 pm
with alumina grit paste in order to expose their internal por-
tions. The resulting l-inch mounts were carbon-coated for
SEM inspection. We selected three lapilli from each sample
and for each lapillus we analysed a portion of approximately
1 cm?®. Backscattered scanning electron microscope (SEM-
BSE) images and preliminary major element chemical com-
position of matrix glass were acquired at INGV-Pisa using a
Zeiss EVO MA 10 SEM, equipped with an Oxford ISIS mi-
croanalytical EDS system. Quantitative SEM-EDS chemical
analyses were obtained via standard calibration, and the ac-
curacy of the results was checked against repeated analyses
of the reference basaltic glass VG2 (Supplementary Material
1 Table S1). The detailed methodology, standard, and errors
related to SEM-EDS analyses of glasses are the same as those
presented in D'Oriano et al. [2022].

For each sample, 3—4 chemical maps of the glass matrix
were acquired, for a total of 15 maps, each with an area
of approximately 0.22 mm? (+0.08 mm?). High-resolution
chemical maps were acquired using a JEOL JXA-8530F field-
emission electron probe microanalyser (FE-EPMA) installed
at University of Cambridge (UNICAM). For beam calibration,
natural and synthetic crystals were used as follows: SiO; for
Si, TiO, for Ti, Al,O3 for Al, Fe; O3 for Fe, MnO for Mn, MgO
for Mg, wollastonite for Ca, jadeite for Na, K-feldspar for K,

Textural and compositional characteristics
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halite for Cl, and BaSOy4 for S. The Cl count was measured
using a PETH crystal, which enabled higher count rates com-
pared to those obtained with a traditional PET crystal. The
acceleration voltage and probe current were 15 kV and 10-100
nA, respectively. The highest beam current is used to obtain
a higher count rate for Cl [Yoshimura et al. 2019]. The beam
diameter was 2 pm. The mapping analysis was conducted
by moving the stage by 2 um along the x and y directions at
each step. Dwell time at each step was 500 ms. Compositional
profiles across zones between melts with different elemental
concentration were realized both at UNICAM with the JEOL
JXA-8530F FE-EPMA and INGV-Rome, with a Jeol-JXA8200
combined EDS-WDS (five spectrometers with twelve crys-
tals). The acceleration voltage and beam current were 15 kV
and 10 nA, respectively. A ZAF correction method was ap-
plied to all analyses. The beam diameter was 2 pm. Anal-
yses reproducibility was checked against repeated measures
of VG-A99 (UNICAM) and BCR-2 (INGV-Rome) basaltic ref-
erence glasses, resulting in an error <5% for all major oxides.
The whole dataset is presented as supplementary material in
Supplementary Material 1 Table S1.

Density and melt viscosity were derived from the chemi-
cal composition of the analysed samples, using the models of
Lange and Carmichael [1987] and Giordano et al. [2008], re-
spectively; viscosity was obtained at T =1100 °C and 1 wt.%
H,0, corresponding to the P — T — XH,O conditions derived
experimentally for the HP melt [Di Carlo 2006}; NBO/T (non-
bridging oxygen per tetrahedron) was calculated using ANNO
= +0.75, Fe** [Fe?* = 0.27 and T = 1100 °C. These data are
used as input parameters for Computational Fluid Dynamic
(CFD) simulations and diffusion modelling.

2.2 Computational Fluid Dynamic (CFD) simulations

The mechanism and timescale of Fe-rich filaments forma-
tion were simulated using the open-source computational
fluid dynamics software OpenFOAM® (v2306), which has been
tested and benchmarked on buoyancy-driven magma min-
gling [Brogi et al. 2022; Colucci et al. 2024] The numer-
ical simulations are performed with the multiphase solver
icoReactingMultiphaseInterFoam, which can deal with
multiple incompressible non-isothermal phases and phase
change. Any exchange of mass and heat between the different
phases is expected to be negligible: the system is isothermal
and the two fluids (HP melt and Fe-rich melts) are assumed
immiscible (see Section 4). The volume of fluid method is
adopted in OpenFOAM to resolve the position and shape of the
interface separating two fluids or phases (e.g. liquid-liquid,
liquid-gas, solid-liquid). As shown by Brogi et al. [2022], the
details of the numerical solver and its parameters may af-
fect the interface geometry between liquids; however, conver-
gence tests and comparison with other numerical solvers have
demonstrated that the fluid solver reproduces well the overall
dynamics of the mingling of two liquids under the effect of
gravity [Brogi et al. 2022; Colucci et al. 2024].

