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Themajor elements, trace elements and Sr and Nd isotopes of selected Etnean primitive rocks (b15 ky BP) were
studied in order to characterize their mantle source. The noble-gas geochemistry of fluid inclusions in minerals
from the same lavaswas also investigated. Themajor element compositions of whole rocks andminerals showed
that these products are among themost primitive at Mt. Etna, comprising 6.3–17.5 wt.% MgO. The variable LREE
(Light Rare Earth Elements) enrichment relative toMORB (Mid-Ocean Ridge Basalt) (Lan/Ybn = 11–26), togeth-
erwith the patterns of certain trace-element ratios (i.e., Ce/Yb versus Zr/Nb and Th/Y versus La/Yb), can be attrib-
uted to varying degrees of melting of a common mantle source. Numerical simulations performed with the
MELTS program allowed themelting percentages associatedwith each product to be estimated. This led us to re-
calculate the hypothetical parental trace-element content of the Etneanmantle source, whichwas common to all
of the investigated rocks. The characteristics of the Sr, Nd and He isotopes confirmed the primitive nature of the
rocks,with themost-depleted and primitive lava being that ofMt. Spagnolo (SPA; 143Nd/144Nd = 0.512908 87Sr/
86Sr = 0.703317–0.703325 and 3He/4He = 7.6 Ra), and highlighted the similarity of the mantle sources feeding
the volcanic activity of Mt. Etna and the Hyblean Plateau (a region to the south of Mt. Etna and characterized by
oldermagmatism thanMt. Etna). The coupling of noble gases and trace elements suggests an origin for the inves-
tigated Etnean lavas from melting of a Hyblean-like mantle, consisting of a two-component source where a
peridotitic matrix is veined by 10% pyroxenite. A variable degree of mantle contamination by crustal-like fluids,
probably related to subduction, is proposed to explain the higher Sr-isotope and lowerNd-isotope values in some
rocks (143Nd/144Nd up to 0.512865 and 87Sr/86Sr up to 0.703707). This process probably occurred in the source
prior to magma generation, refertilizing some portions of the mantle. Accordingly, the estimated degree of melt-
ing responsible for each magma appears to be related to its 87Sr/86Sr enrichment. In contrast, the decoupling
between 3He/4He and 87Sr/86Sr ratios requires the occurrence in the crustal reservoirs of further processes capa-
ble of shifting the He isotope ratio towards slightly more radiogenic values, such as magma aging or a contribu-
tion of shallow fluid. Therefore, different residence times in the Etnean reservoir and/or various rates of magma
ascent could be key parameters for preserving the original He isotope marker of the Etnean mantle source.

© 2013 Published by Elsevier B.V.
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1. Introduction

Mt. Etna in Italy is a composite stratovolcano located on the eastern
coast of Sicily. It formed at the convergence zone of the European and
African tectonic plates in an unusual geodynamic context characterized
by subduction of the Ionian oceanic slab (Fig. 1). It may be responsible
for the arc volcanism of the Aeolian archipelago (less than 100 km
north of Mt. Etna) and the Triassic to Quaternary alkaline/tholeiitic
mafic magmatism of the Hyblean Plateau (less than 50 km south of
Mt. Etna).

In attempts to determine the origin of Etnean magmatism, several
researchers have investigated the characteristics of its mantle source
and possible relationships with the complex geodynamic framework
(e.g., Doglioni et al., 2001; Peccerillo, 2005, and references therein).
The petrological and geochemical features of the erupted products
show a large variability that has led to several hypotheses about the
magma origin. Many authors (e.g., Armienti et al., 2004; Carter and
Civetta, 1977; Tanguy et al., 1997; Tonarini et al., 2001; Viccaro and
Cristofolini, 2008; Viccaro et al., 2011, and references therein) have
identified the mantle source as the main cause of the compositional
and isotope variations in some Etnean lavas. A few authors (e.g.,
Tanguy, 1980; Tanguy et al., 1997) invoked the hypothesis of different
degrees of partial melting of a homogeneous mantle source, with the
existence of such a source being supported by the constant δ18O
(5.4 ± 0.3‰) and 3He/4He ratio (3He/4He = 6.7 ± 0.4 Ra) measured
byMarty et al. (1994) and Nuccio et al. (2008) in awide range of Etnean
volcanic rocks. In contrast, other authors (e.g., Armienti et al., 2004;
Tonarini et al., 2001; Viccaro and Cristofolini, 2008; Viccaro et al.,
2011) have favored a heterogeneous and metasomatized source that
is closely related to the complex geodynamic context. Shallow contam-
ination of Etnean magmas due to assimilation of rocks from the sedi-
mentary basement and/or crustal fluids has also been suggested (e.g.,
Armienti et al., 2004; Michaud, 1995; Tonarini et al., 2001).
Fig. 1. Sketch map of Mt. Etna showing the sampling sites of the studied products (modified fr
Doglioni et al., 2001) (right).
Many studies have focused on source-related issues, and some
aspects are still widely debated. A central aspect has been the relation-
ship between the mantle sources feeding Etnean and Hyblean volcanic
activities, given the proximity of the two volcanic regions and the tem-
poral continuity between them (Cadoux et al., 2007; Carter and Civetta,
1977). Although the geochemical and isotope compositions of Etnean
products are slightly less depleted than Hyblean ones (Bianchini et al.,
2010; Perinelli et al., 2008), there is a general similarity among the geo-
chemical characteristics of the two areas. An understanding of Etnean
petrological and geochemical characteristics may therefore be obtained
from recent studies that have focused on mantle xenoliths occurring in
maficmagmas of theHyblean Plateau, that are completely lacking atMt.
Etna. By investigatingHyblean xenoliths, Correale et al. (2012) provided
evidence that the local lithosphere is heterogeneous and features a shal-
low peridotitic layer with a tendency towards HIMU-like compositions
(3He/4He ~7 Ra, 143Nd/144Nd ~0.5129 and Zr/Nb ~4) and a pyroxenitic
layer showing characteristics more similar to a DM (Depleted Mantle)
source (3He/4He ~7.6 Ra, 143Nd/144Nd ~0.5130 and Zr/Nb ~30). Given
these constraints the pyroxenites could be produced by crystallization
of primitivemelts coming from great depth and permeating the perido-
titic mantle to different levels, thus representing themetasomatic agent
(Correale et al., 2012; Sapienza and Scribano, 2000).

In this paperwe provide additional constraints on themantle source
of Etnean magmas by studying the products from some key eruptions
that occurred during prehistorical to historical periods. They include
tephra of explosive eruptions and low-volume lava flows, which have
been fed by the most-primitive magmas of those erupted at Mt. Etna
(MgO = 6.3–17.6 wt.%). We have integrated the following diverse
approaches: (i) petrology of whole rocks, including mineral chemistry,
major and trace elements, and Sr and Nd isotopes of lavas/pyroclasts,
(ii) geochemistry of noble gases, including determinations of He, Ne
and Ar isotopes extracted from fluid inclusions within olivine and
clinopyroxene phenocrysts, and (iii) modeling of the Etnean mantle
om Patanè et al., 2006) (left) and geodynamic draft of the South Italy area (modified from
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source, starting from the compositions of the primitive studied prod-
ucts and tracing back the effects of partial melting and shallow
crystallization.

