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ABSTRACT 

The activity of Mt. Etna volcano from January 2011 to April 2012 was characterized by 24 

paroxysmal, short-duration (from a few to several hours) eruptions at the New South-East 

summit crater. Despite the violence of the activity, no appreciable geophysical signals were 

recorded during this period, except for an increase in seismic tremors just minutes/hours 

before the occurrence of the paroxysm. This type of activity represents a significant shift from 

the mainly effusive eruptions of 2004, 2006, and 2008/2009, as well as from the lateral rift-

related events of 2001 and 2002/2003.  

The 2011-2012 paroxysmal activity thus represents an important opportunity to better 

understand the effects of different magmatic parameters (i.e., P-T-fO2) and magmatic H2O 

content on the crystallization and fractionation processes. To this aim the petrographic and 

geochemical features of lava and scoria clasts from 10 paroxysmal events have been 

investigated. Fractional crystallization modelling indicates that most of the eruptions are 

related to magmas rising along the vertically-developed feeding system of the volcano, 

accompanied by one main recharge of a more primitive, deep-seated magma feeding the 
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4/3/2012 event. Olivine-, clinopyroxene-, and plagioclase-melt equilibria and 

thermobarometric calculations were performed in order to estimate the crystallization 

conditions of magmas. These calculations reveal that the erupted products contain different 

phenocryst populations in equilibrium with a spectrum of primitive to more evolved magma 

compositions. On the basis of crystal composition, crystal-melt equilibrium conditions and 

thermobarometric estimations, four main magmatic facies have been recognized: F1, 1600 

MPa at 1270 °C (Ol Fo88); F2, 800 MPa to 600 MPa at 1178  °C to 1151 °C (Ol Fo84-78); F3, 

450 MPa to 250 MPa at 1139  °C to 1118  °C (Ol Fo79-74); F4, <250 MPa at <1120  °C (Ol 

Fo75-70). The overall geochemistry and thermobarometric data allow us to characterize the 

central feeding system as continuous and vertically zoned. During the 2011-2012 activity the 

studied 30/7/11, 29/8/11, 8/9/11, 18/3/11 and 24/4/12 events were fed by magma residing at 

F3 and F4 facies. Mafic magma influx from deeper F2 facies occurred the 18/2/11 and 

20/8/11, with a major recharge event before the 4/3/12 eruption. The primitive magma is 

testified by rare olivine crystals equilibrated at the F1 facies, located at crust-mantle boundary 

depth and close to liquidus temperature.  

 

INTRODUCTION 

Because of its variable and persistent volcanic activity, Mt. Etna (Sicily, Italy) represents a 

natural laboratory for studying the magmatic processes that control the nucleation and growth 

of phenocrysts during magma ascent from depth to eruption at the surface (Armienti et al., 

2012; Giacomoni et al., 2014; Giacomoni et al., 2016; Mollo et al. 2015a). 

Volcanological, geophysical and petrological studies highlighted three main volcanic feeding 

systems responsible for the historical eruptive event: the central conduit feeding system, 

persistently filled with magma from which degassing feeds fumarole activity at the summit 
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craters; the lateral feeding systems (S-Rift, NE-Rift and the W-Rift); and the eccentric feeding 

system (Kieffer, 1975). 

In such a complex volcanological setting, recent studies have discovered a variety of 

crystallization scenarios, recorded in textural variations and chemical zoning of olivine (Khal 

et al., 2011; Mollo et al., 2015a), clinopyroxene (Mollo et al., 2015b; Giacomoni et al., 

2016), plagioclase (Viccaro et al., 2010; Giacomoni et al., 2014) and Ti-magnetite (Mollo et 

al., 2015b). These phenocrysts record a wide range of mineral-melt equilibration conditions, 

from early nucleation and growth at mantle depths (i.e., olivine and clinopyroxene) to magma 

conduit dynamics, where assimilation, fractional crystallization, and magma mixing 

phenomena occur.  

In the last 20 years, the volcanic activity of Mt. Etna displayed a great variety of eruptive 

styles, from long lasting effusive events with minor strombolian activity and scarce seismic 

precursors (2004, 2006, and 2008/2009 eruptions; Di Grazia et al., 2006; Andronico et al., 

2008; Aloisi et al., 2009; Corsaro et al., 2009; Aiuppa et al., 2010) to explosive events from 

extended fractures on the flanks of the edifice, often preceded by intense seismic activity 

(2001, and 2002/2003 eruptions; Behncke et al., 2003; Andronico et al., 2005). 

