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SUMMARY

A detailed rock magnetic study was conducted on ash samples collected from different prod-
ucts erupted during explosive activity of Mount Etna, Italy, in order to test the use of magnetic
properties as discriminating factors among them, and their explosive character in particular.
Samples include tephra emplaced during the last 18 ka: the benmoreitic Plinian eruptions
of the Pleistocene Ellittico activity from marine core ET97-70 (Ionian Sea) and the basaltic
Holocene FG eruption (122 BC), the Strombolian/Phreatomagmatic/sub-Plinian eruptions
(namely, the Holocene TV, ES, FL, ETP products and the 1990, 1998 eruptions) collected
from the slope of the volcano, and the Recent explosive activity (lava fountains referred to
as ‘Ash Rich Jets and Plumes’, or ARJP) that occurred in the 2001-2002 period, related to
flank eruptions. Mossbauer spectrometry informs that a single magnetic mineral dominates
the three groups, which are characterized by variable magnetic grain sizes and composition.
Detailed rock-magnetic investigations, ranging from low temperature to high temperature
remanence and susceptibility experiments, indicate that the more explosive products of the
Plinian eruptions and ARJP activity tephra, are characterized by oxidized Ti-rich titanomag-
netites, with dominant Curie Temperatures between 230 and 330 °C. The FG and ARJP tephra
are also characterized by contrasting, yet overall higher, coercivity distributions and higher
magnetizations and susceptibilities, including below room temperature. In contrast, most of
the Strombolian/sub-Plinian eruptions have a magnetic signature dominated by less coercive
magnetite and/or Ti-poor titanomagnetite. Magnetic differences observed between the Late
Pleistocene and Holocene FG Plinian eruptions can be attributed to the different composition
of the former eruptions, which were fed by more evolved magmas, whereas geochemical vari-
ations characterizing the products erupted in the last few decades can be responsible for the
differences between the Holocene and recent Strombolian/sub-Plinian products. Importantly,
detailed magnetic investigation of sideromelane and tachylite clasts, the two end members of
the juvenile fraction extracted from the ash of the most explosive products, determines that the
tachylite fraction is responsible for the magnetic signature of the Plinian FG and ARJP tephra,
and is attributed to the intense fragmentation that characterizes these activities, likely resulting
from undercooling processes. Moreover, the abundant superparamagnetic grains associated
with these eruptive styles are believed to represent the nanolite fraction responsible for the
increasing viscosity of these magmas, and to be responsible for their explosive character. The
distinctive magnetic properties that characterize the tachylite-bearing tephra, representative of
the fragmentation process that distinguishes the most explosive activities, provides a useful
magnetic tool that can complement traditional volcanological investigations.

Key words: Magnetic properties; Europe; Rock and mineral magnetism; Explosive volcan-
ism; Volcaniclastic deposits.
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1 INTRODUCTION

One of the biggest challenges in volcanology is to understand the
mechanism of explosive eruptions, identify the resulting deposits
and finally reconstruct the volcanic processes leading to different
volcanic activities. A volcano may exhibit both effusive (lava effu-
sion) and explosive activity (e.g. Strombolian, sub-Plinian, Plinian)
during different eruptions or even within the same event, complicat-
ing the understanding of the underlying mechanisms. Geochemical
techniques provide information on magma composition, but these
analyses cannot always distinguish deposits from different volcanic
events (Smith et al. 2011). Such information might be critical for
both reconstructions of eruption history and the identification of
individual volcanic layers.

Mount Etna, located on the eastern coast of Sicily (Italy; Fig. 1),
is the largest and most active volcano in Europe. It is considered a
volcano-laboratory for its persistent activity characterized by erup-
tions of effusive nature and explosive activity. The latter activities
range from Strombolian to sub-Plinian events that only rarely evolve
into Plinian, such as the 122 BC eruption that formed the ‘Il Piano’
caldera (Fig. 1; Coltelli et al. 1998). Explosive activity produced
lapilli and ash fallouts up to hundreds of kilometres from the source
(Branca & Del Carlo 2005). Since 1986, Etna has shown an ex-
traordinarily high number of explosive events, with more than 240
episodes (Del Carlo et al. 2004; Andronico ef al. 2021, and refer-
ences therein), better known as paroxysms, from summit craters. In
2001 and 2002, two flank eruptions occurred, characterized by long-
lasting explosive activity at several vents along the eruptive fissures.
This prolonged activity produced lava fountaining and Strombolian
events, and was responsible for the ejection of a great amount of
volcanic ash into the atmosphere and widespread (thousands of km)
fallout deposits (Andronico et al. 2005, 2008, 2009; Scollo et al.
2007). In particular, concerning the 2002 flank eruption, on the ba-
sis of textural, compositional and morphological investigations of
erupted ash, Andronico et al. (2009) indicate that the dominant style
of explosive activity consisted of distinct magma jets with transition
to other eruptive styles, including Strombolian and ash explosions.
Similarly, ash-rich explosive activity was also observed during the
2001 flank eruption of Etna (Taddeucci ef al. 2002; Andronico et al.
2009), and was interpreted as transitional between different styles of
basaltic explosive activity (Andronico et al. 2009). The authors sug-
gested the term ‘ash-rich jets and plumes’ (ARPJ) to describe lava
fountains producing cooler, finely fragmented magma in the form
of tachylite-rich ash. These lava fountains are significantly differ-
ent from classic Hawaiian-type lava fountains that generate hotter
magma clots that are ejected as fine glassy particles (siderome-
lane; Head & Wilson 1989). According to Andronico et al. (2009),
Etna Hawaiian fountains and ARJP erupt tephra with contrasting
morphology and componentry: sideromelane dominates the first,
whereas tachylite characterizes the latter. Eruptive conditions lead-
ing to the formation of tachylite and sideromelane are not well
understood, although differences in the chemical and morphologi-
cal features have been related to different cooling processes (Heiken
& Wohletz 1985).

How and why the eruptive style changes within the same volcano
is discussed by Dingwell (1996): ‘flow or blow?’. Brittle magma
fragmentation is responsible for highly explosive activity especially
in basaltic magma. For silicic magmas this type of fragmentation
is attributed to high strain rates associated with acceleration of
the bubbly mixture (Dingwell 1996; Gonnermann & Manga 2003;
Gonnermann 2015) or to bubble overpressure (Kueppers et al. ).
Conversely, these conditions are difficult to achieve for basaltic
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Figure 1: Map of the Etna region with the location of the studied samples.

magma which is characterized by low viscosity (Giordano & Ding-
well 2003), so the processes responsible for the fragmentation of this
type of magma are still debated (Cassidy ez al. 2018). A viscosity in-
crease driving the fragmentation can be obtained by crystallization
during magma ascent in the volcanic conduit (Cashman & Blundy
2000; La Spina ef al. 2015). Another process can be magma ascent
rates dependence on the high decompression rate of magma, which
is a function of the pressure within the magma reservoir, the location
of the fragmentation surface, the viscosity, and the geometry of the
conduit (Sparks et al. 1999). Recent experiments have challenged
the timing of the crystallization process demonstrating the key role
played by undercooling processes in basaltic Plinian eruptions, such
as the 122 BC event (Arzilli et al. 2019).

Iron oxides are almost ubiquitous in volcanic materials. A handful
of studies have used palacomagnetic data to identify eruptive activ-
ity and to correlate tephra deposits (e.g. Knott ez al. 2020; Risica et
al.2020; Westgate et al. 2018; William-Jones et al. 2020). However,
only few results have shown the potential of magnetic techniques
to characterize tephra layers (Maenaka & Yokoyama 1972; Lagroix
et al. 2004; Till et al. 2011; Makaroglu et al. 2018; Naumov et al.
2019) or pyroclastic flow deposits (Bowles et al. 2013; Jackson &
Bowles 2014; Vigliotti 2015), and to our knowledge, their relation-
ships with the eruptive styles have been investigated only for the
Paintbrush tuff in Nevada (Rosenbaum 1986; Schlinger et al. 1988,
1991), the tephra layers of the Mitina Maar in the Czech Republic
(Lied et al. 2020), and the deep sea 2012 Havre rhyolite eruption
(Knafelc ef al. 2022).

The magnetic signature of the fragmentation affecting the most
explosive eruptions is likely expressed as magnetic grain size, which
in turn can be affected by the cooling rate, low temperature oxida-
tion and exsolution due to the breakdown of the solid solution
between ulvospinel (Fe,TiO4) and magnetite (Fe;O4). Explosive
eruptions are usually controlled by temperature, composition and
crystallization of the magma (e.g. Dingwell 1996). Experimental
data by Di Genova et al. (2020), corroborated by other obser-
vations, indicate that presence of nanolites can trigger volcanic
explosions, but these might be difficult to identify in explosive
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products. For (titano)magnetite-bearing rocks, magnetic hysteresis
parameters (e.g. Day et al. 1977) provide the most rapid means to
characterize the particles’ domain states to a first-order approxima-
tion (e.g. Roberts et al. 2018). Definitive information about these
characteristics, however, can only be obtained in conjunction with
other magnetic methods (FORC diagrams; low temperature experi-
ments), particularly when dealing with variations in magnetic grain
size within the same specimen, variations in stoichiometry, stress
state, oxidation and other parameters (Roberts et al. 2019).

