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Amphibole crystallization in the Etnean feeding system: mineral chemistry
and trace element partitioning between Mg-hastingsite and alkali

basaltic melt
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Abstract: Amphiboles are rather rare in the volcanics of the whole Etnean succession and commonly are represented by kaersutites
to titanian pargasites, mostly found in differentiated products. Titanian Mg-hastingsites have been found in lavas and tephra from
the 2001 eruption at Mt. Etna. New major (EMPA) and trace element (LAM-ICP/MS) data on amphiboles from this eruption have
been compared with reference data for kaersutites from prehistoric eruptions. The two amphibole groups significantly differ from
each other in their AlIV, AlVI, K and Mg# values, which are higher in Mg-hastingsite than in kaersutite. Ti and Na are lower in Mg-
hastingsite than in kaersutite. REE and trace element patterns for all the analysed Mg-hastingsite crystals are quite homogeneous.
Kaersutite patterns generally conform to those of Mg-hastingsite but display higher concentrations for most of the trace elements.

The exceptional occurrence, exclusively in tephra, of some crystals under equilibrium conditions with the coexisting residual
glass has made it possible to calculate the partition coefficients between amphibole and melt (Amph/meltD) for trace elements. A
new set of partition coefficients is then provided, deriving from analyses on five amphibole/melt pairs at equilibrium. These data
highlight the effects of amphibole crystallization in controlling some trace element ratios (e.g. Th (or U)/Ta, Th/Nb, La/Nb) in
residual melts of alkali basaltic systems, and suggest new hints for interpreting possible geochemical anomalies of these magmas.

In addition, the comparison between the calculated Amph/meltD of Mg-hastingsite and those from literature relative to kaersutite
from prehistoric eruptions shows that they are generally lower in the former than in the latter one for most of the trace elements.
All of the available data provide constraints on the physical growth conditions for the 2001 Mg-hastingsite. Temperatures around
980 ◦C and volatile pressures in the range of 200−300 MPa have been estimated by integrating geophysical and petrological data.
The highest pressure values are however larger than the lithostatic pressure alone acting on the magma reservoir (∼ 6 km b.s.l.),
as defined on the grounds of the hypocentres depth of the seismic events associated to the magma rise. This implies that Mg-
hastingsite was probably crystallizing in a closed reservoir under overpressure conditions. Finally, micro-chemical data and trace
element partitioning suggest that the differences between Mg-hastingsites and kaersutites in the Etnean products are mainly due
to the less differentiated character of the magmas emitted after the 1971, and particularly after the 2001 eruption, compared to
the compositions that characterize products of the prehistoric events. Furthermore, also a higher pressure of the system where
Mg-hastingsite crystallized would account for its compositional differences respect to prehistoric kaersutite.

Key-words: Mt. Etna, partition coefficients, Mg-hastingsite, kaersutite, alkali basalts.

1. Introduction

Integrated minerochemical investigations on intratelluric
phases of volcanic products have recently proved to be
a powerful tool to constrain chemical and physical con-
ditions controlling their crystallization, and to give there-
fore information on the timing of magma ascent before and
during the eruption (Sato et al., 1999; Nakagawa et al.,
2002; Reubi et al., 2002; Couch et al., 2003; Devine et al.,
2003; Rutherford & Devine, 2003; Barclay & Carmichael,
2004; Browne et al., 2006). Furthermore, a proper choice
of distribution coefficients for trace elements between min-
eral phases and silicatic melts is considered fundamental in
order to develop accurate modelling of melting or crystal
fractionation processes. Since hydrous phases (such as am-
phibole) generally have high distribution coefficients, their

geochemical signature on the erupted magma will be clear,
when they crystallize. However, the definition of Amph/meltD
in natural magmatic systems sets some problems mainly
related to the amphibole stability at low pressures. Amphi-
bole is not stable at 0.1 MPa, therefore phenocrysts tend to
re-equilibrate with the residual melt if the magma ascends
at low rates. On the other hand, if magma is supplied by
pulses that quickly reach the surface, hydrous phases such
as amphibole might retain conditions close to the original
thermodynamic equilibrium with the hosting melt. When
the melt is quenched into glass, micro-analytical data on it
and the mineral allow then reliable distribution coefficients
to be calculated.

This occurred when an amphibole-bearing trachybasalt
was erupted during the 2001 event on the southern flank
of Mount Etna (Italy). Petrographic evidence has shown
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that amphibole crystals in tephra produced by the most ex-
plosive phases of activity at one of the vents (Laghetto,
2550 m a.s.l.) do not have reaction rims, due to the fast
magma ascent. The quenched glassy groundmass does
represent the actual melt in equilibrium with the grow-
ing crystals at depth and Amph/meltD values can be then
precisely defined. Models of differentiation processes of
Etnean magmas, with broader implications for other al-
kali basaltic systems, may consequently be based also on
Amph/meltD, related to actual mineral and melt compositions,
rather than on theoretical ones at times defined for quite
distinct systems.