The eruptive events that occurred from January 12
th

 2011 to April 24
th

 2012 represent, 

however, a radical shift in the eruptive style. Indeed, within a short time interval, 25 summit 

paroxysmal episodes were observed at the New South-East Crater (NSEC). These eruptions 

consisted of sustained jets of magma and gas (reaching up to 800 m in height) and were 

defined as lava fountains for their frequency and type of activity (Calvari et al., 2011; 

Bonaccorso et al., 2013). These latter events are associated with short-lasting lava flows, 

usually flowing down into the Valle del Bove (Fig. 1) and covering an overall area of 3.19 

km
2
 for a maximum length of 4.3 km (Behncke et al., 2014; Viccaro et al., 2015). Despite the 

violence of the activity, no appreciable geophysical signals were recorded during this period, 
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except for an increase in seismic tremors just a few minutes/hours before the occurrence of 

the paroxysm (Bonaccorso et al., 2013).  

This eruptive sequence and its associated products give us the opportunity to investigate the 

mechanisms of magma ascent, degassing, and crystallization along the magma column 

residing in the central volcanic conduit, as well as to better understand the physicochemical 

changes of the system that caused the unexpected and violent eruptive activity of the volcano. 

In this context, lava and tephra from ten events (from Feb 18
th

 2011 to Apr 24
th

 2012) have 

been investigated a petrographically, mineralogically, and geochemically. The recovered 

information has been then used to model magmatic differentiation and the recharging 

mechanisms responsible for the eruptive events. 

  

GEOLOGICAL BACKGROUND 

Mt. Etna is a 3340 m a.s.l. high stratovolcano located on the eastern coast of Sicily (Fig. 1a). 

Magmatic activity started 500 ka ago with the emission of olivine tholeiitic basalts, 

accompanied by a few pigeonite-bearing tholeiitic basalts from fissural submarine and 

subaerial vents (Gillot et al., 1994; Tanguy et al., 1997). The early submarine volcanic events 

were followed by subaerial eruptions, in concert with a regional uplifting that occurred 300 

ka ago (Branca et al., 2008). The composition of the erupted products shifted from tholeiitic 

to transitional to Na-alkalic (200 ka; Tanguy et al., 1997 and references therein). The 

building of central-conduit edifice started 130 ka ago, resulting in a sequence of several 

distinct volcanic centers characterized by alternation of effusive and explosive eruptions and 

frequently associated with caldera collapses (De Beni et al., 2005). The “Recent Mongibello” 

activity initiated 15 ka ago, being predominantly effusive with lava emissions and 

strombolian eruptions from the summit craters and/or from eccentric parasitic cones forming 

at the volcanic flanks (Branca et al., 2008). 
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The present feeding system is interpreted as an open-conduit system developed at the 

intersection of two main volcano-tectonic structures: the North East Rift and the South Rift 

(Ferlito et al., 2009; Giacomoni et al., 2012), which are strictly related to the trans-

extensional regional tectonic regime (Monaco et al., 2005). The main volcanic conduit is 

persistently filled with magma at different levels, which undergoes continuous degassing 

from the summit craters (Corsaro et al., 2009).  

Recent petrological (Kahl et al., 2011; Kahl et al., 2013; Giacomoni et al., 2016) and 

geophysical (Patanè et al., 2006; Patanè et al., 2013) studies describe the Etnean feeding 

system as continuous, from mantle depth to the surface, without long-persisting magma 

chambers, but often characterized by preferential magma ponding zones located at depths 

corresponding to the main crustal discontinuities with a significant overlap. Three main 

ponding levels have been recognized: 1) at the mantle/crust interface corresponding to the 

Moho discontinuity at 27 km b.s.l. (Sharp et al., 1980), 2) inside the Mesozoic carbonate 

succession at 4-8 km b.s.l. (Lundgren et al., 2003), and 3) inside the Appennine-Maghrebian 

formations at  3-6 km (Bonaccorso et al., 2011). 

 

DESCRIPTION OF THE 2011-2012 PAROXISMAL ERUPTIONS 

From January 2011 to April 2012, twenty-five eruptive episodes were recorded and described 

in the monitoring reports of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), 

including direct observations and geophysical data collected from permanent monitoring 

stations (Table 1). 