Aim of this study is to identify the magnetic signature of the dif-
ferent eruptive styles of explosive events occurring at Etna. We pay
particular attention to the content of the tachylite and sideromelane
end members of the juvenile fraction, whose relative content varies
depending on the eruptive type.

2 MATERIALS

Tephrostratigraphic studies have reconstructed the explosive activ-
ity of Etna for the last 100 ka and identified five tephra-layer units
(A-E), produced by eruption styles ranging from Strombolian to
Plinian (Coltelli et al. 2000). In this work we have studied tephra
belonging to the units D (Late Pleistocene) and E (Holocene), that is
the past 18 ka. Moreover, we have also analysed some ash samples
erupted during summit and flank eruptions in the last decades.

In particular, Unit D consists of Plinian benmoreitic-trachytic
pumice deposits, called D1a-D2a and D1b-D2b (Coltelli ef al. 2000)
and formerly known as the Biancavilla Ignimbrite eruptions (De
Rita ez al. 1991). These eruptions are responsible for the emplace-
ment of widespread tephra layers recorded in marine and lacustrine
records of the Mediterranean region and labelled differently depend-
ing on the locality (Y1, Et-1, TM-11, TM-12; Albert et al. 2013,
and references therein). The duration of the entire cycle of eruptions
and the correlations with distal counterparts in the Mediterranean
area are still under debate (Albert et al. 2013; Del Carlo et al. 2017).

Products of Holocene unit E are produced by sub-Plinian to
Strombolian eruptions and one Plinian event, the 122 BC eruption
(FG tephra; Coltelli ef al. 1998). Finally, we analysed ash samples
produced by summit and flank explosive eruptions characterized by
shifts from Strombolian to ARJP activity (Andronico et al. 2008;
2009), occurred in the period 1990-2002, which we call Recent.

Specifically, and separated by eruptive style, we analysed (Ta-
ble 1):

2.1 Plinian eruptions (Late Pleistocene unit D and 122 BC
from Holocene Unit E)

Twenty-eight samples (cubic plastic boxes of 2 x 2 x 2 cm) of
ash representing the complete Unit D (thickness 56 cm) were sam-
pled from the bottom of the ET97-70 marine core recovered in the
offshore of Catania (Fig. 1). On the basis of magnetic susceptibil-
ity profiles we correlated the bottom of the core and the interval
between the two groups of eruptions (Dla-D2a and D1b-D2b) to
calibrated *C ages (18.586-18.859 ka BP and 17.249-17.901 ka
BP, respectively) carried out on a core (ET99-M11) collected from
the Alfeo Seamount in the Ionian Sea (Vigliotti ez al. 2011). The age
at the bottom of the core overlaps with the onset of the unit D ac-
tivity (18.533—18.818 ka BP) reported by Coltelli ez al. (2000). The
age of the interval separating the two groups of eruption is in good
agreement with the age of the base of the D2a unit (18.019-18.560
ka BP), as well as with the age of the final D2b eruption (16.965—
17.670 ka BP, Albert et al. 2013), supporting our correlation. The
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timing between the different eruptions suggests that at least the in-
terval between the two groups of eruptions include marine sediment
mixed with tephra, therefore, most of the interpretations for this in-
terval are based on the ash sample occurring at 80-81 cm of the core
section, which represents an instantaneous event from the D2a erup-
tion (ET97-70/80-81), void of marine sediment contamination. We
also focus on the sample ET97-70/54-56 representative of the D2b
eruption. Additionally, the sampling was supplemented by an ash
sample from core PALB94-1E/851.5 retrieved from Albano Lake
(~500 km distance to the North) and correlated with the Y1 unit
by Calanchi et al. (1996). Although, as suggested by Albert et al.
(2013) for a similar tephra found in the nearby Mezzano Lake, it
could be equivalent to a younger tephra from the Monticchio Lake
record (TM-11).

Two samples from Unit E were collected at the Monte Salto
del Cane outcrop (section 26; Fig. 1). These samples belong to
the basal ash of the 122 BC Plinian eruption (unit A of Coltelli
et al. 1998).

2.2 Strombolian/sub-Plinian eruptions (Holocene Unit E
and recent activity)

Nine ash samples from the Strombolian-sub-Plinian eruptions of the
Unit E including seven samples from late Holocene eruptions and
two samples from recent activity. The former includes few marker
beds identified by Del Carlo et al. (2004): TV (one sample from
section 26 and one sample from section 156); FS (one sample from
section 5); FL (two samples from section 26); and a Strombolian
eruption (two samples), here labelled ETP, collected from an outcrop
on the volcano flank (Fig. 1). In particular, FS is an olivine-rich
pyroclastic fall deposit produced by a sub-Plinian eruption (3930
+ 60 BP) representing a rare example of picritic magma erupted
on Etna (Coltelli ez al. 2005), TV is a varicoloured tuff layer (5340
+ 60 BP) and FL samples are from tuff layers corresponding to
the phreatoplinian phase of the eruption (3150 + 60 BP; Coltelli
et al. 2000). The ETP samples correspond to a Strombolian deposit
related to the emplacement of a dike at Section 26 (Fig. 1) and dated
at 2100 BP =+ 200 by Tanguy et al. (2012).

The recent activity is represented by two samples belonging to
the sub-Plinian eruptions that occurred in 1998 (22-07-1998) and
1990 (Bronte 1990), produced by paroxysmal episodes from the
summit craters (Scollo et al. 2013).

2.3 Explosive Ash-Rich Jets and Plumes eruptions
(2001-2002 flank eruptions)

The collection includes one sample from the initial hydromagmatic
phase of the 2001 eruption, two samples representing the whole
2002 eruption collected on the volcano flank at Piano del Vescovo
(ET02-PV) and near Zafferana (ET02-Zf; Fig. 1), and six samples
representing daily events. The latter six ash samples represent key
intervals (initial stage: 30th October—1st November; bulk of the
first cycle: 9—10th November; final stage: 1st and 8th December)
of the evolution of the eruption from October to December 2002
(Andronico et al. 2005). We refer to these recent samples as ARJP
sensu Andronico et al. (2008, 2009).

To better discriminate the magnetic properties of fragmentation,
the two end members of the juvenile ash, tachylite (microlite-rich
clasts) and sideromelane (glassy clasts), ejected during the 2002
flank eruption and 122 BC Plinian eruption, were separated under
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the microscope. It is important to mention that while both com-
ponents were isolated from the same highly explosive products,
sideromelane is more typical of Strombolian activity (e.g. Cannata
etal 2014).

3 METHODS

Selected samples were first analysed with a stereo microscope for
textural and component analyses at the laboratories of the Istituto
Nazionale di Geofisica e Vulcanologia, Sezione di Pisa. A full set
of rock magnetic experiments were carried out to determine the
magnetic mineralogy and the magnetic grain size at the Institute
for Rock Magnetism at the University of Minnesota, following
preliminary magnetic measurements (magnetic susceptibility, an-
hysteretic and isothermal remanence experiments) performed at the
Palacomagnetism Laboratory at ISMAR-CNR Bologna, and high-
temperature analyses carried out at the Palaeomagnetic Laboratory
of the CNRS at Gif-sur-Yvette (France). For some samples, hys-
teresis properties were double-checked at the Palacomagnetic Lab-
oratory of INGV, Rome. We acquired First-Order Reversal Curves
(FORGC:s), hysteresis loops and backfield DC demagnetization re-
manence curves (DCD or Backfield curves) at room temperature
on Princeton Measurements Corporation (Princeton, NJ) Vibrating
Sample Magnetometers (VSMs). FORC data were processed using
the FORCinel software package (Harrison & Feinberg 2008) in con-
junction with the VARIFORC smoothing protocol of Egli (2013).
Coercivity spectra were derived from the absolute values of the
backfield hysteresis curves for selected samples and their unmixing
was performed using the MAX UnMix software (Maxbauer et al.
2016).

Low temperature (LT) experiments were conducted on Quan-
tum Design (San Diego, CA) Magnetic Properties Measurement
Systems (MPMS-XL and 5S). LT experiments were carried out
by measuring the magnetic remanence on warming from 10 K
to room temperature (300 K) after cooling in a 2.5 T field (field
cooled remanence, FC), as well as after cooling in zero field and
applying a saturation isothermal remanent magnetization (SIRM)
of 2.5 T at 10 K (zero-field cooled remanence, ZFC). A room
temperature (RT) 2.5 T SIRM was also applied at 300 K and the
remanence was measured upon temperature cycling to 10 K and
back (RTSIRM). AC susceptibility as a function of temperature
and frequency (1, 10 and 100 Hz or 1, 5, 32, 178 and 1000 Hz)
was also measured for selected specimens from the three groups of
samples.

Room temperature susceptibility measurements as a function of
field amplitude (10, 20, 40, 80, 120, 200 and 400 Am™") were
carried out on the Late Pleistocene samples using a Magnon sus-
ceptibility system. Saturation magnetization on warming between
room temperature and 700 °C (M;—T) was measured on selected
specimens using a horizontal Curie balance with Argon gas circula-
tion to limit oxidation processes during heating. Likewise, magnetic
susceptibility on warming between room temperature and 700 °C
(x—T) was measured on a Kappabridge KLY-2 (Brno, Czech Re-
public) using fields of 300 A/m and 920 Hz. M—T and x—T curves
are collectively referred to as thermomagnetic curves. Three sam-
ples (ET97-70/80-81, S26-TV and 1/11/2002), were investigated
by Mdgssbauer spectroscopy at room (295 K) and low (18-20 K)
temperature.