Our results present a more-complete picture of the features of the
mantle beneath Mt. Etna, thereby providing insights into the processes
controlling the generation of primitive magmas and allowing compari-
son with the Hyblean mantle source.
2. Summary of the geological and volcanological background

Volcanic activity at Mt. Etna began about 500 ky BP, with the Basal
Tholeiitic Supersynthem (Branca et al., 2011a; De Beni et al., 2011)
and eruption of submarine/subaerial tholeiitic lavas that crop out near
the Ionian coast (Corsaro and Cristofolini, 1997, 2000). This was follow-
ed by the Timpe Supersynthem (220–120 ky BP; Branca et al., 2011a),
which was characterized by eruptions that gradually changed from
subalkaline to Na-alkaline (Corsaro and Pompilio, 2004; Tanguy,
1978). The volcanism moved westward during the next period (the
Valle del Bove Supersynthem, 110–65 ky BP; Branca et al., 2011a),
building several monogenetic volcanoes whose remnants are now
exposed in the Valle del Bove scars (Spence and Downes, 2011). The se-
rial affinity of the erupted magmas was distinctly Na-alkaline. The last
period of activity was the Stratovolcano Supersynthem (60–2 ky BP),
which was characterized by the construction of a stratovolcano in a
position approximately coincident with the present-day volcano.
This period can be further subdivided into the Ellittico volcano
(60–15 ky BP) and the Mongibello volcano (15 ky BP to the present
day). The Ellittico volcano erupted lavas and pyroclastic rocks of Na-
alkaline affinity and ended its activity with four Plinian eruptions that
generated pumice fall deposits and a small volume ignimbrite (Coltelli
et al., 2000) related to the summit collapse of the Ellittico caldera at
15 ky BP (Branca et al., 2011a). Post-Ellittico activity continued filling
the small caldera and building the Mongibello volcano. This period
was dominated by eruption of lava flows and a few highly explosive
eruptions (Plinian to sub-Plinian) fed by basaltic to picritic magmas
(Coltelli et al., 2000, 2005). The most violent event was the basaltic
Plinian eruption of 122 BC (Coltelli et al., 1998), which is associated
with the formation of the Cratere del Piano summit caldera that is
nested close to the older Ellittico caldera.

Activity since 122 BC is characterized by a gradual increase in the
eruption frequency and an increase in K and 87Sr/86Sr isotopic ratios,
especially for the magmas erupted after 1971, which is a benchmark
year in the geochemistry of recent magmatism at Mt. Etna (Armienti
et al., 2004; Métrich et al., 2004; Tanguy et al., 1997; Viccaro and
Cristofolini, 2008).

During the last few centuries, magma has erupted fromboth summit
craters and parasitic cones on the volcano flanks. Both “summit” and
“flank” eruptions are primarily controlled by magma ascent from the
central-conduits feeding system. Erupted lavas are generally K-
trachybasalts that are highly porphyritic (30–40% phenocrysts) and
rich in plagioclase (Armienti et al., 1988; Corsaro et al., 2009). However,
a few rare flank eruptions ofMt. Etna are highly explosive and formed of
nearly aphyric (5–10% phenocrysts) basaltic–trachybasaltic magma
with scarce plagioclase. Such eruptions were originally termed “eccen-
tric” (Rittman, 1965) and more recently as “deep dike fed” (DDF;
Corsaro et al., 2009), a name that is free from topographical implications
(i.e., eccentric relative to the summit craters) and better identifies their
main characteristic—supplied by intrusions that originate from below
the volcanic pile and that have apparently bypassed the central-conduit
system. Historic DDF eruptions occurred in 1763 from the “La
Montagnola” cone (MONT), in 1974 [Mts. De Fiore (DEF)], and in 2001
and 2002–2003 (Coulson et al., 2011). Prehistoric lavas erupted at
several parasitic cones [i.e., Mt. Maletto (MAL) and SPA] could be also
perhaps related to old DDF-type eruptions (Armienti et al., 1988). The
occurrence of an even-more-primitive picritic magma at Mt. Etna is
indicated by the fall-stratified (FS) pyroclastic deposit reported by
Coltelli et al. (2005).

3. Samples and analytical methods

The samples investigated here consist of six picritic to trachybasaltic
lavas and tephra from parasitic cones (Fig. 1) as follows:

1. Lava from 1974 eruption of DEF (Corsaro et al., 2009, and references
therein).

2. Lava from 1763 eruption of MONT (Miraglia, 2002; Sturiale, 1970).
3. Lavas from eruptions of MAL and SPA (Armienti et al., 1988;

Kamenetsky and Clocchiatti, 1996), which occurred after the Ellittico
caldera collapse (15 ky BP) but before the FS lithohorizon
(3930 ± 60 y BP; Branca et al., 2011b).

4. Tephra FS sample,which is fromhighly vesiculated (voids = 60 vol.%)
scoria lapilli from the sub-Plinian FS eruption (3930 ± 60 y BP;
Coltelli et al., 2005) fed by volatile-rich picritic magma that rapidly
ascended from the source zone (Kamenetsky et al., 2007).

5. Tephra ET0901 sample, highly vesiculated (voids = 50 vol.%) scoria
lapilli, is basanitic in composition and lies just above the FS tephra
and below the FG layer (122 BC; Del Carlo et al., 2004). This scoria
probably derives from a Strombolian flank eruption from the Salto
del Cane parasitic cone dated as 3 ky old (Del Carlo et al., 2004).

Whole-rock composition of major elements in the investigated
samples was determined by inductively coupled plasma (ICP) optical
emission spectrometry at the Centre de Recherches Pétrographiques
et Géochimiques in Nancy, France. Analytical uncertainty (1σ) was
b1% for SiO2 and Al2O3, b2% for Fe2O3, MgO and CaO, b5% for Na2O,
K2O, MnO and TiO2, and b10% for P2O5. For further information on the
analyses see http://helium.crpg.cnrs-nancy.fr/SARM/index.html.

Trace elements were analyzed by an Agilent 7500 ICP mass spec-
trometer at Istituto Nazionale di Geofisica e Vulcanologia (INGV),
Sezione di Palermo. Selected portions of samples were crushed and
powdered with an agate mortar, then a weighed aliquot (~100 mg)
was digested using HF and HNO3. The analytical precision was ≤10%
for all trace elements, while the accuracy of the method was ≤4%.

Mineral phaseswere analyzedwith anOxford LEO scanning electron
microscopy–energy dispersive spectrometry device (housed at DISTeM,
University of Palermo) using natural (standardOxford silicateminerals)
and synthetic standards for semi-quantitative analyses (Rotolo et al.,
2006). An accelerating voltage of 20 kV and a beam current of 600 pA
were used. Routine daily analyses on a standard glass resulted in an
analytical uncertainty (1σ) of b1% for SiO2 and Al2O3 and b6% for FeO,
MgO, CaO, Na2O and K2O.

87Sr/86Sr and 143Nd/144Nd ratios were determined in whole-rock
samples and were measured by thermal-ionization mass spectrometry
at the Isotope Geochemistry Laboratory of INGV, Osservatorio
Vesuviano, by a TRITON TI multicollector mass spectrometer. All Sr
and Nd isotopic data have been normalized to the accepted values
of 87Sr/86Sr = 0.71025 for the NIST-SRM 987 standard and of 143Nd/
144Nd = 0.51185 for the La Jolla standard, respectively. The techniques
used are described by Di Renzo et al. (2007). Sr and Nd measurements
were normalized for mass fractionation to 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. The mean measured value of 87Sr/
86Sr for NIST-SRM 987 was 0.710215 (2σ = 0.000011, N = 54) and of
143Nd/144Nd for the La Jolla standard was 0.511841 (2σ = 0.000015,
N = 16). The external reproducibility (2σ) value was calculated accord-
ing to Goldstein et al. (2003). The Sr and Nd blanks were negligible for
the analyzed samples during the period of measurements. Two distinct
analyses of Sr isotopic compositions are also reported for a few of the
samples.

Noble gases (He, Ne and Ar) were analyzed at INGV, Sezione di
Palermo, by single-step crushing under ultra-high-vacuum conditions
at a pressure of about 200 MPa. About 1–2 g of fresh olivine or pyroxene
phenocrysts was hand-picked from each rock and analyzed twice. Gas
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released from crushed minerals was cleaned in an appropriate prepara-
tion line connected to themass spectrometers. He and Newere analyzed
by a Helix-SFT device, while Ar was analyzed by an Argus machine. We
adopted the procedure described in Correale et al. (2012) and Nuccio
et al. (2008).

4. Petrography and mineral chemistry

The main petrographic features and mineral chemistry of study
rocks are summarized in Supplementary Table A1.

4.1. Lavas

Lava flows at MONT, DEF, MAL and SPA are all nearly aphyric
(phenocrysts ≤15 vol.%), distinctly poorer in crystals than the Etnean
trachybasalts fed by the central-conduits system, which are typically
rich in crystals (phenocrysts up to 50 vol.%; Corsaro and Pompilio,
2004).