2.3 Chemical diffusion

The temporal evolution of the concentration profile of major
oxides and chlorine across filaments and host glass was mod-
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elled by generalizing Fick’s second law according to Onsager
formalism:
dy %y
—Z =D 1
at ((‘)xz ' @

where D is the diffusion matrix and y is the vector whose com-
ponents are the mass fractions of the oxides in the melt. Binary
diffusion coefficients (i.e. diagonal elements in D) are well-
known and estimated through laboratory experiments [Zhang
and Gan 2022] Interdiffusion coefficients (off-diagonal ele-
ments in D) are often not determined in experiments [Guo
and Zhang 2020]. In particular, at pressures (50-75 MPa) and
temperatures (1100-1200 °C) of interest, interdiffusion coeffi-
cients are not available in the literature, therefore we neglect
them. As a result, Equation 1 reduces to an effective binary
diffusion model (i.e. D is a diagonal matrix) and is numerically
solved in Mat1lab® with the method of lines.

Values for the binary diffusion coefficients in basaltic melts
of Al,03, K0, TiO,, CaO, and FeOry,, in the range 1150-
1500 °C, are provided by Neave et al. [2021). For MgO and
Cl, we extrapolate the diffusion coefficients from the higher
temperature experiments of Guo and Zhang [2020] and Alletti
et al. [2007].

3 RESULTS
31

The lapilli-sized products from 11 April 2022 “normal activity”
ranges from dense, equidimensional, black scoriae containing
both large vesicles separated by thick septa and small vesicles
that form on the external surfaces, to elongated fragments with
spiny surfaces and large vesicles separated by thin septa, often
with Pele’s hairs endings (Figure 1A and 1B). The groundmass
is porphyritic with phenocrysts of plagioclase, clinopyroxene
and olivine. Plagioclase crystals are euhedral with sieved cores
and oscillating zoned rims (Figure 1C). Residual glasses are
homogenous and contain rare 10-100 pm-sized microlites of
plagioclase (Figure 1D). The ash related to the normal activity
of 29 June 2022 is mostly made up by broken crystals and
lithics (Figure 1E and 1F). The juvenile fraction is represented
by blocky and dark material and subordinate fluidal and light-
brown fragments (Figure 1F). Groundmass is glassy with rare
10-50 pm-sized microlites of euhedral and unzoned plagio-
clase.

Lapilli from the 13 May 2022 “major explosion” are brown
in colour with honey shades; they have an overall twisted
shape, characterized by shiny and spiny surfaces that reflect
the presence of highly stretched glass that ends in Pele’s hairs
(Figure 1G and 1H). Groundmass crystallinity is similar to the
previous described samples, but the glass is not homogeneous.
In this sample we detected the widespread presence of fila-
mentary textures, characterized by a high contrast under SEM-
BSE inspection, dispersed within the matrix glasses (Figure 2).
Filaments have a fluidal and stretched morphology, sometimes
highly convoluted, with a typically non-uniform thickness be-
tween 1 and 20 pm. They are commonly associated with
vesicles (Figures 24, 2C, 2E, 2F), where they appear to have
delta-shaped endings (Figure 2A), as well as with the exter-

Groundmass texture
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Figure 1: [A]-[D] 11 April 2022 normal activity: [A] dense lapillus; [B] 1-inch sized mount of a portion of clasts shown in [A]; (C)
SEM-BSE image of groundmass texture; [D] SEM-BSE image of groundmass glass and microlites; [E]~[F] 29 June 2022 normal
activity: [E] 1-inch sized mount with 0.5-1 mm ash; [F] SEM-BSE image showing juveniles, lithics and plagioclase crystals. [G]-[H]
13 May 2022 major explosion: [G] twisted-shaped lapillus; [H] particular of the clast shown in [G] with Pele’s hairs on the external

surface. pl = plagioclase; cpx= clinopyroxene.

nal outlines of the clasts (Figure 2H and 2I). They also show
a subtle connection with the compositional boundary layers
(CBLs) around plagioclase microlites (Figure 2F and 2G), and
often are close to plagioclase phenocrysts (Figure 2D and 2E).
Filaments can contain tiny microlites, or microlite chains, of
Fe-Ti-oxides (Figure 2G). BSE-SEM images highlight that ar-
eas adjacent to the filaments commonly have a darker shade of
grey than the groundmass (Figure 2A-2C and 2E), often form-
ing dark grey filaments (Si-rich) parallel to the high-contrast
Fe-rich ones (Figure 2B).

These textures were recognized in most of the analysed
products from Stromboli; they are abundant and ubiquitous
in the products emitted during “major explosions,” including
the 08 and 24 November 2009 (Figure 3A-3C), the 19 July
2020 (Figure 3D) and the 06 October 2021 events (Figure 3E).
The filamentary textures described above were also observed
in pumices from “paroxysms,” even if this is not a distinctive
character (Figure 3F). On the contrary, they are rare in lapilli
from “normal activity” and never observed in the studied HP
ash fraction. The same textures were observed in all the stud-
ied samples from Etna (Figure 3G-3I).

