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Abstract

The analysis of olivine-hosted melt inclusions (MIs) from the whole sub-alkaline and alkaline magmatic suites of Mt. Etna
provides fundamental information about the composition of undifferentiated magmas and their pristine volatile content. Oli-
vine crystals (Fogg ) Were selected for Secondary Ion Mass Spectrometry (SIMS) analysis of volatile species (H,0, CO,, F,
Cl and S) contained in their host MIs, after preliminary high-pressure/high-temperature re-homogenization, which allowed
to reduce the developing of cracks in the host olivine and diffusion-driven outgassing of volatiles from the melt inclusions.
This permitted to explore the compositional variability of volatiles of undifferentiated melts and the degassing behavior
through the feeding system. The studied MIs show significant major elements compositional heterogeneities (44.57-52.37
wt% SiO,; 3.60-7.51 wt% Na,O + K,0). Fractionation modelling was performed with Rhyolite-MELTSs under variable
fO, regimes (AFMQ + 1.5 to + 3), starting from the less evolved MIs compositions and ultimately reproducing most of the
observed compositional trends. Mantle melting modelling was used to replicate the observed MIs composition, starting from a
spinel-lherzolitic source, accounting for the alkalinity and Fe content of reproduced melts by varying the eutectic contribution
of Amph/Phlog and Opx/Cpx respectively. Although most of the studied MIs were degassed in an open-conduit regime, the
observed range of volatile concentration in MlIs (2.42-6.14 wt% H,0; 308-8474 ppm CO,; 132-697 ppm F; 221-1766 ppm
Cl and 16-1992 ppm S) is correlated with a slight decrease in the molar H,O/(H,0O + CO,) ratio from early tholeiites to the
recent 2015 alkaline products. This observation allows to estimate a minimum 12,250 ppm CO, and a maximum of 6.14
wt% H,0 in primary melts of the current activity.
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Introduction

Although Mt. Etna is considered a “natural laboratory” for
several volcano-related disciplines, many aspects concern-
ing its primitive magma composition and the role of the
volatile phases (H,0, CO,, F, Cl, S) in the feeding system
are far from being fully comprehended. This uncertainty is
< P. P. Giacomoni further enhanced by the absence of mantle xenoliths and

pierpaolo.giacomoni @unipi.it by the extreme scarcity of undifferentiated erupted prod-
ucts, which would provide clues as to the composition of
the source(s). Moreover, the eruptive styles documented in
historical records span from strictly effusive to strong par-
oxystic strombolian, without any remarkable difference in
major element compositions. Aiming to tackle these issues,
recent petrologic studies focused on the geochemistry of
olivine-hosted melt inclusions (MIs) as potential archives for
primary magma composition and volatile content, especially
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et al. 2004; Gennaro et al. 2019). These micrometric droplets
of magma are trapped during crystal growth thus potentially
sampling and preserving the composition of the magma,
including its volatile content at the time of entrapment.

Among the available basic products, there is a general
agreement in considering the lavas from Mt. Maletto (~7
Ka; Kamenetsky and Clocchiatti 1996; Schiano et al. 2001),
Mt. Spagnolo (< 14,000 B.P.; Branca et al. 2011) and FS
Tephra (3939 + 60 B.P., Coltelli et al. 2005) eruptions as the
least differentiated products of the alkaline series although
they underwent a maximum of 10% of Ol fractionation
en-route to the surface (Giacomoni et al. 2014). The vola-
tile contents in olivine-hosted MIs are extremely variable,
with a maximum of 6 wt% H,0 and 6000 ppm of CO, in
FS, and up to 4300 ppm S in Mt. Spagnolo, yielding to a
depth range of 4-19 km (below crater level), as estimated
by means of H,O and CO, solubility models (Metrich and
Clocchiatti 1989; Metrich et al. 2004; Gennaro et al. 2019).
These data indicate that the feeding system of Mt. Etna is
relatively enriched in volatiles and, coupled with gaseous
emissions from crateric fumaroles, define Mt. Etna as one of
the strongest emitters of magma derived volatiles on Earth
(Allard et al. 1991; Aiuppa et al. 2008; Burton and Sawyer
2013).

In this study, we contribute to the characterization of
primary magma composition and on the origin of volatiles
(H,0, CO,, S, F, Cl) in Mt. Etna primary magmas through
the geochemical characterization of olivine-hosted MIs rep-
resentative of the four main phases of magmatism: early
tholeiites, Ellittico (Ancient Mongibello), Pre-historic Mon-
gibello and recent 2015 eruptions.

The most efficient approach to obtain a homogenous
glass from re-crystallized MlIs is based on re-heating the
inclusion using a heating stage or a vertical furnace up to a
complete homogenization of post entrapment crystallization
and vapor bubbles by observing the MIs under an optical
microscope. The major limitations of this technique are that,
during heating at 1 atm, the increase in the internal pressure
of the MI can cause the brittle or plastic deformation of the
host mineral (Ferrero and Angel 2018; Schiavi et al. 2016;
Wallace et al. 2021) and the lack of total homogenization of
CO,-rich vapour bubbles (Buso et al. 2022). To overcome
these problems, we performed MIs re-homogenization at
high pressure and temperature (HP-HT), using a piston cyl-
inder apparatus. High pressure homogenization potentially
reduces the decrepitation of the MIs and allows for a com-
plete dissolution of all the volatile species that are present
in the bubbles back into the MIs melt. (Stefano et al. 2011;
Hudgins et al. 2015).

@ Springer

Geological and volcanological background

The volcanological evolution of the etnean area has been
described and defined in distinct supersynthems by Branca
et al (2011) and here briefly summarized. Magmatism in
Mt. Etna area started ~ 550 Ka with the emission of sub-
aqueous lava flows and hyaloclastic breccias with tholei-
itic affinity. The products of this discontinuous activity,
defined as Basal Tholeiitic Supersynthem, currently out-
crop along the eastern coast of Sicily. From ~220 to~110
Ka (Timpe Supersynthem) magmatism gradually shifted
from subaqueous to subaerial and concomitantly from
tholeiitic to Na-alkaline compositions. The transition from
fissural activity to several dispersed central conduit edi-
fices marks the onset of the Ancient Alkaline Volcanism
(AAV) started at ~ 110-65 Ka (Tanguy et al. 1997). Most
of the products of this activity outcrop in the southern
flank of the Valle del Bove, constituting the Valle del Bove
Supersynthem.

The eruptive activity gradually shifted toward a cen-
tral conduit feeding system, this period has been defined
as Stratovolcano Supersynthem (57 ka-now) and can be
divided in two distinct stages: Ellittico (57-15 ka) and
Mongibello (< 15 ka-now). The Ellittico activity was
characterized by the emission of alkaline products with
Na-affinity, ranging from hawaiitic to trachytic in composi-
tion. A Plinian eruption and subsequent caldera collapse
marked the end of this stage as testified by the Biancav-
illa-Montalto ignimbrites. Subsequent Recent Mongibello
products filled the caldera depression with hawaiitic lava
flows and strombolian deposits. From 2138 BP to present
days, eruptions occurred at the summit craters and along
three main lateral feeding systems namely W, S and NE
Rifts.

A slight increase in the K,O content of magmas, whose
affinity moved from sodic to potassic (Tanguy et al. 1997)
has been documented starting from the 1971 eruptive
event. However, a bi-modal sodic + potassic affinity of
the erupted products was already documented for older
Ellittico (Ferlito and Lanzafame 2010), in post-1972 prod-
ucts and contemporaneously emitted during the 2002/2003
eruption (Ferlito et al. 2009; Giacomoni et al. 2012).