Phenocrysts are set in a microcrystalline matrix and consist of
euhedral to subhedral olivine (up to 2 mm in length), which is more
abundant than clinopyroxene (subhedral, up to 3 mm in length), and
titaniferous magnetite. The microlitic constituents of the groundmass
are: plagioclase N clinopyroxene ≥ olivine ≥ Ti-magnetite.

The forsterite content of olivine phenocrysts (Table A1) is Fo85–91
for MAL, Fo74–89 for SPA, Fo71–81 for MONT and Fo75–83 for
DEF. Clinopyroxene phenocrysts are Wo44–47En29–37Fs4–9 for DEF,
Wo40–46En36–42Fs3–7 for SPA, Wo38–44En36–43Fs7–12 for MAL and
Wo45–48En29–38Fs6–11 for MONT.

4.2. Tephra

Scoria lapilli FS and ET0901 are both almost aphyric (phenocrysts b5
and b10 vol.%, respectively). The phenocryst assemblage consists of
euhedral to subhedral olivine (up to 1 mm in length) followed by
subhedral clinopyroxene (0.5–2 mm in length). Plagioclase is absent
in FS tephra, while plagioclase microphenocrysts occur in small
amounts in ET0901 scoria.

The groundmass of the FS sample is glassy with very rare microlites
of clinopyroxene and olivine, whereas that of ET0901 is glassy with
portions exhibiting variable enrichment in micro-opaques.

Olivine phenocrysts of FS are Fo90–92 whereas the Mg content varies
in ET0901 samples (Fo72–89). The clinopyroxene composition is
Wo42–43En44–47Fs4–6 for FS and Wo44–46En32–35Fs6–11 for ET0901.
Plagioclases in ET0901 are An51–66.

TheMg-rich olivine in the FS scoria lapilli and the picriticwhole-rock
composition represent the most-primitive compositions of the overall
Etnean magmatism and allow the FS to be defined as a primary
magma that has not suffered significant modification after extraction
from its mantle source (Coltelli et al., 2005).

TheMAL sample, although also primitive, has amore-variable olivine
composition than FS, and also some peculiar trace-element and isotopic
patterns (Armienti et al., 1988; Corsaro and Pompilio, 2004) that require
more complex source processes in addition to some stages of crystalliza-
tion (see discussion in Kamenetsky andClocchiatti, 1996); this argument
can be partially extended to SPA.

5. Results

5.1. Major and trace elements

Major-element compositions of our samples (Table 1, Fig. 2) have
already been widely investigated, and our results are consistent with
those of previous studies (red symbols in Fig. 2; data from Armienti
et al., 1988, 2004; Clocchiatti et al., 2004; Coltelli et al., 2005; Corsaro
et al., 2006, 2009; Tanguy et al., 1997; Viccaro and Cristofolini, 2008;
Viccaro et al., 2006). The samples include picritic basalts (sample FS),
basalts (MAL and MONT), trachybasalts (DEF and SPA) and a tephrite–
basanite (ET0901).

Fig. 2 compares our data with those of the main historical eruptions
of Mt. Etna. In particular, we discern the fields of the tholeiitic lavas
(i.e., the oldest of Mt. Etna; data from Armienti et al., 2004; Tanguy
et al., 1997) from all of the other alkaline lavas, distinguished in pre-
and post-1971 (Armienti et al., 1994; D'Orazio et al., 1997; Finocchiaro,
1995; Joron and Treuil, 1984). Lavas erupted after 1971 are characterized
by a higher K content (Armienti et al., 1994; Clocchiatti et al., 1988, 2004;
Corsaro and Pompilio, 2004;Métrich et al., 2004; Viccaro and Cristofolini,
2008). Our sample compositions confirmed the temporal trend: lavas
and tephra erupted between 15 ky and ~400 y BP (i.e., MAL, SPA,
MONT, ET0901 and FS) correspond to the most-primitive composition
of pre-1971 volcanic rocks, and the 1974 lava (DEF) falls within the
trachybasaltic field, where the post-1971 magmas appear on the plot.

The investigated rocks are among themost-primitive lavas that have
been erupted at Mt. Etna, showing the lowest Na2O, K2O and SiO2 con-
tents (Fig. 2). This primitive nature is also highlighted in the plot of
MgO versus CaO/Al2O3 in Fig. 3. Comparing alkaline and tholeiitic
lavas in this figure reveals that the studied lava/tephra represent some
of the least evolved alkaline products of the Etnean history, with FS
being the most-primitive magma.

Fig. 4 shows that all studied samples exhibit a similar LREE enrich-
ment (Lan/Ybn = 11–26) comparable to that found in other Etnean
products (tholeiites and pre- and post-1971 alkaline lavas; data from
Armienti et al., 2004; Corsaro and Pompilio, 2004; Cristofolini et al.,
1991; D'Orazio et al., 1997; Viccaro and Cristofolini, 2008). A difference
in REE concentrations between the investigated samples is also evident,
increasing from FS picrite to ET0901 and SPA (Fig. 4). For comparison
with a potential referencemantle source, we report also the REE pattern
of Hyblean peridotites (data from Correale et al., 2012; Sapienza and
Scribano, 2000). The patterns are comparable, although our products
are richer in REE relative to Hyblean xenoliths.

The MORB-normalized multi-element diagram (Fig. 5) displays a
humped pattern common to all studied samples, and due to different
degrees of enrichment between the LILE (e.g., K, Ba and Rb) and HFS el-
ements (e.g., Zr, Nb andHf). Both LILE and HFS elements of each sample
are enriched (to varying degrees) relative to MORB. Comparison of
these results with those from OIB- and arc-type volcanism suggests a
composition intermediate between the two types.

Fig. 6 shows the plots of the ratios of highly incompatible trace ele-
ments, that are little affected by later crystal fractionation processes
and so reflect source characteristics (see also Fig. 11). We selected in-
compatible elements that are fluid-immobile (except La) and whose
concentration in the melt is controlled only by source chemistry and
crystal/melt processes during melt genesis and evolution. Our results
are consistent with the literature data (red symbols in Fig. 6; data from
Armienti et al., 2004; Coltelli et al., 2005; Corsaro et al., 2009; Viccaro
and Cristofolini, 2008) for products from the same eruptions, confirming
a homogeneous composition. The investigated products are compared to
literature data for tholeiitic, pre- and post-1971 alkaline lavas (Armienti
et al., 2004; Corsaro and Pompilio, 2004; Cristofolini et al., 1991; D'Orazio
et al., 1997; Viccaro and Cristofolini, 2008) and also mantle xenoliths
(peridotites and pyroxenites; Correale et al., 2012; Sapienza and
Scribano, 2000) from theHyblean Plateau. All of our samples plot partial-
ly within the field of post-1971 alkaline lavas, with FS approaching the
field for tholeiites. Compared to Hyblean mantle xenoliths, the rocks in
this study plot overlap with the composition of peridotites, suggesting
a close similarity of their mantle sources with the Hyblean mantle. In
Fig. 6, Etnean products are characterized by trends whose end-
members are always represented by SPA and FS lavas.

5.2. Sr–Nd isotopes

Sr and Nd isotopic analyses of the studied samples are listed in
Table 1 and plotted in Fig. 7. The 143Nd/144Nd ratio is highest for



Table 1
Major elements, trace elements and Sr–Nd isotopic ratios for whole-rock studied samples.

