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Low-intensity emission of volcanic ash represents the most frequent eruptive activity
worldwide, spanning the whole range of magma compositions, from basalts to rhyolites.
The associated ash component is typically characterized by heterogeneous texture and
chemical composition, leading to misinterpretation of the role of syn-eruptive processes,
such as cooling and degassing during magma ascent or even magma fragmentation.
Despite their low intensity, the ash emission eruptions can be continuous for enough time
to create problems to health and life networks of the communities all around the volcano.
The lack of geophysical and/or geochemical precursor signals makes the petrological
monitoring of the emitted ash the only instrument we have to understand the leading
mechanisms and their evolution. Formation of low-level plumes related to ash-rich
emissions has increasingly become a common eruptive scenario at Mt. Etna (ltaly). In
January-February 2019, an eruptive cycle of ash-rich emissions started. The onset of this
activity was preceded on 24 December 2018 by a powerful Strombolian-like eruption from
a fissure opened at the base of the New Southeast Crater. A lava flow from the same
fissure and an ash-rich plume, 8-9 km high a.s.l., from the crater Bocca Nuova occurred
concurrently. After about 4 weeks of intra-crater strombolian-like activity and strong vent
degassing at summit craters, starting from 23 January 2019, at least four episodes of ash-
rich emissions were recorded, mainly issued from the Northeast Crater. The episodes were
spaced in time every 4-13 days, each lasting about 3-4 days, with the most intense
phases of few hours. They formed weak plumes, up to 1 km high above the crater, that
were rapidly dispersed toward different directions by dominant winds and recorded up to a
distance of 30 km from the vent. By combining observations on the deposits with data on
textural and chemical features of the ash components, we were able to discriminate
between clasts originated from different crater sources and suggest an interpretive model
for syn-eruptive processes and their evolution. Data indicate the occurrence of scarce (<10
vol.%) fresh juvenile material, including at least four groups of clasts with marked
differences in microlite content and number density, and matrix glasses and minerals
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composition. Moreover, a large amount of non-juvenile clasts has been recognized,
particularly abundant at the beginning of each episode. We propose that the low
amount of juvenile ash results from episodic fast ascent of small magma batches from
shallow reservoirs, traveling within a slow rising magma column subjected to cooling,
degassing, and crystallization. The large number of non-juvenile clasts deriving from the
thick crater infill of variably sealed or thermally altered material at the top of the magma
column is suggested to contribute to the ash generation. The presence of a massive,
granular crater infilling accumulating in the vent area may contribute to buffer the different
geophysical signals associated with the active magma fragmentation process during the
low-energy ash eruptions, as already evidenced at other volcanoes.

Keywords: Mt. Etna, ash-rich eruptions, groundmass texture, glass compositions, plagioclase microlite size

distribution, syn-eruption processes

1 INTRODUCTION

Continuous ash emission is a common type of low-intensity
explosive activity at many volcanoes worldwide, regardless of
their magma composition. It can be associated with dome-
forming Vulcanian eruptions at rhyolitic and andesitic
volcanoes (e.g., Volcano de Colima, Mexico: Cassidy et al.,
2015; Sakuraijima, Japan: Miwa et al, 2013), with
phreatomagmatic phases at andesitic volcanoes (e.g,
Tongagiro, New Zealand: Pardo et al., 2014), with intense ash
emissions at andesitic volcanoes (e.g., Tungurahua, Ecuador:
Parra et al, 2016; Copahue volcano, Chile: Hantusch et al,
2021), and with basaltic explosive eruptions (e.g., at Fuego,
Guatemala: Waite et al., 2013; Nadeau et al., 2011; at Etna,
Italy: Taddeucci et al, 2002, 2004; Andronico et al., 2008;
Corsaro et al., 2017; Polacci et al, 2019; at Stromboli, Italy:
Ripepe et al., 2005; Polacci et al., 2009; Lautze et al., 2012; at
Kilauea, Hawaii: Dvorak, 1992; Mastin 1997; Neal et al., 2019; at
Piton de la Fournaise, La Reunion: Michon et al., 2007; Michon
et al., 2013; Staudacher et al., 2009, 2016; Ort et al., 2016). In all
the different contexts, products related to this eruption style share
similar textural and compositional features of the ash component,
which is always characterized by a large heterogeneity in terms of
morphology, crystallinity, and glass composition (Cassidy et al.,
2015; Leibrant and Le Pennec, 2015; Thivet et al., 2020; Edwards
et al,, 2021). This makes it challenging to correlate the observed
properties of the different ash fragments with the complex
processes of ascent, degassing-induced crystallization, and
fragmentation of a juvenile magma batch rising to the surface.
At Mt. Etna, continuous ash emissions represent the less violent,
long-lasting, and poorly understood explosive activity. Unlike the
lava fountains, which can be predicted by the infrasonic network
up to an hour earlier (Ripepe et al., 2018), the low-to-mild ash
emissions are characterized by the absence of clear geophysical
and geochemical precursors (Andronico et al., 2013; Polacci et al.,
2019). However, despite their low intensity, this type of eruptions
can induce problems to the ordinary human life and the
environment, such as the airport closures (e.g., Andronico
et al,, 2014) and health effects related to inhalation of fine ash
transported by the wind or resuspended in an urbanized
environment (e.g., Andronico and Del Carlo, 2016; Horwell

et al, 2017). It is clear that the impact of this type of activity
is strongly linked to their duration. For this reason, it is important
to understand what are the processes that drive these eruptions
and how they evolve over time.

In this study, we present a detailed analysis of a time series of
samples erupted at Etna during a prolonged ash emission activity
issued from the summit craters between January and February
2019. We refer to this period of activity as to an eruptive cycle, in
which a sequence of episodic ash emissions occurred, almost
equally arranged in intensity and duration. We also analyze the
products of the powerful Strombolian-like eruption that occurred
on 24 December 2018 from a lateral fissure at the base of the New
Southeast Crater and the contemporaneous activity at summit
craters, which preceded the starting of the January-February
2019 ash emission cycle by 1month. Based on grain size
distribution data, morphologic and componentry analyses,
mineral and groundmass glass composition, and plagioclase
microlites size distribution of the ash particles, we discuss the
temporal evolution of the processes driving this complex eruptive
cycle. Results also outline some interesting aspects related to the
petrological monitoring of this low-to-mid intensity ash
emission, showing in detail how changes in the magma
decompression rate correlate with eruption intensification,
distinguishing between gas- and magma recharge-driven
eruptive phases.

2 VOLCANOLOGICAL SETTING

Mt. Etna is one of most active basaltic volcanoes, showing a large
spectrum of mid-intensity eruptions and ranging in style from
Strombolian-like explosive eruption to variably intense lava
fountains issued from the summit craters, to flank eruptions
usually producing extensive lava flow fields (Andronico et al,
2021). Four craters, namely Northeast Crater (NEC), Voragine
(VOR), Bocca Nuova (BN), and Southeast Crater (SEC) are
present in the summit area (Figure 1A), characterized by
quasi continuous degassing and a sporadic intra-crater
eruptive activity. The so-called New Southeast Crater (NSEC)
is the cone grown at the base of the SEC from 2011 and was active
until 2020, when NSEC and SEC merged into a single large cone
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FIGURE 1 | (A) DEM (digital elevation model; modified after Gwinner et al., 2006) of Mt. Etna volcano with active vents (red circle). STARS correspond to sampling
sites; (B-D) representative pictures of the studied activity at NEC (B,D) and BN (C). NEC = Northeast Crater; BN = Bocca Nuova; NSEC = New Southeast Crater.
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after the thick accumulation of the erupted material in the
preceding years. The impossibility to discriminate the activity
of these two cones led to their rename as SEC the whole SEC-
NSEC apparatus since November 2020. In this study, however, we
will use the name NSEC to avoid confusion with the related
literature (Acocella et al., 2016; Cappello et al., 2019).