In this context, recent geophysical, geochemical and
petrological studies (Andronico et al. 2008; Ferlito et al.
2009; Giacomoni et al. 2021) of eruptive events occur-
ring from 2001 to 2014 agree that the geometry of feed-
ing conduits and changes in the physical-chemical (P-T-
fO,-XH,0-XCO,) parameters should be considered as
the main factors governing the eruptive styles rather than
magma composition. The intense paroxystic eruption
which occurred between 3 to 8th December 2015 demon-
strated that magma residing at different levels inside the
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vertical central feeding system erupts as consequence of
flushing of the volatiles exsolved by the incoming basic
magma (Giacomoni et al. 2021).

Sampling criteria, lava and melt inclusions
petrography

Sampling

Rock samples were collected from four localities, repre-
sentative of the most relevant discontinuities during vol-
canological evolution in the etnean area (Fig. S1). Samples
from the tholeiitic phase (ET4) were collected from the
early subaerial lava flows outcropping at the Rocca of Aci
Castello while products from the Ellittico (ET51) activity
were sampled at the northern wall of Valle Del Bove at the
Serracolle locality. Pre-historic recent Mongibello studied
lavas (ET45) were collected from Mt. Nero delle Concazze
scoria cone sited on the northern flank in the nearby of Piano
Provenzana. Finally, 2015 samples were collected during
the paroxysmal activity that occurred between December
3rd to December 8th, 2015 (Giacomoni et al. 2021). Two
samples are pyroclastic bombs collected nearby the Central
Craters and North East Crater, one sample was collected
from a lava flow outpoured from the eastern flank of New
South East Crater.

Seven hand-size rock samples have been selected based
on the amount of olivine phenocrysts, potentially hosting
valuable MIs (Fig.S2). Eighty-eight (88) olivine-grains from
500 mm to 1.5 mm in size were separated from lava samples,
hand-picked and individually observed under microscope to
recognize the MIs (Fig. 1a-b). Olivine crystals containing
MIs (> 50 pm in diameter) were mounted on epoxy blocks
for chemical analysis, whereas fractured olivine grains were
discarded.

Petrography and composition of host olivine
crystals

Tholeiitic samples are low porphyritic (Porphyritic Index;
P.I.~ 12%) characterized by a phenocryst assemblage of
olivine (Ol, 12%) + orthopyroxene (Opx, 18%) + clino-
pyroxene (Cpx, 20%) + plagioclase (Plg, 34%) and mag-
netite (Mt, 16%) embedded in glassy to microcrystalline
matrix. The volume percentage of vesicles varies from
10 to 18%. Lavas from the Ellittico phase show a higher
content of phenocrysts (P.I. ~24%) in the following rela-
tive proportions: Ol (8%)+ Cpx (34%) + Plg (48%) and
Mt (10%). Vesicle volume percentage varies from 8 to
14%. The microcrystalline matrix is mainly composed
of Plg and micrometric acicular apatite (Ap), frequently
shows a fluidal mingling texture. Samples from the Recent

Mongibello phase are high porphyritic (Porphyritic Index;
P.I.~22%), made of Ol (12%) + Cpx (34%) + Plg (40%)
and Mt (14%) embedded in an almost glassy matrix.
Vesicle volume percentage is ~ 12%. Lavas from the 2015
activity are low to mid porphyritic (Porphyritic Index;
P.I.~8-16%) and show a phenocryst assemblage made of
Ol (18%) + Cpx (44%) + Plg (30%) and Mt (8%) embedded
in a microcrystalline matrix. The volume percentage of
vesicles varies from 14 to 20%.

The Fo content of host olivine varies significantly: from
83 to 85 in tholeiitic samples, from 67 to 77 in the Ellittico,
from 70 to 78 in Recent Mongibello and from 66 to 88 in the
2015 eruption (Table S1).

Olivine phenocrysts selected for homogenization experi-
ments were euhedral without any trace of weathering or
radial cracks (Fig. 1a, b). Each crystal hosted up to 5 brown-
ish MlIs, varying in shape from almost spherical to slightly
elongated, and from < 10 pm to 300 pm in diameter.

Petrography of melt inclusions:
before and after homogenization

Host olivine crystals were observed under a binocular micro-
scope with the aim to identify those containing feasible melt
inclusions before the HP-HT homogenization. Olivine grains
were deepened in ethyl alcohol during observation, this fore-
sight allow to better see through the crystals and to identify
the inclusions entrapped at different depth.

Before homogenization, most of MIs were crystallized
(~ 60%) and exhibited a daughter crystal assemblage made
of Cpx (40-70%), Ol (5-25%), Fe-Ti oxides (5-10%) and
Cr-Spinel (< 5%). Daughter crystals were mostly anhedral or
acicular and ranged in size from <5 pm up to 40 pm (along
the major axis). Shrinkage bubbles were present in 30%
of studied MIs. The estimated volume of the fluid phase
ranges from 5 to 14. MIs from the Tholeiitic Phase show
more frequently an exsolved volatile phase, while MIs from
the recent 2015 paroxystic event are almost totally glassy
(Fig. 1c, d, e).

After HP-HT homogenization experiments, most of the
MIs (ca. 90%) resulted glassy, whereas a small amount
(10%) preserved micrometric Cpx and/or Ti-magnetite
with an anhedral shape (spinifex or dendritic). Among the
non-homogenized grains, about half preserved an exsolved
fluid phase. These non-homogenized MIs were discarded.
Compositional SEM—-EDS maps show that Fe-Mg re-equi-
libration between MI and host olivine was limited to a nar-
row (< 10 pm thick) rim inside the olivine (Fig. 2a-b). This
observation leads to considering applying a post-entrapment
correction (PEC) to the major and minor element composi-
tion, which is described in detail in section “Post-entrapment
modifications and correction”.

@ Springer
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Fig. 1 Microphotographs of studied a MIs hosting olivine crystal
before and after HP-HT homogenization experiments. In panels a and
b; transmitted light microphotographs of olivine grains containing
several MIs before re-homogenization experiments. ¢ Backscattered
SEM images of olivine hosting melt-inclusion after the homogeni-

Fig.2 Backscattered SEM
image of a melt-inclusion post
HP-HT homogenization show-
ing a diffusion edge at the con-
tact with the host-olivine and
electron compositional maps of
Si, K, Fe and Mg (b)
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zation experiment, showing a homogeneous inclusion close to a MI
still preserving an exsolved fluid phase and a spinel crystal. d re-
crystallized inclusion containing daughter Cpx, Ol and Mt; e MI after
HP-HT re-homogenization




Contributions to Mineralogy and Petrology (2024) 179:47

Page50f24 47

Mis homogenization experiments

MIs homogenization experiments were performed at the
HP-HT Laboratory of the University of Rochester (USA),
using an end-load piston cylinder apparatus. Picked crystals
were dried in a ceramic vessel at 110 °C for 2 h with the
aim to eliminate hygroscopic water. Olivine grains (10-15)
were inserted in a graphite capsule and packed with graph-
ite powder. A standard 3" assembly composed of an NaCl
cell, borosilicate glass, graphite and crushable MgO was
used for the experiments (Fig. S3 and Watson et al. 2002).
Temperature was maintained constant at the setpoint (within
5 °C) and monitored using a type D (W¢;Re;/WsRe,s)
thermocouple for the entire run duration. The experimental
run-up involved cold pressurization to a value exceeding
the desired run pressure (6 Kbar) by 10-20%, allowing for
“settling” (relaxation) of the assembly upon heating and final
adjustments to the desired pressure value. Temperature was
increased to 1300 °C at a rate of about 100 °C/min and held
for 20 min before isobaric quench at a rate about 100 °C/s.
Olivine grains were mounted in epoxy resin and polished
until melt inclusions were exposed. A microscopic obser-
vation of the prepared mounts allowed to discard not fully
homogenised inclusions (~ 10% with daughter crystals and/
or gaseous phase) or those showing radial crack.