3.2 Glass geochemistry: compositional maps and transects

High-resolution X-ray maps of matrix glasses indicate that
both juvenile lapilli and ash from “normal activity” at Strom-
boli have a homogeneous distribution of major elements,
falling within the compositional field of the shallow (HP)
magma, with a variation in major oxides within 2—-4% (Sup-
plementary Material 3 Figure S1). In groundmasses from
“paroxysms,” mingling between LP and HP melts produces
sharp contacts between zones with different elemental con-
centration (Supplementary Material 3 Figure S2).
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The products of 13 May 2022 “major explosion” have a
groundmass glass composition falling within the field de-
picted by the HP melts [Landi et al. 2022]. The high-contrast
filaments dispersed within the groundmass are enriched in
FeOrqr, CaO and MgO and depleted in K0, SiO,, Al;O3,
and Cl compared to the surrounding glasses (Figure 4; Sup-
plementary Material 3 Figure S3; Supplementary Material 1
Table S1). TiO; does not vary significantly from the glass
(1.62 wt.% +0.14 in HP [Landi et al. 2022]) to the filaments
(1.22-1.91 wt.%). The dark-grey glasses adjacent to the fila-
ments are Si-rich and FeOry,-poor glasses, and show an in-
crease in K,O (Figure 4B and 4H). Smooth elemental chemical
profiles are observed in transects across the Fe-rich filaments,
providing evidence of diffusion with the host melt (Figures
4D—4F and 4J-4L). As a consequence, all the analysed Fe-rich
filaments share the same compositional pattern, but the ab-
solute concentration of major elements in the filaments and
in the immediately adjacent zones may vary (Figure 5). Uphill
diffusion for K,0 (Figure 4B and 4H), and to a lesser extent for
Si0y, Ca0, and MgO, characterizes the shape of the transects
at the filament-melt interface.

Bivariate diagrams of major element oxides highlight that
Fe-rich filaments measured in the products from Stromboli lie
on compositional trends which diverge from the mixing line
between HP and LP melts (Figure 5). Starting from different
glass compositions, two trends are observed: 1) in pumices
from “major explosions” associated with the emission of LP
magma (e.g. 08 and 24 November 2009; 19 July 2020, 06 Octo-
ber 2021), Fe-rich filaments fall along the mixing line between
evolved LP glass (K0 <2.7 wt.%) and the Fe-rich CBL (FeOy,
= 15 wt.%) developed at the interface between a skeletal pla-
gioclase and the host LP glass (Figure 3F); 2) in scoriaceous
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Figure 2: BSE-SEM images of the 13 May 2022 major explosion groundmass with textural details of the high-contrast, stretched
and deformed Fe-rich filaments within the matrix glass. pl = plagioclase; CBL = compositional boundary layer; ox = oxides.

lapilli from “major explosions,” in which the LP end-member
has not been detected (e.g. 13 May 2022), an almost parallel
line to the previous one connects the averaged HP glass com-
position and the Fe-rich filament with FeOrq = 19 wt.%. In
some samples, the filaments fall on both trends, and these are
samples from “major explosions” characterized by mingling
between HP and LP, and by intermediate glass compositions
(08/11/2009;19/07/2020). The zones between the Fe-rich fil-
aments and the host glasses are characterized by Si-rich and
KO-rich compositions, that reach values up to 56.8 wt.% and
5.7 wt.%, respectively (Figure 5A and 5B). Chlorine is strongly
depleted in Fe-rich filaments (<0.08 wt.%) (Supplementary Ma-
terial 3 Figure S3), while TiO, does not show variations, falling
within the field of variation of the HP melts (Figure 4E and 4K;
Supplementary Material 1 Table S1).

At Etna, the Fe-rich filaments show similar compositional
trends described above, starting from different glass composi-
tions (Supplementary Material 3 Figure S4).

3.3 Computational Fluid Dynamic (CFD) simulations

Figure 6 shows the space-time evolution of our 2D numerical
setup: a rectangular plagioclase crystal surrounded by a shell
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Table 1: Physical parameters for the multiphase flow simula-
tions.

Parameter Value Unit
crystal length 100 pum
crystal width 26 pum
CBL width - long crystal side 10 pum
CBL width - short crystal side 5 pum
crystal and HP melt density 2510 kgm™3
CBL density 2790 kgm™3
HP melt viscosity 2.5 (log, Pa s)
CBL viscosity 2.05 (log, Pa s)

of heavy liquid, the CBL, immersed in the less dense host HP
melt. Sizes and physical properties calculated from chemical
composition analyses are reported in Table 1. The initial ge-
ometry and sizes of the crystal and the CBL have been chosen
to be consistent with observations. The density and viscosity
of the two liquids are kept constant during the simulation and
the density of the crystal and of the HP melt is assumed to
be the same. The solid phase is modelled as a very viscous
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Figure 3: SEM-BSE images of Fe-rich filamentary textures in groundmass glasses from Stromboli [A]-[F] and Etna [G-I]: [A]-
[B] 08/11/2009 major explosion (La Felice and Landi, 2011); [C] 24/11/2009 (ME) [La Felice and Landi 2011]; [D] 19/07/2020
major explosion [Landi et al. 2022; Voloschina et al. 2023]; [E] 06/10/2021 major explosion [Landi et al. 2022]; [F] 03/07/2019
paroxysm [Andronico et al. 2021]; [G] 24/12/2018 powerful Strombolian-like explosion [D'Oriano et al. 2022]; [H] 23/01/2019 ash
rich emission [D'Oriano et al. 2022]. [I] 24/03/2022 [Andronico et al. 2024]; pl = plagioclase; cpx= clinopyroxene; ox = oxides;