Two samples from the TV tephra and tachylite clasts from the
FG tephra were analysed by means of elements chemical map-
ping and point analyses using an Environmental Scanning Electron
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Microscope (ESEM) Zeiss EVO LS 10, equipped with an Energy-
Dispersive Spectroscopy (EDS) device Bruker Quantax system, Es-
prit software at the Institute of Microelectronics and Microsystem
(IMM) of CNR at Bologna.

4 RESULTS

4.1 Magnetic susceptibility

The susceptibility profile for the 28 ash samples collected from Core
ET97-70 exhibits a magnetic signature characterized by four major
peaks that correlate with the two couples of Plinian eruptions: D1a
(ET97-70/90-92)-D2a (ET97/70-80-81 cm) and D1b (ET97-70/64-
66 cm)-D2b (ET97-70/52-56 cm, Fig. 2) of stratigraphic Unit D.
The highest peak (ET97-70/80-81) occurs for the D2a eruption,
consisting in loose ash visibly characterized by overall larger grain
size. Field-dependent susceptibility is higher for most of the samples
of the initial eruptions D1a-D2a, with respect to the upper ashes
(Fig. 2). A contribution of marine sediments is certainly responsible
for the minimum susceptibility values occurring on the top and
between 67 and 77 cm of depth that represent the interval dividing
the two main eruptions.

4.2 Hysteresis parameters and FORC diagrams

Hysteresis (Fig. 3) clearly defines two different behaviours among
the studied tephra. The most significant difference is given by the
presence of wasp-waisted hysteresis loops (positive sigma values
(Fabian, 2003) for the Plinian FG and Recent ARJP eruptions,
indicating the presence of magnetic components with contrast-
ing coercivity (Tauxe et al. 1996), whereas the remainder of the
Strombolian/sub-Plinian and a few Plinian eruption have more par-
allel to pot-bellied (negative sigma) hysteresis loops (Fig. 3 and
Table 1).

The FORC diagrams for most samples have coercivity distribu-
tions (B.) limited to below 0.15 T, whereas those of the FG and the
Recent tephra extend to above 0.2 T, indicating the contribution of a
harder magnetic fraction in these samples (Fig. 4). An exception is
for the FS tephra sample corresponding to the rare picritic magma
eruption, which, although sub-Plinian, also has a coercivity distri-
bution extending above 0.2 T. All FORC diagrams have increased
vertical spread at low values of B, defining a somewhat triangu-
lar shape distribution, diagnostic of vortex to multidomain (MD)
grains (e.g. Egli, 2021), some tephra possessing a clear indentation
along a 135° diagonal (e.g. ET-97-70-1 64-66 and 80-81, PALB94-
1E/851.5, SVP 293-TV, ETP-2, S26-FL), diagnostic of the vortex
state (e.g. Egli 2021).

On a Day et al. (1977) plot (Fig. 5a), hysteresis parameters
[saturation remanent magnetization (M,s)—saturation magnetiza-
tion (M) ratio versus the coercivity of remanence (B, )—coercivity
(B.) ratio] for all samples plot in the central ‘pseudo-single do-
main’ (PSD) region, with distributions that are mostly parallel to
the theoretical mixing trends for single domain (SD)-(MD) mag-
netite particles of Dunlop ( 2002), yet shifted upwards. Provided
the ambiguities and limits of the Day plot (e.g. Roberts et al. 2018,
2019), we also present hysteresis parameters on a Néel diagram
or squareness plot (M,s/M; versus B, Tauxe et al. 2002), where the
lines provide the theoretical prediction of a mixing of uniaxial single
domain and superparamagnetic (SP) grains with axial ratios of 1.3:1
and 2:1 (Fig. 5b). On such diagram the spread of data along these
lines, as for the strombolian/sub-Plinian data (in blue), for example,
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Figure 2: Magnetic susceptibility data of samples from Core ET97-70 (Late Pleistocene tephra). Blue symbols refer to in-phase susceptibility at different
alternating field amplitudes: 10 Am™' (open symbols) and 400 Am™" (solid symbols). Red squares refer to the percentage of amplitude-dependence of the
susceptibility between the two applied fields. The ages reported in the plot represent datings of the eruptions published by different authors: Albert ez al. (2013)
(black colour), Coltelli ef al. 2000 (Green colour), Vigliotti et al. 2011 (red colour); see text for details.

which appeared clustered on the Day plot, is somewhat increased,
although to some extent it is a matter of scale. In both diagrams,
the difference between the sub-Plinian 1990 and 1998 eruptions,
compared to the strombolian eruptions, is striking. Moreover, and
particularly on the Néel plot, the former data show pronounced
similarities with the sideromelane fraction extracted from the most
explosive (Plinian and ARJP) eruptions, as opposed to the tachylite
fraction from the same eruptions which tends to plot at the opposite
end of the distribution (Fig. 5b). Scatter is still present, however,
and the sub-Plinian picritic FS sample, for example, also plots at
the extreme end of the diagram close to the data for the tachylite
extracts.

4.3 Thermomagnetic curves

Most of the strombolian/sub-Plinian tephra (TV, FL and ETP),
are characterized by magnetite or Ti-poor titanomagnetite, show-
ing Curie temperatures (7¢) in their x—7 curves of ~510-565 °C
suggesting minor Ti-substitution for this class of samples (Table 1).
Samples lose all susceptibility by 580 °C and show some produc-
tion/loss of magnetite during the experiment (TV/FL, Fig. 6). Spec-
imen S26b-FL also has an inflection at ~260 °C on both warming
and cooling curves, and although the higher-temperature inflection
is suppressed on cooling, the absolute values of susceptibility <200
°C remain constant.

x—T curves for the Pleistocene Plinian tephra (ET97-70) have in-
flection points at ~230-245 °C, corresponding to the 7 of Ti-rich
titanomagnetite, and a second inflection at ~560-570 °C, corre-
sponding to magnetite’s 7¢, beyond which the samples are com-
pletely demagnetized (Fig. 6). The sample representing the Unit
D2a (ET97-70-80/81) indicates an initial loss of susceptibility when
cooling down to ~250 °C and the susceptibility below this tempera-
ture is equivalent on both the heating and cooling curves (Fig. 6). On

the contrary, the sample from the upper D2b eruption (ET97-70/54-
56, cf. Fig. 6) shows an increase of susceptibility during cooling
below ~570 °C, indicating production of secondary magnetic min-
erals (likely low Ti titanomagnetite) on warming.

The Plinian FG tephra, instead has a first loss of susceptibility on
warming at ~260 °C, and a secondly, somewhat smaller inflection
~475 °C, with all susceptibility lost above ~550 °C. In the cooling
curve, the higher temperature inflection is no longer present, and the
low temperature inflection is reproduced and increases somewhat
in susceptibility (Fig. 6).

x—T curve of the ARJP eruptions are characterized by a sig-
nificant inflection at temperatures below 300 °C, indicating that
titanium-rich titanomagnetite dominates the magnetic response of
these samples. The curves are roughly reversible, with a minor
increase in the susceptibility on cooling (Fig. 6), whereas full re-
versibility is observed during a second heating/cooling cycle (Fig.
S3).

Summarizing, x—7 curves indicate the dominant presence of 7¢
<300 °C in the Plinian and ARJP samples, whereas dominant higher
Tc (>540°) where identified in the Holocene Strombolian/sub-
Plinian samples.

M—T curves overall bear similarities to the x—T7 curves (Fig. S3).
One exception, for which we do not have a susceptibility curve,
is that of the sub-Plinian tephra from the Bronte 1990 eruption,
which bears striking similarities with the most explosive Plinian
and ARJP samples, with a dominant 7¢ of 320 °C, before losing all
its magnetization >500 °C.