Under the experimental conditions (1300 °C and 6 Kbar),
according to the diffusion modelling by Zhang and Stolper
(1991) and Chen and Zhang (2008), melt homogenization
occurs rapidly enough to preserve the bulk chemistry of
the MI, minimizing the volatile diffusion in or out of the
olivine crystal. The short homogenization time of 20 min
also prevents carbon contamination from the surrounding
graphite, considering the low solubility and diffusivity of C
in olivine, 0.1-1 ppm and < 1072 cm?/s respectively (Tingle
et al. 1988; Keppler et al. 2003; Shcheka et al. 2006).

Analytical methods

Bulk rock geochemical analyses of were performed at the
Department of Physics and Earth Sciences, University of
Ferrara (Italy). Major and some trace elements (Ba, Cr, Sc,
V, Ni, Cu) concentrations were determined by X-ray fluo-
rescence (Thermo ARL Advant XP). The matrix effects on
measured intensities were corrected using the method of
Lachance and Traill (1966); loss on ignition (L.O.I.) was
determined by gravimetric method, assuming Fe,0; as 15%
FeO (Roeder and Emslie 1970). The remaining trace ele-
ments (Zr, Rb, Sr, Hf, Nb, Ta, Th, U, Y) and REE concen-
trations were measured by inductively coupled plasma mass
spectrometry (ICP-MS) on a VG Elemental Plasma Quad
2Plus instrument. The data reproducibility ranges between
0.7% and 7.2% with an accuracy of 10% and a detection limit
of 10 ppb for Th, U and REE.

Polished mounts containing the olivine grains were then
carbon coated and major and minor elements analyses of
individual MIs and host olivines were measured by electron
microprobe (EMPA, Cameca SX100), at the Department of
Lithospheric Science, University of Wien (Austria). Meas-
urements of MIs were made with an accelerating voltage of
15 kV, a beam current of 10 nA, and a 5 pm defocused beam,
while host olivines were analysed with 15 kV acceleration
voltage, 20 nA current and a 3 pm wide focused beam. A
20 s counting time was chosen for major elements, while
background counting times were half of the peak count-
ing time. Detection limits were typically in the range of
0.02-0.06 wt%.

A total of 34 homogenized and cracks-free inclusions
were analysed for their concentrations in of H,O, CO,,
F, Cl and S with a CAMECA 1280 IMS HR2 ion micro-
probe (SIMS) at Centre de Recherches Pétrographiques et
Géochimiques (CRPG) of Nancy (France). Selected olivine
grains were re-polished after EPMA to remove the carbon
coating, removed from the epoxy mount and then pressed
into an aluminium disk filled with indium, together with
standard reference glasses. The indium mount was then re-
polished, washed and stored under vacuum prior to being
gold coated and outgassed in the ion microprobe samples
storage. A liquid nitrogen trap was used in order to keep
the vacuum below 3 x 10~ bar in the analysis chamber. MIs
were sputtered with an 8 mm wide and 0.5 nA '33Cs + pri-
mary ion beam accelerated at 20 kV. To eliminate any sur-
face contamination, each spot was sputtered with a rastered
beam (10 % 10 mm) for 240 s prior to analysis.

Secondary ions of 12c- 150H-, F~, 39Si~, 328~ and
33C1~ counted in monocollection mode either on an elec-
tron multiplier or a Faraday cup during 8 s, 6's, 6's, 4 s,
4 s, 4 s per cycle respectively and for 10 cycles. A set of
nine natural and synthetic standards of volatile and halo-
gens-bearing basaltic glasses was used for the calibration:
Macusani enriched glasses (M34, M35, M40, M43, M48
from Shishkina et al. 2010); halogens-rich glasses (47,963,
60,701, 25,603 from Bindeman et al. 2012) and KL2G
(Jochum et al. 2006). Typical uncertainties on H,0, CO,, F,
Cl and S contents are + 1% relative.

Results
Whole rock and MIs composition

Whole-rock major element compositions of Mt. Etna
lavas are plotted in a Total Alkali Silica diagram (Fig. 3)
together with a literature dataset and reported in Table 1.
The composition of lavas is generally well consistent with
those reported by previous studies (Tanguy et al. 1997;
Spilliaert et al. 2006a; Gennaro et al. 2019), falling in the
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Fig.3 Volcanic rock total alkali-silica classification diagram (Le Bas
et al. 1986) of Mt. Etna whole rock and MIs compositions. Studied
MlIs are colored plotted: blue squares (Tholeiitic Phase); green dia-

fields of subalkaline and alkaline products. Sub alkaline
tholeiitic products vary from 48.09 to 48.43 wt% SiO,
and from 2.46 to 2.71 in total alkali content (Na,O +K,O
wt%). Alkaline samples (Ellittico, Recent Mongibello and
2015 eruption) fall in the fields of hawaiites and trachyba-
salts (47.99-49.14wt% SiO,; 5.75-6.24 wt% Na,O + K,0;
Table 1).

The major element concentration of studied MIs is sum-
marized in Table 2 and compared with their host rock com-
position together with whole-rock and MIs bibliographic
dataset (Figs. 3 and 4); both originals (without PEC cor-
rection) and after post-entrapment correction (see sec-
tion “Post-entrapment modifications and correction’) are
reported, however, only the latter are plotted in the figures
for best comparison with the literature dataset. Compared
to whole-rock compositions, MIs are generally less evolved,
covering the range of compositions reported in previous
studies (Kamenetsky and Clocchiatti 1996; Kamenetsky
et al. 2007; Del Carlo and Pompilio 2004; Spilliaert et al.
2006a and b; Schiavi et al. 2015; Gennaro et al. 2019). MIs
from subalkaline samples mostly plot in the fields of basalts
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monds (Ellittico Phase); orange circles (Recent Mongibello); red tri-
angles (2015 eruptive event). Bibliographic data of Mt. Etna MIs are
plotted in grey,whole rock (WR) are represented by colored fields

while inclusions from the Ellittico and Recent Mongibello
can be classified as hawaiites (Fig. 3). MIs from the 2015
eruption cover a wider range of magma composition, rang-
ing from trachybasalts to basanites (Fig. 3), and compare
well with the compositions of Mt. Maletto and Mt. Spag-
nolo (Gennaro et al. 2019). The majority of studied MIs are
basic, with a Mg# (calculated as [Mg/(Mg+ Fe2+T0t)*100]),
ranging from 38.6 to 68.5. The FeO,, versus SiO, diagram
(Fig. 4a) highlights the high content in FeO of most of the
studied samples (ranging from 8.5 to 13.7 wt%). Similar
high FeOy values are reported in the literature (Schiavi et al.
2015; Gennaro et al. 2019), the studied alkaline MIs depict
a trend of decreasing in FeO; with decreasing SiO,. From
these high FeO contents, some MIs appear to be aligned
with the literature trend of decreasing FeOy together with
MgO content, which is also typical of Etnean lavas.