CBL = compositional boundary layer.

liquid, such that during the time interval of our simulations, it
does not undergo any shear deformation. For simplicity, in-
terfacial forces between the two liquids (interface tension) and
solid (wetting forces) are neglected since coefficients for these
forces are not well known, preventing a quantitative assess-
ment of their effects. Non-negligible interfacial forces might
slow down the detachment process, up to inhibiting formation
of the stretched filaments. Any effect due to crystal roughness
is not considered for simplicity. Therefore, gravity and vis-
cous forces are driving the observed multiphase fluid dynam-
ics. Figure 6 shows that the CBLs sink into the host HP melt
due to their higher density. As they detach from the crys-
tals, they form filamentary textures with non-homogeneous
sizes. Filaments show typical Rayleigh-Taylor instability pat-
terns (Figure 6), accumulating in droplets that are sometimes
larger than the initial CBL width. CBLs start separating from
the crystals on timescales of hours; complete removal is not
observed in our simulations, but their width is considerably
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reduced after a few days, and filaments are well dispersed
within the melt on this timescale.

The timescale for filaments to start sinking by gravity into
the host HP melt can be evaluated, to first approximation, as
the inverse of the viscous Rayleigh-Taylor instability growth
rate y [Bellman and Pennington 1954]. The latter can be ex-
pressed as:

(g4)*/3
e 2)

where A is the Atwood number A = (pl—p2)/(pl+p2)
and v is the density-weighted average viscosity
v=(nl+n2)/(pl+p2). Given the densities and vis-
cosities calculated from the melt compositions (Table 1), the
timescale for filament detachment is on the order of 10 s,
confirming that the process is favoured in these conditions.
We performed numerical simulations considering two dif-
ferent angles of the crystal with respect to the vertical axis
(parallel to gravity force) (Figure 6A and 6B). The initial ori-
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Figure 4: Compositional features of the Fe-rich filamentary textures from the 13/05/2022 major explosion. [A] and [G] BSE-SEM
images; [B] and [H] K,0 compositional maps; [C] and [I] FeO+,: compositional maps; [D]-[F] and [J]-[L] compositional profiles
across filaments. A-A', B-B' indicate the track of compositional profiles. White areas in [B], [C], [H], [E] correspond to BSE-SEM
images on the left; white arrows indicate a plagioclase connected with a Fe-rich filament. Si0, wt.% was divided by 3 for a scale
issue. pl= plagioclase; cpx= clinopyroxene. The fractures are an artefact related to sample preparation and are filled with epoxy

resin.

entation of the crystal changes the details of the topological
evolution of the filaments but, overall, it does not significantly
affect the average filament thickness or the timescale of the
detachment and mingling processes. In nature, the simulated
system cannot be considered static over a period of days; how-
ever, given its small size, we can assume that it is transported
as a whole by large convective motions within the magmatic
reservoir. The crystal could thus be reoriented with respect
to the gravity force, while the CBL is sinking, possibly con-
tributing to more complex flow patterns. Although our simu-
lations do not represent this scenario, we expect that gradual
reorientation of the crystal does not significantly change the
outcome of our simulations, in terms of overall dynamics and
timescales. This conclusion is also supported by the results
from simulations for different crystal angles with respect to
gravity.
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3.4 Diffusion modelling

Figure 7 shows the concentration profile of the Fe-rich
filament analysed in the 13 May 2022 “major explosion”
(13may22_2b profile1# in Figure 4E-4L; Supplementary Ma-
terial 1 Table S1) considered for testing the diffusive pro-
cesses between the host melt and the filaments. The diffusion
timescale T is directly proportional to the square of the fila-
ment’s thickness L and inversely proportional to the diffusion
coefficient D (t~L?/D). Considering filaments thicknesses of
1-10 pm and diffusion coefficients for different species from
10712 t0 10713 m?s~!, the diffusion timescale lies in the range
of 1-100 s. To better pinpoint this timescale, we perform a
numerical simulation for a single profile measured in the se-
lected sample, containing enough measurement points to be
modelled (Figure 7; Colucci [2025]). Possible analytical convo-
lution effects that may influence narrow objects by stretching
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the compositional patterns depicted by Fe-rich melts (dotted arrows) are far from the magma mixing. We identified two trends,
starting from two different glass compositions: the evolved LP and the mean HP, respectively. There is also a correspondence
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the measured concentration profiles were evaluated with the
PACE model of Jollands [2020]. The results indicate that these
effects are negligible and always within the uncertainty range
of the diffusion coefficients, so we can exclude them.