The volcanic activity occurred from the New South-East Crater (NSEC), which is a 300-m-

high scoria cone with a volume of approximately 1910
6
 m

3
. This cone was generated by the 

accumulation of pyroclastic material ejected from a pit crater formed after the 16
th

 November 

2006 flank collapse of the South-East Crater (SEC) (Ferlito et al., 2010; Neri et al., 2010).  
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The eruptive events were characterized by violent strombolian explosions and sustained lava 

fountaining with a maximum height of 800 m and time duration from a few hours to a few 

days. Lava flows outpoured from the eastern flank of the NSEC with low emission rates and 

moved southeastward into the Valle Del Bove, while frequent and intense ash plumes drifted 

with dominant winds towards the city of Catania. 

The eruptive events investigated in this study occurred on 18
th

 February 2011, 10
th

 April 

2011, 12
th

 May 2011, 30
th

 July 2011, 20
th

 August 2011, 29
th

 August 2011, 8
th

 September 

2011, 4
th

 March 2012, 18
th

 March 2012, and 24
th

 April 2012. Overall, ten eruptive events 

have been analyzed and hereafter labelled as 18/2/2011, 10/4/2011, 12/5/2011, 30/7/2011, 

20/8/2011, 29/8/2011, 8/9/2011, 4/3/2012, 18/3/2012 and 24/4/2012. 

The 18/2/2011 volcanic activity started at 1.15 GMT (Fig. 1b) and was characterized by 

intense degassing from the SEC. After ~2 h, increasing seismic tremor (M<2) was followed 

by explosions indicating the beginning of the eruption. Due to cloudy weather conditions, 

only a small portion of the lava flow was visible, outpouring from the SEC western flank. The 

10/4/2011 and 12/5/2011 eruptions (Figs. 1c and d) started at 9.30 GMT and 4.00 GMT, 

respectively, as lava fountaining ejected from the low topographic sectors of the SEC. These 

explosive events produced ash clouds that was wind-driven south-southeastward. The 

12/5/2011 lava fountain started in the night at the SEC and was accompanied by an ash cloud 

that was blown south-southeastward. Afterwards, a lava flow outpoured from the SEC east 

flank and flowed eastward in the Valle Del Bove (Fig. 1d). Before the 30/7/2011 event, a 

minimum of three eruptions were reported by the INGV: 9/7/2011, 19/7/2011, and 24/7/2011 

none of which could be sampled (Table 1). The 30/7/2011 event (Fig. 1e) began at the 19.30 

GMT and was preceded by intermittent and sporadic strombolian explosions two days before. 

These explosions were characterized by increasing intensity and frequency, and were 
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accompanied by an eastward-directed ash fall. The energy of the explosions faded after ~2 h, 

and the strombolian activity was concluded at 22.00 GMT.   

From 30
th

 July 2011 to 30
th

 August 2011, the INGV reports also two explosive events labelled 

5/8/2011 and 12/8/2011 (Table 1). On 20
th

 August 2011, an increase in tremor with 

subsequent strombolian explosions (Fig. 1f) was recorded at 2.30 GMT. Afterwards, the 

intensity and frequency of the tremor substantially increased and the volcanic activity shifted 

to lava fountaining with the formation of an eruptive column. Different from previous 

eruptive events, this latter was fed by two different vents located at the south-east flank of 

SEC and identified by lava jets with height of ~100 m. The 29/8/2011 eruptions (Fig. 1g) 

were similar to those described above, with the exception of the collapse of the south-eastern 

sector of the SEC. The 8/9/2011 eruption (Fig. 1h) was anticipated by weak and sporadic 

strombolian explosions and reached its climax at 6.30 GMT with intermittent lava fountains, 

generating an eruption column. At 6.50 GMT, several landslides of unconsolidated 

pyroclastic material involved the unstable east flank of the cone formed at the SEC. 

Before the 4/3/2012 event, INGV documented the occurrence of six explosive eruptions from 

the pit crater at the south-east flank of the NSEC (Table 1). The 4/3/2012 event started at 4.29 

GMT (Fig. 1i), preceded by an increase of volcanic tremor and was characterized by strong 

strombolian explosions that grew in frequency and energy over time. These explosions were 

accompanied by lava overflow from a fissure formed on the south-eastern edge of the NSEC. 