The studied MIs present marked variations in K,O con-
centrations vs SiO, and MgO (Fig. 4b) that are comparable
to the literature data and confirms the overall enrichment
in K,O with time (Tanguy et al. 1997; Schiavi et al. 2015;
Gennaro et al. 2019).
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Table 1 .WhOIG rock . Volcanic Phase Tholeiite Tholeiite Ellittico Rec. Mongibello 2015 2015 2015

compositions of studied lavas.

Mg#=MgO/(MgO +FeOt) Sample ET4a ET6 ET51 ET45 NECr CCr SE-Xr

mol% Si0, (wt%) 48.09 48.43 48.89 47.99 48.68 49.14 4852
TiO, (Wt%) 1.49 1.39 1.58 1.76 1.78 1.72 1.65
ALO; (Wt%) 13.65 13.57 17.80 17.30 17.14 17.32 17.85
FeO (wt%) 9.44 9.38 9.33 9.38 9.37 8.83 9.07
Fe,05 (Wt%) 1.42 1.41 1.40 1.41 1.40 1.32 1.36
MgO (wt%) 8.14 8.64 4.20 477 5.05 5.06 4.44
MnO (wt%) 0.15 0.10 0.16 0.19 0.19 0.18 0.17
CaO (wt%) 15.00 14.27 9.85 10.90 10.27 10.17 10.90
Na,O (wt%) 2.18 2.31 4.42 3.82 3.68 3.75 3.94
K,0 (wt%) 0.28 0.40 1.82 2.06 2.07 2.05 2.05
P,05 (Wt%) 0.17 0.10 0.54 0.43 0.36 0.46 0.05
Totale 100 100 100 100 100 100 100
Mg# 73.84 72.98 44.41 47.45 3.51 3.52 3.25
Alkali Sum 2.46 2.71 6.24 5.88 5.75 5.80 5.99
Sc (ppm) 25.3 18.1 14.7 22.9 27.5 22.4 25.5
Ni (ppm) 249 159.5 19.6 14.1 10.8 14.8 9.9
Co (ppm) 67 53.8 36.5 40.9 37.4 38.5 26.4
Cr (ppm) 5272 271.5 483 38.7 27.1 34.4 38.8
Cu (ppm) 72.8 85.5 78.5 137.7 N.D N.D N.D
Zn (ppm) 84.3 85.6 73 82 N.D N.D N.D
Ga (ppm) 13.2 15.8 19.7 17.9 21.8 20.5 20.3
Rb (ppm) 6.9 7.0 44.7 51.4 47.7 46.6 46.5
Ba (ppm) 129.6 199.1 744.0 658.5 650.9 6442 6449
Th (ppm) 2.0 29 14.6 8.6 13.5 10.2 12.4
U (ppm) 1.0 1.0 4.0 3.1 N.D N.D N.D
Nb (ppm) 13.7 23.0 59.0 473 49.2 49.5 45.8
Ta (ppm) 0.7 1.0 2.5 2.1 N.D N.D N.D
La (ppm) 16.3 25.0 74.1 65.0 60.5 65.3 75.7
Ce (ppm) 33.6 49.5 128.5 119.1 113 111.2 122.6
Pr (ppm) 4.1 5.6 144 12.9 N.D N.D N.D
Sr (ppm) 328.4 500.3 1048.1 1135.1 1243 1183 1212
Nd (ppm) 18.0 235 54.0 51.8 44.4 47.3 24.3
Sm (ppm) 4.2 5.1 9.3 9.5 N.D N.D N.D
Hf (ppm) N.D N.D N.D N.D 59 4.9 6.1
Zr (ppm) 99.0 125.6 224.7 225.2 129.8 152.1 58.5
Eu (ppm) 1.4 1.8 2.7 2.8 N.D N.D N.D
Gd (ppm) 4.2 5.1 8.0 8.3 N.D N.D N.D
Tb (ppm) 0.7 0.8 1.2 1.2 N.D N.D N.D
Dy (ppm) 3.7 39 5.0 55 N.D N.D N.D
Y (ppm) 27.0 27.2 355 355 30.9 30.9 31.8
Ho (ppm) 0.7 0.7 1.0 1.0 N.D N.D N.D
Er (ppm) 1.9 1.9 2.5 2.7 N.D N.D N.D
Tm (ppm) 0.3 0.3 0.4 0.4 N.D N.D N.D
Yb (ppm) 1.7 1.5 22 23 N.D N.D N.D
Lu (ppm) 0.3 0.2 0.3 0.3 N.D N.D N.D

In the CaO vs SiO, and CaO/Al,O; vs MgO diagrams  lavas, but comparable to published data from Mt. Maletto,
(Fig. 4c-d), studied MIs plot on a wide range of CaO con-  FS-Tephra and recent eruptive events. Both CaO and CaO/
tents (9.6-14.3 wt%), significantly more calcic than erupted Al,O; decrease with decreasing MgO, however, whole rock
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A This Study (2015 eruptive event)

Fig.4 Harker variation diagrams showing major element composition of studied MIs and bibliographic data: a SiO, vs FeOt; b SiO, vs K,0; ¢

SiO, vs CaO and d MgO vs CaO/Al,O4

data shows a less noticeable trend, keeping the CaO/Al,O,
almost constant at decreasing MgO.

Concerning the Fe—Mg partitioning between MIs and the
host olivine during the homogenization procedure, a gen-
eral disequilibrium is observed between the host-olivine and
studied MI. The "™M&Kdy; .\, value is considered at equi-
librium when comprised in the range of 0.30 +0.03 (Roeder
and Emslie 1970). Except for two MIs of the 2015 eruption,
embedded in a Fog; olivine, the majority of MlIs lies above
the equilibrium range, indicating that they could be more
evolved than their host olivine or that overheating occurred
during the homogenization experiments (Fig. Sa-b, Table 1).

Post-entrapment modifications and correction

MIs can preserve a record of changes in the magma compo-
sition (i.e. crystal fractionation, magma mixing and degas-
sing) or may record magma heterogeneities, if trapped at the
same time at different location (Wallace et al. 2021).
However, information in MIs can be obscured by
post-entrapment modifications which includes: (i) edge

crystallization of the host crystal; (ii) formation of a vapor
phase and (iii) elemental diffusion loss or gain (Fe** and/
or HY). A major focus of any MIs study is to recognize and
correct for the effect of various post-entrapment processes.

The available dataset on major element geochemistry of
olivine-hosted MIs from Mt. Etna spans over a wide range
of magma compositions that is significantly larger than
that of the erupted lavas (Metrich et al. 2004; Schiavi et al.
2015; Gennaro et al. 2019). Our geochemical data on MIs
are in general agreement with literature trends, however,
in this section, we explore the possibility that each series
(i.e. tholeiitic and alkaline) derives from a distinct paren-
tal magma and that variations in the physical-chemical
conditions of crystallization at crustal depth may explain
most of the observed compositional variations. The broad
variation in MIs composition could in fact results from the
diversity of the methodological approaches adopted by dif-
ferent authors before and during the geochemical analyses,
resulting from the absence of a shared homogenization and
analytical protocol. Apart from this study, the available
MIs data were mostly obtained after a high-temperature
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homogenization procedure at 1-atm, eventually followed
by post-entrapment correction (PEC), aiming to re-dis-
solve the daughter crystals and the vapor phase in the melt
and to reduce any MI-Host Fe—-Mg exchange as conse-
quence of host crystallization or melting at the crystal-MI
interface. In other cases, volatile-focused studies preferred
to carefully select some naturally quenched MIs from
tephra, advocating that high-temperature homogenization
procedure itself could alter the original MI composition,
by enhancing elemental lost through diffusion and host-
crystal assimilation and/or crystallization (Kamenetsky
et al. 2007).