Amphibole found in the Etnean products, defined as kaer-
sutite on the basis of its optical characters (Aoki, 1963),
commonly displays a kaersutitic to titanian pargasitic
chemistry (Klerkx, 1964; 1968; Cristofolini & Lo Giudice,
1969; Tanguy, 1980; Cristofolini et al., 1981; D’Orazio
et al., 1998). It is rather rare in older prehistoric and his-
toric volcanic rocks, and was last found in the products of
the 1892 eruption (Clocchiatti & Tanguy, 2001). Among
the products of the 2001 event, amphibole was found in ei-
ther lavas or tephra and may mostly be defined as titanian
Mg-hastingsite (Leake et al., 1997), being quite distinct
in its composition compared to phenocrysts of previous
eruptions. Therefore, microchemical data and Amph/meltD on
this Mg-hastingsite were compared with values related to
kaersutites of older eruptions from literature (Cristofolini
et al., 1981; D’Orazio et al., 1998), in order to constrain
the chemical and physical conditions of the different crys-
tallizing systems.

2. Mineralogy and petrography of 2001 lavas
and tephra

Amphibole was found both in lavas and tephra erupted
during the 2001 eruption at Mount Etna, which was
characterized by the opening of several eruptive fis-
sures on the southern flank of the volcano from the
base of the SE crater down to the Mts. Calcarazzi
area (3100−2100 m a.s.l.). An amphibole-bearing tra-
chybasaltic magma was erupted from vents located
along N-S trending fractures (2100−2550 m a.s.l.),
whereas a different trachybasaltic magma, with no amphi-
bole, was erupted through NNW-SSE trending structures
(3100−2600 m a.s.l.) (cf. Clocchiatti et al., 2004; Metrich
et al., 2004; Monaco et al., 2005; Viccaro et al., 2006;
Corsaro et al., 2007). Two distinct vent systems were ac-
tive approximately at the lower and higher ends of the N-S
fractures, at the Mts. Calcarazzi and Laghetto areas respec-
tively.

The amphibole-bearing lavas are generally mesophyric
(P.I. ∼ 20 %) with a seriate texture. Their phenocryst as-
semblage is mainly composed of calcic plagioclase (by-
townite to labradorite) and augitic clinopyroxene in simi-
lar proportions, with olivine (Fo70−79) and Ti-magnetite as
minor phases. Augite and plagioclase are generally euhe-
dral with their sizes attaining up to ∼ 1 cm. Olivine and
Ti-magnetite are from subhedral to euhedral, reaching the
maximum sizes of about 100−200 µm. The groundmass is

hyaline to microcrystalline, generally intersertal to hyalop-
ilitic with a poorly developed fluidal texture. The microlites
are mainly plagioclase, scarce clinopyroxene and olivine,
with Ti-magnetite and apatite as minor phases.

Tephra are lapilli and shards due to the fragmentation
of the magma foam, and are composed with euhedral
clinopyroxene phenocrysts, phenoclasts (up to 1 cm) and
micro-phenocrysts of plagioclase, whereas olivine and Ti-
magnetite are scarce. Crystals are generally enclosed in an
abundant glassy groundmass, highly vesicular with bubble
volume always > 50 %, as expected by fragmentation re-
lated to expansion of juvenile gas in an uprising magma
(Fisher & Schmincke, 1984; 1994). Glass varies from
pale yellow sideromelane to deep orange-brown tachylyte,
probably as a consequence of an increasing degree of hy-
drothermal transformation by fumarole vapours. Patches of
limpid and clear sideromelane with rare plagioclase mi-
crolites commonly occur in fine-grained clasts, that were
quenched fast and efficiently enough to prevent a massive
nucleation of opaque phases. Sideromelane is most abun-
dant in tephra related to the final phase of the eruptive ac-
tivity (cf. Taddeucci et al., 2004).

Amphibole is about 2−3 vol.% in lavas and scarcer
in tephra; it is generally found as isolated euhedral to
subhedral phenocrysts (Fig. 1a, b) and sometimes as
megacrysts up to 10 cm along the c axis. Larger phe-
nocrysts (> 1−2 cm) are frequently poikilitic and enclose
plagioclase, augite and scarcer olivine (Fig. 1c). Crys-
tals optically resemble the Etnean amphiboles of prehis-
toric lavas (Klerkx, 1964; 1968; Cristofolini & Lo Giudice,
1969; Tanguy, 1980; Cristofolini et al., 1981), as they are
characteristically cleaved according to {110}, markedly
pleocroic (α = brown – light brown; β � γ = reddish-
brown to intense brown), and with zˆγ < 5◦. Amphibole
phenocrysts found in lavas are always jacketed by a micro-
vesicular cryptocrystalline reaction rim, likely evidence of
a syn-eruptive instability (Fig. 1b). These rims are about
0.5 mm wide in the largest phenocrysts, and are made of a
mixture of fassaïte, rhönite and anorthite with interstitial K-
rich residual glass (Clocchiatti & Tanguy, 2001; Clocchiatti
et al., 2004; Lopez et al., 2006). Phenocrysts with no reac-
tion rims exclusively occur in tephra (Fig. 1d), suggesting
that, due to melt quenching, the original equilibrium be-
tween the crystals and the melt was preserved.