4.4 Low temperature measurements

Low temperature experiments clearly show differences between the
studied samples. Both in-phase (x ) and out of phase susceptibilities
(x) increase from 10 to 300 K in the Plinian FG and ARJP samples
(Figs 7a—c), whereas smaller increases with increasing temperature
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Figure 3: Hysteresis loops for selected tephra samples arranged by eruptive style. Relevant hysteresis parameters are reported in Table 1, note the dominant
wasp-waisted character of the Recent ARJP and Late Holocene FG tephra. The symbol X denotes the sigma-shape parameter of Fabian (2003) where positive
(negative) values correspond to wasp-waisted (pot-bellied) loops (see text for details).

are observed in the samples from the Pleistocene Plinian D2a, as
well as for sub-Plinian FL and TV samples (Figs 7d—f). Furthermore,
the absolute values of both x and y’ differ remarkably between the
two groups, with higher susceptibility for the FG and recent ashes.
Frequency dependence is most prominent between ~40 and 110
K for x of all samples whereas yx’ data are more sensitive to fre-
quency, with differences among samples: the Recent ARJP samples,
together with the Plinian D2a and FG sample, show a well defined
x’ peak at 60—65 K that shifts to higher temperatures (100-105 K)
and larger magnitude with increasing frequency (Figs 7a—d). This
peak occurs at somewhat lower temperatures (45—-80 K) for the sub-
Plinian FL and TV samples (Figs 7e—f; Table 1). A second x’ peak,
also with a significant frequency dependence, occurs around 270
K for the Plinian FG and Recent ARJP ashes, and is not as well
defined for the Plinian D2a, and sub-Plinian FL and TV samples.
FC and ZFC remanence curves for all specimens decrease from
low to room temperature, with the FC remanence somewhat stronger
than the ZFC and decreasing more rapidly up to ~50 K, after
which both curves have similar intensities and decrease gently until
room temperature (Figs 8a—e for the derivatives of these curves

and Fig. S4 for the unprocessed data). These curves are typical for
titanomagnetite (e.g. Moskowitz et al. 1998) containing a mixture of
SD and MD grains (Carter-Stiglitz et al. 2006; Kosterov & Fabian,
2008; Kasama et al. 2013). Clear evidence of the Verwey transition
(Ty) is only visible in the derivative of both the FC and ZFC curves
of the Late Pleistocene Plinian ET97-70/80-81 sample and the sub-
Plinian TV and FL tephra (Figs 8a—c).

RTSIRM data indicate that the magnetization increases on cool-
ing down to about 130-140 K (ARJP and Plinian FG tephra), af-
ter which the magnetization remains fairly constant to 10 K, or
~200 K (Plinian ET97-70/80-81, sub-Plinian TV and FL tephra),
before decreasing somewhat to ~50 K. Warming curves have sim-
ilar trends and define a similar ‘hump’ as the cooling curves for
these samples. Most of the magnetization of the Plinian FG and
ARIJP samples is recovered, with only a small amount (5.3 and 7
per cent, respectively) of the total room temperature remanence
lost (Fig. 8f and Table 1), however, the amount of magnetization
lost at room temperature is higher for the Plinian ET97-70/80-
81, and sub-Plinian TV and FL tephra (~17 and ~15 per cent,
respectively).
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Figure 4: FORC diagrams for selected tephra samples for the three eruptive style classes. For direct comparison, samples are plotted using the same horizontal
and vertical scale (see text for details). Note the higher coercivity distribution characterizing the most explosive Plinian (FG) and ARJP tephra (see text for

details).

4.5 Coercivity distribution

Unmixing modelling of backfield curves indicate that remanence
is held by two or three magnetic components. The coercivity spec-
tra of the Plinian ET97-70/80-81, and Strombolian/sub-Plinian TV
and FL tephra can be fitted with two components represented by
a dominant distribution accounting for ~86—89 per cent of the to-
tal remanence, and B,, values comprised between ~36 mT (1.56
logoB) and ~49 mT (1.69 log,oB, Fig. 9). The secondary compo-
nent has lower coercivity, between 3.6 mT for the Plinian tephra
(ET97-70/80-81) and 5-11 mT for the Holocene strombolian/sub-
Plinian TV and FL samples (Fig. 9). Recent ARJP and Plinian FG
tephra show a primary high coercivity component centred between
~60 mT (1.78 logjo B) and ~115 mT (2.06 log,(B) for the Recent
ARJP ash, and ~75 mT (1.87 log;¢B) for the Plinian FG tephra.
This component represents ~62 per cent of the magnetization of
the FG tephra and ~43—60 per centof that of the recent samples. An
intermediate component is characterized by a coercivity of ~17-27
mT representing ~23-51 per centof the magnetization of the Plinian
FG and Recent ARJP, while a minor component 3 (~6-9 per cent

for the ARJP and ~16 per cent for the FG tephra), is fitted at very
low coercivity values (~1.8-3.5 mT). Three components are also
identified in the Recent Strombolian/sub-Plinian sample 22/07/98
that shows a coercivity distribution (C1: ~60 mT) similar to the
ARIJP and to the FG tephra, yet somewhat still lower (Fig. 9).

4.6 Tachylite-sideromelane magnetic signature

Magnetic properties of the tachylite (microlite-rich fragments) and
sideromelane (glassy fragments) clasts separated from the 2002
ARIJP and Plinian FG tephra point out to significant differences
between these two juvenile-ash endmember components (Fig. 10).
Hysteresis data show that the tachylite has magnetization values, M
and especially M, about two to five times larger than the siderome-
lane (Fig. 10 and Table 1). However, the most significant differences
occur in the coercivity, as shown by differences of one order of mag-
nitude in the hard isothermal remanent magnetization (HIRM), and
B, values increasing from ~26 mT in the sideromelane to ~66
mT in the tachylite (Table 1). This difference is well identified
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Figure 5: Modified Day plot (a) and Néel plot (b) of the studied samples. The solid lines in the Day plot are the theoretical mixing lines for SD + MD grains
and SD + SP grains of Dunlop (2002). The area between the dashed lines in the Néel plot refers to the theoretical prediction of squareness and coercive field
of uniaxial single domain (USD) + superparamagnetic (SP) grains with axial ratios of 1.3:1 and 2:1 (Tauxe et al. 2002).

by the unmixing models, with the tachylite showing three compo-
nents dominated by a distribution centred ~75-108 mT (1.87-2.03
log 0B, Fig. 10). An intermediate component 2 (~25-30 mt) rep-
resents ~21 per cent of the magnetization of the tachilite from the
Plinian FG sample and ~38 per cent of the younger sample (ARJP
ash). An additional minor (~2—4 per cent lower coercivity com-
ponent is present in the tachylite samples. On the other hand, the
sideromelane is dominated (84-92 per cent by a component with a
coercivity peak comprised between ~33 and 39 mT (1.52 and 1.59
logoB), whereas lower coercivities contributing to the remanence
are fit with one broad low-intensity component (Fig. 10). Moreover,
the tachylite presents strongly wasp-waisted hysteresis loops as op-
posed to the narrow loops of the sideromelane fraction (Fig. 9 and
Table 1), and FORC distributions characterized by a ridge extend-
ing past 0.2 T along the B, axis, while FORC distributions for the
sideromelane do not exceed 0.12 T along B. (Fig. 10).

Low-temperature measurements exhibit minor differences be-
tween the two components, however, the tachylite systematically
retains higher magnetizations and susceptibilities compared to the
sideromelane. In particular, x’ curves possess two distinct peaks
for either fraction, centred at ~60-100 K (frequency increases with
temperature) and ~260-280 K, with the per cent of frequency de-
pendence reaching >7-9 per cent at around 70 K for the siderome-
lane, and somewhat smaller dependence, ~6—6.5 per cent, for the
tachylite at the same temperature, although the measurement fre-
quencies used are not identical among the two specimens (Fig. 10).
RTSIRM magnetization curves indicate an increase on cooling un-
til ~120-130 K, with a subsequent slight decrease, and remains
constant to 10 K. On warming, the sideromelane shows a larger
loss of the SIRM remanence at room temperature (9.7 per cent)
compared to the tachylite (4.2 per cent). No magnetite Verwey tran-
sition (~120 K) is observed, including in the derivatives of the FC
and ZFC curves, which instead show sharp drops in magnetization
on warming at ~50 and 60 K for the sideromelane and tachylite
fractions, respectively (Fig. 10).

4.7 Mossbauer spectroscopy

Mossbauer spectra were recorded for samples ET97-70/80-81
(Plinian), 1/11/2002 (ARJP) and S26-TV (Strombolian) at 18-20 K
and also at 295 K for the first two samples (Fig. S1), using a 25-mCi
S7Co source in a Rh matrix and a constant acceleration drive and
transmission geometry. The positions of the absorption lines for
each iron site are diagnostic of different iron oxides and the fitted
parameters are reported in Table S1. For sample ET97-70/80-81,
at 295 K the sextet corresponding to the Fe’* tetrahedral site A
is characterized by a hyperfine field (B_hf) of 49.16 T and isomer
shifts of 0.31 mm s~! whereas for the mixed valence ‘Fe***’ octa-
hedral site B the hyperfine field and isomer shift are 46.63 T and
0.47 mm s~!. At 20 K, these positions are 52.46 and 51.29 T, and
0.49 and 0.4 mm s~', respectively. The spectra for sample S26-TV
at 20 K is characterized by a hyperfine field (B_hf) of 52.31 T and
isomer shifts of 0.46 mm s~! for the tetrahedral site A, whereas for
the octahedral site B the hyperfine field and isomer shift are 50.67
T and 0.46 mm s~ . For sample 1/11/2002, at 295 K the tetrahedral
site A is characterized by a hyperfine field (B_hf) of 45.1 T and
isomer shifts of 0.26 mm s~! whereas for the octahedral site B the
hyperfine field and isomer shift are 44.15 T and 0.51 mm s~'. At 18
K, these positions are 51.43 and 50.81 T, and 0.53 and 0.4 mm s},
respectively.