Since studied MIs show an evident disequilibrium hav-
ing F"MeKd, . vi>0.33 we have decided to perform a
PEC to achieve the MI-host chemical equilibrium. Moreo-
ver, to better compare our MIs analyses with those reported
in the literature and obtained with different analytical and
experimental methods, the latter compositions have been
treated uniformly by considering all Fe expressed as FeOy
and normalized to 100 on anhydrous bases.

All analyzed MIs were thus re-equilibrated by apply-
ing the MIMic Pyhton script designed and described in
Rasmussen et al. (2020). The applied Fe—Mg partition
coefficient is calculated using the model of Toplis (2005)
and corrected (for each calculation step) for the estimated
pressure obtained from the H,O and CO, concentration
following the solubility model of VolatileCalc (Newman
and Lowenstern 2002). The melt temperature is estimated
by means of the olivine-liquid thermometer (Eq. 4) of
Putirka et al. (2007). The MIMIC allows the user to decide
whether the Fe**/FeT varies during the correction (Fe,Os
treated as an incompatible element) or not. Calculations
performed in this study were made by keeping the Fe**/
FeT constant at 0.2, which is a reasonable value in accord-
ance with the expected fO, of Mt. Etna magmatic system
(Giacomoni et al. 2014). We have allowed the MIMiC
script to correct for Fe—-Mg exchange since we observed a
diffusive rim characterized by a Fo gradient approaching
the MI-Host edge. Fe—Mg exchange described the process
of Fe-Loss from a MI following PEC or Fe-gain following
PEM (Danyushevsky et al. 2000; Rasmussen et al. 2020).

Since most of studied MIs presented here have a
Fe-MeKd v > 0.33, equilibrium was achieved by sub-
tracting (PEM) a variable amount of host-olivine rang-
ing from 3 to 21%; only for a unique MI with F~MeKd-
Host-mi < 0.33 equilibrium was obtained by adding (PEC)
2% of equilibrium olivine (Fig. 5a-b). The causes behind
the initial disequilibrium between the MIs and the host
olivine could be ascribed to the homogenization tem-
perature above the Ol liquidus (over heating) inducing

the assimilation of the host-olivine. This process affected
mostly low Fo olivines, gradually decreasing at higher Fo
content.

Volatile content of melt inclusions

The volatile content of studied MIs varies significantly; H,O
concentration ranges between 2.42 wt% to 6.14 wt% and CO,
content vary between 308 and 8874 ppm (Table 2). The high-
est H,O concentration measured in a 2015 MI (6.14 wt%) is
comparable with that measured in the FS Tephra (up to 6 wt%)
by Gennaro et al. (2019) and is higher than the previously anal-
yses of FS tephra by Kamenetzky et al. (2007) (2.6-3.8 wt%).

The highest CO, value is found in a sample from the 2015
lava (8874 ppm), and exceeds the maximum values obtained
by Gennaro et al. (2019) for the FS tephra (6015 ppm). CO,
contents in samples from the Tholeiitic phase range from 1937
to 4900 ppm while more recent samples from Ellittico and
Recent Mongibello plot in a restricted range between 523 and
845 ppm. The broad range in CO, abundances observed in
each phase indicates an important CO,-loss during magma
ascent and decompression. The resulting H,O/(H,0 +CO,)
molar ratio ranges from 0.92 to 1 (Fig. 6). Inside this large
range, common to all alkaline samples, Tholeiitic inclusions
plot in a range comprised between 0.94 and 0.98; almost con-
stant 0.99 for Ellittico and Historic Mongibello and ranges
from 0.92 to 1 in in 2015 Mls.

The F and Cl content are positively correlated and range
from 132 to 697 ppm and from 221 to 1766 ppm respectively
(Fig. 7a-b), suggesting a common behaviour of these volatile
species during magma ascent and degassing. The concentra-
tion of S (Fig. 7¢) is also extremely variable, ranging from 16
to 1992 ppm with the highest content measured in the recent
2015 products. F, Cl and S do not show any significant cor-
relation with H,O and/or CO,.

The relationship between the Fo content of host-Ol and the
concentration in volatiles of the MIs is showed in Fig. 8a-c.
Mis from the recent 2015 eruptive event have a significantly
higher H,O content, despite sharing a comparable range in Fo
with the other studied volcanic phase (Fig. 8a). Most of studied
MlIs show a quite low CO, concentration irrespective of the
Fo content of host Ol, further evidencing the effect of the low
solubility of CO, in the etnean magmatic system. The higher
CO, content was measured in the 2015 MIs with Fo88 and in
few inclusions from the Tholeiitic phase which are commonly
more Fo-rich.

The F and CI contents (Fig. 8c) vary significantly, and they
are generally negatively correlated with the host Fo. This is
consistent with the higher solubility of both F and CI at lower
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Fig.6 CO, vs H,O of studied and bibliographic Mls. Solid lines
reproduce possible H,O/(H,0+CO,) molar ratios representative of
initial undegassed magmas. Isobars were calculated at 1200 °C by
means of the solubility model of Iacono Marziano et al. (2012). The
depths (below crater levels) have been estimated from the crustal den-
sity from Corsaro and Pompilio (2004). The grey areas are obtained

pressure, hence testifying to some degree of differentiation
during magma ascent.

Discussion
Volatile content of undifferentiated melts

The entrapment pressure of MIs has been estimated by
using the H,0-CO, solubility model of Iacono Marziano
et al. (2012), calibrated for alkaline magmas between 900 °C
and 1200 °C. By using this model, the estimated H,O and
CO, contents are calculated at volatile saturation and hence
considered as minimum entrapment pressures. Results
(Fig. 6) show that MIs were trapped at pressures ranging
between 610+ 50 MPa and 85 + 50 MPa, corresponding to
an estimated depth from 16 km below summit craters to
1 km below summit craters, considering an average crustal
density of 2.6 g/lcm® (Corsaro and Pompilio 2004). The 2015
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simulating the degassing path starting from the measured high-
est CO, content of 8151 ppm and 6.3 wt% H,0, leading to the esti-
mated 12,250 ppm on the basis of the H,O/(H,0 + CO,) mol=0.92.
The grey dotted lines and area represent the open- and closed-system
degassing paths (up to 30% of excess fluid phase), simulated with
VolatileCalc

inclusion containing 8474 ppm CO, and 4.20 wt% H,O0 is
the deepest and, given the low H,O/(H,0 + CO,) molar ratio
of 0.92 and the high Fo content of its host olivine (Fogy), it
could be considered as the most representative of the pris-
tine volatile content of alkaline primary magmas feeding the
current Mt. Etna activity. The remaining MIs of the 2015
eruption with H,O concentration up to 6.14 wt% record dif-
ferent degree of CO, degassing during magma ascent in an
open-system regime. Similarly, all studied MIs from Ellittico
and Recent Mongibello underwent significant degassing of
both H,O and CO, before being trapped at shallow pres-
sure (< 110 MPa). Several MIs from the tholeiitic phase still
preserve a quite high CO, concentration (up to 4900 ppm)
and a H,0/(H,0 4+ CO,) molar ratio of 0.94, resulting in an
estimated entrapment pressures ranging from 569 + 50 MPa
to 203 + 30 MPa. On the other hand, some tholeiitic MIs
show an higher H,O/(H,0 + CO,) molar ratio of 0.98 that,
considered their constant H,O concentration of 3.2 wt% but
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Fig.7 Fa,Clband S c content
of studied MIs versus the
entrapment pressure calculated
using the H,O and CO, content
inferred using the solubility

model of Iacono Marziano et al.