3. Analytical techniques

Several amphibole phenocrysts have been selected from
lavas and tephra for mineral-chemical characterization.
However, only five of them, found in tephra grains, dis-
play the surrounding glass at equilibrium, so that am-
phibole/melt partition coefficients for REE and trace el-
ements have been exclusively calculated for these five
pairs. Compositions at the rim of amphibole crystals and
of the glass at their edges were selected as representing
conditions as close as possible to solid/melt thermody-
namic equilibrium. Major element contents of amphibole
and glass (Tables 1 and 2) were analysed by means of
a CAMECA SX50 electron microprobe (EMP) equipped
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Fig. 1. A) Isolated euhedral megacrysts of Mg-hastingsite, 2−3 cm long, sampled from the earlier erupted products of the 2001 eruption
at the 2100 m vent near the Mts. Calcarazzi area. B) Subhedral Mg-hastingsite crystal showing a characteristic cryptocrystalline reaction
rim; // polars. C) Poikilitic structure of a strongly resorbed Mg-hastingsite (as relics) megacryst, with enclosed phenocrysts of plagioclase,
clinopyroxene and olivine; // polars. D) Selected tephra of the 2001 eruption at Mt. Etna; a Mg-hastingsite crystal is clearly visible with
other phases constituted by phenocrysts and microphenocrysts of clinopyroxene and plagioclase. All phases are in equilibrium with the
surrounding highly vesiculated sideromelane (bubbles > 50 vol.%); // polars.

with four WDS spectrometers at the CNR-IGG, Unit of
Padova. Operating conditions were set at 15 keV accel-
erating potential, 15 nA beam current and peak count-
ing times of 15 s. The analytical precision is better than
1 % for SiO2, Al2O3, FeO, MgO and CaO and better than
3 % for TiO2, Cr2O3, MnO, Na2O, K2O and P2O5. Mi-
nor and trace element concentrations of the five selected
amphibole/glass pairs (Table 3) were analysed by means
of Laser Ablation Microprobe Inductively Coupled Plasma
Mass Spectrometry (LAM-ICP/MS) at the CNR-IGG, Unit
of Pavia. The basic setup of the instrument is carefully de-
scribed in Bottazzi et al. (1999), with the most important
change consisting in the adoption of a shorter laser wave-
length (213 nm), resulting from mixing of the fundamen-
tal radiation (1064 nm) with the fourth harmonic radiation
(266 nm) into a third harmonic generator (Jeffries et al.,
1998). The analytical precision of this LAM-ICP/MS is
given better than 7 % for all the analysed trace elements
(see www_crystal.unipv.it/precision_and_accuracy.htm).

4. Chemistry of amphibole and glass

4.1 Amphibole

The structural formulae of the analysed crystals were cal-
culated on the basis of 13 cations and 23 oxygen atoms

with Fe2+/Fe3+ recalculation, as recommended by Leake
et al. (1978). Data are compared with major element con-
tents and structural formulae for phenocrysts of kaersutite
referred to prehistoric products with hawaiitic to trachytic
compositions (Cristofolini et al., 1981; D’Orazio et al.,
1998). According to the Leake et al. (1997) nomenclature
for Ca-amphiboles, the analysed amphibole crystals from
the 2001 lavas and tephra are titanian Mg-hastingsites and
very rarely titanian pargasites.

The Mg-hastingsite chemically differs from the am-
phiboles of prehistoric eruptions mainly for its gener-
ally lower proportions of Ti and higher ones of AlVI,
Ca and especially K; significant differences also oc-
cur for Fetot (data source for prehistoric amphiboles
Cristofolini et al., 1981; D’Orazio et al., 1998):

Ti AlVI Fe3+ Fe2+ Ca K
Mg-hast: aver. 0.399 0.267 0.381 0.945 1.927 0.189
(21 analyses)

σ (0.02) (0.04) (0.09) (0.10) (0.02) (0.02)
Kaers – Parg: 0.537 0.218 n.d. 1.385 1.801 0.153
aver. (6 analyses)

AlIV values (aver. 2.137 a.f.u.) are generally higher, with
rare exceptions, than those of kaersutite and titanian par-
gasite of older lavas (aver. 2.016 a.f.u.) (Fig. 2). Finally,
the Mg# values [Mg/(Mg + Fe2+)] in Mg-hastingsite of the
2001 eruption (0.71−0.80) are higher than in prehistoric
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Fig. 2. Cations per formula unit (a.f.u.) for phenocrysts of Mg-hastingsite of the 2001 event (circles) and the prehistoric kaersutite (triangles;
Cristofolini et al., 1981; D’Orazio et al., 1998). Mg-hastingsite especially differs from kaersutite for its higher values of AlIV, AlVI and K.