5 DISCUSSION

The magnetic properties of Mt Etna tephra indicate the presence of
titanomagnetite as the main remanence carrier, with variable tita-
nium substitution, and magnetic grain size mixture. Key magnetic
parameters useful to discriminate among samples belonging to dif-
ferent eruptive styles (Plinian, Strombolian/sub-Plinian, ARJP) are
reported in Table 1.
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Figure 6: x—T experiments for selected samples of Etna tephra grouped by explosive character: Plinian (ET97-70 1/80-81 and 54-56, FG S26b),
Strombolian/sub-Plinian (S26bFL and TV) and ARJP (Etna02-Zf). Red (blue) colour refers to heating (cooling) curves (see text for details).

5.1 Magnetic mineralogy and stoichiometry

The fitted Mossbauer Spectra parameters (Table S1) are consistent
with those of magnetite, which, in its pure form, at room temper-
ature contains two sextets corresponding to the tetrahedral A-site
(hyperfine field By 49.2 T and isomer shift 0.26 mm s7!) and oc-
tahedral B-site (Byr 46.1 T and isomer shift 0.67 mm s~!). At 4.2
K, pure magnetite sextets for both sites have parameters Byr 52.5 T
and isomer shift 0.48 mm s~! for A, and By 50.1 T and isomer shift
0.45 mm s~!, for B. Titanium substitution necessarily changes the
distribution of Fe cations in the tetrahedral and/or octahedral sites
(e.g. Bowles et al. 2013, and references therein) and particularly
broadens the peaks of the B sites. In maghemite spectra, sites A
and B are less distinct, with hyperfine fields Byr of 50.0 and 52 T
and isomer shifts of 0.35 and 0.48 mm s~! at room temperature and
4.2 K, respectively. No hematite-like sextet fits are present at either

temperature, suggesting that no antiferromagnetic phase is present
in our samples, and the spectra can be interpreted with reasonable
confidence as titanium substituted magnetite-maghemite.

The x—T (and M—T, Fig. S2) curves for the Plinian and ARJP
eruptions, show pronounced Curie temperatures ~230-330 °C and
a second Curie temperature ~550-580 °C (Fig. 6), the former sug-
gesting pronounced titanium substitution in the lattice (e.g. Dun-
lop & Ozdemir 1997; Jackson & Bowles 2014). In addition, the
warming curve of the Plinian FG tephra also shows a pronounced
loss of susceptibility ~475 °C, which can be interpreted as sus-
ceptibility carried by a finer grain size fraction. x—7 curves be-
low room temperature for these samples, except ET97-70/80-81,
show that susceptibility increases pronouncedly between 15 and
300 K displaying significant frequency dependence (Figs 7a—c),
in agreement with Ti substitution (Moskowitz et al. 1998). On
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Figure 7: In-phase (close symbols), x, and out-of-phase (open symbols), x’ frequency-dependent susceptibility between 10 and 300 K for selected tephra
samples belonging to the three eruptive groups: (a—b) Plinian; (c—d) ARJP; (e—f) Strombolian-sub-Plinian. Three or five different frequencies were used between
1 and 1000 Hz, as specified in the figure. For direct comparison, samples are plotted using the same scale (see text for details).

the contrary, the Strombolian/sub-Plinian eruptions TV, FL and
ETP have x—T curves dominated by Curie temperatures in the
550580 °C range, but specimens FL and ETP also possess a
smaller inflection at ~275 °C (Fig. 6 and Table 1). Unlike spec-
imen TV, for which the cooling curve has larger susceptibility than
the heating curve, indicative of alteration and production of mag-
netite on heating, specimens FL and ETP have lower susceptibil-
ity on cooling, indicating suppression of the more stoichiometric
magnetite fraction, but the susceptibility below ~200-275 °C re-
mains approximately the same, indicating reversibility of the bulk
measurement.

Atlow temperature, specimens TV and FL possess a more gradual
increase of susceptibility towards room temperature, also exhibiting
less frequency dependence, consistently with more stoichiometric
magnetite (Figs 7e—f). In other titanium-bearing pyroclastic sam-
ples, Bowles et al. (2013) and Jackson & Bowles (2014) had ob-
served phases with distinct Curie temperatures in the 325475 °C

and 540-580 °C ranges, which were determined to correspond to
different proportions of homogeneous titanomagnetites and oxyex-
solved grains with ilmenite lamellae within magnetite, respectively.
Because ilmenite is paramagnetic above room temperature, the
higher Curie temperatures were interpreted to correspond to the
more stoichiometric magnetite fraction of the oxyexsolved grains.
According to those authors, the proportions of the homogeneous and
oxyexsolved grains are controlled by the emplacement temperatures
and cooling history of the rocks and do not reflect magma composi-
tional variations, where the higher Curie temperatures are observed
primarily in samples that had cooled from above 600 °C, allow-
ing for the grains to oxyexsolve. Jackson & Bowles (2014) report
low temperature in-phase susceptibility data for some thermally-
annealed specimens, which were shown to produce oxyexsolution
upon annealing. These curves are characterized by strong increases
in warming, like those reported here. However, they clearly identify
a sharp drop below ~273 K, indicating the presence of a phase

€20 Aeniga4 £ U0 Jasn saNiD UM - BJOSSUUI J0 ANISIaAIUN AQ ¥628099/61./2/LEZ/aI01HENIB/WO0o"dno"o1wapeoe//:sdiy woy papeojumod



760 L. Vigliotti et al.

-5.00e-4

-1.50e-3

-2.50e-3

-3.50e-3

dM/AT [Am2/kg/K]

-4.50e-3 ET97-70/80-81

a
-5.50e-3 - - - - - @
0 50 100 150 200 250 300
Temperature (K)

-1.00e-3

-2.00e-3

-3.00e-3

-4.00e-3

dM/AT [Am2/kg/K]

-5.00e-3

1 S26b-FL
6003 ©

0 50 100 150 200 250 300
Temperature (K)

-1.00e-3 ZFC sge 8 sesecsaod i

-2.00e-3 ]

-3.00e-3 ]
FC

-4.00e-3 ]

dM/dT [Am2/kg/K]

-5.00e-3
1 S26b-FG
-6.00e-3 (e)

0 50 100 150 200 250 300
Temperature (K)

dM/dT [Am2/kg/K]

dM/dT [Am2/kg/K]

-5.00e-4
-1.50e-3
-2.50e-3
-3.50e-3
45003 SIS6.TV
b
-5.50e-3 ] : : : : : ®
50 100 150 200 250 300
Temperature (K)
E goooPooo
7FC ¢
-2.00e-3 7
-4.00e-3
-6.00e-3
-8.00e-3
1 ASH-30/10/2002 d
-1.00e-2 @
0 50 100 150 200 250 300
Temperature (K)
05
S26b-FG Cooling ()
~ 045
)
gE 04 Warming
< 1/12/2002
= 035 Cooling
2
| o2d  Waming TTTTERRLESCtes.
'E 0.3 Coolin;
@ S156-TV
£
%b 0.25+ Warming X “MQ
= Cooling
0.2 H ET97-70/80/81 00000000000
20 290004 vvvuuu«“.“
arming ¢e0e.
0.15 4+
0 50 100 150 200 250 300

Temperature (K)

Figure 8: Direct current (dc) magnetic remanence experiments for selected different-aged tephra samples belonging to the three eruptive groups, carried out by
measuring the magnetic remanence on warming from 10 K to room temperature (300 K) after cooling in a 2.5 T saturation isothermal remanent magnetization
(SIRM, field cooled remanence, FC, blue), as well as after cooling in zero field (ZFC, red) and applying a low temperature 2.5 T SIRM. Results are expressed as
the first derivatives for two Plinian samples (a—b), a Recent ARJP ash (c), two Strombolian/sub-Plinian samples (d—e). 7y marks the position of the magnetite
Verwey transition which occurs in the Plinian ET97-70/80-81 and in the Strombolian/sub-Plinian TV and FL tephra. Panel (f) shows the results of selected
samples from the same groups after applying a room temperature SIRM (RTSIRM experiment) and measuring the remanence upon cooling and warming to

the same temperatures as the experiments above.

containing 75-80 paer cent mole fraction of ilmenite. Unfortu-
nately, they do not report low temperature susceptibility data for
unannealed samples, precluding a direct comparison to our data.
x—T curves above room temperature for the same treated samples
possessed two Curie temperatures at 540 and 580 °C, indicating a
Ti-poor titanomagnetite (20—40 per cent titanium substitution) and
a nearly stoichiometric magnetite.

Similarly, in other tephra, Lagroix et al. (2004) also identify a
titanium-rich phase of the ilmenite—hematite series, by frequency-
independent peaks/drops at 210 K (x) and at 190 K (x’), corre-
sponding to a change in magnetic ordering to paramagnetism above
these temperatures, and were thus interpreted as Curie or Néel tem-
peratures attributed to titanohematite with ~80 per cent titanium
substitution. Moreover, they conclude that high titanium phases of
the ilmenite—hematite series, magnetically disordering to paramag-
netism below room temperature, can be quickly and effectively rec-
ognized, even in low concentration, by the LT frequency-dependent
in phase and out of phase susceptibilities.