NEC is the highest summit crater of Mt. Etna; it is funnel-
shaped with a depth of at least 100 m and a diameter of
80-100 m, which narrows to a few tens of meters toward the
lower base. The inner walls of NEC are often affected by surface
landslides. This crater has been active since 1911 and generated
its latest paroxysms in 1995-1996 and in 1998 (Behncke et al,,
2005; Allard et al., 2006; Slatcher et al., 2015; Corsaro et al.,
2017). The products emitted by the summit craters, after the
renewal of the magmatic activity in 1995 until the end of 1998,
have minor, although significant, differences (Corsaro and
Pompilio, 2004). Bombs and lava flows from SEC and NEC
are more evolved than those from the other craters (BN and
VOR), with the latter showing relatively higher content of MgO,
CaO, and FeO,, and lower AlL,O; and alkali. The relatively
higher degree of evolution of the products of the SEC and NEC is
possibly related to the development of very shallow magma
reservoirs (Corsaro et al,, 2013). After 1998, the activity at

NEC has been characterized by frequent intra-crater
Strombolian-like eruptions, ash-rich emissions, and open vent
degassing. At least since 2004, this crater produced mainly a
steady continuous to pulsating degassing, making this crater the
biggest gas producer of Mt. Etna (La Spina et al., 2010; Andronico
et al, 2013). Typical ash-rich eruptions from NEC are
characterized by the emission of reddish ash and steam,
forming diluted, thin, weak plumes reaching only 100-300 m
of altitude and then becoming bent by the winds (Andronico
et al., 2013; Edwards et al., 2018).

3 CHRONOLOGY OF THE ACTIVITY AND
STUDIED SAMPLES

On 29 November 2018, an increase in activity occurred at the summit
craters of Mt. Etna, with the beginning of sporadic lava effusions from
a vent opened along the eastern base of NSEC (Laiolo et al., 2019).
Satellite observations tracked the persistence of the lava overflow
from the NSEC, producing short flows toward the ESE direction
(maximum length of ca. 0.7 km, on 21 December 2018). The effusive
episodes at NSEC were accompanied by a simultaneous explosive
activity at BN and NEC (Laiolo et al., 2019).
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3.1 The 24 December 2018 Eruption

An eruptive fissure opened at an elevation of about 3,000 m on
the lower SE flank of the NSEC around noon on 24 December
2018, heralded by a seismic swarm (Laiolo et al., 2019; Borzi et al.,
2020; Calvari et al., 2020). This event resulted in a powerful
Strombolian-like explosive activity and, almost simultaneously,
an intense ash emission at BN, forming an eruption column rising
up to 8-9 km above sea level. Significant ash emission occurred as
well from the flank fissure, peaking in the first 2.5h and then
decreasing significantly only after 8 h. The analysis of surveillance
videos from Istituto Nazionale di Geofisica e Vulcanologia,
Osservatorio Etneo (INGV-OE) and social networks indicates
that two plumes were formed above the eruptive fissure and BN,
respectively, and both were dispersed approximately in the same
direction (ESE to SE), possibly producing two overlapping
deposits. Meanwhile, the fissure propagated downward issuing
lava flows from different portions. The paroxysmal phase of the
flank eruption lasted just 3 h, followed by a minor Strombolian
activity from the summit of NSEC. A decreasing effusive activity
continued up to the definitive end of the eruption, in the morning
of 27 December. The end of the flank eruption was accompanied
by the cessation of the activity at the effusive fissure and the
reactivation of the explosive activity from the summit vents
(Laiolo et al, 2019). A cumulative tephra sample,
representative of both the ash emission from BN and the
Strombolian-like activity from the fissure at the base of NSEC
(24Dec2018 sample; Figure 1A), was collected at Zafferana Etnea,
10 km far from the craters, and analyzed in this study.

3.2 Ash Emission Activity of

January-February 2019

In the period 11-22 January 2019, the volcanic activity was
characterized by persistent degassing associated with intra-
crater Strombolian-like explosions, mainly localized at BN and
NEC, and by small and discontinuous ash emissions from the
same craters. Starting from 23 January, at least three episodes of
ash emission took place at NEC and one at BN, each lasting about
a few days, peaking in one or more most energetic phases of only a
few hours. On the whole, this activity was not preceded or
accompanied by an increase of volcanic tremor amplitude or
any anomalies in the gas emissions, both remaining around
mid-low values, with oscillation toward highest ranges just
coinciding with the ash emission (INGV-OE, 2018, 25/12/
2018-26/02/2019").

The activity formed pulsating, not-sustained, weak plumes,
usually not exceeding 1 km above the vent and rapidly advected
laterally by the wind (Figures 1B-D). Because of the prolonged
injection of fine volcanic particles in the atmosphere, some
episodes of ash emission directed to the S caused the
occasional closure of the international airport of Catania,
~32km far from the NEC. The estimated ground loadings per
unit area were markedly variable, ranging from 40 to 150 g/m?

'https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-
monitoraggio/bollettini-settimanali-multidisciplinari?limit=100&limitstart=400
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and from <1 to 10 g/m” at 7 km and 15-30 km far from the vent,
respectively. In the most proximal sites, the longest episodes
formed a continuous cover of ash on the ground.

In detail, on 23 January, the monitoring network of INGV-OE
recorded an ash emission at 10:04 (all times given as UTC) from
NEC, with an ENE dispersal causing ash fallout in Giarre
(23Jan2019 sample; Figure 1A). This activity showed a
pulsating behavior until 26 January, when an intensification of
the ash emission occurred (26Jan2019 sample; Figures 1A,B) and
continued with a strong intermittent character until 27 January.
On 28 January, an ash emission started from BN. This activity
gradually reduced in intensity in the following 2 days, becoming
highly discontinuous and stopping in the night of 31 January
(01Feb2019 sample; Figures 1A,C). During this period, the
activity at NEC was weak and produced occasional, highly
diluted ash emissions. The second prolonged episode of ash
emission from NEC started on 8 February at 07:36, with
intensification in first few hours of the day. The ash was
dispersed toward the southeast sector of the volcano, reaching
the city of Catania (08Feb2019 sample), 27 km far from the vent
(Figure 1A). This episode lasted for 2 days, until 10 February,
with two phases of intense ash emissions on 9 February at 06:01
and on 10 February at 06:36, respectively, and afterward the
activity declined. The ash emission from NEC resumed again on
14 February and dispersed toward SSW. This activity also
continued for few days, with intensifications on 17, 19
(Figure 1D), and 20 February (20Feb2019 sample) followed by
a decrease until the ending of the activity on 21 February. A field
survey on 19 February at Piano Fiera, 7km W from the summit
craters, resulted in the collection of two additional samples: a
sample from the 19 February activity (19Feb2019-3 sample) was
collected on a previously cleaned horizontal surface, while a
second sample was collected directly from the snow
(19Feb2019-5a sample), possibly representing the cumulative
deposit of the first few days of the last episode.

In summary, during the January-February 2019 cycle of
activity, four eruptive episodes of unsteady ash emission, each
lasting up to 3-4 days, occurred: three from NEC (23-27 January;
8-10 February; and 14-21 February) and one from BN (28-31
January). Sampled deposits are considered to be representatives
of the most intense phases of the ash emission activity, roughly
corresponding to the beginning (23 January and 8 February) and
the middle to end (26 January and 19-20 February) of each
episode (Table 1). Samples from 01Feb2019 and 19Feb2019-5a
can be considered cumulative of the entire episodes at BN and of
the first phases of the third episode at NEC, respectively.

4 METHODS

Collected samples were weighed after drying in a static oven
between 45 and 100°C at the laboratory of INGV-OE. The grain
size analysis of the coarse fraction of deposits (size ranges <1,
where ®= -log,d, with d = particle diameter in mm) was
determined by mechanical sieving at half-phi at the laboratory
of INGV Sezione di Pisa (INGV-PI). The finer fractions (1<® <
10; 500 to 1 pm) were analyzed by image analysis using a static
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TABLE 1 | Overview of the studied samples in the context of type of activity, related episode within the cycle of ash emission, indication of the phase (in brackets) to which the

samples correspond, and grain size parameters (Inman, 1952).

Type of activity and episodes

Powerful Strombolian-like eruption from a fissure at the base of the NSEC and an
intense ash-rich plume from BN

Eruptive cycle of continuous/pulsating ash
emission January-February 2019

15! episode from NEC
(23-27 January)
Episode from BN
(28-31 January)

2" episode from NEC
(8-10 February)

3" episode from NEC
(14-21 February)

particle analyzer (Malvern Morphologi 3 GS) at Dipartimento di
Scienze della Terra, Universita di Firenze (VLab-Unifi). The
results were finally merged with those obtained by mechanical
sieving to obtain the grain size distributions (GSDs) of the studied
samples.