Table 2. Major element concentrations (wt.%) for the analysed glasses found in tephra fragments.

Sample 1 GL01 2 GL01 3 GL01 4 GL01 5 GL01 6 GL01 7 GL01 8 GL01 9 GL01 10 GL01
SiO2 50.1 51.0 51.0 50.9 51.0 50.9 51.0 51.1 51.2 50.8
TiO2 2.13 1.96 1.91 2.13 2.02 1.99 2.01 1.97 2.00 1.98

Al2O3 16.1 16.5 16.6 16.7 16.6 16.4 16.6 16.7 16.6 16.8
FeO 10.9 10.7 10.7 10.5 10.6 10.8 10.9 10.5 10.5 10.5
MgO 3.35 3.31 3.27 3.24 3.26 3.20 3.22 3.22 3.07 3.29
MnO 0.23 0.21 0.14 0.20 0.16 0.26 0.15 0.18 0.20 0.16
CaO 7.04 7.53 7.46 7.44 7.50 7.45 7.45 7.35 7.44 7.50
Na2O 4.19 4.20 4.32 4.22 4.25 4.36 3.99 4.30 4.32 4.36
K2O 2.97 3.34 3.52 3.56 3.40 3.50 3.49 3.52 3.66 3.49
P2O5 1.14 1.05 0.82 0.95 0.97 0.91 0.90 0.93 0.91 0.91
Total 98.2 99.8 99.7 99.8 99.8 99.8 99.7 99.8 99.9 99.8
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Fig. 3. Chondrite-normalized patterns for the Mg-hastingsite phe-
nocrysts of the 2001 eruption (grey field) and the prehistoric kaer-
sutite (triangles; D’Orazio et al., 1998); patterns of residual glasses
found in tephra fragments (black field) are also shown for compari-
son. A) REE patterns (Sun, 1982); B) incompatible and compatible
trace elements (Sun & McDonough, 1989; and Anders & Ebihara,
1982).

amphiboles (0.67−0.69; Cristofolini et al., 1981; D’Orazio
et al., 1998).

The Chondrite-normalized (Sun, 1982) REE patterns are
rather homogeneous for all of the analysed Mg-hastingsite
phenocrysts (Fig. 3a), with a negative La anomaly.
LaN/SmN (0.92−1.09) and LaN/YbN (4.39−5.31) are con-
sequently lower than CeN/SmN (5.46−6.20) and CeN/YbN
(24.34−28.18). On the whole LREE are generally no-
tably enriched, whereas MREE and HREE are fractionated
(SmN/YbN = 4.56−5.12). A slightly positive Eu anomaly
occurs (Eu/Eu* between 1.06 and 1.26). The Chondrite-
normalized (Sun, 1982) REE pattern for a kaersutite of
the Ellittico volcanic sequence (D’Orazio et al., 1998) is
shown for comparison (Fig. 3a). This pattern displays con-
centrations markedly higher than in Mg-hastingsite for all
of the REE, but LREE/HREE ratios (LaN/SmN = 1.32;
LaN/YbN = 7.49; SmN/YbN = 5.67) are similar. La is
slightly depleted, whereas no Eu anomaly is apparent.

The Chondrite-normalized (Sun & McDonough, 1989;
and Anders & Ebihara, 1982) extended patterns for incom-
patible and compatible trace elements of Mg-hastingsite
are rather homogeneous (Fig. 3b) and show clear anoma-
lies, negative for Th, U, Zr, and positive for Ba and
Nb. The extended pattern of kaersutite from prehistoric
lavas (D’Orazio et al., 1998) is similar to that of Mg-
hastingsite, but with higher concentrations for most of the
trace elements. Sr is, however, less enriched and shows
a pronounced negative anomaly, as well as the transition
elements, which are slightly less abundant than in Mg-
hastingsite.

4.2 Glass

The analysed sideromelane patches are basaltic-
trachyandesite in composition (Le Maitre, 2002), at
the boundary with the trachybasaltic and phono-tephritic
fields, well within the range observed by Taddeucci et al.
(2004) for glasses sampled from distinct vents of the
2001 eruption. As expected, the residual glass is more
concentrated in TiO2, Na2O, K2O and P2O5 compared to
the whole rock compositions (cf. Clocchiatti et al., 2004;
Metrich et al., 2004; Viccaro et al., 2006; Corsaro et al.,
2007). MgO and CaO values are instead lower in the
residual glass than in the bulk rock, whereas the Al2O3
content does not significantly differ.