A comparison of our data and those of Lagroix et al. (2004) and
Jackson & Bowles (2014) suggests that for the Plinian eruptions of
the Late Pleistocene and Holocene FG, and ARJP Recent tephra,
the more prominent 230-255 °C T corresponds to homogeneous
titanomagnetite with ~50-60 per cent titanium substitution and the
less pronounced ~550-580 °C T corresponds to more stoichiomet-
ric magnetite. Alternatively, the lower T¢ could in fact correspond
to a 40-50 per cent- titanium substituted hematite oxyexsolved
from a precursor titanomagnetite, whereas the higher temperature
Tc phase represents the more stoichiometric magnetite fraction of
those oxyexsolved grains. The latter would imply magma emplace-
ment temperatures >600 °C with no homogeneous titanomagnetite
preservation in these samples.

On the other hand, the Strombolian/sub-Plinian TV, FL and ETP
tephra, which are instead dominated by 540570 °C 7¢ on heating,
prevalently contain more stoichiometric magnetite, which, follow-
ing Jackson and Bowles (2014) is, if not primary, the result of oxyex-
solution. In this case, the oxyexsolved titanohematite, for which an
obvious 7¢ in the x—T7 curves is not visible, must be paramagnetic
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Figure 9: Unmixing of backfield curve remanence data for different samples of the three groups of tephra (Plinian, Strombolian/sub-Plinian, ARJP) obtained
by using the MAX UnMix software (Maxbauer et al. 2016). See text for details.

>RT and no appreciable homogeneous titanomagnetite is present. annealing their samples can be undone by cooling from tempera-
However, no obvious features that would indicate titanohematite are tures above ~ 500 °C, as in a x—7 experiment, ‘regenerating’ a
observed in LT susceptibility (Fig. 7). Jackson and Bowles (2014) titanomagnetite 7¢ (cf. their fig. 8 where a 7 of 388 °C is produced

demonstrated that the oxyexsolution obtained upon experimentally on cooling from 600 °C). This does not occur in our samples, and
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Figure 10: FORC diagrams, hysteresis loops, low temperature (LT) experiments and backfield remanence unmixing modelling for tachylite and sideromelane
extracts collected from the Plinian FG and 2002 ARJP tephra samples. LT data include FC and ZFC (first-derivatives shown); in-phase, x, and out-of-phase,
x frequency-dependent susceptibility experiments; per cent of frequency dependence of x *between 1 and 100 Hz for the sideromelane and 1-998 Hz for the

tachylite (see text for details).

particularly in the TV tephra which only shows the stoichiometric
magnetite 7¢, but also in samples FL and ETP where the same lower
temperature 7 was already present, unlike in Jackson and Bowles’
(2014) samples.

The clear absence of LT titanohematite features and the re-
producibility of the high 7¢ temperatures suggest that the more
stoichiometric magnetite contribution is primary, and the same
is true for the lower temperature 7¢, which can be attributed to
high-titanium (~50-60 per cent substitution) titanomagnetite in all
samples. The Plinian tephra, as well as the recent ARJP products
are thus dominated by high-Ti titanomagnetite and variable, but
subordinate, amounts of more stoichiometric magnetite. In con-
trast, the Strombolian/sub-Plinian tephra are dominated by more

stoichiometric magnetite and variable, yet subordinate, amounts
of titanomagnetite. One exception is the sub-Plinian Bronte 1990
tephra, for which the M—T curves reveal striking similarities to the
products of the most explosive Plinian and ARJP eruptions (Fig.
S3). We speculate that such behaviour is due to the increased tita-
nium content of this particular eruption, linked to recent changes
in volcanic activity observed at Etna since 1990, as discussed in
Section 5.4.2.

The presence of titanium obscures the Verwey transition (7),
which can only be observed as a small ‘bump’ in the derivative
of the FC and ZFC magnetization of the sub-Plinian FL, TV and
Plinian (ET97-70/80-81cm) tephra, further confirming reduced ti-
tanium substitution for these samples (Fig. 8). Likewise, the more

€20 Aenigad £z U0 Jasn saNiD UIM | - BJOSSUUI JO AJSIaAIuN Aq ¥628099/61L/2/1£2/9191E/B/Ww0o"dnoolwapeoe)/:sd)ly woly papeojumod



pronounced, yet broad, decrease in RTSIRM for the same samples
around the 7, (~120 K) on cooling, is consistent with smaller ti-
tanium content compared to FG and Recent tephra, for which 7,
is almost entirely suppressed (Fig. 8). Additionally, all samples re-
veal curvature of the RTSIRM curves upon cooling and warming,
consistently with the ‘humpiness’ identified by Ozdemir & Dunlop
(2010) as the hallmark of maghemitization.

These observations, including the direct information obtained
from Mdssbauer spectroscopy (Fig. S1) and SEM analysis (Fig. S2),
are fully compatible with petrological observations from low-silica
alkaline melts, as those of Mt Etna, in which ilmenite crystallization
is suppressed (e.g. Carmichael et al. 1974; Mollo er al. 2013).
The magnetic signature observed here is attributed to dominant
high undercooling and high decompression rates associated with
explosive eruptive conditions, as discussed in Section 5.4.1.

5.2 Grain size and domain state

The ~ parallel to pot-bellied hysteresis loops of the Plinian Late
Pleistocene tephra and the Strombolian/sub-Plinian samples indi-
cate a predominance of soft single coercivity contribution (Fig. 3).
On the Day-Dunlop plot, the cluster of the strombolian/sub-plinian
samples close to the SD-MD mixing lines suggests ~50-70 per
cent mixtures of the two components and also indicates minor grain
size variations among these samples (Fig. 5). On the contrary, the
Strombolian/sub-Plinian samples from the 1990 and 1998 erup-
tions are characterized by lower values of hysteresis parameters and
notable constriction of the 1998 tephra loop (Table 1 and Fig. 5).
Hysteresis parameters on a Day plot are ambiguous when char-
acterizing complex mixtures that are typical of natural magnetic
particle assemblages, making the interpretation of the domain state
challenging (e.g. Roberts ef al. 2018, 2019). The Néel plot is likely
more indicative: overall, M/M; values vary between 0.05 and 0.3,
and B, data are confined between 3 and 25 mT (Fig. 5, Table 1),
a range that would place all samples within the theoretical bound-
aries of the uniaxial single domain (USD) + superparamagnetic
(SP) grains with axial ratios of 1.3:1 and 2:1, respectively (e.g.
Tauxe et al. 2002), and modest to significant titanium substitution
in all samples.

Magnetostatic interactions and internal stresses are additional
factors controlling the domain state in titanomagnetites and are dif-
ficult to quantify (e.g. Roberts ef al. 2018). However, internal stress
may certainly affect tephra erupted under variable temperatures and
pressures, and potentially results in the additional scatter observed
in the Day plot for the Recent (2002, ARJP) daily ashes, on top
of true grain size variations (Fig. 5a). The general position of the
tachylite-rich (and tachylite extracts) and sideromelane fractions
at the opposite ends of the Néel plot, and in particular with the
tachylite at the high Bc end of the plot, and closer to the SD-SP
mixing lines on the Day plot, do testify to the correlation between
granulometry/coercivity and magma fragmentation.

Unmixing of the backfield remanence curves confirms that the
Plinian eruptions from Unit D together with the sub-Plinian TV
and FL tephra are dominated (86—89 per cent) by a component
(~36—49 mT), that can be considered SD, with a secondary soft
(MD) component accounting for the remaining ~11-14 per cent
of the remanence (Fig. 10). Plinian FG and ARJP tephra exhibit
a dominant component with values of ~60-115 mT confirming
that these tephra have overall higher coercivity as also indicated by
the wasp-waisted hysteresis loops (Fig. 3). The presence of MD-
PSD features as well as prominent higher coercivity distributions
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in the FORC diagrams strengthen these observations of contrasting
coercivity distributions in these samples (Fig. 4).

Low temperature susceptibility data of all samples below ~100 K
possess a frequency dependent anomaly and peak in both the y and
x’, respectively. Such features have been widely reported for purely
MD magnetite samples, increasing in magnitude with increasing
grain size, and their origin resides in domain wall relaxation below
the Verwey transition (Simia er al. 1985; Skumryev et al. 1999;
Kosterov 2003; Muxworthy 1999; Moskowitz et al. 1998; Church
etal 2011; Wang et al. 2021). Above 150 K, y, peaking below room
temperature for sample ET97-70/80-81 but increasing above 300 K
for all other samples, represents the contribution of the finer SP and
SD titanomagnetite fraction (e.g. Worm & Jackson, 1999; Till et al.
2011). In particular, x’ frequency-dependent peaks below room
temperature isolate the SP contribution of these tephra (Worm &
Jackson 1999; Till et al. 2011). Higher absolute susceptibility values
for the Plinian FG and ARJP tephra, and better definition of the low
and higher temperature x’ peaks, indicate higher concentrations of
(Ti)magnetite in the different grain size fractions as well as greater
fractionation for the respective eruptions.

Low temperature remanence curves, and specifically the Ry 1 ratio
(Smirnov 2009) consistently around 1.1 (Table 1) calculated from
the FC-ZFC curves, indicates that the remanence of the samples
is carried by mixtures of SD and PSD-MD particles in all sam-
ples (Smirnov 2009). Moreover, the non-complete recovery of the
RTSIRM curves upon temperature cycling through the anisotropic
transition (130 K) and 7, revealing ~5-7 per cent loss for the FG
and ARJP tephra, respectively, compared to ~15-17 per cent loss
in the Pleistocene Plinian eruptions and TV and FL Holocene sub-
Plinian tephra, respectively, clearly indicates that the latter contain
a relative higher proportion of MD grains compared to the finer
fraction (Table 1).