(2012)

700

600

500

700

600

500

P (MPa)
N
8

300
200

100

700
600
500

= 400
300
200

100

W Tholeiitic Phase
@ Ellittico Phase

O Recent Mongibello
Phase

1 | A 2015 event
Em
[]
A [ ]
L A
| mA A AA
°
] o o R
o)
0 100 300 400 500 600 700 800
F (ppm)
J A
|
1 ]
= ]
]
]
J A
A
m
. R AA N A
<,
. 4 P ° o
&)
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Cl (ppm)
i A
]
7 ]
Em
[ ]
A
i A
A
]
_‘ A A [ ]
®
] ® d
19
0 500 1000 1500 2000 2500
S (ppm)

@ Springer



47 Pagel160f24

Contributions to Mineralogy and Petrology (2024) 179:47

Fig.8 H,0a, CO, b and F+Cl
¢ versus host olivine Fo content
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significantly lower CO,, suggests that they reasonably under-
went to CO, degassing during ascent.

However, the high Fo contents of host Ol (Fog;_g4) of
the whole tholeiitic suite of samples, points to consider the
measured volatile content with H,O/(H,0 4+ CO,) molar ratio
of 0.94 close to the pristine concentration in the primary
magma. The positive correlation between estimated entrap-
ment pressure and host-olivine Fo content (Fig. 5a and b, ¢)
supports the quality of the dataset, although, the estimated
entrapment pressure is systematically lower than the pres-
sure derived from Ol and Cpx thermobarometry (Giacomoni
et al. 2018; 2020). The mismatch could be caused by two
concomitant processes: (i) disequilibrium crystallization
which affected the thermobarometric estimates and (ii) MIs
degassing and subsequent underestimation of the crystalliza-
tion pressure. In this context, the ascent of the host olivine in
the magma and MIs entrapment could occur at a significant
higher speed than the olivine-melt re-equilibration.

The large variability in H,O and CO, reveals different
degassing patterns; the modelling reproduces the observed
concentration in Mls (Fig. 6) if an open-system degassing
regime is assumed to exsolve CO, at significantly higher
pressure than H,O (600 MPa).

The recognized MI containing 6.1 wt% H,O in recent
2015 alkaline products lead to suppose that its measured
440 ppm CO, is strongly affected by degassing. Aiming to
estimate the pristine H,O and CO, content of recent alka-
line melts, a maximum content of 12,250 ppm CO, can be
reconstructed assuming that this MI had a pristine H,0O/
(H,O +CO,) molar ratio of 0.92 (Fig. 6) and suffered CO,
loss in an open-conduit regime.

In this scenario, the majority of studied MIs can be inter-
preted as being trapped during magma evolution in an open
-system regime, with very few inclusions plotting along
isopleth.

When compared to bibliographic data (Gennaro et al.
2019; 2020), the overall H,O versus CO, contents of melt
inclusions reveals a broader variability with an outstanding
high volatile content in primary magmas (up to 6 wt% H,O
and 10,000 ppm CO,). Moreover, the H,O0/(H,0 + CO,) mol
ratio in CO,-rich inclusions, apparently decreases from 0.94
in sub-alkaline inclusions from the tholeiitic phase, to 0.92
in MIs from the 2015 eruptive phase.

The observed negative correlation between calculated
entrapment pressure and F and Cl contents confirms the
higher solubility of halogens with respect to H,O and CO,
(Dalou and Mysen 2015). In this context, the 0.92 H,0/
(H,0 +CO,) mol in MlIs from the 2015 eruption should rep-
resent the primary content with 132 ppm F and 221 ppm CI.
With decreasing pressure, the F and CI contents are enriched
due to decompression-driven crystal fractionation, reaching
697 ppm F and 1992 ppm CI (Fig. 7a-b).

Fractionation modelling

Fractional crystallization modelling was performed using
Rhyolite-MELTs (Gualda et al. 2012) starting from two
parental compositions: P1, representing a tholeiitic paren-
tal melt and P2, representing a parental basanitic melt for
the alkaline series. The choice of these starting points
results from the observation of a significant compositional
gap between early tholeiitic products and subsequent and
more voluminous alkaline products; this compositional shift
occurred in a very short time span (~40 ka; Tanguy et al.
1997; Branca et al. 2011). Composition P1 is derived from
a MI embedded in a Fogq Ol of the FS Tephra from Gennaro
et al. (2019) while composition P2 is derived from a MI
embedded in a Fogg Ol from the 2015 eruption. Both selected
MIs show primitive geochemical features with SiO,, MgO
and CaO/Al,O; varying from 45.41 wt% to 44.39 wt%, 9.95
wt% to 8.49 wt%, and from 1.40 to 1.00 wt% respectively.
Simulations were performed with 4 wt% of dissolved H,O
and 6000 ppm CO, in the starting melts which can be rea-
sonably assumed as average values for the volatile contents.

Simulations were performed in two-steps: the first at
pressures decreasing from 600 to 400 MPa and tempera-
tures from 1300 °C to 1200 °C; the second step at pres-
sures decreasing from 400 to 50 MPa and from 1200 °C
to 1000 °C. Modelling was initially made at FMQ+ 1.5, in
agreement with the estimation of Giacomoni et al. (2014)
but was also increased up to FMQ + 3, covering the range
of previous estimates (Kamenetsky and Clocchiatti 1996;
Mollo et al. 2015; Gennaro et al. 2020); results are shown
in Fig. 9.

Simulations starting from composition P1 reproduce a
sub-alkaline tholeiitic liquid line of descent, characterized
by a moderate decrease in FeOt and CaO. This trend reflects
the scarcity of crystallizing clinopyroxene in the first step of
simulation, which is indeed characterized by olivine + Cr-
spinel. In the second step, there is a shift in the fractionating
assemblage from Cr-Sp to Fe-Ti Mt. Plagioclase stability
is strongly reduced by the high H,O content of the melts
and restricted to P <100 MPa and T < 1100 °C, confirming
the results of Giacomoni et al. (2014). Simulations starting
from composition P2 reproduce most of the observed MIs
along an alkaline liquid line of descent, for which the first
stage of crystallization is characterized by an almost cotectic
crystallization of Ol and Cpx at 500 MPa and by the unique
presence of Fe-Ti oxide. The liquid fractionation at shal-
lower depths is constrained by the stability of clinopyroxene,
Ti-magnetite and plagioclase.

Simulations confirm that a variable fractionation degree
(F) ranging between 15 and 25% is needed to account for the
composition of most erupted melts. The effect of increas-
ing fO, from FMQ+ 1.5 to FMQ + 3 is comparable in both
simulations; fO, enlarges the oxide stability (Cr-Sp in P1
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Fig.9 Major element composition of studied and bibliographic
olivine-hosted MIs. Results in the range of FMQ+ 1.5 to+3 of the
rhyolite-MELTS fractionation modelling are plotted as curves starting

and Fe-Ti Mt in P2) as well as that of Cpx as a result of
the lower Fe?*/Fe** partitioning in the melt (Pichavant et al.
2002; Feig et al. 2010; Ubide et al. 2019;). It is notewor-
thy that the liquid line of descent derived from the starting
composition P1 closely reproduces a sub-alkaline tholeiitic
trend characterized by less pronounced increases in alkali
(Na,0 +K,0) and SiO,. These results suggest that the geo-
chemical features of FS Tephra is unsuitable to represent a
primordial magma composition of the alkaline series. The
products emitted by this eruptive event are the sole example
in the etnean suite of sub-alkaline events, erupted during
the Recent Mongibello Phase (< 12 ka; Branca et al. 2011).