The static particle analyzer was also used to get quantitative
information on the external shape of a representative number of
ash particles (>200,000) for each sample. The plane projection
of the particle outline was considered for the calculation of
four shape parameters useful to effectively account for the
different aspects of the clasts morphology: Elongation
(ELNG: the 1- ratio between minor and major axis of the
particle projection), Solidity (SLD: the ratio between the area
of the particle projection to the area of its convex envelope),
Convexity (CVX: the ratio between the perimeter of the
envelope to the perimeter of the particle
projection), and Circularity (CIRC: the ratio of the
circumference of a circle equal to the particle’s projected
area to the perimeter of the particle).

To identify the juvenile fragments in the fine volcanic ash, the
component analysis was performed for each sample on the size
fraction 125-250 um (2 < ® < 3), very close, or corresponding, to
the modal size for most of the samples (Figure 2), using two
different methods (#1 and #2). Given its coarser nature, the
analysis of the 24Dec2018 sample was also performed on the
0.5-1 @ size interval. For method #1, a representative amount of
ash was dispersed over a double-sided adhesive tape on a graph
paper (10 x 10 cm?). Analyses consisted of point-counting 500
clasts per sample with the aid of a stereomicroscope. The size
interval 0.5-1 @ of the 24Dec2018 sample was analyzed by two
different operators (#1 and #1°) in order to check the subjectivity
of the method. A BSE-SEM analysis (method#2) was performed
at INGV-PI by using a Zeiss EVO MA 10 scanning electron
microscope (SEM) using the AZtec Large Area Mapping (AZtec
Auto) tool, allowing the fast acquisition of a large number of BSE
images, although at low-magnification (250x), containing a total
of 300-1,000 clasts per sample.

The same mounts were also used for detailed groundmass
inspection, analysis of plagioclase microlite size distributions, and

convex

Sample name

Grain size distribution parameters

Median Mode Mean Dev.st Skewness Kurtosis

24Dec2018 1.1 1.5 0.9 2.298 -0.04 0.99
(cumulative)

23Jan2019 (start) 3.2 3.0 3.4 1.231 0.33 1.06
26Jan2019 (end) 3.2 3.0 3.3 1.134 0.26 1.07
01Feb2019 2.9 3.0 2.9 0.683 0.00 1.09
(cumulative)

08Feb2019 (start) 2.7 3.0 2.6 0.442 -0.10 1.18
19Feb2019-3 3.2 3.5 3.4 1.037 0.39 1.45
(middle)

19Feb2019-5a 3.5 3.0 3.8 1.252 0.42 0.90
(cumulative)

20Feb2019 (end) 3.7 3.5 4.0 1.181 0.40 1.06

composition of minerals and matrix glasses. For crystal size
distribution of plagioclase microlites, BSE images of about 50
clasts from each sample were collected at a high resolution (3072
x 2304 pixel) and magnifications between x800-1,200 (the total
analyzed areas range between 0.1 and 0.5mm’ for sample).
Plagioclase microlites were manually segmented and converted
to binary images using image processing freeware Image]
(Schneider et al., 2012), providing total crystal number, area,
and size (estimated as the length of the major and minor axes of
the equivalent ellipse) in each binary image. In addition, 2D data
were then converted into 3D distributions using the freeware
software CSDCorrections version 1.6 (Higgins 2000; Higgins
2006). Shape factors were determined using the Excel database
CSDSlice v. 5 (Morgan and Jerram, 2006), which compares the
distribution of area-based crystal aspect ratios with those
generated by random sectioning of known crystal shapes to
determine the best-fit three-dimensional habit.

The composition of matrix glasses and minerals was obtained
in the raster mode (squares 5-10 microns in size) using an EDS
AZTEC-Oxford microanalytical system at INGV-PL Data were
collected at an acceleration voltage of 20keV using a 2.5nA
current probe with an acquisition time of 50 s. Concentrations
were obtained after AZTEC-XPP matrix correction using natural
minerals or pure oxides for calibration. VG2 reference basaltic
glass was routinely analyzed during each session to estimate the
error. Accuracy (RD%) is less than 0.5% for SiO,, Al,Os, and
MgO; 2% for CaO and FeOy,; and >5% for other oxides.

5 RESULTS

5.1 Grain Size Analysis
Grain size distributions (GSDs) (Figure 2; Table 1) clearly
distinguish samples collected during the coeval activity of
NSEC and BN craters (24Dec2018 sample) from those related
to the January-February 2019 ash emission cycle mainly from
NEC, and occasionally from BN.

The sample 24Dec2018 is characterized by a bimodal distribution
(Figure 2A) with the coarsest mode, representing around 15% of the
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FIGURE 2 | Grain size distribution of samples related to the December 2018 activity (A) and to the January—-February 2019 eruptive cycle from Northeast Crater
(B,C,E-H) and BN (D). phi = -log.d, with d = particle diameter in mm. Horizontal axis is 0.5 phi intervals.

total, peaked at —1.5 ® and a similarly abundant finest mode located
at 1.5 ®@. The sample is characterized by the occurrence of only a few
percentage of fragments in the interval 4<®<8. The marked
bimodality of this sample can be interpreted as the result of the
concurrent deposition from the Strombolian activity from the
fissure at the base of NSEC (coarse mode) and the coeval intense
ash emission from BN (fine mode).

Despite being collected at different distances from the vent
(6-27 km), all samples related to the January-February 2019 ash
emission cycle are unexpectedly very similar in terms of grain size
distributions (Figures 2B-H). All samples display a GSD mostly
in the range 2-8 ®, with a mode located at 3-3.5 ® and a generally
pronounced positive skewness (Table 1). Two of the studied
samples (01Feb2019 and 08Feb2019) display better sorted GSDs
(2-5 @), corresponding to a lower standard deviation (Table 1)

and a more marked symmetry of the distribution (Figures 2D,E).
The lack of fine materials in the 08Feb2019 sample, issued from
NEC, is possibly related to a bias in the sample collection, as it was
taken from a woven canvas laid out on a roof in Catania
downtown, which possibly retained the finest material.
Conversely, no critical issues were noticed during the sampling
of the 01Feb2019 sample; thus, we consider the features of the
grain size distribution of this sample as fully representative of the
ash emitted from BN.

5.2 Shape Analysis of Ash Particles

The particle shape is well described by four shape parameters
(Elongation, ELNG; Circularity, CIRC; Solidity, SLD; and
Convexity, CVX; Liu et al, 2015). Values of these
parameters are presented in terms of their simple moving
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average (SMA) against the particle size (Figure 3). Results
indicate that ELNG is largely variable and apparently
unrelated to the nature of the analyzed samples, suggesting
no significant variation in the form of particles (Figure 3A).
The analyzed particles have relatively high values of SLD
(>0.93) and CVX (>0.91), indicating moderately rough
outer perimeters and a generally small size of the
peripheral irregularities (Figures 3B,C). CIRC (Figure 3D)
shows trends closely similar to those of SLD, suggesting the
presence of only minor peripheral irregularities, which do not
strongly influence SLD. Almost all data trends from the
January-February activity display a progressive decrease,
although not very steep, of the different shape parameters
as the particle size increases, with the only exception being the
08Feb2019 sample (Figure 3) which shows a rapid increase
(up to the maximum values of all the analyzed samples) of
SLD, CVX, and CIRC, from 30 to 60-70 um, followed by a very
slow decrease for the larger sizes (>125 micron). This
behavior is possibly related to the preferred retention of
the more irregularly shaped ash fragments in the woven
canvas. The sample 24Dec2018 (from the mixed NSEC/BN
activity) shows a decrease in CIRC, SLD, and CVX values up
to around 100 um, followed by nearly constant values for
larger sizes. This sample, also characterized by the lowest
values in CIRC and CVX (Figures 3B,D), is possibly
associated with a relatively higher abundance of small-scale

irregularities (i.e., fine roughness) affecting the outer
perimeters of the particles.

The variability found in the frequency distribution of CVX
values within three grain size classes <250 microns (Figure 4)
shows pieces of evidence of the presence of distinctive features
clearly differentiating samples from NSEC/BN and the
January-February 2019 activity (NEC and BN) and indicates
that a moderate internal variability exists among the samples
from the studied cycle. In particular, the distribution of the
24Dec2018 sample appears poorly sorted and comprised in a
wide interval (CVX between 0.85 and 1), while all the NEC
samples are characterized by narrower distributions (CVX mostly
between 0.9 and 1), with a single mode typically located at about
0.97-0.98. Within the whole eruption cycle, it is possible to follow
worsening of the sorting and a minor decrease in the mode of
distributions from the beginning (23Jan2019 and 08Feb2019
samples) to the end (26Jan2019 and 20Feb2019 samples) of
each episode. The 0IFeb2019 sample from BN presents the
same characteristics of the ash samples from NEC.