The diffusion between a filament and the host melt was
modelled by considering the composition reported in Sup-
plementary Material 1 Table S1, at 1150 °C. As initial con-
ditions, we assume a double step function, i.e. the filament
and host melt are delimited by a vertical contact discontinu-
ity with flat profiles on their respective domains. As diffusion
proceeds, it reduces the compositional gradient, progressively
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smoothing the discontinuity. The numerical simulation was
stopped when the computed profile matched the measured
one. Despite the uncertainties associated with diffusion coef-
ficients and initial conditions, there is a qualitative agreement
between observed and modelled concentration profiles after
5 s (Figure 7). Agreement between data and model deterio-
rates for oxide profiles characterised by evident interdiffusion
phenomena, e.g. for K20, which presents uphill diffusion (Fig-
ure 7C). We then consider the time required for the filament to
completely disappear, that is when the concentration profiles
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Time: 0.1 days

Time: 1.4 days

Time: 4.5 days

Time: 6.4 days

Figure 6: [A] Evolution of a CBL (red) as it detaches from a plagioclase crystal (grey) and sinks into the host HP melt (blue). [B]
The long-axis of the plagioclase crystal is rotated of 60° with respect to the vertical axis.

become flat: this condition is reached after ~400 s, consistent
with the estimate based on the scale analysis.

4  DISCUSSION

4.1 The origin of the Fe-rich compositions in basaltic mag-
mas

To understand the origin of the Fe-rich filaments within
basaltic glasses, we examined all the compositions present
within the studied systems, which are possibly compatible
with those of the filaments. We exclude that these correspond
to primitive mafic melts, as suggested by Gonzélez-Garcia et
al. [2023] for the 2021 Tajogaite eruption of Cumbre Vieja (Ca-
nary Islands, Spain), since, at Stromboli, the most mafic end-
member (LP) involved in all the “paroxysms” and in some
of the “major explosions” has a FeOr,, content lower than
10 wt.%, in contrast with the higher (up to 19 wt.%) FeOrg; of
the filaments (Figure 5A and 5B). We cannot exclude that anal-
yses were contaminated by Fe-Ti oxide nanolites [Di Genova
et al. 2020; Gonzélez-Garcia et al. 2023; Di Fiore et al. 2024]
that have crystallized inside the filaments after their formation.
However, we would like to stress that the chemical composi-
tion of the Fe-rich filaments is different from that of LP melt
also for its Al,O5 content (Figure 5D), which is higher in the
LP glasses from Stromboli (17.7 + 0.3 wt.% [Landi et al. 2022])
compared to that measured in the filaments (13.3-16.4 wt.%).

To take into account the contribution of partial melt-
ing/dissolution processes occurring at the interaction between
the intruding LP magma and the upper crystal mush, we
examined Fe-rich mineral phases that could contribute to
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the Fe-rich composition of the filaments, such as Fe-Ti ox-
ides, clinopyroxene and olivine. Fe-Ti oxide minerals are
not present in Stromboli magmas, except in lithic particles,
while, at Etna, Fe-Ti oxides can crystallize at magmatic con-
ditions. However, their dissolution (either lithics or Fe-Ti ox-
ides) would not explain the low content of TiO, in filaments
(2.0-3.7 wt.% in Etna products) and its slight increase in the
filaments (up to 1.2 and 2.6 wt.%) with respect to the residual
glasses at Stromboli (0.96 wt.% on average in LP; 1.62 wt.% on
average in HP).

At Stromboli, the highest Fe-rich pyroxene composition was
measured in resorbed cores of crystals with Mg#70 and Fs;g
[Landi et al. 2022]. Computed mass balance assimilation (Sup-
plementary Material 2 Table S2) indicates that the FeOry,
contents measured in filaments cannot be achieved even by
completely melting these cores, so the hypothesis that Fe-rich
filaments represent partial melting of this mineral phase can
be rejected. Similarly, olivines have high FeOr,, content (up
to 27 wt.% in Foyg [Landi et al. 2022]), and, in some prod-
ucts from “paroxysm” at Stromboli, Fe-rich melt inclusions
have been reported in Fogo_gp olivines in equilibrium with LP
melts. Bertagnini et al. [2003] proposed that FeOrqy-rich melt
inclusions result from the dissolution of pre-existing olivines
(Fo7g_75) following the interaction between the LP and HP
magmas. In our samples, the increase of CaO content from LP
and HP melts towards the centre of the filaments (Figure 4) is
incompatible with olivine assimilation. Nevertheless, during
“major explosions” and “paroxysms” at Stromboli, resorbed
Fsyg and Fo7; cores surrounded by less evolved compositions
in equilibrium with the LP magma are often emitted. Thus,
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Figure 8: Diagram modified after Honour et al. [2019a] showing
the NBO/T against Temperature (T) for melts analyzed in prod-
ucts from the 13 May 2022 “major explosions” at Stromboli (the
present work) compared with those obtained on natural [Hon-
our et al. 2019a] and experimental samples [Charlier and Grove
2012]. Starting from the averaged values of LP melts [Landi
et al. 2022], the arrow indicates the liquid line of descent from
1150 °C to 1100 °C, the latter corresponding to the averaged
composition of HP melts [Landi et al. 2022]. Fe-rich melts and
host melts are plotted considering a T of 1110 °C for a conve-
nience of visualization. Actually, we cannot precisely know the
T of these melts, but we suppose that they are close to HP, and
between LP and HP magmas. The shift of the binodal curve
toward low NBO/T values with respect to that depicted by Hon-
our et al. [2019a] is due to the high pressure (75-50 MPa), and
consequently low FeZ*/Fe3* ratio, used for obtaining NBO/T.