All rock-magnetic evidence collected thus unequivocally sup-
ports the presence of a (Ti)magnetite mineralogy with some degree
of oxidation for all samples. The FG and ARJP tephra are inter-
preted as being characterized by higher titanomagnetite content,
higher abundance of magnetic minerals, particularly in the finer
fraction (SP and SD), and higher fractionation, conferring higher
coercivity to the samples.

The same magnetic features are not observed in the Pleistocene
Plinian tephra, which, while similar to the FG and Recent tephra
in terms of titanium substitution, show stronger affinity with the
sub-Plinian TV and FL tephra in terms of coercivity/grain size
and fractionation. The causes for such differences are discussed in
Section 5.4.1.

5.3 Tachylite and sideromelane magnetic fingerprints

The tachylite and sideromelane fractions had been extracted from
the two most fractionated products (Holocene FG Tephra and Recent
ARIJP 2002 eruption).

The M,/Ms and B, and B.,/B. parameters place the two compo-
nents, at around the opposite ends of the Day et al. and Néel plots,
with the tachyle fractions defining an upper trend sub-parallel to
the SD-SP mixing line and the sideromelane closer to the SD-MD
mixing lines of the Day et al. plot, and both at the right and left
(high and low coercivity end of the Néel plot. From these trends
it is easily observed that the tachylite is generally characterized by
smaller grain size owing to the generally larger M,,/M; ratio and
higher coercivity, and with approximately two to five times larger
magnetization (Fig. 10 and Table 1).
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The coercivity difference is best-appreciated by the components
isolated through unmixing of the remanence curves where the dom-
inant peak is centred around ~75-108 mT for the tachylite, as
opposed to the ~33-39 mT for the sideromelane, with the tachylite
also possessing a softer, ~25-30 mT component. Both fractions
also possess an even lower, yet broader, minor coercivity compo-
nent (Fig. 10). Such coercivity differences are interpreted to be re-
sponsible for the prominent wasp-waisted character of the tachylite
hysteresis loops, as opposed to the generally narrower siderome-
lane loops. We iterate, however, that admixtures of SP grains, also
present in the sideromelane fraction, and can result in constriction
of the hysteresis loops (Tauxe et al. 1996; Roberts et al. 1995,
Fig. 10 and Table 1). The tachylite fraction is also responsible for
the observed higher coercivity distributions on the FORC diagrams
(Fig. 10), all implying a negligible contribution of the hard fraction
in the volcanic glass.

At low temperature, both fractions possess the low temperature
(~60-100 K) frequency-dependent y anomalies and yx’ peaks at-
tributed to MD grains, with x increasing above room temperature,
and x’ peaking below room temperature, diagnostic of the SD-SP
fraction, as observed in the bulk samples. Also consistently with the
bulk samples, the absence of Verwey transition in all low temper-
ature remanence curves reflects the increased Ti-substitution, and
the greater SIRM loss at room temperature for the sideromelane
(9.7 per cent) than for the tachylite (4.2 per cent) also confirms the
increased MD contribution in the former (Fig. 10).

These observations suggest that the overall composition of the
two components is similar, however, the higher room temperature
magnetization and low temperature susceptibility of the tachylite
implies increased magnetic particle concentration, and particularly
of the SP fraction, corroborating the stronger coercivity contrast of
the tachylite and tachylite-bearing samples as observed in the rema-
nence unmixing curves, the more prominent wasp-waisted character
of the hysteresis loops, also generally placing the tachylite samples
closer to the SD-SP mixing lines of the Day plot (Fig. 5a) and at
the higher Bc end of the Néel plot (Fig. 5b), as well as in the FORC
distributions (Fig. 10).

5.4 Magnetic fingerprinting of the Mt Etna tephra and
relationships with the eruptive styles

5.4.1 Composition and eruptive conditions

For explosively erupted and rapidly cooled materials, the Fe—Ti ox-
ide compositions reflect the conditions in the magma storage region
prior to eruption (Venezky & Rutherford 1999). Several studies
on basaltic rocks have demonstrated, by means of chemical and
magnetic measurements, that the Ti content in titanomagnetite is
dependent on the kinetic conditions of the system (Smith & Prévot
1977; Zhou et al. 2000; Kissel et al. 2010; Mollo et al. 2011, 2012,
2013), however, its fundamental magnetic properties, in relation-
ship with composition, form, temperature dependence and degree
of cation ordering, are still not fully understood (e.g. Bowles et al.
2013, Jackson & Bowles 2018, and references therein). According
to Zhou et al. (2000), titanomagnetite compositional variation de-
pends on: (i) the temperature and local melt composition (including
oxygen fugacity); (ii) metastable thermodynamic control and (iii)
kinetic control. The role of both temperature and oxygen fugacity on
titanomagnetite Ti-content was also recognized by Ghiorso & Sacks
(1991), and thermodynamic calculations show that titanomagnetite

content, x(Fe;-xTixOy), in equilibrium with the melt and other min-
erals, decreases from 0.6 at 950 °C to 0.2 at 700 °C (Zhou et al.
2000). While redox conditions at Etna do not change after degassing,
cooling and crystallization, Mollo ef al. (2013) investigated the role
of cooling rate on crystal morphology. Subeuhedral titanomagnetite
crystals are formed at low cooling rates, but they are replaced by
texturally immature dendrites if cooled more rapidly (Mollo et al.
2013). As cooling rate increases, diffusion cannot supply both Ti
and Fe to the growing crystals at the equilibrium proportion, caus-
ing much lower Ti concentration in the melt adjacent to the crystal
surface. Ovalle er al. (2018) observed that for explosive volcanism,
systematic increases in magnetite titanium concentration are asso-
ciated with volcanic systems transitioning from purely magmatic to
magmatic-hydrothermal conditions.

Our data show that the amount of Ti varies among the three groups
of ash samples, but variations are observed on different temporal
scales. For example, in the Plinian samples from core ET97-70, the
difference in susceptibility between 400 and 10 A m™' fields shows
a ~25 per cent amplitude-dependent peak at the bottom of the core
(Fig. 2), reflecting increased titanium content (e.g. Jackson et al.
1998) that is not as prominent in the upper portion. Therefore, the
ash representative of the D1b-D2b eruptions are interpreted as being
characterized by lower Ti content than the older D1a-D2a eruptions.
The strong explosive activity responsible for the emplacement of
Unit D was produced by the emptying of a large magma chamber
with a more evolved benmoreitic/trachitic composition (Del Carlo
et al. 2004) where the strong explosive activity is due to a volatile
saturation in the magma chamber. Such emplacement mechanism
is different from that of the basaltic Plinian FG eruption, which
is instead attributed to rapid syn-eruptive crystallization leading to
explosive fragmentation under high strain rates in open vent condi-
tions (Arzilli et al. 2019). These distinctions are responsible for the
different magnetic fingerprints observed among Plinian eruptions.

5.4.2 Fragmentation, eruptive style and nanolites

On a longer timescale, the identification of magnetic populations
with contrasting grain sizes and coercivity distributions can be con-
sidered a discriminant factor among different styles of explosive
activity. Higher coercivities and larger coercivity contrasts, indica-
tive of large grain size variation, are clearly identified in samples
representing more explosive eruptions dominated by the presence of
tachylite (i.e. Holocene FG tephra, Recent ARJP eruptions), in good
agreement with the ranges obtained from the tachylite fraction ex-
tracted from the same samples. In contrast, Strombolian/sub-Plinian
tephra exhibit softer coercivity distributions, comparable to those
observed in the sideromelane fraction (Fig. 9 and Table 1).

Importantly, differences exist between the magnetic properties of
the recent (1990, 1998) sub-Plinian eruptions with respect to the
Holocene sub-Plinian/strombolian tephra (TV, FL, FS and ETP),
which could be an indication of the changing volcanic activity rec-
ognized at Etna during the last few decades: since 1990, Etna has
produced an increasing number of violent explosive events char-
acterized by the formation of plumes and including fire fountains
that had never been observed before (Branca and Del Carlo, 2005).
Furthermore geochemical variations in the geochemistry of erupted
products since the 1971 eruption are considered as one of the most
important recent petrological turning points in the evolution of the
volcano (Viccaro & Cristofolini, 2008).

If a correlation exists between coercivity and explosivity, we
speculate that the scattering of the samples representing the 2002
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eruptions in the Day plot may represent different explosive styles
alternating during the eruptions (Andronico et al. 2009). In this
view, it is noteworthy that from unmixing of the backfield curves
(Fig. 9), the highest coercivity is observed in the sample collected on
the 30th of October, marking the beginning of the explosive activity.
As suggested by Andronico et al. (2009), it is noteworthy that
ARIJP at Etna (2001-2002) do not occur under open vent conditions,
but exclusively in correspondence of narrower and cooler flank
eruptions that can favor a higher magma crystallization with respect
to the larger and hotter central conduit.