5.3 Component Analysis

Ash components were subdivided in three groups: juvenile
fragments, loose crystals, and lithic clasts, showing different
abundances as a function of the eruption style (Figure 5).
Overall, the juvenile component is made up of fragments with
sharp-to-smooth, shiny surfaces and blocky to fluidal
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morphology, independent of their vesicularity and color. At the
stereomicroscope (#1 in Figure 5), we distinguished between
transparent fluidal (J-TF) and dark blocky (J-DB) particles
(Figure 5A), roughly corresponding to two end-members with
glassy and microlite-rich groundmass, respectively, as identified
with BSE-SEM (#2 in Figures 5B-D). According to Taddeucci
et al. (2004), on BSE-SEM images, we set a threshold at 50 vol.%
microlites between the two different types of clasts. Plagioclase
(PL), clinopyroxene (CPX), and minor olivine (OL) are present in
the ash fraction as loose, broken crystals (Figure 5A). Particles
made up of more than 50 vol.% by a single crystal were
incorporated in this group. Lithic fragments are present as
dull grey (L-G) to red (L-R), round-edged, vesicle-free
holocrystalline clasts (Figure 5A).

Due to the bimodal size distribution of the 24Dec2018 sample,
the componentry of three different size intervals was investigated
here. In the coarser ash fraction (-2<® <-2.5), the 98 vol.% is
made up of J-TF clasts, with the remaining 2 vol.% of the sample
being represented by both L-G and L-R clasts. In agreement with
Borzi et al. (2020), the ash fraction between 0.5 and —1® is
composed of 36-39 vol.% by J-TF material and 11-28 vol.% of
J-DB (Figure 5B). Differences between the results of clast
classification made by the two operators (20 vol.% extra lithics

estimation by operator #1° Figure 5B) suggest the difficulty of an
unequivocal identification of J-DB and L-G fragments with
respect to their microscopic features. In the finer fraction
(2<®<3), the juvenile component ranges from 59 to 70 vol.%,
with 16-25 vol.% of J-TF and 34-54 vol.% of J-DB (Figures 5B,
6A). At BN (01Feb2019 sample), the juvenile material in the
2<®<3 ash fraction represents the 49-55 vol.%, and it mostly
consists of J-DB particles (Figures 5C, 6B). Results obtained with
the two different methods are quite consistent, even if the J-TF/J-
DB ratio results higher by using method #2. This is possibly
related to a better identification of variably crystallized glassy
groundmass on BSE-SEM images with respect to the
stereomicroscope.

Samples related to the ash emission cycle at NEC are largely
enriched in loose crystals (40-50 vol.%) (Figures 5D, 6C-F).
Under the stereomicroscope, in all samples, the J-TF fragments
do not exceed the 10 vol.% (lower than 20 vol.% by method #2),
reaching its maximum at the end of the whole eruptive cycle
(19Feb2019 and 20Feb2019 samples) (Figures 5D, 6EF). The
different components show poorly variable relative abundance
over the course of eruption, with the exception of the 20Feb2019
sample, in which the juvenile material (both types) is less
abundant (20 vol.%) than that in the previous episodes,
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although the J-TF/J-DB ratio is largely increased. The L-R clasts
are subordinated to other lithics (L-G), and the total of lithics,
about 30 vol.%, remains quite constant over the course of the
eruptive cycle.

5.4 Groundmass Textures
Textural characterization of lapilli and ash was performed by
focusing on juvenile particles previously identified as J-TF and
J-DB. Further quantification of textural parameters was only
performed on glassy juvenile fragments (J-TF; Figures 7A-H),
excluding particles with plagioclase microlite content >60 vol.%
(J-DB; Figures 7L)), in the assumption that J-TF clasts represent
the “active” moving portion of the magma feeding the studied
ash-rich emissions. Indeed, the high content of small microlites
and the low vesicularity of ]-DB particles, at Mt. Etna and at other
volcanoes, have been interpreted as related to cooling-induced
crystallization due to prolonged residence time of the magma in
the conduit (Taddeucci et al., 2004; Pompilio et al., 2017; Polacci
et al., 2019; Matsumoto and Geshi, 2021).

Results on lapilli (L) from the 24Dec2018 sample (24Dec2018-
L) confirm that they are texturally homogeneous, with a
groundmass characterized by both high vesicularity (49 vol.%
on average) and total crystals content (35 vol.% on average).
Vesicles are larger than 100-200 microns, and their shape varies
from round to elongated, with clear structures of coalescence.

Plagioclase microlites (<150 micron) are the most abundant
phase (27 vol.%), showing euhedral tabular morphology, while
mafic mineral phases consist of very rare hopper pyroxene,
oxides, and olivine (Figure 1 ESM; Table 2).

Ash (A) from the 24Dec2018 sample (24Dec2018-A), and from
all the other studied samples, has contrasting features with respect
to the lapilli fraction, showing a large spectrum of groundmass
textures (Figure 7). In particular, groundmass crystal content
(vesicles free) has a large variability, ranging from 2 to 50 vol.%,
and the same is observed for vesicularity (0-60 vol.%), where
these two parameters are not cross-correlated (Table 2).
Plagioclase microlites remain the most abundant phase (2-30
vol.%), to which clinopyroxene, olivine, and oxides are associated
in variable proportions (0-16 vol.%). In general, plagioclase
occurs as euhedral microlites, while mafic minerals often
display both skeletal and hopper morphologies. In ash
fragments with higher microlites content (J-DB; Figures 7LJ),
plagioclase often appears as broken microlites, and in some cases
they are bent or displaced as consequence of vesicle expansion
(Figure 2 ESM). Moreover, the growth of plagioclase by
coalescence of few smaller microlites is a common feature in
these clasts.

Detailed groundmass textural inspection revealed that, in
almost all samples, clasts showing typical features of recycling
are present (D’Oriano et al, 2014; Deardorff and Cashman,
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100 pm
D

2017), although at a macroscopic observation some of these clasts
were classified as J-TF fragments, due to their shiny surfaces and
the occurrence of large glassy areas in their groundmass (Figures
8A-D). Some recycled clasts are characterized by partially
resorbed microlites of plagioclase and pyroxene (Figures
8B,D), where pyroxene is sometimes preferentially arranged in
aggregates (Figure 8B). Other peculiar features of recycling
commonly observed at high resolution BSE-SEM images
consist of groundmass patches with contrasting crystallinity
(Figures 8E-J]), the occurrence of small oxides with “trellis”
texture (Haggerty, 1991), and micron-sized olivine showing
subsolidus  transformation (Haggerty and Baker, 1967;
Figure 8G). Moreover, some recycled clasts can have micron-
sized altered/corroded rims (Figures 8A,F,I). The occurrence of
large microcrystalline spherulites penetrating the glass, and not

affecting previously formed microlites and thus the transparency
of the glasses (Figures 8H,1I), is a quite common feature observed
in these fragments. When the entity of the modification due to
intra-crater recycling is visible only at the pm scale, recycled clasts
are not always well identifiable by means of expeditious methods.
This difficulty can result in an overestimation of J-TF particles by
method #1.

Among J-TF particles, it is possible to identify different
textural groups basing on the correlation between N, (number
of microlites per area) vs. ¢ (plagioclase microlites content)
(Figures 7A-H and 9; Table 2). The relationship between
these two parameters is the characteristic size (S,) defined as
Sp = ((l)/NA)”2 (Hammer et al., 1999). The diagram shown in
Figure 9 has been divided in four fields, corresponding to ¢< and
> 15 vol.% and N< and > 3,500 mm >, respectively. Particles
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TABLE 2 | 2D textural parameters obtained on BSE-SEM images.