Mantle source of volatiles

The undifferentiated nature of the studied MIs allows us
to speculate on the composition of the mantle source and
on the evolution of the melting processes responsible for
the sub-alkaline to alkaline transition (Post-1971, Tanguy
et al. 1997, Ferlito et al. 2009; Casetta et al. 2020). Several
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from the initial subalkaline P1 and alkaline P2 compositions. a SiO,
vs Na,O +K,O; b SiO, vs FeOt; ¢ SiO, vs CaO; d SiO, vs K,0

authors have suggested that Mt. Etna primary magmas are
generated by an enriched metasomatized mantle character-
ized by a mixed peridotitic/pyroxenitic lithologies. Two
almost complementary scenarios have been invoked: (i) the
increasing contribution of crustal slab-derived components
in the mantle source in the last 15Ka (Doglioni et al. 2001;
Tonarini et al. 2001; Corsaro and Metrich 2016) or (ii) the
multi-stage melting of a veined enriched spinel peridotitic/
pyroxenitic mantle characterized by variable eutectic con-
tribution of amphibole and phlogopite (Correale et al. 2014;
Casetta et al. 2020).

The main data supporting the first scenario are the high
5!'B, and ¥'Sr/*°Sr and the low '**Nd/'**Nd, the high Rb/
Th in recent 2001 and in FS Tephra (Tonarini et al. 2001;
Kamenetsky et al 2007; Schiavi et al. 2015). On the other
hand, other studies highlighted the extreme variability in
isotopic and Rb/Th ratios, and K content in both pre-historic
and recent products suggesting that the temporal increase
in subduction-related contribution is weakly supported
and more likely resulting by the absence of sufficient data
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(Ferlito and Lanzafame 2010; Ferlito et al. 2014). Hence,
modal heterogeneities of an enriched mantle characterized
by variable amounts of hydrous phases (Amph/Phlog) could
also be considered as the main factor constraining the geo-
chemical variability of erupted lavas with time. With this
assumption, Casetta et al. (2020) modelled the composi-
tional change from the Tholeiitic Phase to Alkaline and the
K-enrichment in recent etnean lavas, invoking two different
mantle source domains (named S-1 and S-2), characterized
respectively by 2% and 3% modal content of amphibole and
2.5% and 2.7% of phlogopite (Casetta et al. 2020). This
result is consistent with the scenario of Beccaluva et al.
(1998) and Correale et al. (2018) for the nearby Hyblean
magmatism, where two different amphibole + phlogopite-
bearing spinel peridotites seems to be required to account
for the compositional features of the tholeiitic and alkaline
magmas at Mt. Etna.

A slight variation in the Amph/Phlog melting proportions
could significantly affect the H,O/CO, ratio in primary melt
inclusions. In order to verify if this scenario is plausible, a
mass balance mantle melting modelling has been performed
with the aim to reproduce the observed sub-alkaline and
alkaline MIs composition; following the method described
by Beccaluva et al. (1998).

Reiterative mass-balance calculations were carried out
between two representative MIs compositions (ET4 8/1
Tholeiite and CC2015 109/01 alkaline), selected based on
their SiO,, MgO and CaO/Al,O;, and plausible chemical
and mineralogical peridotite source compositions. Calcula-
tion was performed by melting (adding) different propor-
tions of the mineral constituting the spinel-lherzolite (Ol,
Opx, Cpx and Sp) and re-crystallizing (subtracting) more
refractory mineral phases from an harzburgite, both fertile
and refractory mineral phases derive from mantle xenoliths
embedded in alkaline basalts and basanites from the Hyblean
magmatism (Beccaluva et al. 1998). This method allows to
take into consideration, the solid-solution constituent which
enter the melt, since the most fusible components contribute
to the melt formation, especially in the early stage of melt-
ing. Resulting sums were normalized to 100% anhydrous and
constitute the eutectic proportions of the melting process.
The iterative calculation stopped when the 1? (total square
residua) was below 1 (Table 3).

The modal content of amphibole and phlogopite in the
mantle source and their eutectic contribution during melting
should have been significant. Because these mineral phases
are generally absent in the Hyblean xenoliths, their composi-
tion was taken from the peridotite xenoliths from Kerguelen
(Moine et al. 2004).

Starting fertile and refractory mineral phases and the
results of the mass-balance calculations are reported in
Table 3. The melting process needed to reproduce the tholei-
itic MI (ET4 8/1) was characterized by a significant eutectic

contribution of amphibole (85%), clinopyroxene (28.8),
spinel (3.8%) and orthopyroxene (2%) with a total melting
degree of 21.4% and a r*=0.92. Conversely, recent alkaline
2015 MIs composition (CC2015 109/01) requires phlogopite
in the melting process (12%) together with amphibole (69%)
and clinopyroxene (45.3%) and spinel (5.1%) for a total
melting degree of 16% and r*=0.49. Notably, an increased
contribution of clinopyroxene on the eutectic is necessary to
reproduce the SiO,-undersaturated composition of alkaline
MlIs.

Results suggest that modeled MIs compositions could
derive from a spinel-lherzolitic source similar to the calcu-
lated S2-like source of Beccaluva et al. (1998); constituted
by the following assemblage: 54% olivine, 20% orthopy-
roxene, 15.3% clinopyroxene, 5% spinel, 3% amphibole and
2.7% phlogopite. Variations in the eutectic contributions
of Opx/Cpx and Amph/Phlog are the primary aspects con-
straining the compositions of tholeiitic and alkaline melts.
This result is also consistent with those obtained by model-
ling the trace element composition of reconstructed primary
melts from Casetta et al. (2020), where observed Rb/Th, Rb/
Nb and Rb/Hf differences between subalkaline and alkaline
melts are accounted with slightly changes in the amphibole/
phlogopite proportions during partial melting.

The reciprocal stability of amphibole and phlogopite in
the mantle, is strongly affected by the composition of the
fluxing fluid phase (Green et al. 2014). Considering this
complex interplay, the global observed changes in H,O/
(H,0+ CO,) mol from 0.70 to 0.99 in almost undifferenti-
ated MIs the analyses MI’s of this study for in terms of, are
apparently not related to the alkaline affinity of Mis. Instead,
they could be indirectly related to the composition of pri-
mary melts beneath Mt. Etna.

The abundant literature on trace element and isotopic
composition of etnean lavas highlighted that the man-
tle source must be significantly enriched, with prominent
HIMU component over a depleted MORB signature (Cor-
reale et al. 2014). Most studies agree in considering that
the mantle source was strongly metasomatized by alkaline
melts/fluids before the onset of the etnean magmatism
550 ka B.P. The effects of H,O and CO, in the percolating
metasomatic agents are to stabilize amphibole and phlogo-
pite in variable proportions. Hence, the observed change
in H,0/(H,0 + CO,) mol from 0.94 to 0.92 (Fig. 6) in the
less degassed primary MIs could be explained as the result
of partial melting of a mantle domain richer in phlogopite
and CO, contributing to increasing the K,O content in more
recent alkaline products.