The Chondrite-normalized patterns for REE (Sun, 1982)
and trace elements (Sun & McDonough, 1989; and Anders
& Ebihara, 1982) of residual glass are shown in Fig. 3a, b.
Compared with Mg-hastingsite, they display higher con-
centrations of La, Ce, LILE, Th, U and lower concentra-
tions of Ti, Y, Sc, V. On the whole, all of the trace element
concentrations in the glass are similar to those analysed in
groundmasses of hawaiites referred to a prehistoric Etnean
volcanic centre (Ellittico) by D’Orazio et al. (1998).

5. Discussion

5.1 Amphibole/melt trace element partitioning

Partition coefficients (Amph/meltD) for REE + Y, LILE,
HFSE and transition elements for five selected amphi-
bole/melt pairs were calculated as the mass ratio between
the concentration of the i element in the solid phase (the
amphibole rim) and in the coexisting melt (the surrounding
glass) (Table 3).

Amph/meltD are lower for LREE and higher for MREE and
HREE (Fig. 4a). Among REE, partition coefficients of La,
Ce and Pr are the only ones with values < 1, whereas they
are > 1.1 from Nd to Lu, with the highest value reached
by Ho and with peaks also for Eu and Tb. Slightly lower
Amph/meltD are observed for Y and HREE.

The partition coefficients of some LILE and HFSE are
� 1, with the exception of Nb. Rb, U and Th show the
lowest Amph/meltD (Fig. 4b; Table 3). For other LILE and
HFSE (Ba, Sr, Ta, Zr and Hf) the values are generally < 1.
Among them, Nb appears as the most compatible.
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Fig. 4. Calculated partition coefficients (Amph/meltD) between the
Mg-hastingsite phenocrysts of the 2001 eruption and the coexist-
ing residual glasses for A) REE, B) LILE and HFSE, C) transi-
tion elements. Amph/meltD measured in this study have been com-
pared with previous results from literature data (Irving & Frey, 1984;
Lemarchand et al., 1987; Sisson, 1994; LaTourrette et al., 1995;
D’Orazio et al., 1998; Adam & Green, 2003; Downes et al., 2004).

Partition coefficients for the transition elements are > 2,
except for Cr that shows Amph/meltD lower than 1 (Fig. 4c;
Table 3). Sc shows the largest value, whereas the values for
Co and V are slightly lower.

Several attempts have been carried out by many au-
thors in order to define Amph/meltD values for basic melts
at various experimental P and T conditions (Higuchi &

Nagasawa, 1969; Irving & Frey, 1984; Green & Pearson,
1985; Lemarchand et al., 1987; Adam & Green, 1994;
2003; Sisson, 1994; LaTourrette et al., 1995; D’Orazio
et al., 1998; Tiepolo et al., 2000; 2001; Downes et al.,
2004). A comparison can be made between Amph/meltD ob-
tained in this work and those obtained from literature, re-
lated to the trace element partitioning between amphibole
and basaltic/alkali basaltic melts (Fig. 4). Amph/meltD val-
ues of Mg-hastingsite of the 2001 eruption display patterns
similar to those reported in literature for REE, HFSE and
transition elements, related to other amphiboles and melts
(cf. Irving & Frey, 1984; Lemarchand et al., 1987; Adam
& Green, 2003; Sisson, 1994; LaTourrette et al., 1995;
Downes et al., 2004). In detail, Amph/meltD values of the Et-
nean Mg-hastingsite are higher than those from the above
cited references for REE, Nb, Ta, Zr and Hf, and much
lower for Rb, Th, and U. Partitioning of other elements is
instead similar for the whole data set.

More interestingly, the comparison between Amph/meltD
for Mg-hastingsite and those of a kaersutite, crystallized
from a benmoreitic Etnean melt (D’Orazio et al., 1998),
shows that these amphiboles display rather similar patterns
for all of the trace elements, although Mg-hastingsite val-
ues are significantly lower for most of the elements than the
ones reported for kaersutite (Fig. 4). This tendency is quite
clear for REE and Sc, and to a minor extent for Th, U, Ta,
Sr, V and Co.