Plagioclase
Sample Textural Group ves (vol.%) tot xlIs (vol.%) Number Na (mm™) [} Sn (um) N, (mm-3) AR (L/1)
24Dec2018-L GrouplV 49 (8) 35 (11) 3462 1311 (589) 0.27 (0.08) 14 9x 10 5.4
24Dec2018-A Groupl 26 (18) 10 (5) 285 1857 (1002) 0.07 (0.03) 6 3x10° 3.4
Groupll 18 (15) 21 (13) 889 6757 (1550) 0.09 (0.03) 4 2 x10° 4.0
Grouplll 8(8) 36 (12) 671 8165 (1335) 0.24 (0.07) 5 2x10° 3.7
GrouplV 28 (10) 33 (6) 293 2647 (989) 0.26 (0.03) 10 3x10° 3.2
23Jan2019 Groupl 23 17 (11) 148 2330 (1335) 0.08 (0.04) 6 4x10° 4.6
Groupll 5(9) 17 3) 448 7805 (892) 0.13 (0.01) 4 2 x10° 6.3
26Jan2019 Groupl 23 15 (20) 307 2058 (1031) 0.05 (0.03) 5 4x10° 3.3
Groupll 4 (6) 23 (6) 448 6349 (1694) 0.14 (0.07) 5 1x 10° 3.4
01Feb2019 Groupl 9(9) 21 (18) 123 941 (603) 0.08 (0.04) 9 1x10° 3.0
08Feb2019 Groupl 15 (8) 15 (11) 285 2187 (1003) 0.05 (0.04) 5 5x10° 3.6
Groupll 6 (10) 18 (7) 1459 7680 (1822) 0.08 (0.04) 3 2 x10° 4.2
19Feb2019-3 Groupl! 14 (7) 20 (8) 330 2532 (1131) 0.13 (0.05) 7 3x10° 35
Groupll 12 23 (18) 315 6777 (2663) 0.10 (0.04) 4 2 x10° 3.6
GrouplV 20 (17) 39 (6) 72 1426 (752) 0.37 (0.07) 16 9x 10* 3.0
20Feb2019 Groupl 20 (20) 27 (21) 428 2113 (781) 0.10 (0.09) 7 3x10° 4.1
Grouplil 19 (18) 27 (11) 598 6681 (2977) 0.21 (0.09) 6 1x10° 3.9

Note: ves = vesicularity. tot xsl = total microlites content (pl + cpx + ol + 0x). number = number of microlites measured within the reference area. Ny = number of microlites per area. ¢ =
microlite area fraction. S, = characteristic size = ¢/N 2 (Hammer et al., 1999). N, = number of microlites per volume = N./S,, (Hammer et al., 1999). AR = microlite aspect ratio = major (L)/
minor(l) axis of best fit ellipse. Data in brackets correspond to the standard deviation of measured parameter.

from the sample from 24Dec2018-A are distributed in similar
proportion among different groups (Groups I to IV), while
sample 24Dec2018-L falls in the field at ¢ > 15 vol.% and Ny
< 3,500 mm (Group IV; Figures 7G,H and 9). In all the studied

ash samples from the ash emission cycle at NEC, most of the
particles fall in Group I (Figures 7A,B and 9) and II (Figures
7C,D and 9), characterized by similar ¢ (<15 vol.%) but different
Ny (on average 2,000 and 7,000 mm 2, respectively) (Figure 9;

Frontiers in Earth Science

www.frontiersin.org

April 2022 | Volume 10 | Article 824872


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

D’Oriano et al.

January-February 2019 Ash-Rich Emissions Cycle at Etna

Recycled clasts

Ca0 <6 wt.%

altered rim

50 jim

FIGURE 8 | Representative high-resolution BSE-SEM images of recycled clasts. (A-E) Particles characterized by CaO <6 wt.% content and variable groundmass
crystallinity, from microlite-free (A) to microlite-rich (E). Some of these clasts show resorbed plagioclase and pyroxene microlites (B, D). Other clasts are characterized by
groundmass patches with contrasting crystallinity (F,G,J); olivine subsolidus transformation (G); altered/corroded external rims (F-l); occurrence of spherulites

penetrating the glass and not affecting the whole groundmass (H,I).
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Table 2). In Groups I and II, microlites have a similar faceted and
prismatic morphology, but they show a slight S, decrease (from 7
to 3 um) and aspect ratio (AR) increase passing from Group I to
Group II. In samples related to the end of each studied episode
(26Jan2019 and 19-20Feb2019), clasts with ¢ > 20 vol.% and N >
3,500 mm > are frequent, increasing their abundance at the end of
the whole eruptive cycle (20 February 2019) (Group III)
(Figures 7E,F and 9). Microlites from Group III have S, of
7 um. Juvenile material associated with the 28-31 January 2019

weak ash emission episode from BN (01Feb2019 sample) is
mainly characterized by glassy groundmass (¢ < 15 vol.%)
with few microlites (N, = 941 mm?) of relatively large size
(Sy = 9 um) and prismatic habit (Group I).

5.4.1 CSD of Plagioclase Microlites

On classical CSD plots of Ln n (mm™) vs. L (mm), where n is the
population number density and L is the crystals length, the
general trends of the studied samples are easily decomposed
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through linear segments with different slopes and intercepts that
were estimated by least square fitting (Figure 10A; Table 1 ESM).
The smallest 3D size recalculated through the CSD correction
software is 7 pm, even if few microlites in the size range 1-7
microns have been measured, which give a concave-down shape
of the CSD for the smallest size (not reported in Figure 9). The
low number density of these small microlites can be considered as
an artifact arising from the detection limit of the acquisition
technique (Armienti et al., 2007). However, crystals less than
30 um display acicular shapes and have been considered to form
at undercoolings higher than 30°C (Lofgren 1974). Thus, we are
confident that the considered size range (7-150 um) reflects the
different conditions and related changes in crystallization
parameters during the pre- and syn-eruptive stages, being the
smallest size likely related to the rapid post-fragmentation
quenching (Armienti et al., 1994; Pompilio et al., 2017).

The sample 24Dec2018-L has a linear CSD characterized by a
single segment, while in the sample 24Dec2018-A, the CSD can be
described by three segments, which show a progressive increase of
both slopes and intercepts (Figures 10A-C). Conversely, CSD of
all the samples from NEC can be approximated by two linear
segments. In all samples, there is a negative correlation between
slopes and intercepts for the two size populations, and a positive
correlation between slopes and Lmax (maximum crystal size,
mm) (Figures 10B,C). Moreover, over the time, the slopes of the
smallest microlite population of the CSD (Lmax <70 pm) remain
almost constant, while the intercepts are smaller and Lmax are
larger in samples representative of the end of each ash emission
episode (Figures 10A-C). These trends have been interpreted as
the result of batch system crystallization rather than an open
system (Marsh, 1998). For the first episode at NEC (23-26

January 2019), from the starting (23Jan2019 sample) to the
ending (26Jan2019 sample) phase, a reduction of both slope
and intercept, being equal the Lmax, can be observed for the
largest population, followed by a reduction of the slope and
intercept associated with an increase of Lmax, for the smallest
population. These features can be acquired during crystallization
in an open unsteady system (Marsh, 1998). CSD in ash from BN
(01Feb2019 sample) clearly differs from the other ash samples,
being both size populations characterized by lower intercept and
a higher slope.

5.5 Minerals and Groundmass Glass

Composition

The analysis of mineral and groundmass glasses reveals strong
intra-samples variability, as expected for a heterogeneous
material like that examined in the present study.

In the sample 24Dec2019-A and in all the samples from the
January-February 2019 ash emission cycle at NEC, olivine
microlites range in composition around Fogg 75 olivine
microlites in the 0I1Feb2019 sample from BN are Fogs. In all
samples from NEC, plagioclase core-to-rim composition falls in
the field of labradorite (Abys_4p-Ans, 4-Org5). A larger interval
of An content, slightly shifted toward more calcium compositions
(Ansg 75), was only measured on phenocrysts rims in the
20Feb2019 sample. Plagioclase microlites from the 01Feb2019
sample of BN show a lower An value, from Ans, to Ang.
Pyroxene microlites have a narrow range of Mg# [molar Mg/
(Mg + Fe*"+ Mn)] from 0.69 to 0.76 and Woys_45Ense.41Fs13 16,
without significant differences among the studied samples. End-
member percentages of ulvospinel in Fe-Ti oxides is always
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FIGURE 11 | Groundmass glasses composition of studied samples. Within each diagram, the arrows represent a subtraction of 5% of the correspondent mineral
phase starting from the glass composition of an ash fragment from the 24Dec2018-A sample characterized by CaO = 8.13 wt.%, MgO = 3.59 wt.%, SiO, = 49.25 wt.%,
K50 = 3.26 wt.%, CaO/Al,O3 = 0.49, and FeO/MgO = 2.96. The grey fields identify low-CaO (CaO = 6.9 + 0.3 wt.% and MgO = 3.5 + 0.2 wt.%) and high-CaO (CaO =
7.8 +0.2wt.% and MgO = 2.9 + 0.3 wt.%) compositional groups recovered in the 24Dec20178-A sample . cpx = clinopyroxene; ox = oxide; pl = plagioclase; FOgs-74
corresponds to olivine with two different Forsteritic content.