The flow reached the base of the cone and then headed towards the western flank of the Valle 

del Bove. At 7.30 GMT, volcanic activity shifted to a sustained lava fountaining that 

increased in intensity and generated an eruptive column of ~5000 m in height. At 7.48 GMT, 

a new eruptive vent formed at the south-western flank of the NSEC cone, feeding a new lava 

flow, outpouring between SEC and NSEC. Several small pyroclastic flows were observed 

flowing northeastward at the northern flank of the NSEC. The interaction between the hot 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

lava and snow strata caused vaporization phenomena associated with low-scale southward 

pyroclastic flows travelling a few hundreds of meters. The snow and ice melting also caused a 

lahar that flowed towards the “Belvedere” monitoring station, located on the western side of 

the Valle del Bove. 

On the 18
th

 March 2012 (Table 1), several monitoring stations recorded an increase of tremor 

signal at 4.00 GMT, associated with recurrence of intracrateric strombolian explosions at the 

NSEC. At 7.45 GMT, the strombolian explosions changed to sustained lava fountain and one 

lava flow moved towards the eastern flank of Valle Del Bove with several branches that 

interacted with snow causing phreatomagmatic explosions and small lahars (Fig. 1j).  

The 24/4/2012 paroxysm started in the evening. Similarly, to the previous eruptive events, 

this eruption was characterized by highly sustained lava fountains accompanied by a tephra 

eruptive column. Ash and lapilli fallout affected the NE sector of the volcano and several lava 

flows streamed towards the Valle del Bove, forming a complex lava field (Fig. 1k). 

 

ANALYTICAL METHODS 

Whole-rock geochemical analyses were carried out at the laboratory of the Department of 

Physics and Earth Science of the University of Ferrara (Italy) using powdered aliquots of lava 

and tephra. Major- and some trace- element (Ba, Ce, Cr, Nb, Nd, Rb, Sc, V, Zr) 

concentrations were measured by X-ray fluorescence (Thermo ARL Advant XP). Intensities 

were corrected for matrix effects using the method of Lachance & Trail (1966). Loss on 

ignition (L.O.I.) was determined by gravimetric method, assuming Fe2O3 as 15% FeO. Th, U, 

and REE concentrations were measured by inductively coupled plasma mass spectrometry 

(ICP-MS) on a VG Elemental Plasma Quad 2Plus instrument. The data reproducibility ranges 

between 0.9% and 7.9%. From a conservative point of view, it has been determined an 

accuracy of 10% and a detection limit of 10 ppb for Th, U and REE. 
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Microchemical and textural analyses were conducted at the HP-HT Laboratory of 

Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) in Rome, Italy. Chemical analyses were carried out with a JEOL-

JXA8200 electron probe micro-analyzer (EPMA) equipped with five spectrometers. Data 

were collected by analysing the cores and rims of phenocrysts, and coexisting glasses located 

a few microns next to crystal edges. The analyses were performed using an accelerating 

voltage of 15 kV and a beam current of 10 nA. For crystals, the beam size was 1 m with a 

counting time of 20 and 10 s on peaks and background, respectively. For glasses, a slightly 

defocused electron beam with a size of 3 m was used with a counting time of 5 s on 

background and 15 s on peak. The following standards have been adopted for the various 

chemical elements: jadeite (Si and Na), corundum (Al), forsterite (Mg), andradite (Fe), rutile 

(Ti), orthoclase (K), barite (Ba), apatite (P), spessartine (Mn) and chromite (Cr). Sodium and 

potassium were analyzed first to mitigate alkali migration effects. The precision of the 

microprobe was measured through the analysis of well-characterized synthetic oxides and 

minerals. Data quality was ensured by analyzing the test materials as unknowns according to 

Iezzi et al. (2014). Based on counting statistics, analytical uncertainties relative to their 

reported concentrations indicate that the accuracy was better than 5%. Images were collected 

using the backscattered electron (BSE) mode of a field emission gun-scanning electron 

microscopy (FE-SEM) JEOL 6500F equipped with an energy-dispersive spectrometer (EDS) 

detector.  