we cannot exclude that the intrusion of LP magma may induce
the partial melting of both evolved clinopyroxene and olivine
present in the shallow reservoir (< 3 km depth) forming liquids
that may contribute to the composition of the Fe-rich filaments
(Supplementary Material 2 Table S2; Supplementary Material
3 Figure S4).

Petrological results obtained in the present work indicate
that studied products contain microlites and phenocrysts of
plagioclase with a wide range of textures and compositions.
Plagioclase microlites can be either euhedral and swallowtail
in shape and in both cases they can develop high-contrast
CBLs at the melt-mineral interface. Similarly, CBLs with
chemical compositions in trend with the measured Fe-rich
filaments also characterize plagioclase phenocrysts that un-
dergo dissolution/recrystallization, following LP-HP interac-
tion [Pichavant et al. 2022] (Figures 2, 3A, 3E, 3F and 5; Sup-
plementary Material 1 Table S1). The formation of CBLs at
the plagioclase-melt interface is a well-known process, pro-
moted by an increase in the growth/dissolution rates of crys-
tals, which exceed the diffusion rate of ions from the melt to
the crystals [Zellmer et al. 2016]. In the andesitic tephra from
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the Taupo Volcanic Zone, Ca-rich bands were observed in
some pyroxene microantecrysts [Lormand et al. 2021]. These
Ca-rich rims are different from that measured in our prod-
ucts, as they are also enriched in Cr, Fe, Ti, but not in Mg.
Lormand et al. [2021] related them both to rapid cooling at
depth, due to a high temperature gradient between the in-
truding melt and the dyke walls, and to shallow ascent of
H;O-saturated melts, resulting in heating through latent heat
release of microlite crystallisation. In basaltic magmas, the
absence of dendritic textures associated with fast cooling or
undercooling rates has been related to relatively high water
concentrations in the melts [Shea and Hammer 2013]. This
could explain why the formation of CBLs also occurs on eu-
hedral microlites rapidly growing at depth.

Honour et al. [2019a,b] identified CBLs at plagioclase-melt
interface as the origin of Fe-rich immiscible droplets in the
Kilauea Iki lava lake, and related them to the crystallization
by cooling of a plagioclase mush. The same process has been
considered responsible also for the generation of Si-rich and
K;O-rich melts, as reported by Charlier and Grove [2012] dur-
ing crystallization experiments of tholeiitic basalts.

The similarity between the composition of the Fe-rich CBLs
developed at the melt-plagioclase interface and that of the Fe-
rich filaments led us to explore the possibility that they are
genetically related.

4.2 Mechanisms and timescales for the formation of Fe-rich
filaments

Textural, geochemical, and modelling results obtained in the
present study suggest that Fe-rich filaments represent the evo-
lution of CBLs generated at the plagioclase-melt interface. The
subtle connection of filaments with microlites also supports
this interpretation (Figure 2F-2G; Figure 3). An interesting
correspondence also emerges by comparing our Fe-rich fila-
ments with the results of the mixing experiments conducted
by Laumonier et al. [2014] at high-pressure between anhydrous
mafic and felsic magmas. The authors found “anomalous”
Si-poor and FeO-, MgO-, and CaO-rich melt compositions in
experiments performed under static conditions, and for ex-
perimental duration (50 h) comparable to the timescales de-
rived from our simulations. These melt pockets characterize
the interaction zones close to the mafic end-member, and are
adjacent to plagioclase phenocrysts that have crystallized Na-
rich external rims. The authors interpreted them as the result
of a higher local melt fraction in the reaction zones between
the two end-members, reflecting local heterogeneities of the
initial modal composition of the basalt (e.g. higher fraction
of olivine and/or pyroxene). However, the complete absence
of filaments in the 3-h static experiments, where plagioclase
crystals are unzoned, together with their constant presence in
plagioclase-rich zones, again suggests that Fe-rich melts and
CBL are correlated.