38-44%, with the highest values again measured in the 20Feb2019
sample and the lowest in 01Feb2019 sample. Olivine compositions
correspond to those measured on the phenocryst rims and in the
microlites from the previously studied tephra samples from 24
December 2018 (Borzi et al., 2020), while both plagioclase and
clinopyroxene have more evolved composition.

Groundmass glasses in the sample 24Dec2018-L have a narrow
range of variation characterized by CaO = 6.9 + 0.1 wt.%, MgO =
2.8+ 0.1 wt.%, SiO, = 49.3 + 0.4 wt.%, CaO/ALO; = 0.4, and FeO/
Mg = 3.4 + 0.1 (Figure 11). The 24Dec2018-A sample is more
variable and can be split in two groups on the basis of CaO (6.9 +
0.3 wt.% and 7.8 + 0.2 wt.%, respectively) and MgO (3.5 + 0.2
wt.% and 2.9 + 0.3 wt.%, respectively) (Figure 11A), although
Na,0, AL, O3, TiO,, FeOy,, and SiO, (Figure 11B) show the same
range of variability for both groups. K,O variability is larger in the
low-CaO group than that in the high-CaO group (Figure 11C).
Only few analyzed glasses share the same composition with the
lapilli, characterized by both low SiO, and CaO contents. These
characteristics allow to clearly identify, within the sample
24Dec2018-A, the ash particles related to the fissural
Strombolian-like activity (low SiO, and CaO contents) from
those of the intense emission from the BN. Ash emitted at BN
during the 29-31 January 2019 episode (01Feb2019 sample) is
slightly more evolved with respect to the high-CaO ash detected

in the 24Dec2018-A sample, in agreement with their mineral
compositions. At NEC, clasts from the 23Jan2019 sample show
the wider variability: only few clasts fall in the high-CaO field,
extending at intermediate compositions and showing a constantly
low FeO/MgO ratio at the different compositions. Over the time,
we observed the predominance of high-CaO compositions in the
samples corresponding to the end of each episode (26Jan2019 and
20Feb019) and in the 08Feb2019 sample. Ash fragments emitted
from summit craters during the January-February 2019 activity
are compositionally similar, and their variability can be
reconciled with small differences in the mineral abundance (pl
+ cpx + ol + ox) (Figures 11A-D).

Particles with glassy groundmass and both resorbed pyroxene
and plagioclase (Figures 7E,F), identified as recycled material
after a detailed textural inspection, are characterized by matrix
glass with CaO <6 wt.%, scattered alkali and silica contents, and
CaO/Al, O3 < 0.38 (Figures 11A-D). These clasts are particularly
abundant in the sample from 23 January 2019, which corresponds
to the beginning of the ash-emission cycle at NEC. Their
composition cannot be reproduced by mass balance vectors.

Finally, there is no clear correlation between glass composition
and groundmass texture. In particular, within each identified
compositional group, there is the contemporary occurrence of
clasts belonging to textural Group I to IV. The CaO/Al,O; ratio,
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TABLE 3 | Summary table of all the results and their meaning, obtained from each studied sample.

Episode

Powerful Strombolian-like eruption
at NSEC and ash emission at BN

(24/12/2018)

Interpretation

1st Ash-rich emission at NEC
(23-27/01/2019)

Ash-rich emission at BN
(28-31/01/2019)

2nd Ash-rich emission at NEC
(8-10/02/2019)

3rd Ash-rich emission at NEC
(14-21/02/2019)

Interpretation

Sample

24Dec2018

23Jan2019
(start)

26Jan2019
(end)

071Feb2019
(cumulative)

08Feb2019
(start)

19Feb2019
(midcle)
20Feb2019
(end)

Grain Size Distribution

Bimodal with modes at
-1.5and 1.5 ©.

Mixed deposit from the
activity of the two different
vents

Similar for all the studied
samples.

GSD mostly in the range
2-8 @, with a single mode
located at 3-3.5 ® and a
generally pronounced
positive skewness.

GSD not variable with
distance or position.

Typical deposits of ash
emission activity, fine-
grained already at vent.

Shape parameters

SLD and CIRC values decreasing
from 10 to 100 um; constant for
particles > 100 pm. CVX
continuously decreasing. Large
variability of the parameters within
each single size class.

Size vesicularity ~ 100 um controls
the overall shape. Variability induced
by mixed deposits

High values of CVX, SLD and CIRC.
Progressive decrease of the
different shape parameters as the
particle size increases.

From the beginning to the end of
each episode, a worsening of the
sorting and a minor decrease of the
mode of the distributions can be
observed.

Sample 01Feb2019 from BN
presents the same characteristics of
the ash samples from NEC

Particles are mostly dense, glassy or
microcrystalline ash, with low, albeit
variable vesicularity.

Larger variability of clast
morphology toward the end of the
cycle consistent with the
corresponding increase of fluidal
juvenile components.

Componentry

Lapilli represented by J-TF clasts.
Coarse ash is lithic-richer (red
lithics) than fine ash. J-TF more
abundant in coarse ash (35%-—
40%) than in fine ash (15%-25%).

Lapilli/coarse ash and fine ash
mainly associated to products
derived from NSEC and BN,
respectively

~30-40 vol.% of loose crystals.
< 18 vol.% of J-TF. Lithics are
~ 30 vol.%.

~ 40 vol.% of loose crystals.
Juveniles < 30 vol.%, mostly
J-DB. Lithics are ~ 30 vol.%.

~ 50 vol.% of juveniles, mostly
J-DB; 30 vol.% of loose crystals
and 20 vol.% of lithics.

20-50 vol.% of loose crystals.
< 12 vol.% J-TF. Lithics are
~ 30 vol.%.

~ 45 vol.% of loose crystals.
< 5 vol. % J-TF. Lithics are

~ 30 vol.%.

~50 vol.% of loose crystals.
~ 8 vol. % J-TF. Lithics are

~ 30 vol.%.

Important componentry
differences between BN and NEC
products.

Large amounts of loose crystals
and lithic fragments, together with
low J-TF: brittle fragmentation of a
slowly ascending magma subject
to cooling, degassing and
crystallization.

" https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari?limit=1008&limitstart=400

Textural features (J-TF)

Lapilli have glassy groundmass with
few, large microlites (Group V). CSD
with a single segment.

Fine ash dispersed in all the different
textural groups (Groups | to IV; more
abundant in Group Il). Three
segments in CSD.

Important differences in the
crystallinity of J-TF clasts from lapilli
and fine ash suggest that activity from
the two vents was fed by magma
following different decompression
paths

Textural Group II, with minor Group 1.
CSD characterized by two segments,
both with the highest slope and
intercept.

Groups Il and lll. CSD characterized
by two segments with large Lyax. A
lowering in slope and intercept
occurs for the largest population

Group |. CSD has two segments with
low intercept and slope.

Groups | and IIl. CSD has two
segments: the smallest population is
similar to that of 23Jan2079 sample,
the larger as 26Jan2049 sample.
Groups |, I and few IV. CSD has two
segments: the small population has
low intercept and slope. Large
population same as in 26Jan2019
and 8Feb2019 samples.

Group |, Il and lll. CSD has two
segments: similar to 79Feb20719
sample, but higher Lax.

At BN, nearly microlite-free clasts
deriving from fragmentation of slowly
ascending magma.

At NEC, juvenile clasts deriving from
magma following different
decompression paths. Rapidly
ascending magma portions (Group
1l), always present, provide the driving
force for ash-emission.

Glass composition

Bimodal.

Lapilli are homogeneous with
low-Ca0, low-SiO2 contents.

Fine ash is clustered around two
groups, at low and high CaO content,
respectively.

Strombolian activity at NSEC (Lapilli)

was fed by a magma with a different
composition from

that of BN and of all the following activity.

Few clasts with glass composition
intermediate between low- and high-CaO
groups. Most glassy clasts have

Ca0 < 6 wt.% suggesting they are
recycled particles.

Most clasts fall in the high-CaO field,

few clasts with intermediate

composition suggesting low

degree of crystallization. Very few

glassy clasts with CaO < 6 wt.%.

More evolved with respect to the
high-CaO ash detected in

sample 24Dec2018-A, in agreement
with the evolved mineral paragenesis.
Similar to 26Jan2019 sample;

several glassy clasts with CaO < 6 wt.%.

Similar to 26Jan2019 sample.