DEF MAL MONT SPA FS ET0901

SiO2 (wt.%) 46.20 47.47 46.93 48.46 45.05 44.57
TiO2 1.76 1.51 1.61 1.52 0.83 1.63
Al2O3 16.34 14.71 16.59 15.15 9.32 16.10
Fe2O3 TOT 11.64 11.87 11.39 10.36 10.25 11.70
MnO 0.19 0.19 0.18 0.17 0.16 0.17
MgO 6.33 8.05 6.27 7.68 17.58 7.03
CaO 11.35 12.33 10.91 11.58 11.02 8.86
Na2O 3.36 2.52 3.38 3.75 1.12 2.78
K2O 1.91 1.18 1.34 1.39 0.51 0.89
P2O5 0.53 0.44 0.49 0.65 0.21 0.63
LOI 0.8 1.2 0.8 0.9 – –

Total 99.5 101.5 99.9 101.5 96.0 94.4
Mg# 51.9 57.3 52.2 59.5 77.3 54.3
La 62.5 49.4 53.6 81.0 27.9 87.3
Ce 116 95.0 101 151 62.5 171.2
Pr 13.6 11.3 11.8 17.4 6.7 17.4
Nd 53.5 45.4 46.3 66.9 27.6 65.6
Sm 10.2 8.8 8.7 11.7 5.6 11.4
Eu 3.07 2.57 2.58 3.35 1.61 3.12
Gd 9.69 8.51 8.18 10.7 5.58 10.7
Tb 1.23 1.09 1.03 1.24 0.75 1.27
Dy 5.72 5.22 4.74 5.59 3.57 5.53
Ho 1.10 1.02 0.93 1.07 0.75 1.11
Er 3.00 2.84 2.55 2.89 2.09 3.12
Tm 0.38 0.36 0.32 0.36 0.27 0.39
Yb 2.45 2.33 2.08 2.28 1.78 2.56
Lu 0.33 0.33 0.29 0.32 0.24 0.36
Sr 1412 1048 1149 1573 396 934
Rb 50.6 30.0 23.7 33.5 11.0 16.1
Ba 717 580 591 817 255 755
U 2.27 2.04 1.98 3.20 1.05 3.76
Th 8.15 7.52 6.06 11.9 3.38 13.0
Ta 2.87 2.01 2.62 3.97 0.92 3.60
Nb 57.8 39.6 53.5 82.0 17.5 78.6
Zr 244 166 197 250 87 221
Hf 5.17 4.01 4.60 5.36 2.20 5.07
Y 29.1 27.3 23.5 28.1 20.0 30.3
87Sr/86Sr 0.703574 ± 6 0.703687 ± 6 0.703410 ± 6 0.703317 ± 6 0.703910 ± 6 0.703361 ± 6

0.703577 ± 6 0.703707 ± 6 0.703420 ± 6 0.703325 ± 6
143Nd/144Nd 0.512865 ± 4 0.512873 ± 4 0.512909 ± 4 0.512908 ± 5 0.512836 ± 6 0.512913 ± 6

Mg# = 100 × Mg/(Mg + Fetot); LOI = loss on ignition.
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ET0901, MONT and SPA and lowest for MAL, DEF and FS. The average
87Sr/86Sr ratios vary from the most primitive values for SPA of 0.7033
to the more evolved value for FS of 0.7039. For comparison we report
average Sr–Nd isotopic data for products from the same eruptions
(red symbols in Fig. 7; data from Armienti et al., 2004; Kamenetsky
and Clocchiatti, 1996; Viccaro and Cristofolini, 2008). The samples of
this study and those in the literature are generally similar, with
ET0901, MONT and SPA showing the most-depleted compositions
among the investigated samples (i.e., least radiogenic Sr andmost radio-
genic Nd). Fig. 7 also plots the isotopic compositional fields of other
products from Mt. Etna (Armienti et al., 2004; Tonarini et al., 2001;
Viccaro and Cristofolini, 2008). The Sr–Nd isotopic values of these
rocks show an inverse correlation between Sr and Nd, where tholei-
itic lavas have the highest 143Nd/144Nd and lowest 87Sr/86Sr (typical
of uncontaminated depleted mantle), while recent alkaline lavas
have the lowest 143Nd/144Nd and highest 87Sr/86Sr (typical of mantle
affected by contributions of enriched materials). Our samples plot
(according to their ages) in the fields of Etnean pre- and post-1971
alkaline lavas, and are located in a zone corresponding to products
with an intermediate-to-high degree of crustal contamination.

Fig. 7 also shows the isotopic data of Hyblean mantle peridotite
and pyroxenite xenoliths (Bianchini et al., 2010; Correale et al.,
2012; Tonarini et al., 1996). All investigated products fall in the
range of 143Nd/144Nd values of Hyblean mantle, but have higher
87Sr/86Sr ratios.
5.3. He isotopes

Investigations of noble-gases characteristics (abundances of He, Ne
and Ar, and He–Ar isotopic ratios) of fluid inclusions hosted in olivine
and pyroxene phenocrysts from Mt. Etna are reported here. The low
4He/20Ne and 40Ar/36Ar ratios (mean values of 29 and 319, respectively)
indicate the presence of an atmospheric component, consistent with
previous studies (Marty et al., 1994; Nuccio et al., 2008). Owing to the
low He content in air, 3He/4He values are almost unaffected by the
atmospheric contribution (Table 2).

The 3He/4He ratio, reported as Rc/Ra value (with Ra from the 3He/
4He ratio in atmosphere of 1.39 × 10−6), is relative to the He isotopic
ratio corrected for air contamination (Giggenbach et al., 1993) and
ranges from 6.69 Ra for MONT to 7.62 Ra for SPA olivines, and from
4.87 for DEF to 6.59 for SPA pyroxenes (Table 2, Fig. 8). Fig. 8 compares
the 3He/4He ratio andHe concentration of our samples with other prod-
ucts of Mt. Etna (Marty et al., 1994; Nuccio et al., 2008). Our data set is
consistent with these studies and confirms that olivines are richer in
He and display higher Rc/Ra ratios than pyroxenes. Disequilibrium
between isotopic values of cogenetic olivine and pyroxene hosted
fluid inclusions is a widely debated issue for lavas from Mt. Etna
(Coulson et al., 2011; Marty et al., 1994; Nuccio et al., 2008) and other
basaltic volcanoes (Hilton et al., 1995; Shaw et al., 2006). However,
there is agreement that mantle signatures are preservedmore faithfully
by olivine phenocrysts than by pyroxenes (Hilton et al., 2002; Marty



Fig. 2. Total alkali-silica classification diagram (LeMaitre, 2002) for studied samples. The red symbols indicate data from literature analyses of investigatedmafic and/or eccentric eruptions
of Mt. Etna. Colored fields correspond to (i) ancient Etnean tholeiites (green contour), (ii) pre-1971 alkaline lavas (dark-blue contour) and (iii) post-1971 alkaline lavas (light-blue con-
tour). Literature data reference in the text.
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et al., 1994; Nuccio et al., 2008; Shaw et al., 2006). We therefore focus
our discussion on results for olivine. Fig. 8 also compares data from
Etnean olivines and clinopyroxenes with those from Hyblean perido-
tites and pyroxenites (Correale et al., 2012; Sapienza et al., 2005).
Only the most primitive values for olivines of SPA andMAL are compat-
ible with the Hyblean mantle; the remaining samples (FS, MONT and
DEF) display He isotope ratios lower than those for Hyblean mantle.

3He/4He values for olivine phenocrysts of the investigated products
relative to their estimated ages are shown in Fig. 9. Lavas, which erupted
b3930 y BP (DEF, MONT, ET0901 and FS), show average 3He/4He values
(~6.8 Ra) that are slightly lower than those of the oldest rocks (MAL,
SPA) with ages between 4 and 15 ky BP that have 3He/4He ratios of
7.1–7.6 Ra. For comparison, we also report the 3He/4He value measured
Fig. 3. CaO/Al2O3 ratio versus MgO for whole-rock studied samples. The colored fields indicate
tour). Literature data as in Fig. 2.
in the ancient Etnean tholeiites (Marty et al., 1994) and in the two DDF
eruptions of 2001 and 2002–2003 (3He/4He values of ~6.9 Ra; Nuccio
et al., 2008). We also report gas emissions sampled during the 2001
eruption (Caracausi et al., 2003); for these the 3He/4He ratio peaks at
7.6 Ra and coincides with the highest 3He/4He measured in fluid inclu-
sions of SPA.