 

PETROGRAPHY  

The eruptive products sampled consist of seven lavas and three scoriaceous lapilli, whose 

petrographic features are summarized in Table 2. 
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Samples are porphyritic, with porphyritic indexes (P.I., defined as percentage of phenocryst 

respect to the whole thin section area) ranges from 15 to 30%. Phenocrysts are embedded in a 

groundmass that varies from glassy to hyalopilitic. The percentage of vesicles (i.e., 

vesicularity) varies from 30% in lavas up to 60% in scoriaceous lapilli of 10/4/2011 eruption. 

All products share a common phenocryst assemblage of olivine (10-30%), clinopyroxene (20-

40%), plagioclase (25-60%) and magnetite (5%). Rare apatite is also found as accessory 

phase in the hyalopilitic groundmass. Olivine phenocrysts are euhedral, and vary in size from 

0.5 to 2 mm. Large olivine often contains brownish, partially crystallized melt inclusions and 

oxides. Clinopyroxene is the most abundant femic mineral, varying in size from 0.7 to 4 mm, 

and plagioclase ranges in size from 200 m to 3 mm.  

 

WHOLE-ROCK GEOCHEMISTRY 

Whole-rock major- and trace- element concentrations are reported in Table 3. The TAS (Total 

Alkali vs. Silica) diagram shows that the studied products vary from hawaiite (e.g. 10/4/2011) 

to mugearite (29/8/2011), with one trachybasalt (4/3/2012) (Fig. 2a), with SiO2 and 

Na2O+K2O contents varying from 47.69 to 50.82 wt.% and from 5.67 to 6.66 wt.%, 

respectively.  

The MgO vs. TiO2, CaO, Na2O, and K2O diagrams (Fig. 2b) indicate that as TiO2 (1.71 - 1.87 

wt.%) and CaO (9.94 - 11.30 wt.%) decrease with differentiation, being positively correlated 

with MgO. In contrast, Na2O (3.61-4.67 wt.%) and K2O (1.97 to 2.17 wt.%) increase with 

decreasing MgO. Two distinct trends are observed for K2O: the first occurs in a narrow range 

of MgO (4.1-4.5 wt.%), whereas the second develops along a wider MgO interval (4.2-5.5 

wt.%). 

Primordial mantle-normalized trace- element diagrams (McDonough & Sun (1995) compare 

well with the typical intraplate Etnean pattern (Peccerillo, 2005; Ferlito et al., 2009; Schiavi 
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et al., 2015), characterized by general enrichment in incompatible elements with negative 

anomalies in Rb, Ta, Hf, Ti and slightly negative K anomaly to respect to La (Fig. 3). The 

absence of Eu negative anomaly suggests that plagioclase fractionation occurred during late 

differentiation at low pressure conditions.  

 

MINERAL AND GLASS CHEMISTRY 

Major element compositions of mineral phases and matrix glass are reported in the 

supplementary online material. Olivine has a wide range of compositions that can be 

categorized into four groups on the basis of forsterite (Fo) content: MM (Fo = 0.88); M0 (Fo = 

0.84 - 0.77); M1 (Fo = 0.79 - 0.77); M2 (Fo = 0.75 - 0.7). As will be discussed in the 

following, M0, M1 and M2 groups often coexist in the same sample in variable proportions, 

whereas olivine phenocrysts with MM composition are rare and found exclusively in 18/2/11 

products.                                 

The majority of clinopyroxene phenocrysts are augites (Morimoto, 1988), with Mg# (Mg#= 

atomic Mg/Mg+Fe
2+

 where Fe
2+

 is calculated as total iron) between 71 and 78; CaO varies 

from 21.4 wt.% to 23 wt.% and TiO2 ranging from 0.85 wt.% to 3.4 wt.% (Fig. 4a). 

Clinopyroxene phenocrysts from the 8/9/2011 eruption are euhedral (Fig. 4b) with 

homogeneous compositions (Mg# 75-77). Conversely, despite euhedral shapes, phenocrysts 

from the 4/3/2012 eruption (Fig. 4c) have increasing Mg# from core (Mg# 75-76) to rim 

(Mg# 79-80). For the 18/3/2012 product (Fig. 4d), clinopyroxene exhibits euhedral shapes 

and homogeneous compositions (Mg# 79-80) comparable to those observed for the 

phenocryst rims from the 4/3/2012 eruption. 