All the analyzed glasses fall in

the high-CaO group.

Least evolved mineral paragenesis.

BN material compositionally different
from NEC and from the first BN activity.

Coexistence of juvenile and variably
recycled

(thermally recrystallized) clasts,

often difficult to separate basing on other
observations.

‘e 18 ouBlO.q
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in the range 0.46-0.5, is negatively correlated with pl vol.% and
total crystal content only in clasts with groundmass crystallinity
<15 vol.% (Group I and II).

Adopting the geothermometer from Pompilio et al. (1998),
based on MgO wt.% content of groundmass glasses, we found a
difference of 20°C between the two compositional groups with
Ca0=6.9+03wt.% (T=1,074C+5)and CaO=7.8+0.2 wt.%
(1,093°C + 3). The 24Dec2018-L sample is characterized by a
narrow range of T (1,072 £ 2°C), while intermediate glass
compositions (CaO = 6.5-7.5 wt.%) are characterized by T,
= 1,080°C * 8. The measured mineral paragenesis and glass
composition of J-TF particles, together with temperature
information, suggest that the crystallization occurred at
pressure lower than 60 MPa, within the shallow plumbing
system, identified at Mt. Etna by Kahl et al. (2015) as the
magmatic environment M, (Fo_75), M3 (Fogs_g9), and mm;,
(Foz3_7s).

6 DISCUSSION

In this study, we collected a large dataset of morphological,
textural, and compositional features on products related to
various styles and modalities of ash emission at Mt. Etna.
Analyses on this case study allowed us to monitor the
temporal changes occurring in the shallow conduits,
pointing out how the different features of the erupted ash
record the processes occurring in different portions of the
ascending magma. In the following sections, we will discuss
the results of this study in terms of the characterization of
juvenile components, the eruptive mechanisms associated
with the ash-rich emission activity at NEC, and their
evolution over time. All data are summarized in Table 3
together with a brief interpretation of the meaning of each
measured parameter.

6.1 Juvenile Component Characterization

Important clues upon the identification of the juvenile material
within the low-intensity ash-dominated basaltic activity
emerged from this study. We outlined that the products of
this kind of eruptions are mostly made of loose crystals and
microlite-rich juvenile clasts (J-DB), associated with variable
amounts of lithic clasts. However, the classification of textural
and compositional properties for the low amount of J-TF clasts
was found to be crucial for the interpretation of eruption
processes because the whole variability of physical
conditions, mostly developed at very shallow level, is well
recorded in the fine-grained material. An interesting
suggestion for petrological monitoring purposes, both for an
open conduit volcano, such as Mt. Etna, or in case of
reactivation of quiescent volcanoes, derives from the
componentry analysis. Applied methodologies and
techniques used to examine the different properties of the
ash were found to be complementary. The inspection of the
external aspect of ash clasts, based on stereomicroscope
observations, is poorly appropriated to recognize recycled
clasts (generally included in L-G), while at BSE-SEM

January-February 2019 Ash-Rich Emissions Cycle at Etna

images, J-DB clasts with microlite-rich groundmasses are
often erroneously classified as lithic clasts. Conversely, a
classification of the juvenile material based upon textural
features can provide a more realistic quantification of J-TF
fragments; these are in fact often underestimated over the J-DB
clasts under stereomicroscope inspection for the presence of
microlites to nanolites that give a brown-to-dark color to the
glasses (Matsumoto and Geshi, 2021).

An important result of this study also concerns the
possibility to differentiate between the contribution to the
juvenile material of different vents simultaneously active, as
in the case of the 2018 fissural eruption at NSEC and the
intense ash emission at BN recorded in the 24Dec2018 sample
(Table 3). In this sample, we found that most of the juvenile
material is glassy, as expected for a powerful Strombolian-like
explosion. Lapilli have a groundmass with moderately high
vesicularity and microlite content (50 vol.% and 27 vol.% on
average, respectively), with preferentially oriented tablet-
shaped plagioclase microlites, resulting in an overall fluidal,
highly irregular, and external shape. Residual glasses are
compositionally homogeneous with a slightly more evolved
composition with respect to the most of the fine ash. A portion
of the J-TF coarse ash of the 24Dec2018-A sample derived from
this activity. Conversely, the contribution of the simultaneous
intense ash emission at BN was detected most in the fine ash,
where the juvenile J-TF particles show similar morphological,
textural, and compositional features of the ash erupted during
the studied ash emission cycle at NEC. This could suggest a
similar eruptive dynamic for the ash emission activity, and also
a common parental magma which possibly evolves in different
ways above a pressure of about 50-60 MPa, where the conduits
feeding the summit craters BN and NEC are supposed to be
branched (La Spina et al., 2010). Indeed, ash generated at BN at
the end of January (01Feb2019 sample) has relatively high
proportion (about 50 vol.%) of juvenile materials (J-TF +
J-BD) (Figure 5) and a slightly differentiated glass
composition associated with an evolved mineral chemistry
(Table 3). CSDs also suggest that, in the 01Feb2019 sample,
plagioclase microlites are larger than those measured in the
24Dec2018-A, pointing to a more mature and relatively crystal-
richer shallow reservoir (M3 of Kahl et al., 2015) for the 28-31
January ash-emission episode from BN (Figure 12A). Based
on these observations, we conclude that the single episode
occurred at BN in January 2019 was fed by a more
differentiated magma, possibly inherited from the 24
December 2018 eruption.

In agreement with previous studies (Andronico et al,
2013; Edwards et al., 2018), episodes of ash emissions at
NEC are dominated by fine-grained material, mostly made
of loose crystals (40-50 vol.% of an assemblage of pl + cpx +
ol) and nearly invariant in terms of grain size and ash
morphology (Figures 2-4; Table 3). Juvenile material
shows a strong gradation of micro-textural features
(Figure 7), where the microcrystalline fragments (J-DB)
are predominant (Figure 3) and the glassy groundmasses
can be subdivided in different groups (Figure 11),
representative of the supply of magmatic inputs, reaching
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different equilibrium conditions within the shallow magmatic
environments.

6.2 Eruptive Mechanisms During the

Low-To-Mid Intensity Ash Emission at NEC
6.2.1 Dynamics of Magma Ascent Within the Shallow
Conduit

Analogies with experiments of cooling- and decompression-
induced crystallization in silicic and mafic (hydrous) melts
(Hammer and Rutherford, 2002; Pupier et al., 2008; Shea and
Hammer, 2013) can help for discriminating among the processes
of magma decompression, degassing, cooling, and crystallization
occurring during syn-eruption magma ascent. The most
important factor controlling size and shape of microlites in
groundmass is the extent of undercooling (AT), and the
characteristic rates of the different processes. At small to
moderate values of AT, growth typically prevails over
nucleation, leading to coarse crystallinity; conversely, at high
values of AT, nucleation exerts the stronger control on texture
and favors the presence of numerous small crystals (e.g., Lofgren,
1974; Swanson, 1977; Nabelek et al., 1978; Lofgren et al., 1979;
Cashman, 1991). For the observed mineral paragenesis, the
expected range of effective undercooling (AT =
Tliquidus— Tmagma) ~ Within ~ the shallow plumbing system
(pressure lower than 50-60 MPa) possibly ranges between 35
and 80°C (Pompilio et al., 2017). Comparison of groundmass
textures of J-TF ash particles with crystallization experiments
suggests that in the January-February 2019 ash-emission cycle at
NEC, the main process acting during magma ascent was a
decompression-induced crystallization at different rates (Shea
and Hammer, 2013). At reasonable AT.s (52-82°C), and a
final pressure between 25 and 10 MPa, the single step
decompression (SSD) experiments of Shea and Hammer
(2013) result in microlite crystal content between <10 and
25 vol.%, with the highest values obtained at higher
undercooling. In our ash samples, the clasts belonging to
Group I, II, and III (Figures 9A-C) can be related to this
range of undercooling conditions; in particular, clasts falling
in Group Il and I1I correspond to values of undercooling close
to the higher end-member, resulting in a higher
nucleation rate.