6. Discussion

6.1. Modeling of source partial melting and crystal fractionation processes

Differences in the REE concentrations of the investigated samples
(Fig. 4) are attributable to a decreasing degree of partial melting of a
ancient Etnean tholeiites (green contour) and historical to recent alkaline lavas (blue con-
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Fig. 4. REEpatterns forwhole-rock studied samples. The colored fields (green, dark blue and light blue) correspond to tholeiites and to pre-1971 and post-1971 alkaline lavas, respectively.
The light- and dark-gray shaded areas correspond to the REE patterns of Hyblean peridotites and pyroxenites, respectively. Normalization to C1 chondrite is after Sun and McDonough
(1989). Literature data reference in the text.
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common mantle source, an increasing degree of crystallization, or both
of these processes. In this section we present models of both partial
melting of the mantle source and low-pressure equilibrium crystalliza-
tion, and compare the modeling results with those obtained from the
studied samples. We assumed a starting mantle composition of a
lherzolite xenolith from the Hyblean Plateau (Correale et al., 2012).
Our approach is outlined below.

Firstly, in order to simulate partialmelting,we started from themajor-
element compositions of XIH-3 Hyblean lherzolite (olivine = 50%,
orthopyroxene = 11%, clinopyroxene = 8%, spinel = 3%, serpentine =
18% and carbonate = 10%; Correale et al., 2012). Using the MELTS pro-
gram (Ghiorso and Sack, 1995) to model the batch melting process, we
computed themajor element compositions ofmelts generatedby increas-
ing the melting percentages. Thermobaric constraints for the modeling
were a pressure of ~1 GPa and a temperature of about 1260 °C. This pres-
sure is compatible with the reported pressure at the depth from which
Etnean magma originates (1–3 GPa; Armienti et al., 1988, 2007; Corsaro
and Pompilio, 2004) and with microthermometric determinations of
fluid inclusions in Hyblean xenoliths (about 1 GPa; Sapienza et al.,
2005), while the selected temperature is in accordance with the
quenching temperature of Etnean melt inclusions (up to 1240 °C;
Fig. 5. Diagram for whole-rock studied samples. Data of OIB-type volcanism are from Sun and
Islands) are average values from compilation data of Peccerillo (2005). Normalization to MORB
Kamenetsky and Clocchiatti, 1996) and segregation temperatures (up to
1230 °C for alkali basalts) estimated for Hyblean melts by Beccaluva
et al. (1998). Redox conditions were set at fO2 = QFM in accordance
with Perinelli et al. (2008) for the local upper mantle. We simulated
three different conditions of partial melting, namely isobaric, isothermal
and flux melting of the lherzolite. In isobaric conditions (1 GPa), solidus
conditions were achieved by increasing the temperature to 1310 °C,
whereas a temperature of 1390 °C was required to achieve 10% of melt-
ing. These temperatures are higher than the values given above, making
isobaric melting unlikely. In isothermal mode the temperature was set
to 1260 °C, and the pressures (0.3–0.7 GPa) necessary to reproduce the
major element compositions of studied products would involve melting
in the crust. This process would also give unrealistic results, and so can
be excluded. Finally, flux melting was simulated by adding H2O to the
source at 1260 °C and 1 GPa. Our calculations show that increasing the
H2O content from 0.01 to 0.3 wt.% produces melting up to 10%, thereby
satisfying all of the given constraints. Fig. 10 reports the variations in
the compositions of some major elements (Mg, Na, Al and Ca) as a result
of flux melting.

Secondly, starting from the computedmelt composition achieved by
flux melting, we simulated the equilibrium crystallization of these
McDonough (1989), while data of arc-type volcanism (Vulcano, Stromboli and Panarea
is in accordance with Sun and McDonough (1989).
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Fig. 6. Plots of Th/Y versus La/Yb (A) and Ce/Yb versus Zr/Nb (A) for whole-rock studied samples. Red symbols are literature data of products from the same studied eruptions. Colored
fields are as in Fig. 2. The shaded gray areas are as in Fig. 4. Literature data reference in the text.
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melts. The proposed crystallization trajectories represent only some
of all those possible for a melt at Mt. Etna (see also Corsaro and
Pompilio, 2004, for detailed results).We considered isobaric crystalliza-
tion at 0.4 GPa induced by decreasing the temperature from ~1260 °C
to 1050 °C, with a variable H2O content depending on the starting
melt and fO2 = NNO + 1. The redox conditions are those defined by
Liotta et al. (2012), while the chosen pressure was similar to that esti-
mated by Corsaro and Pompilio (2004) for the deep Etnean magma
reservoir wheremagma is normally stored, cools and evolves. This pres-
sure is also consistent with the range of depths inferred from geophys-
ical studies (De Gori et al., 2005; Mattia et al., 2007) and with that
estimated using the He/CO2, He/Ne and He/Ar ratios measured in
Etnean gas emissions (Paonita et al., 2012). Fig. 10 presents themodeled
crystallization paths for the selected major elements (Mg, Na, Al and
Ca). Comparison of the computed curves with the compositions of
Etnean lavas/tephra shows that a variable degree of partial melting of
the model mantle source, followed by equilibrium crystallization, is
able to fully represent the entire compositional range exhibited by the
studied products. The modeling results can be interpreted as indicating
that the studied samples derive from low to high degrees of partial
melting, increasing from ~1% at SPA, through ~2% at DEF and MONT,
~3% at MAL and ET0901, and up to ~10% at FS, with the degrees of crys-
tallization of olivine and clinopyroxene being similar for all of the
samples, ranging from 6% to 10%. FS is the only sample showing negligi-
ble crystallization.

It should be noted that we carried out melting plus crystallization
simulations using less altered lherzolite than the XIH-3 sample
(i.e., LOI = 1.8 and 0.8 for samples HYB 29 and 36, respectively;
Perinelli et al., 2008). These changes in composition affected the
major-element contents of the obtained melts and so reduce the
melting range (from 1.5–2% for SPA to 7% for FS) and increase the
degree of crystallization (up to about 20%) estimated for the investi-
gated Etnean products. Finally, since the MELTS program can also be
used to calculate the mineral composition at any crystallization
stage, the model phenocrysts were compared with the compositions
of olivine and pyroxene in the studied rocks. This revealed a reason-
ably good match between the model and natural phenocryst compo-
sitions (see Supplementary Tables A1 and A2).
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Fig. 7. Sr–Nd isotopic compositions of whole-rock studied samples. Red symbols are literature data of products from the same studied eruptions. The colored fields are as in Fig. 2. The
shaded gray areas are as in Fig. 4. Literature data reference in the text.
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Thirdly, once we obtained the fractions of batchmelting and crystal-
lization, we calculated the initial trace element compositions of the
mantle source from their contents measured in each sample. We used
the equation for modal batch melting to determine a possible mantle
source composition for selected incompatible trace elements (Zr, Nb,
Ce, Yb, Th, La, Y and Ta); the results are represented in Fig. 6:

Cs
i ¼ Cl

i � D 1–Fð Þ þ F½ � ½1�

where Cli and Csi are the concentrations of the i-th element in the melt
and solid source, respectively; F is the melting fraction, which varies
from 0 to 1; and D is the bulk partition coefficient of the given element
(corresponding to the weighted mean of the mineral content in the
mantle assemblage) (Wilson, 1989). The mineral–melt partition coeffi-
cients were taken from those specific for mafic and ultramafic melts
(White, 2007).
Table 2
Chemical and isotopic compositions of noble gases from fluid inclusions entrapped in olivine a

Sample Mineral 4He 10−13 (mol/g) 20Ne 10−15 (mol/g) 40Ar 10−1

DEF Cpx 9.9 1.4 6.1
5.9 2.6 4.0

Oliv 1.2 3.0 18.5
0.4 2.3 –

MAI Oliv 5.2 0.6 4.4
5.8 1.5 2.6

MONT Cpx 7.1 2.0 2.3
8.0 1.8 4.0

Oliv 0.7 4.2 13.6
0.8 2.7 19.1

SPA Cpx 21.8 2.3 8.1
14.9 2.2 8.8

Oliv 1.2 3.9 8.0
0.5 3.3 5.4

FS Cpx 5.4 2.6 5.0
3.0 12.4 108.1

Oliv 3.0 4.0 16.5
2.5 4.5 5.8

ET0901 Cpx 5.9 27.1 88.0
9.3 1.2 1.9

Oliv 2.4 7.9 1.4
1.9 1.3 2.5
The calculated trace element concentrations of the modeled mantle
sources are reported in Fig. 11, in which it is evident that partial melting
is the principal process able to generate substantial variations in trace-
element ratios, while crystal fractionation even as high as 20% produces
only minor changes. Fig. 11 also shows that the calculated trace element
ratios (Zr/Nb versus Ce/Yb andTh/Y versus La/Yb) of themodeledmantle
sources fall into a rather small area. In order to obtain amore robust data
set, we extended the simulations (i) to tholeiitic products from the an-
cient activity of Mt. Etna (Armienti et al., 2004; Corsaro and Cristofolini,
1997) and (ii) to lavas of the 2001 eruption. The 2001 eruptionwas char-
acterized by the synchronous eruption of two magma types with differ-
ent petrographic and geochemical features (Clocchiatti et al., 2004;
Métrich et al., 2004), and we chose the most primitive, which erupted
from an eccentric vent. The unrealistically low degree of source partial
melting (around 1%; not shown in the figure) found for ancient tholeiitic
lavas suggests that these products originated from a mantle source
nd pyroxene phenocrysts.