There is a vivid debate about the role of the Ionian sub-
duction in the genesis of Mt. Etna magmatism. In order to
investigate the origin of the volatiles involved in the man-
tle melting below Etna, a comparison between H,0/CO,
and CI/F is shown in Fig. 10. Cl and F are less abundant in
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Table 3 Mantle melting modelling results. Eutectic melting proportions E1 and E2 for the generation of sub—alkaline tholeiite and alkaline melts

respectively
Mantle Mineral Phases Lherzolite Harzburgite
oll opx1 cpxl spl amph phlo ol2 opx2 cpx2

Si0, (wt%) 40.69 55.70 53.03 0.06 42.37 40.70 39.79 55.29 51.14
TiO, (wt%) 0.00 0.15 0.51 0.71 2.50 2.74 0.00 0.06 0.49
AL O; (Wt%) 0.00 3.25 443 50.21 12.10 14.30 0.00 2.95 3.45
FeOt (wt%) 11.36 6.98 4.21 14.77 5.69 3.65 8.84 5.46 2.90
MgO (wt%) 48.71 32.03 17.72 19.43 16.79 23.70 50.00 33.93 16.88
CaO (wt%) 0.13 0.72 18.17 0.12 11.41 0.02 0.06 1.15 21.51
Na20 (wt%) 0.00 0.03 1.21 0.01 3.55 1.02 0.00 0.00 0.57
K20 (wt%) 0.00 0.00 0.00 0.01 0.72 9.09 0.00 0.00 0.00
Total 100.89 98.86 99.28 85.32 95.13 95.22 98.69 98.84 96.94

8_1 Tholeiite Norm 100 Calculated Melt Error El %
Si0, (wt%) 46.55 47.12 46.77 0.12 Ol =20
TiO, (wt%) 1.91 1.93 2.34 0.17 Opx 2
Al,O; (Wt%) 13.6 13.77 14.20 0.19 Cpx 29
FeOt (wt%) 10.38 10.51 10.12 0.15 Sp 4
MgO (wt%) 8.06 8.16 8.33 0.03 Amph 85
CaO (wt%) 13.91 14.08 14.07 0.00 Phlo 0
Na,O (wt%) 3.83 3.88 3.55 0.10 Tot 100
K,O (wt%) 0.55 0.56 0.61 0.00
Total 98.79 100 100 0.76 12 0.87

109_1 Alkaline Norm 100 Calculated Melt Error E2 %
Si0, (wt%) 44.57 45.22 45.36 0.02 Ol -16
TiO, (wt%) 1.94 1.97 2.31 0.12 Opx -16
ALO; (Wt%) 14.24 14.45 14.52 0.01 Cpx 45
FeOt (wt%) 12.44 12.62 12.43 0.04 Sp 5
MgO (wt%) 6.21 6.30 6.15 0.02 Amph 69
CaO (wt%) 14.34 14.55 14.36 0.04 Phlo 12
Na,O (wt%) 3.19 3.24 3.30 0.00 Tot 100
K,O (wt%) 1.64 1.66 1.58 0.01
Total 98.56 100.00 100.00 0.24 ? 0.49

12, the total square residua

basaltic melts with respect to H,O and CO,, for this reason
they represent only a minor component of the vapor phase
(Rowe and Lassiter 2009) despite their lower solubility.
Below saturation, Cl and F behave as incompatible elements
(similarly to K and Nb). In Fig. 10, Mt. Etna MIs are plot-
ted together with literature data of olivine-hosted MIs from
MORB, E-MORB, Ocean Island Basalts and Continental
Intraplate Basalts. Since H,0 and Cl-rich fluids tend to be
incorporated in oceanic lithosphere during hydrothermal-
ism at oceanic spreading ridges and then released during
prograde metamorphism of the subducted slab, arc related
magmatism shows a significative higher H,0/CO, and CI/F
ratio with respect to MORB and intraplate magmatism. A
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positive (almost continuous) trend toward higher H,0/CO,
and CI/F from MORB to arc volcanism is thus evident in
Fig. 10. In this framework Mt. Etna MIs show a significant
high CI/F, partially overlapping the field of arc magmatism.
This result, however, does not allow to univocally invoke
the active presence of subductive fluids from the current
active Ionian slab in Etna mantle source. Recent studies on
volatiles in olivine-hosted MIs from alkaline continental rift
magmatism demonstrated that fluids from old (> 100 Ma)
subduction can be stored in lithospheric and sublithospheric
mantle domains and remobilized by subsequent alkaline rift-
related magmatism (Rowe and Lassiter 2009; Hudgins et al.
2015; Rowe et al. 2015; Aviado et al. 2015; Stefano et al.
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Fig. 10 H,0/CO, versus CI/F 100000
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2011; Giacomoni et al. 2020). The alkaline composition of
primary magmas and the absence of K, Nb and Ti anomalies
in Mt. Etna both subalkaline and alkaline products (Tanguy
et al. 1997; Casetta et al. 2020) could be further evidence
toward this last scenario.

The occurrence of alkaline anorogenic and volatile-rich
magmatism during Plio-Pleistocene on Mt. Iblei and in the
Etnean area suggest that this lithospheric domain was sig-
nificantly metasomatized by alkaline and carbonatitic fluids
(Beccaluva et al. 1998). Paleogeographic and geodynamic
reconstructions suggest that this domain could have been
affected by the dehydration of the S-SE subducting slab of
the Alpine Tethys beneath the African continental margin
from 120 to 80 Ma (Rosenbaum et al. 2004; Turco et al.
2007; Zarcone and Di Stefano 2010). In this scenario, the
lithologies of the Eastern Sicily lithospheric mantle domains
were likely affected by metasomatic hydrous fluids/melts
enriched in incompatible elements, and this could have
resulted in a veined lithospheric mantle in Amph/Phlog. The
onset of melting processes of this re-fertilized mantle could
have been easily triggered by local lithospheric decompres-
sion as a result of the foreland thinning after the Appen-
nine-Maghrebian chain formation (Mt. Iblei magmatism,
Beccaluva et al. 1998) or constrained by the left-lateral tran-
stensive movement of the Malta Escarpment (Mt. Etna, Neri
et al. 2018). Further trace elements, volatiles and isotopic
studies on primary melts are needed to better constrain this
hypothesis but this model is consistent with what is observed
at the Rio Grande Rift (Rowe and Lassiter 2009; Rowe et al.
2015), the East African Rift (Hudgins et al. 2015) and the
West Antarctic Rift (Giacomoni et al. 2020).

Cl/F

Conclusions

This study confirms the extreme compositional variability
of olivine-hosted Mls of Mt. Etna in terms of both major
elements and volatiles. Moreover, the HP-HT homogeniza-
tion procedure allowed to identify a few plausible primary
magma compositions for both the subalkaline and alkaline
trends of the etnean lavas. Rhyolite-MELTS thermodynamic
modelling reproduces the observed liquid lines of descent by
fractional crystallization through the magmatic system under
variable redox states which, in turn, constrain the appearance
of Fe-oxides on the liquidus at the expense of clinopyroxene.

In accordance with previous studies, primary melts on
Etna seem significantly enriched in volatile species. Our
determinations suggest that undifferentiated basanitic melts
could contain up to 6.14 wt% H,O and 8474 ppm CO,,
which lead to up to an initial content of 12,250 ppm CO, if
a constant H,O/(H,0 + CO,) mol of 0.92 is assumed.

The CI/F ratios strongly suggest a contribution from sub-
duction fluids, together with the absence of significant K,
Nb and Ta depletions in Etnean primary magma. Mantle
melting modelling suggest that a variable eutectic contri-
bution of amphibole and phlogopite in a spinel-lherzolitic
mantle source accounts for recognized sub-alkaline and
alkaline MIs compositions. We suggest that fluids contained
in etnean magmas could have been inherited from the pro-
longed 120-80 Ma Alpine Tethys subduction and remobi-
lized by melting of Amph/Phlog enriched mantle domains
due to lithospheric decompression later on.
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