CFD simulations show that, given the higher density of Fe-
rich CBL compared to the surrounding melt, the action of
gravity alone explains its separation from the crystal. More-
over, simulations show that the CBL sinks into the host melt
forming fluidal filaments that disperse in patterns akin to those
observed in the analysed samples (Figure 3). The timescale for
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the dispersion of filaments from CBLs is in the order of a few
days. These estimates may be taken as indicative, as further
investigations with a 3D model are required to better con-
strain these values. Nevertheless, volume forces (gravity) and
viscous forces that drive the dynamics scale in the same way
from 2D to 3D; Garg and Papale [2022] demonstrated that 2D
and 3D simulations provide similar results for gravity-driven
viscous flows.

Derived timescales are well in agreement with Fe-Mg diffu-
sion timescales obtained for olivine crystals [Voloschina et al.
2023] and clinopyroxene [Petrone et al. 2022] erupted at Strom-
boli during “major explosions” (19 July 2020 and 25 June
2019) and “paroxysms” (3 and 28 August 2019). These pre-
vious studies indicated pre-eruptive magmas interaction (i.e.
recharge of LP from depth and mixing with the resident HP)
between few days and months/years.

On the other hand, experiments aimed at reproducing pla-
gioclase reaction textures during the interaction between the
HP and LP magmas suggest incubation times preceding “ma-
jor explosions” and “paroxysms” at Stromboli by a few hours
[Pichavant et al. 2022]. The differences in the timescales ob-
tained with the CFD (few days) and the experiments (hours)
could be explained by taking into account that: 1) the exper-
imental data underestimate the timescales because after mag-
mas interaction and degassing, which rapidly leads to the dis-
solution of pre-existing An-rich plagioclase and growth of new
Na-rich rims (hours), the natural system, at least before the
major explosions, can approach the equilibrium by slowing
dissolution/growth rates allowing the CBL detachment from
the crystals; 2) our model consider the plagioclase-CBL-host
melt as a static system which result in an excess of the esti-
mated time.

Timescales derived from diffusion modelling of elemen-
tal concentration profiles span from seconds to minutes (Fig-
ure 7). If diffusion was a dominant process, CBL filaments
would disappear as soon as they separate from the plagioclase.
Filaments can instead be observed in many products from ex-
plosive eruptions at basaltic volcanoes, indicating a possible
role for melt immiscibility. A possible explanation is the dras-
tic reduction of the diffusion coefficient due to the metastable
immiscibility of the Fe-rich filaments with the host melt. In
the NBO/T against temperature diagram (Figure 8), our sam-
ples intersect the immiscibility region, delimited by the bin-
odal curve, identified by Honour et al. [2019a,b] for basaltic
compositions. When the binodal curve lies beneath the lig-
uidus, as in our case, then the immiscibility gap is metastable
[e.g. Veksler and Charlier 2015] implying that elemental diffu-
sion is slowed down, even if not completely absent. The uphill
diffusion observed in both transects and EMPA compositional
maps obtained in our study can be considered as further evi-
dence of liquid immiscibility [Cahn 1961; Honour 2020]. If we
consider this hypothesis plausible, in different volcanic con-
texts, such as Etna and Stromboli, we should expect filaments
with different oxide concentrations, but with similar trends,
as observed in the present study, since the hosting melts have
different compositions [Charlier and Grove 2012].

We hypothesize that, because of the metastable immis-
cibility, chemical diffusion slows down by at least five or-
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ders of magnitude, allowing the filaments to survive after
separation from crystals. Specifically designed experiments
on the formation and evolution of boundary layers are cur-
rently missing but could significantly enhance our understand-
ing of the mechanisms behind Fe-rich filament development.
We encourage future experimental studies to define potential
P-T-X intervals and dynamics associated with the formation
of Fe-rich filaments. Moreover, since anhydrous, low-pressure
conditions typically favour immiscibility [Charlier and Grove
2012; Honour et al. 2019a], further experiments will also pro-
vide the exact position of the immiscibility gap in the phase
diagram at increasing pressure and water contents. It is worth
on nothing that, although high pressure expands the stability
field of augite, and hence early iron enrichment of the liquid
is inhibited [Grove and Baker 1984; Grove et al. 1992; Villiger
et al. 2004; 2006], this effect is compound as plagioclase crys-
tallisation affects the concentration of elements which expand
the silicate liquid immiscibility field [Honour 2020].

4.3 Volcanological implications

Conditions for disequilibrium crystallization of plagioclase in
basalts can be achieved during high decompression rate and
high undercooling [La Spina et al. 2016; Mollo and Hammer
2017]. At Stromboli, the intrusion of LP magma at the base
of the HP reservoir (75-50 MPa) is accompanied by ascent-
related degassing, which results in a degree of undercooling
(AT ~25 °C) that promotes rapid (<1 h) crystallization of pla-
gioclase microlites [Arzilli et al. 2015; Le Gall and Pichavant
2016]. At the same time, the dissolution of pre-existing An-
poor phenocrysts and the rapid crystallization of the An-rich
component accompany the interaction between the two mag-
mas, and has been already recognized at Stromboli as respon-
sible for CBLs development around plagioclase phenocrysts
[Landi et al. 2004; Pichavant et al. 2022]. Similar thermal con-
ditions (7', AT) derived by Honour et al. [2019a,b] for the im-
miscible Fe-rich droplets formations are compatible with the
LP magma (T =1150 °C) entering at the base of the shallow
HP system (T =1120-1100 °C).