3 (mol/g) R/Ra Rc/Ra Error +/− 40Ar/36Ar Error +/−

6.73 6.73 0.06 328.6 0.88
6.70 6.71 0.13 308.5 0.31
5.54 5.58 0.16 304.2 0.05
4.79 4.87 0.64 – –

7.13 7.13 0.13 321.4 0.32
7.14 7.15 0.16 339.0 0.34
6.68 6.69 0.10 331.7 0.06
6.82 6.82 0.14 335.8 0.97
5.11 5.19 0.20 303.0 0.05
5.78 5.84 0.39 298.8 0.15
7.62 7.62 0.10 417.9 0.42
7.57 7.57 0.09 354.0 0.35
6.53 6.59 0.45 308.9 0.31
4.42 4.50 0.28 296.0 0.30
6.70 6.71 0.13 319.1 0.93
6.76 6.84 0.17 296.1 0.30
6.23 6.25 0.16 295.8 0.86
6.39 6.43 0.16 302.3 0.30
6.72 6.81 0.14 – –

7.21 7.21 0.14 308.0 0.31
6.48 6.55 0.13 309.7 0.05
6.36 6.37 0.19 300.6 0.30
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Fig. 8. Plot of 3He/4He (in Rc/Ra) versus He abundance from fluid inclusions hosted in olivines and pyroxenes separated from the investigated Etnean products. The Rc/Ra values are
corrected for air contamination (see Giggenbach et al., 1993). Gray and red symbols are for the olivines and pyroxenes, respectively. The dashed and continuous circles define the com-
positional ranges of previous investigations carried out on olivines and clinopyroxenes from other Etnean eruptions. The shaded gray areas are as in Fig. 4. Literature data reference in the
text.
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different from the one we used to model the petrogenesis of alkaline
lavas. In contrast, the results from the 2001 eruption provide evidence
that the geochemical marker of the mantle source that fed the 2001
eruption is similar to those of the eruptions during the past 15 ky. A
similar conclusion supporting a commonmantle source for Etnean prod-
ucts was suggested by Coulson et al. (2011) based on a geochemical
investigation of some eccentric Etnean products.

It is noteworthy that the trace element composition of the modeled
Etnean mantle source is not affected by large variations if we apply the
melting and crystallization percentages estimated for the lherzolites
altered less than the XIH-3 sample. Therefore, the degree of alteration
of the starting lherzolite does not seem to influence the conclusions
that can be drawn from our model.

Finally, we compare the results obtained by hypothesizing a two-
layer mantle for the source of Hyblean magmatism (Correale et al.,
Fig. 9. Plot of 3He/4He (in Rc/Ra) from olivine phenocrysts versus time for the studied samples.
(2005) and Del Carlo et al. (2004). The age uncertainty of SPA and MAL samples (Branca et al
symbol size.
2012). Fig. 11 clearly reveals that the Etnean source plots along amixing
curve that joins the two end-members (i.e., peridotitic and pyroxenitic
Hyblean mantle sources). The recalculated Etnean mantle source was
mainly peridotitic nature in terms of its trace-element signature, how-
ever, a significant contribution (~10%) from pyroxenites can also be
recognized.

6.2. Sr and Nd isotopes

Several hypotheses have been formulated to explain the Sr and Nd
isotope variations of Etnean lavas. Armienti et al. (2004), Tonarini
et al. (2001) and Viccaro and Cristofolini (2008) proposed the presence
of crustal fluids derived from dehydration of the subducting Ionian slab.
An alternative process of crustal contamination by fluids was hypothe-
sized by Michaud (1995), who proposed isotope exchanges between
The ages of the prehistorical Etnean products are from Branca et al. (2011b), Coltelli et al.
., 2011b) is represented by a horizontal error bar. Error bars in our data set lie within the
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Fig. 10. Variations inmajor-elementmelt composition induced by variable degrees of flux
melting (black curve) and equilibrium crystallization (EC; green arrows). The lengths the
green arrows correspond to about 10% of crystallization. Numbers on the partial melting
curve indicate weight percentages of melting.
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magma and sedimentary rocks of the basement of the volcano. Armienti
et al. (2004) also suggested that themain trend of Sr and Nd isotopes of
Etnean products, attributed to crustal contamination by fluids, is
coupled to a second-order variability characterized by a steeper slope
than the former and attributed to b3% crustal contamination. Shallow-
level contamination has also been hypothesized for MAL magma
(Armienti et al., 2004; Tonarini et al., 2001). Model calculations by
Tonarini et al. (2001) showed that the measured data for B and Sr iso-
topes can be obtained when Etnean magmas assimilate less than 10%
of a sedimentary component. Based on these interpretations, variable
magma contamination by crustalmaterials can account for the enriched
values in our data set, regardless of whether it occurred close to the
surface or as recycling in the mantle. In detail, the more-primitive iso-
tope values of SPA, ET0901 and MONT reflect both peridotitic and
pyroxenitic contributions, but only according to the Nd isotope data
(Fig. 7). Focusing our attention on the LILE enrichment (see Section 5.1),
we propose that fluids of crustal origin could have shifted the isotope
marker ofmagmas towardsmore-enriched values of DEF,MAL andfinally
FS. Section 6.5 discusses how this contribution affects ourmodeling of the
mantle source.

6.3. Noble gases from fluid inclusions

Thehighest value of 3He/4He sampled atMt. Etna fromgas emissions
by Caracausi et al. (2003) (see Section 5.3) during the 2001 eruption
(Fig. 9) was attributed by those authors to the isotope marker of the
volatile-rich magma recharging the shallow plumbing system, and it
has been suggested that 3He/4He is 7.6 Ra for the present-day mantle
feeding Etneanmagmatism. This is the same as our value for SPA olivine.
It is unlikely that the SPA value is influenced by a post-eruptive accumu-
lation of cosmogenic 3He, because this sample has the highest He
elemental concentration among those investigated and is, therefore,
the least prone to isotope variation due to post-eruptive He accumula-
tion. Furthermore, the single-step crushing procedure is known to
minimize radiogenic–cosmogenic components (e.g., Burnard et al.,
1999;Marty et al., 1994). No contribution of cosmogenic Hewas report-
ed by Marty et al. (1994) even in samples as old as 500 ky. The high
value for SPA is therefore a characteristic of the Etnean mantle source,
which means that the 3He/4He value of Etnean mantle source has
been at least 7.6 Ra since at least 15 ky BP.

3He/4He values lower than 7.6 Ra measured in both historical (DEF
and MONT) and prehistorical (FS, ET0901 and MAL) samples are prob-
ably not indicative of the mantle source, being influenced by secondary
processes that occurred before or after the eruption. It is highly unlikely
that the decrease in 3He/4He is due to the post-eruptive radiogenic pro-
duction of 4He, because similar isotope values (~6.6 Ra) are common in
Etnean olivines from present-day activity (Nuccio et al., 2008) where
post-eruptive 4He accumulation is negligible. Also, three samples
(DEF, MONT and MAL) that have different ages and comparable U and
Th contents show a subhorizontal or slightly positive trend in a plot of
3He/4He versus time (Fig. 9), in contrast to what is expected for radio-
genic accumulation. Therefore, 3He/4He values of ~6.6 Ra are due to
the pre-eruptive addition of 4He resulting from magma aging and/or
crustal contamination of magma.