In a schematic view of the shallow plumbing system
(Figure 12), during the periods separating episodes of ash-
emission, rising magma undergoes a slow decompression rate,
between 25 and 10 MPa (Figure 12A), and crystallization mainly
results in the growth of plagioclase phenocrysts rims (Hammer
and Rutherford, 2002), leaving a glassy groundmass with few
microlites represented by Group I particles (Figure 12B). Group
IV particles, characterized by low values of N and high microlite
content, with few crystals of large size (S, 0.116-0.168 mm)
formed over a longer period of time (Figure 12B). Cooling-
induced crystallization becomes important toward the conduit
walls, favoring crystal growth over nucleation and giving the
clasts texture of J-DB (Figure 12B). During the episodes of ash-
rich emission (Figure 12C), particles in Group II can represent
the fast-ascending magma propelled toward the surface by the

January-February 2019 Ash-Rich Emissions Cycle at Etna

rapid ascent of bubble-bearing magma portions. At the end of the
whole eruptive cycle of ash emission, the rising of gas + melt
passes through a partially emptied conduit, producing the ash
clasts of Group III, under conditions of maximum decompression
rates and hence maximum nucleation and growth rates
(Figure 12C).

Crystal size distribution provides inference on the time
spent by the magma within the different portions of the
conduit (or magmatic environments). To achieve this
information, we need to define a growth rate for plagioclase
microlites and assume that this value remained constant along
the ascent. There are many studies dealing with this issue, both
experiment-based or constrained by eruption timing. The
proposed growth rates vary in the range of 107 to 107 mm
s~', corresponding to effusive and highly explosive activity,
respectively (Orlando et al., 2008; Shea and Hammer, 2013;
Fornaciai et al., 2015; Pompilio et al., 2017). From the
relationship: Ld = -1/slope = -1/Gt, where Ld is the
dominant size, G is the growth rate, and ¢ is the time, it is
possible to derive approximately the time spent at the
crystallization conditions (Cashman, 2020). The resulting
average minimum plagioclase residence time results 3-7h
for the smallest population of microlites, and 29-70h for
the population of largest microlites (Figure 12C), assuming
the highest values of growth rate for smallest microlites related
to the higher undercooling. This implies that the magma
associated with the population of larger microlites rises
slowly toward the surface, producing variably differentiated,
glassy particles (transfer from mm; to M; environments of
Figure 12A). This process is followed by the rapid ascent of
small batches of magma from pressure not exceeding 60 MPa
(mm; magmatic environment) toward the surface in a short
time (3-7 h). Results obtained by CSD are fully in agreement
with timing derived from diffusive relaxation of olivine (Kahl
etal,, 2015), which results in timescales of 4-16 days during the
transfer from mm; reservoir and residence in the shallow Mj;
(Foy3.75 and Fogs_go, respectively) environments in the period
intra-ash emission (Figure 12B).

6.2.2 Mechanism of Fragmentation and Ash
Generation

Results from morphological analyses indicate that all the ash
emitted during the January to February 2019 eruptive cycle
falls in the field with SLD > 0.93 and CVX > 0.91, typically
associated with dense, glassy or microcrystalline ash (Liu
et al,, 2015). The low amount of “fresh” magma possibly
corresponds to those particles >100 microns characterized
by the lowest values of the shape parameters, consistent with
the irregular contour typical of fluidal-shaped particles, as
highlighted also by BSE-SEM observations (Table 3). The
abundant bent plagioclase and/or fractured microlites in
groundmass from J-DB Group IV particles (Figure 2 ESM)
are an indication of the reaching of the viscous-brittle
transition of the magma before quenching, as a
consequence of deformation mechanisms within the slow
ascending, high viscosity and crystal-rich magma in the
conduit (Kendrick et al., 2017; Taddeucci et al., 2021). The
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FIGURE 12 | Schematic view of the syn-eruptive processes acting during the January-February 2019 ash-emission cycle at Mt. Etna. In the upper part of the

sketch, (A) the shallow plumbing system at Mt. Etna is presented with the indications of P-T conditions (modified after Kahl et al., 2015). Nand S correspond to North and
South, respectively. (B) Period of intra-ash emission characterized by persistent degassing and slow magma ascent (mm;-Mz) recorded in the groundmass texture and
composition of juvenile TF clasts from textural Group | (central portion of the conduit) and IV (lateral portion of the conduit) and J-DB particles (conduit walls margin).

Particles recycled under high temperature and oxidizing conditions from previous explosions fill the crater area, reducing the permeability, enhancing stiffness of the top
of magma column, and contributing to the fine ash generation. (C) Ash-emission activity was driven by the ascent of small batches of relative deeper magmas, associated
with Group Il in the starting phases of each episode and with Group lll toward the ending phases, respectively. The conduit color, from yellow to red, corresponds to a

decreasing in magma temperature.

presence of a large amount of material filling the vent recycled
from previous explosions (Figure 8) probably reduces the local
permeability at the top of the magma column, inducing
pressurization, and enhancing the magma stiffness, so
resulting in the brittle fracturing of the uppermost magma
column and contributing to the generation of fine grained
ash. Altered, corroded rims often affecting these clasts are
possibly related to the effect of high temperature gas fluxing
in the conduit. Similar features were found in clasts recycled in
experiments at high temperature and high oxidizing conditions
(D’Oriano et al.,, 2013). The similar particles shape and grain
size observed for all the studied sample can also suggest that part
of the fine ash is the result of re-fragmentation of material
within the upper conduit. The importance of the intra-crater
process of ash recycling in terms of geophysical monitoring of
the activity was pointed out by a recent study considering an
ash-dominated, low-to-mid intensity activity phase at Copahue
volcano (Hantusch et al., 2021). They revealed how the presence
of a massive, granular crater infill accumulated within the vent
area can result in a significant buffering of the infrasonic signal
associated to the active magma fragmentation process, so

masking the geophysical signals of the explosive activity
driving the low-energy ash eruption.

6.3 Temporal Evolution of Ash Emission
Activity

The summit activity started on November 2018 was
characterized by the resumption of the intra-crater
Strombolian activity and followed by the opening of the
eruptive fissure in the SE flank of the NSEC at 3,000 m on
24 December 2018. This event has been interpreted as the
consequence of a dike intrusion on the basis of ground
deformation and seismic activity data (Bonforte et al,
2019). The products of the 24 December 2018 activity, in
fact, contain abundant juvenile clasts (J-TF and J-DB) related
to the new magma intrusion. After the 27 December and until
the 5 January, geophysical signals (acoustic) and gas
geochemistry indicated fracturing and strong SO, degassing,
respectively, located under summit craters and associated with
intra-crater Strombolian-like activity. The onset of the ash-
emission cycle at NEC, however, was not preceded by any
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increase in volcanic tremor or other monitored signals, that
changed only in concomitance with the onset of the emissions.
Data acquired in this study show that the magma column
which intrudes in the shallow plumbing system rises at slow
rate, crystallizing phenocrysts and increasing its viscosity.
Evidence of crystal deformation and fracturing support
these results. Particle size distributions of the samples
related to intense eruptive phases are extremely similar each
other, with fine-grained proximal deposits, suggesting that the
size of inter-crystal melt pods and of the phenocryst control
the ash size. The ash components do not change significantly
between the different episodes, suggesting the recurrence of
the same processes during each ash emission. Only at the end
of the whole cycle, on 20 February 2019, the emission of a

larger amount of glassy juvenile fragments, with
homogeneous,  high-CaO, glass composition and
groundmass textures characterized by high values of

nucleation and growth rates, indicates a major relative
contribution of deeper, gas-rich magma with respect to
juvenile microlite-rich and recycled material, progressively
consumed during the preceding activity.

7 CONCLUSION

The studied activity represents a common scenario at Mt. Etna
and at other volcanoes worldwide with similar magma
composition. Despite highlighting the occurrence of peculiarity
in the ash erupted from different crater sources and acquired
during ascent along shallow conduits of different geometry, the
methodological approach proposed here and the general
processes observed can easily be extended to volcanoes with
similar activity. Results indicate the occurrence of scarce (<10
vol.%) fresh juvenile material, with microlite content between 2
and 30 vol.%, as a fundamental for understanding the syn-
eruption dynamic of this kind of activity. Textural and
geochemical data indicate that the pulsating ash emissions
correspond to the episodic fast ascent of small batches of
gas-rich magma from a complex architecture of shallow
reservoirs (<60 MPa) traveling as a slow rising magma
column subject to crystallization mainly as phenocrysts.
These episodes are temporally spaced by 3-4 days. The large
number of recycled clasts with evidence of high-temperature
alteration in a fluid-rich environment suggests the presence of a
thick layer of variably sealed or thermally altered material which
can contribute to the generation of fine-grained ash. This
activity can represent the final long-lasting stage of high-
intensity eruptions, and despite its low energetic character, it
can pose several problems for airport closure and ash dispersal
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