Reasons of this difference are to be found by taking
into account that trace element partitioning between am-
phibole and melt depends on several factors among which
the most important ones are the compositions of the co-
existing minerals and/or of the hosting melt (Pearce &
Norry, 1979; Mysen & Virgo, 1980; Nicholls & Harris,
1980; Green & Pearson, 1985; Lemarchand et al., 1987;
Sisson, 1994). Other factors, however, such as tempera-
ture (Nicholls & Harris, 1980; Green & Pearson, 1985),
pressure (Green & Pearson, 1985; Adam & Green, 1994;
2003) and f O2 (Green & Pearson, 1985) may have ma-
jor effects on partition coefficients. Experimental studies
on amphiboles in basaltic and andesitic systems demon-
strated that Amph/meltD values for REE and other trace ele-
ments are positively correlated with the SiO2 content of the
melt (Lemarchand et al., 1987; Sisson, 1994), and nega-
tively correlated with the temperature of the melt (Green
& Pearson, 1985). Green & Pearson (1985) established
that Amph/meltDREE values slightly decrease with increasing
f O2 and total pressure. A similar behaviour was also found
for Ti and REE partition coefficients in amphiboles under
equilibrium with basanitic melts by Adam & Green (1994;
2003). Anyhow, these authors suggest that different f O2
conditions as well as addition of H2O to the system do not
significantly affect the partition coefficients.

5.2 Effects of amphibole fractionation

Many authors have suggested that pargasitic-kaersutitic-
Mg-hastingsitic amphiboles exert a significant role in the
petrogenesis of alkali basaltic rocks, at first as possible
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accessory phases during the partial melting process in the
source region and later when magmas differentiate by crys-
tal fractionation (Aoki, 1963; Baker, 1969; Gast, 1968;
Griffin & Murthy, 1969; Le Maitre, 1962; 1969; Kesson
& Price, 1972). The partitioning between Mg-hastingsite
and melt discussed above points out some possible im-
plications that the amphibole crystallization may exert in
modifying the geochemical features of magmas stored in
reservoirs of active volcanoes. In detail, Th, U and LREE
can be incorporated in much lower amounts compared to
other trace elements such as Nb and Ta. This means that, if
Mg-hastingsite fractionation occurs, the trace element sig-
nature of residual melts might be strongly affected, due
to increased ratios of trace elements, like U/Nb, Th/Ta,
La/Nb, La/Ta. Through the careful geochemical analysis
of products of the 2001 eruption it is possible to test the
efficacy of amphibole growth in controlling these petrolog-
ically important ratios. Specifically, several authors have
given evidence that two distinct magmas were simulta-
neously erupted from two fracture systems on the south-
ern flank of the volcano (Clocchiatti et al., 2004; Metrich
et al., 2004; Viccaro et al., 2006; Corsaro et al., 2007): an
amphibole-bearing trachybasaltic magma from N-S trend-
ing fractures (2550−2550 m), and a trachybasaltic magma,
with no amphibole at all, from NNW-SSE trending ones
(3100−2600 m). Averaged geochemical data on glasses in
tephra from the two distinct systems show that ratios such
as Th (or U)/Ta and, to a minor extent, Th/Nb and La/Nb
are higher in the amphibole-bearing products than in those
where amphibole is absent (data source Viccaro, 2006; cf.
Viccaro et al., 2006; Corsaro et al., 2007). The amphi-
bole growth is also fundamental in controlling the overall
melt composition. Clues to investigate this relationship can
be found by examining the behaviour of Amph/meltDNb/Zr,
as stated by Tiepolo et al., (2000; 2001). They remarked
that the Nb/Zr ratio in the melt is positively related to
the Mg# of the amphibole, mainly due to effects induced
by amphibole and melt structure (e.g. crystal structure,
degree of polymerization). The comparison between the
Mg-hastingsite from the 2001 eruption and the kaersu-
tite from prehistoric eruptions offers the opportunity to
verify this statement. Even considering the rather distinct
melt compositions from which Mg-hastingsite and kaersu-
tite crystallized (basaltic-trachyandesite and benmoreite re-
spectively), Mg# is much higher in Mg-hastingsite than in
kaersutite (Cristofolini et al., 1981; D’Orazio et al., 1998).
The averaged Amph/meltDNb/Zr value turns to be 1.99 for Mg-
hastingsite (Table 3), whereas it is 2.45 for kaersutite (cf.
D’Orazio et al., 1998). The resulting Nb/Zr ratio is then al-
most twice as much in the basaltic-trachyandesite residual
melt compared to that in the benmoreite (0.45 vs. 0.26). Is-
sues of a much broader interest could rise from the specific
instance supplied by the amphibole crystallization at depth
in the Etnean feeding system, if one considers that it may
play a significant role in controlling the HFSE and LREE
signature of magmas coming also from feeding systems
of other alkali basaltic volcanoes (e.g. Hawaii, St. Helena,
Gough Island, Tristan da Cunha). This feature becomes of
great importance especially for these systems, where am-
phibole is an uncommonly found phase, and consequently

its possible role in the magma system could be defined by
anomalies affecting trace element ratios in the melts.