Although Nuccio et al. (2008) rejected these two processes when
attempting to justify the decrease in R/Ra observed in products from
the 2001 to the 2004 eruption, these processes could act over longer
time periods. In terms of magma aging, radiogenic 4He accumulation
from U and Th measured for example in MONT and DEF lavas is
~2.5 × 10−13 mol/g over 10 ky, a timescale that is the maximum esti-
mated for magma chamber refilling at Mt. Etna (Condomines et al.,
1982, 1987). Calculating the effect of this 4He accumulation on a lower-
ing of the magmatic R/Ra requires knowledge of the pristine
(unradiogenic) He content per gram ofmelt. This value cannot be strict-
ly related to the He content in fluid inclusions of olivines (which is the
quantity that we measured), because this can vary with the number of
entrapped vesicles. If the He concentration in the fluid inclusions
retained in a melt from Mt. Etna is similar to that of the olivines, the
calculated radiogenic accumulation would decrease the 3He/4He values
of MONT and DEF olivines by ~2 Ra units. This estimate constitutes an
upper limit to the effect of 4He accumulation, so the extent of the
magma aging might be broadly consistent with the observed shift
from the “pure” magmatic value (7.6 Ra) to lower values (e.g., 6.6 Ra,
as commonly seen in Etnean olivines from present-day activity).

Crustal contamination is also difficult to constrain quantitatively.
Based on the diffusivity of He in melts (5 × 10−5 cm2/s; Lux, 1987), a
long timescale of 10 ky can account for the diffusion of radiogenic 4He
towards the magma body by several tenths of meters. The advective
dynamics of magma could subsequently contribute to mixing of the
entire reservoir. Thus, 4He coming from surrounding crustal rock and/or
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Fig. 11. Plots of Th/Y versus La/Yb (A) and Ce/Yb versus Zr/Nb (B) comparing whole-rock samples (symbols with black boundary) and recalculated compositions (symbols with orange
boundary) of Etneanmantle source. The dashed black lines are the mixing curves between hypothetical peridotitic and pyroxenitic sources; numbers are the percentages of mixing. The
dashed orange circle indicates the field of Etnean modeled mantle sources. The shaded gray areas are as in Fig. 4. EC as in Fig. 10.
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an aged intrusive body could lower the R/Ra value of the reservoir by ~1
unit over a long timescale.

Regardless of which process is involved, our results suggest that
magma with 3He/4He values of 6.6–6.8 Ra characterizes the crustal res-
ervoirs below Mt. Etna, while the mantle source provides melts with
values of about 7.6 Ra. This means that supply of 4He into the ascending
magma could have lowered the 3He/4He values of recent Etnean lavas.
Thus, the rate of ascent and time of storage would be key parameters
in controlling the 3He/4He values of a particular erupted lava sample.
Considering that 3He/4He values for fluid inclusions in olivines from
Etnean products are generally ≤7 Ra (Marty et al., 1994; Nuccio et al.,
2008), it is likely that the SPA lava eruption, whose products have a
3He/4He value of 7.6 Ra, was characterized by a very rapid ascent and/
or a short storage time in themagma reservoir, which prevented signif-
icant aging and/or crustal contamination.

6.4. A two-component mantle source evidenced by coupling between noble
gases and trace elements

We can now integrate the information from modeling and compar-
isons with data of Hyblean xenoliths to constrain the structure and
compositional features of Etneanmantle. Firstly, we recall some of the re-
sults obtained by Correale et al. (2012), who focused on the geochemical
characteristics of the Hyblean mantle source. They identified (i) mantle
heterogeneity, composed of a peridotitic (HIMU-like) and a pyroxenitic
(DM-like) domain, and (ii) metasomatic events, characterized by pyrox-
enitic veins intruding into the peridotitic matrix. They coupled 3He/4He
ratios with the trace elements Nd and Sm to model different degrees of
metasomatism by mixing the two end-members. We adopted a similar
approach by combining the results for noble gases and trace elements.
Fig. 12 plots the 3He/4He values of Hyblean peridotites and pyroxenites
versus the Zr/Nb ratio and Nd concentration (peridotitic end-member:
3He/4He = 7 Ra, He = 3 × 10−13 mol/g; Zr = 6 ppm, Nb = 1.5 ppm
and Zr/Nb = 4; pyroxenitic end-member: 3He/4He = 7.6 Ra,
He = 1.02 × 10−11 mol/g, Zr = 22.6 ppm, Nb = 0.4 ppm and Zr/
Nb = 56), which clearly distinguishes the two Hyblean domains. The
measured He and Nd concentrations and Zr/Nb ratios of the two end-
members—used to calculate the mixing path—are the highest measured
in pyroxenites and the lowest measured in peridotites (Correale et al.,
2012). The mixing curve between the two Hyblean mantle end-
members is strongly convex due to the large differences in He content
between the two end-members. Finally, we plotted the modeled mantle
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Fig. 12. Plots of 3He/4He (in Rc/Ra) versus Zr/Nb ratio (A) and 3He/4He (in Rc/Ra) versus Nd abundance (B). The curve describes a mixing trend between a peridotitic and pyroxenitic end
members. Black symbols on the mixing curve indicate the percentage of pyroxenitic end-member. The orange rectangle indicates the modeled Etnean mantle source.
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source of the Etnean magmas. The Nd, Zr and Nb concentrations for the
Etnean source were calculated using the same procedure as for other
investigated trace elements (see Section 6.1), whereas the 3He/4He
value of the Etnean mantle source was that of SPA.

Fig. 12 shows that the Etnean source falls along the peridotite–
pyroxenite mixing curve, and is therefore compatible with this process.
The low Nd content (~2 ppm) typical of a peridotitic source is associat-
ed with the high 3He/4He value (i.e., 7.6 Ra) typical of a pyroxenitic
mantle, highlighting the contribution of pyroxenitic veins to the
source of Etnean magmas. Pyroxenitic metasomatism provides the
strong fingerprint of He isotopes, but increases the concentrations
of most trace elements only slightly, which therefore retain values
closer to those of the peridotite layer. The mixing curve between
the peridotitic and pyroxenitic end-members also allows evalua-
tions of the amount of pyroxenitic melt involved in the generation
of Etnean lava; this was found to be ~10% (Fig. 12), which is consis-
tent with trace-element geochemistry. In plots of Zr/Nb versus Ce/
Yb and Th/Y versus La/Yb (Fig. 11), the modeled Etnean mantle
source has a mainly peridotitic nature but also a significant pyroxe-
nitic contribution (~10%).
6.5. Inference on the origin of Etnean lavas: melting of a variably
metasomatized mantle

The two-component mantle as discussed above would be able to
produce the spectrum of mafic Etnean magmas with variable degrees
of partial melting followed by variable degrees of melt crystallization
(see Section 6.1). The degree of partial melting is highly variable over
a relatively short timescale; that is, it increases from 1% for SPA to a
maximum of 10% for FS over 11 ky, and decreases to 2% for products
younger than 4 ky BP. However, changes induced by different degrees
of batch melting cannot explain the geochemical watershed between
pre- and post-1971 Etnean products (variations in K, Rb and Sr isotopes;
Clocchiatti et al., 1988; Joron and Treuil, 1984). Indeed, the post-1971
samples, namely DEF and from the 2001 eruption, result from the
same degree of melting of the mantle source with respect to the 1763
MONT eruption.

The large variations in the degree of mantle melting over a short
time, as inferred from the samples measured by us, would require
very rapid processes. Such a short timescalemakes it difficult to propose
the development of a thermal or baric transient at the mantle level,
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Fig. 13. Plots of Sr (A) and Ba (B) versus 87Sr/86Sr. Colored fields are reported for compar-
ison as in Fig. 3 (Armienti et al., 2004; Carter and Civetta, 1977; D'Orazio, 1993; Viccaro
and Cristofolini, 2008). The black labels indicate the melting percentages estimated for
each sample by MELTS code (see Section 6.1). The red dashed lines represent the varia-
tions of elemental Sr (A) and Ba (B) versus isotopic Sr due to the combined effects of man-
tle contamination byfluids and consequent partialmantlemelting (see the text for further
details).
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since that would require a longer timescale. In accordance with our
conclusion in Section 6.1, either temperature increase or depressuriza-
tion (i.e., isobaric and isothermal melting, respectively) is therefore an
unrealistic process for melt generation in the Etnean mantle source.
Instead, consistent with our preferred flux melting model, it seems
more likely that the variable degree of mantle melting is derived from
the presence of heterogeneous fluids in the mantle source. A higher
concentration of fluids in a local mantle portion would be responsible
for a higher degree of partial melting. We therefore agree with the hy-
pothesis of Viccaro and Cristofolini (2008) of a heterogeneous marble-
cakemantle variably enriched in fluids derived from ancient subduction.