The magnetic parameters reported here, and particularly the
coercivity distributions, successfully discriminate among eruptive
styles: the presence of tachylite over sideromelane appears to be the
discriminant factor for explosive activity, and effectively character-
izes the magnetic fingerprint of the corresponding tephra. Specific
to the 2001 eruption ash, Taddeucci et al. (2004) numerically show
that the oxide size distribution of the tachylite requires a longer and
more complex history than the sideromelane, including two distinct
nucleation events. These two distinct nucleation events likely rep-
resent the formation mechanism for the two magnetic populations
with contrasting grain-sizes and coercivities, responsible for the
wasp-waisted loops and the FORC distributions observed here.

Recently, few authors (Di Genova et al. 2020; Caceres et al.
2020, 2021) observed that a small volume of nano-sized crystals
(nanolites) can be responsible for an increased magma viscosity.
Colombier et al. (2017) identified Fe-Ti-oxide nanolites in tephra
from Kilian volcano (France) that they consider as nuclei for hetero-
geneous nucleation of the very small vesicles. Furthermore Fe-Ti
oxides are the main mineral phase that acts as an energetically fa-
vorable nucleation site for gas bubbles (Hurwitz & Navon 1994). By
combining data, including from the FG tephra studied here, and nu-
merical modeling, Di Genova et al. (2020) demonstrated that a few
volume per cent of nanolites was responsible for a marked increase
in viscosity above the critical value needed for explosive fragmen-
tation during magma cooling and ascent. Raman spectra investiga-
tions (Di Genova et al. 2017, 2020) indicate that both quenching
from above liquidus conditions and heating above the glass transi-
tion temperature, induced nanoscale crystallization of iron oxides,
as further confirmed by in situ high-energy XRD experiments on
molten Etna basalt, showing that unit cells of magnetite represent
the first precipitating phases upon cooling. We speculate that the SP
grain population of the tachylite samples represent the iron-bearing
nanocrystals (nanolites) responsible for increased melt viscosity,
leading to explosive activity, and are responsible for the magnetic
signature of the more explosive eruptions generating the Plinian FG
and Recent ARJP tephra.

5.4.3 Crystal texture and coercivity

According to Polacci et al. (2019), ash particle characteristics vary
with eruptive style, and are responsible for peculiar textural and
compositional features of ash particles at Etna. Ash emitted during
Strombolian explosions and at the peak of lava fountain activity
appears more vesicular and less crystallized, with a compositionally
less evolved groundmass and less lithic material compared to ash
erupted during less explosive events or at the end of a long-lasting
explosive eruption. These differences invariably affect the magnetic
properties and, although the observations by Polacci ef al. (2019)
were obtained from recent (post-1995) eruptions only, it is likely
that they can be extended to longer timescales.
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SEM observations of the bulk TV tephra (S26-TV) and of the
tachylite fraction extracted from the FG tephra indicate that the
former contain <5 pum euhedral titanomagnetite grains, whereas
larger, <50 pm, grains with subskeletal texture characterize the
tachylite (Fig. S2). The presence of skeletal crystals with irregular
shapes affects the domain state of the samples: dendritic texture of
titanomagnetite usually forms as the result of rapid cooling, while
crystal composition, size, geometry and symmetry are controlled by
cooling rate, oxygen fugacity, temperature gradient and impurities
(Shaar & Feinberg 2013), likewise, the magnetization of Ti-rich ti-
tanomagnetites is controlled by stress-induced anisotropy (O’Reilly
1984; Ozdemir & Moskowitz 1992) resulting from complex domain
structures (Moskowitz et al. 1988). The rock-magnetic properties
of grains with shape anisotropy can give rise to high coercivities, as
observed in skeletal particles occurring in oceanic basalts by Kent
& Gee (1996) and also determined from micromagnetic modeling
of grains with complex shapes (Tauxe ef al. 2002), providing a
reasonable source for the high coercivity of the tachylite-bearing
samples. Further evidence is provided by Mollo et al. (2015), who
observe intricate intergrowth textures in titanomagnetites from lava
fountains at Etna, interpreted to represent crystal attachment and
agglomeration mechanisms.

6 CONCLUSIONS

A detailed rock magnetic study, including high/low temperature
magnetization remanence and susceptibility experiments, hysteresis
and FORC measurements, Mdssbauer spectroscopy and SEM mi-
croscopy, was conducted on a collection of tephra samples erupted
during the last 18 ka at Etna. Results suggest the presence of dis-
tinct magnetic signatures for ashes produced by different types of
explosive activity.

The higher magma fragmentation that distinguishes the most ex-
plosive eruptions is responsible for the presence of tachylite for these
products, which in turn are characterized by a distinctive magnetic
fingerprint. Rock magnetism thus provides a useful tool to dis-
criminate between explosive Plinian and ARJP styles of eruptions
that generate tachylite from Strombolian/sub-Plinian eruptions for
which sideromelane glass is more common. Additional variations in
magnetic mineralogy and grain size are useful discriminants of the
eruptive styles, and the following conclusions can be drawn based
on the results of this study:

(i) High T experiments indicate that Strombolian/sub-Plinian FL,
TV, ETP tephra contain a higher abundance of more stoichiometric
magnetite, whereas titanomagnetite dominates the products of the
more explosive Plinian and Recent Eruptions.

(i) The magnetic mineralogy is characterized by variable contri-
bution of MD and SP-SD grains, with a distinctly higher relative
proportion of the latter in the highly explosive products. The con-
trasting grain size and coercivity distributions constitute a distin-
guishing magnetic signature of the tachylite fraction, representing
a discriminant factor among explosive activity styles.

(iii) The magnetization of the Etna Ti-rich titanomagnetites is
probably controlled by stress-induced anisotropy arising from the
fractionation processes, and, together with the larger grain size dis-
tribution, is interpreted to contribute to the increased coercivity and
wasp-waisted character of the hysteresis loops and coercivity pop-
ulations observed in unmixing and FORC distributions of the most
explosive products.
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(iv) The SP grain population of the tachylite-rich samples, iden-
tified primarily through hysteresis measurements and LT experi-
ments, may represent the iron-bearing nanocrystals (nanolites) con-
sidered to be responsible for increased melt viscosity, leading to
explosive activity. This observation could thus support the interpre-
tation that iron oxide nanolites may play a role in controlling the
eruptive style, and, in turn, the petrological evolution of basaltic
magmas.

(v) The distinct magnetic signature of the crystalline tachylite
components of the juvenile clasts in the ash samples, as opposed to
the glassy sideromelane, is therefore well-suited to distinguish the
products of the explosive activity associated with certain Plinian
eruptions and ARJP (FG and Recent 2002 tephra), noting, however,
that not all Plinian products contain the tachylite and sideromelane
fraction (e.g. the Late Pleistocene tephras). We also iterate that
while the sideromelane fraction was also isolated from the most
explosive FG and ARJP products, this component is more typical
of Strombolian eruptions and should therefore not be used as a strict
discriminant of eruptive style.

These preliminary observations indicate that rock magnetism
may constitute a valuable tool for investigating the mechanisms
of explosive basaltic eruptions, their eruptive styles and magma
fragmentation, in relation to dynamic and kinetic conditions within
the volcanic conduit. Magnetic parameters could prove helpful in
monitoring ash features of early emitted tephra that are already
used in forecasting impending eruptions (i.e. Watanabe et al. 1999).
Additional studies on other volcanoes and different geodynamic
contexts will establish trends indicative of the underlying eruptive
styles and magmatic conditions.
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SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1. Mossbauer results from the Plinian sample ET97-70/80-
81, the sub-Plinian TV and the Recent ARJP (1/11/02). The Plinian
and recent tephra were measured at low (18-20 K) whereas only the
latter experiment was carried out for the holocenic tephra TV.
Figure S2. Scanning Electron Microscope (SEM) and mineralogi-
cal characterization of samples from the TV tephra (a) and tachylite
from the FG tephra (b). Mineralogical characterization was made on
the basis of punctual ESEM-EDS analysis of grains of titanomag-
netite imaged by using back-scattered electrons at 20 kV in order
to image the Fe and Ti.

Figure S3. Thermomagnetic experiments (Ms — °C) for selected
Etna tephra: Plinian FG, ARJP and Strombolian/sub-Plinian sam-
ples. ARJP from 30/10/2002 was reheated and it shows full re-
versibility after the second heating.

Figure S4. Direct current (dc) magnetic remanence experiments
for tephra samples from Plinian eruptions (a-b), ARJP (c—d)
Strombolian/sub-Plinian eruptions (e—f) and sideromelane and
tachylite samples (g—h). The measurements were carried out by
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measuring the magnetic remanence on warming from 10 K to room
temperature (300 K) after cooling in a 2.5 T saturation isothermal
remanent magnetization (SIRM, field cooled remanence, FC, blue),
as well as after cooling in zero field (ZFC, red) and applying a
low temperature 2.5 T SIRM). Left axes for FC and FCZ measure-
ments (open symbols); right axes for RTSIRM experiments (close
symbols).

Table S1. Tabulated Mossbauer magnetic hyperfine parameters for
the Plinian sample ET97-70/80-81, sub-Plinian sample S26-TV, and
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the Recent ARJP sample 1-11-2002, for the titanomagnetite cation
tetrahedral site A and octahedral site B sextets, collected at 18—
20 K and 295 K. BHE, maximum hyperfine field; QS, quadrupole
splitting; IS, isomer shift.
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