5.3 Constraints on Mg-hastingsite crystallization

Integrated petrological and geophysical data related to the
2001 eruption at Mt. Etna constrain at ∼ 200 MPa the
lowest pressure value needed to crystallize Mg-hastingsite
(Viccaro et al., 2006 and references therein). At this pres-
sure, an equilibrium T of ∼ 980 ◦C for Mg-hastingsite
can be deduced from phase equilibria and experimental
results (Deer et al., 1997 and references therein). Com-
parable results (T ∼ 970 ◦C) have been obtained using
the geothermometer proposed by Otten (1984), calibrated
on the Ti content of hornblende under QFM buffered f O2
conditions. Such a T is however slightly underestimated.
A reason can be found by considering that coexisting
magnetite-ilmentite are needed for a precise calibration
of the geothermometer, which doesn’t occur in Etnean
magmas. For the prehistoric kaersutite (compositions from
D’Orazio et al., 1998) relevant geophysical data are miss-
ing, leaving some more degrees of uncertainty. Even with
these limitations, results obtained from the hornblende
geothermometer (Otten, 1984) give a crystallization T of
∼ 1025 ◦C for the prehistoric kaersutite.

The pressure needed for the crystallization of Mg-
hastingsite is at least 200 MPa, that might be expected
in a closed reservoir subject to a total pressure consistent
with a depth of ∼ 6 km b.s.l. The distribution of hypocen-
tres for the earthquake swarms, that shortly preceded the
eruption onset, indicates a maximum depth of ∼ 8 km be-
low the lowest end of the N-S eruptive fracture on the
southern flank of the volcano (opened at 2100 m a.s.l.;
Bonaccorso et al., 2002; 2004; Patanè et al., 2002; Billi
et al., 2003; Lanzafame et al., 2003; Monaco et al., 2005).
As a consequence, the relation inferred between the deep-
est hypocenters and the site of the magma reservoir sug-
gests that the pressure acting on the feeding system dur-
ing Mg-hastingsite crystallization must have been higher
than ∼ 200 MPa. Specifically, the maximum depth of
hypocentres below the eruptive fracture (8 km) suggests
250−270 MPa as possible values of the confining pressure.
Further evidence, which supports the P values inferred
from geophysical data, derives from data on H2O and CO2
contents of primary melt inclusions in olivine crystals from
the lower vent of the 2001 eruption (2100 m a.s.l.; Metrich
et al., 2004). These data fit to a melt entrapment under pres-
sures between 200 and 300 MPa, while the olivine crystals
were growing, and result in good agreement with the values
given above.

The range of pressure values so obtained by these inde-
pendent approaches is likely depending on the variability of
chemical/physical conditions in the magma batch, in par-
ticular: 1) a possible vertically extended magma chamber
at depths higher than 6 km (b.s.l.) and/or 2) a Pfluid increase
especially at the top of the magma chamber induced by an
upward diffusion of volatiles. This last hypothesis may ac-
count for the presence of abundant large Mg-hastingsite
megacrysts that occur especially in the early erupted lava
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flows, implying that a high growth rate of amphibole was
possible at the top of the chamber, probably due to a lo-
calized increased Pfluid that has led to the development of a
“pneumatolytic” environment (cf. Pompilio & Rutherford,
2002; Clocchiatti et al., 2004). However, considering that
the emission of amphibole-bearing products continued for
the total length of the eruption, the hypothesis is highly
consistent with the recent results provided by Ferlito et al.
(2007), who highlighted how the petrological features of
the magmas involved in the 2001 event, and coming from
the reservoir of the amphibole-bearing trachybasalt, may be
constrained only taking into account the role played by mi-
grating volatiles into the feeding system, which have prob-
ably led to an overpressurization of the system.

5.4 Crystallization conditions of prehistoric vs. recent
Etnean amphiboles

Differences in the compositions of Etnean amphiboles are
largely related to higher contents of Ti, Na, REE and other
trace elements in prehistoric kaersutite and higher contents
of AlVI, Ca, K and transition elements in the recent Mg-
hastingsite (Fig. 2 and 3). As discussed above, these fea-
tures may be then accounted for by differences in the chem-
ical and physical parameters, such as melt composition, P,
T and f O2, which control the crystallization.