The interpretation of a variably metasomatized mantle has implica-
tions for trace elements that have an affinity for fluid phases (i.e., LILE).
Recalling that our modeled Etnean mantle source was calculated using
fluid immobile elements, its computed composition and degree of
melting are reliable even if a metasomatic event was superimposed.
With this in mind, we note that our samples show an increase in the
degree of melting of more radiogenic (high 87Sr/86Sr) magmas, but a
progressive decrease in their LILE content (Fig. 13): FS and SPA, having
the highest and lowest degrees of melting, respectively, display the
most- and least-radiogenic compositions and the lowest and highest
Sr contents, respectively. In contrast, we can expect that mantle
portions most affected by metasomatic events will display a higher
87Sr/86Sr ratio and degree of melting, as well as a higher LILE content.

To investigate this inconsistency we evaluated the combined effects
ofmetasomatism andmantlemelting onmagma geochemistry.We first
simulated possible metasomatic events by mixing of the least-
contaminated Etnean mantle source (i.e., SPA) with variable amounts
of a metasomatic aqueous fluid. The Sr and Ba contents (45 ppm Sr
and 9.2 ppm Ba) of the less-contaminated Etnean mantle portion are
obtained from the SPA sample using the calculations in Section 6.1,
whereas the isotopic Sr ratio (87Sr/86Sr = 0.70333) is that measured
in the SPA sample.We assumed themetasomatic aqueousfluids to com-
prise 8000 ppm Sr and 5000 ppm Ba, which is compatible with the
range estimated by Johnson et al. (2009) for a H2O-rich subduction
component of oceanic crust, and suggests a greater contribution of
fluids from sediments (Lagatta, 2003) than from the oceanic crust
(Staudigel et al., 1995). The assumed isotopic Sr ratio of themetasomat-
ic fluid was 87Sr/86Sr = 0.709, which reflects the simultaneous pres-
ence of altered oceanic crust (Staudigel et al., 1995) and sediment
(Weldeab et al., 2002) components. The results of mixing provide the
87Sr/86Sr value and LILE composition of mantle portions that exhibit di-
verse extents of fluid contamination. We then associated with each of
these contaminated mantle portions a melting percentage linked to
the amount of added metasomatic H2O, computed from a flux melting
simulation (using the MELTS program; see Section 6.1), and we used
the batch melting equation (see [1]) to calculate the LILE composition
of the generatedmagma. Fig. 13 presents the results of these interacting
processes, where the dashed red curve shows the variations of two LILE
elements (Sr and Ba) versus 87Sr/86Sr. Due to the uncertainty about the
H2O content from the subducted slab and the percentages of sediment
and oceanic crust fluids involved in the subduction, some variations in
the Sr-isotopemarker and Sr and Ba concentrations of thefixed aqueous
fluid end-member are possible, but they would not change the overall
shape of the curve.

The calculations highlight that the LILE content in the producedmelts
critically depends on the degree of melting of themantle. In fact, starting
from the least-radiogenic Sr-isotope ratio of SPA (87Sr/86Sr = 0.7033),
the addition of Sr and Ba at only a few ppm (by ~0.07 wt.% of the crustal
fluid end-member) to themantlewould yield themost-enriched isotope
composition of FS (87Sr/86Sr = 0.7039). At the same time, the addition of
H2O increases the degree of melting from 1% (as estimated for SPA) to
10% (for FS). An increase in the melting percentage causes a dramatic
drop in the Sr and Ba contents in the produced melts (of about 700 and
500 ppm, respectively). Increases in Sr and Ba of only a few ppm
(Table 3) in the source due to the addition of metasomatic crustal fluids
could therefore be considered negligible. Thus, the differences in enrich-
ment in LILE between the samples are mainly due to the variable
percentages of source melting. In other words, although SPA represents
the least-contaminated sample for Sr and Nd isotopes (i.e., the lowest
87Sr/86Sr ratio), it shows the highest LILE concentration due to the low
melting percentages involved in its generation. Paradoxically, the abso-
lute contents of fluid mobile elements in our lavas do not reflect the
amount of metasomatic fluid added to the mantle source, but rather
the degree of melting. This modeled process explains the inverse rela-
tionship that we observe between Sr (and Ba) and 87Sr/86Sr (red curve
in Fig. 13).

A final aspect of ourmodel of a mantle heterogeneously enriched by
fluid phases involves the combined interpretation of He and Sr isotope
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Table 3
Variations of elemental Sr and Ba versus isotopic Sr due to metasomatism (marked by
circles) and partial melting (marked by stars) of the source.

H2O(wt%)
(crustal fluids)

87Sr/86Sr Sr *(ppm) Ba*(ppm) Sr°(ppm) Ba°(ppm)

0,015 0,7033 45,07 9,25

0,7034 45,35 9,45 1523 834

0,030 0,7036 46,04 9,95 1163 467

0,075 0,7038 47,09 10,70 954 342

0,7040 47,78 11,20 796 271

0,180 0,7046 50,56 13,19 598 215

0,7061 58,91 19,18 446 189In
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ratios. The 3He/4He values are highest for SPA and MAL, but these lavas
show the lowest and highest 87Sr/86Sr ratios, respectively (see Figs. 7
and 8), thus indicating that the two isotopic systems are decoupled
and that no clear relationship exists between mantle metasomatism by
a crustal-like contaminant and He isotope values. Only the SPA sample,
with the highest 3He/4He ratio and lowest 87Sr/86Sr among our data, is
consistent with our mantle model. Therefore, the decoupling between
He and Sr requires the presence of additional processes in the crustal res-
ervoirs, as suggested by comparison of the Rc/Ra values of our lavas with
those of volcanic gas discharges (Section 6.3). Consequently, magma
aging and crustal contamination are probably the main mechanisms
responsible for lowering the He-isotope ratio of the magmas stored in
the crust, due to the addition of radiogenic 4He (see Section 6.3).

7. Final remarks

We have presented the results of geochemical study of selected
primitive, post-15 ky lavas and tephra from Mt. Etna volcano in order
to characterize its mantle source. The integration of petrological and
geochemical features suggests that the Etnean magmatism is linked
with the older mafic magmatism of the Hyblean Plateau. In particular,
our data suggest firstly that primitive magmas from Mt. Etna originate
from different degrees of partial melting of a mantle source that is
very similar to the Hyblean one in terms of its composition of trace ele-
ments and Sr, Nd and He isotopes. This common source is characterized
by a peridotitic component metasomatized by former primitive melts
(clinopyroxenitic or clinopyroxene-rich veins). The pyroxenitic end-
member contributes about 10%melt to the Etnean lavas. Ratios of highly
incompatible, immobile, trace elements primarily carry information
about the peridotitic component; in contrast, He isotopes, showing a
higher sensitivity to the effect of metasomatic mixing, exhibit typical
pyroxenitic values. However, this is restricted to those samples not
affected by the contribution of crustal radiogenic He after the melt has
been produced. Such modification of the He-isotope ratio explains the
absence of a correlation between He isotopes and Sr and Nd isotopes
in many samples. Secondly, spatially variable contents of crustal-type
fluids—probably inherited from subduction—characterize the mantle
source of Mt. Etna, which is therefore strongly heterogeneous. Such
spatial heterogeneity is probably also responsible for the different
degrees of melting estimated for the studied lavas. While the Sr- and
Nd-isotope compositions are the best markers of such fluid metasoma-
tism, the trace-element contents are chiefly controlled by the degree of
partial melting of the mantle source.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2013.10.038.
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