The proposed mechanism for the formation of Fe-rich fil-
aments supports the idea that the interaction between LP
and HP magmas occur a few days at intermediate depths
(<75 MPa, ~3 km) before “major explosions” at Stromboli
[Landi et al. 2022; Petrone et al. 2022; Voloschina et al. 2023].
Existing experimental studies indicate that, if the LP magma
evolves by crystallization and degassing around 50 MPa, af-
ter an initial volatile loss, the HyO-crystal-melt system can
reach equilibrium in a few hours. Therefore, if interaction
conditions persist for a few days, CBLs have sufficient time to
detach from plagioclase and disperse as a metastable immisci-
ble melts into the resident magma. The inferred timescales of
days should be considered an upper limit, since bubbles can
promote the folding and stretching of filaments [Wiesmaier
et al. 2015], accelerating their diffusive mixing with resident
spindles, especially during the final and fastest ascent to the
surface.

One of the most relevant implications of this study con-
cerns the non-uniform magma ascent rate along the Strom-
boli plumbing system, at least before the “major explosions”.
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We would like to underline that the magma rising from depth
should spend a few days in the interaction zone, where crystal-
lization, gas accumulation, and the consequent collapse of the
foam occur [Landi et al. 2022; Petrone et al. 2022; Voloschina
et al. 2023]. The triggering of the “major explosions” at Strom-
boli seems to occur at this depth range (<75 MPa [Landi et al.
2022; Voloschina et al. 2023]), and this should be considered
in the conceptual models that underlie the interpretation of
the geophysical and geochemical signals [Aiuppa et al. 2021;
Ripepe et al. 2021; Pichavant et al. 2022; Voloschina et al. 2023].

After their formation, the presence of Fe-rich filaments
can contribute to increasing explosivity twofold: by promot-
ing bubble nucleation and by modifying the rheology of the
magma. As suggested by Gonzilez-Garcfa et al. [2023], Fe-rich
filaments can be dragged by gas bubbles toward the upper
portions of the conduit, where they are subjected to conditions
of increased oxygen fugacity. This could facilitate the crystal-
lization of Fe-Ti-oxides within the Fe-rich filaments, which
may represent zones of local weakness in the magma where
fractures can easily propagate within the upper conduit [Tad-
deucci et al. 2021] or at the fragmentation level [Hornby et al.
2024]. In turn, it has been shown that the presence of micron-
sized Fe-Ti oxides favours the heterogeneous nucleation of
bubbles [Céceres et al. 2020; Di Genova et al. 2020] which
could be crucial for the fragmentation of magma [Knafelc et
al. 2022; Valdivia et al. 2023; Yoshida et al. 2023].

5 SUMMARY AND CONCLUSIONS

In this study, we propose a potential mechanism to explain the
formation of micro-textures commonly observed in products
from high-energy explosive eruptions at basaltic volcanoes.
These micro-textures are characterized by Fe-rich filaments
dispersed within the host glass, which have been analyzed
in terms of their textural and compositional properties. The
mechanisms underlying their formation and the timescales for
their preservation are investigated using computational fluid
dynamics and diffusion modeling.
In summary:

¢ Fe-rich filamentary textures are abundant in the prod-
ucts of the “major explosions” at Stromboli, and at Etna in the
products associated with a powerful Strombolian-type erup-
tion (24 December 2018) and in the ash emitted at the be-
ginning of long-lasting, continuous emissions at the NEC (23
January 2019).

¢ High-resolution X-ray chemical maps, compositional
transects and spot analyses reveal that Fe-rich filaments cor-
respond to compositional boundary layers (CBLs) developed
at the plagioclase-melt interface when the interaction be-
tween magmas with different temperature and volatile con-
tents cause disequilibrium crystal growth.

¢ Fluid dynamic calculations have highlighted that CBLs
can detach from plagioclase crystals and sink and disperse
inside the host melts under the action of gravity alone.

e Fe-rich filaments are metastable immiscible melts that
can therefore survive for a while after their formation without
diffusing into the host melt.
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e The timescales for Fe-rich filaments formation and dis-
persion within the host melt are of the order of a few days.
The derived timescales are of the same order as those obtained
through petrological data for pre-eruptive interaction between
HP and LP magmas at Stromboli.

¢ Fe-rich filaments can contribute to increasing explosivity
by promoting bubble nucleation and by modifying the rheol-
ogy of the magma.

¢ Analogy with other basaltic systems leads us to conclude
that Fe-rich filaments testify to the recharge of deep magma
a few days before high-energy explosive events, even when
primitive magmas are not erupted.
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