With regard to magma compositions, kaersutite phe-
nocrysts are commonly found in rather evolved prod-
ucts of the Etnean succession (benmoreites to trachytes),
whereas Mg-hastingsite is characteristic of the trachy-
basalts of the 2001 event. It is noteworthy that this is
the first occurrence of an amphibole-bearing magma since
the petrological benchmark defined by the 1971 eruption.
Many authors focused their attention on the important geo-
chemical changes of the products emitted after the 1971
eruption, and presented various interpretations for explain-
ing the progressive enrichment in K, Rb, Cs joined to
a gradually increased87Sr/86Sr value too (Joron & Treuil,
1984; Clocchiatti et al., 1988; Armienti et al., 1989; 2002;
Barbieri et al., 1993; Condomines et al., 1995; Tonarini
et al., 1995; 2001; Corsaro & Cristofolini 1996; Tanguy
et al., 1997; Schiano et al., 2001). More interestingly, other
authors have recently pointed out the uncommon features
of the eruptive activity of 2001, which could be regarded
as a new turning point under several petrological aspects
(Clocchiatti et al., 2004; Metrich et al., 2004; Viccaro et al.,
2006). After the 2001 eruption, the Etnean magmas have
displayed a clear drift of the geochemical features towards
more basic, alkali- and volatile-rich members (Clocchiatti
et al., 2004; Metrich et al., 2004; Viccaro, 2006; Viccaro
et al., 2006; Ferlito et al., submitted). It appears then likely
that the observed Mg-hastingsite composition could be sig-
nificantly depending on these K-enriched and basic mag-
mas.

In contrast to the findings that, at constant magma com-
positions, Ti and AlIV contents strongly increase with tem-
perature (Heltz, 1973), the relatively higher content of Ti
in kaersutite and of AlIV in Mg-hastingsite, as well as the
similar growth temperatures estimated for Mg-hastingsite

(T ∼ 980 ◦C) and kaersutite (T ∼ 1025 ◦C), suggest that
T did not play a significant role in controlling their com-
positions. As high AlVI (Deer et al., 1997) and low Ti val-
ues (King et al., 2000; Adam & Green, 1994; 2003; Ernst
& Liu, 1998) in amphiboles are generally favoured by in-
creased pressures, it seems reasonable that the lower Ti
and higher AlVI contents in Mg-hastingsite with respect
to kaersutite, as well as Amph/meltD lower in Mg-hastingsite
than in kaersutite, could be an effect of different pressures
within the magma reservoirs, superimposed to the one due
to rather different geochemical characteristics of the melts.
Melt compositions and crystallization P can then be viewed
as the crucial factors on which the structural and composi-
tional differences among the Etnean amphiboles depend.

6. Concluding remarks

The occurrence of amphibole maintaining its equilibrium
with the melt attained at high-P is exceptionally rare in
volcanic environments due to the fast re-equilibration un-
der low pressure conditions. The presence of amphibole in
trachybasaltic volcanics of the 2001 eruption at Mt. Etna
has drawn the attention of many authors (Clocchiatti &
Tanguy, 2001; Clocchiatti et al., 2004; Viccaro et al., 2006;
Corsaro et al., 2007). The most singular aspect certainly is
that, in tephra related to the most violent explosive phases
of the event, it preserved the original equilibrium features
with the surrounding melt, well represented by the coex-
isting glass, basaltic-trachyandesite in composition. This
has allowed accurate Amph/meltD to be calculated for sev-
eral trace elements. Even more interestingly, trace element
partitioning provides information on the effects that amphi-
bole crystallization exerts on the composition of the resid-
ual melts in alkali basaltic systems, suggesting that trace
element ratios of great importance in petrology (e.g. Th/Ta,
U/Ta, Th/Nb, La/Nb) are strongly affected if amphibole
fractionation occurs.

Attention was also focused on the fact that amphiboles
are fairly rare in the Etnean record and that they are com-
monly found as kaersutite to titanian pargasite phenocrysts.
Efforts have been then made to define which chemical
and physical parameter/s should have changed to allow ti-
tanian Mg-hastingsite to crystallize in the 2001 eruption
reservoir. Mineral-chemical and trace element partition-
ing data on Mg-hastingsite have been then compared with
those reported for the kaersutite of prehistoric eruptions,
which provided some constraints for their crystallization.
The overall data indicate that compositional differences be-
tween Mg-hastingsite and kaersutite are possibly related to
the more basic characters of the Etnean magmas erupted
in historic time and in particular to the peculiar geochem-
ical features that characterize them after the benchmarks
of the 1971 and 2001 events. Combined with this, the
behaviour of Ti, AlIV, AlVI and Amph/meltD for trace ele-
ments in Mg-hastingsite and kaersutite are consistent with
higher pressures of crystallization for the former with re-
spect to the latter. In such a framework, volatile-influx, oc-
curring by diffusion between magma batches within the
Etnean feeding system, has been recently indicated as an



Amphibole crystallization in the Etnean feeding system 509

efficient process for concentrating anomalous amounts of
volatiles and giving rise to high Pfluid conditions within
closed reservoirs (Ferlito et al., 2007). This mechanism,
probably joined to the originally high volatile contents
that characterize the recently erupted magmas (Clocchiatti
et al., 2004; Metrich et al., 2004; Viccaro, 2006; Viccaro
et al., 2006), should have led to attain chemical and physi-
cal conditions which locally allowed amphibole to crystal-
lize even from poorly evolved magmas.
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