Plagioclase phenocrysts are frequently zoned, with compositions (Fig. 5a) ranging from 

labradorite (An52-55) to bytownite (An71-85) and anorthite (An86-95). The textural and chemical 

characteristics of plagioclase can be grouped following the nomenclature proposed by 
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Giacomoni et al. (2014). On this basis, Mt. Etna plagioclase are observed to record up to five 

dissolution-regrowth events that can involve both core and rim. Indeed, after plagioclase 

nucleation, the crystal growth stage may produce a common oscillatory zoning (Oz). 

Alternatively, four main types of dissolution textures can be recognized: rounded clear cores 

(C), dusty rounded (D1), sieve textured (S), and patchy (P). After a regrowth (O1) 

characterized by oscillatory zoning, plagioclase may exhibit two types of dissolution/regrowth 

texture at the rim, classified as (D2) when made of dusty textures or (Mi) in the case of 

alignment of melt inclusions. Usually, a final overgrowth occurs before phenocryst is erupted 

(O2).  

Phenocrysts from the 8/9/2011 eruption (Fig. 5b) are characterized by rounded An-rich cores 

(An86-88) without dusty textures (C), mantled by a more Ab-rich oscillatory zoned overgrowth 

(O2, An64-72). Phenocrysts from the 4/3/2012 eruption (Fig. 5c) have euhedral oscillatory 

zoned cores (Oz, An76-77) and dusty rims (D2, An63-78), surrounded by more albitic 

overgrowths (O2, An57-63). Phenocrysts from the 18/3/2012 eruption (Fig. 5d) exhibit sub-

rounded and dusty resorbed An-rich cores (D1, An84-86), resembling the dusty portions of 

4/3/2012 plagioclases. The An-rich cores are surrounded by more albitic oscillatory zoned 

overgrowths (O2 with An57-66).  

Opaque oxides are titanomagnetites (Usp19.8-56.4). They occur either as phenocrysts (size 1 

mm) in glomerophyric assemblages with clinopyroxene and olivine, or dispersed in the 

groundmass as single crystals (size <200 m).  

The matrix glass (Supplementary Online Material) is significantly enriched in silica and alkali 

with respect to the whole-rock analyses (see below), varying from basaltic trachyandesite 

(50.38 wt.% SiO2, 7.64 Na2O+K2O wt.%) to tephriphonolite (49.48 wt.% SiO2, 11.64 wt.% 

Na2O+K2O) with most analysis plotting in the field of phonotephrite (48.51-52.57 wt.% SiO2, 

8.34-10.50 wt.% Na2O+K2O).  
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DISCUSSION 

Temporal changes of lava compositions and fractionation modelling 

In Fig. 6, temporal compositional variations of erupted products have been evaluated in terms 

of changes in Mg# and CaO/Al2O3 ratio, showing that the 10/4/11 (Mg# 50.9) and 4/3/12 

(Mg# 51.5) eruptions can be considered the most primitive in composition. From 18/2/2011 to 

30/7/2011 events, at an almost constant Mg# of 50.5, the CaO/Al2O3 ratio decreases from 

0.63 to 0.57. For the 20/8/2011 eruption, the Mg# decreases significantly to 48.6, but the 

CaO/Al2O3 ratio does not changes substantially. After more or less pronounced chemical 

variations, both Mg# and CaO/Al2O3 ratio of the 4/3/2012 eruption increase to their 

maximum values of 51.5 and 0.68, respectively. This variation terminates with the 18/3/2012 

and 24/4/2012 events, where Mg# and CaO/Al2O3  abruptly decrease to 48.3 and 0.60, 

respectively.  

In order to verify the parental affinity of the erupted lavas and to quantify the extent of 

fractional crystallization, major- and trace-element mass-balance calculations have been 

performed for two distinct time-segments, i.e., from 18/2/2011 to 8/9/2011 (Step 1) and from 

4/3/2012 to 24/4/2012 (Step 2). These time-segments were selected on the basis of their Mg# 

and CaO/Al2O3 variations, which suggest that a major recharge event reasonably occurred on 

4/3/2012. The calculations were carried out by subtracting variable proportions of the solid 

assemblage whose mineral compositions are constrained by microprobe analyses of crystal 

cores. In particular, the subtracted mineral phases are olivine (Fo77), clinopyroxene (Mg# 76), 

plagioclase (An74), and titanomagnetite (USP40.9) from the 18/2/2011 sample for the first 

time-segment, and then olivine (Fo77), clinopyroxene (Mg# 73), plagioclase (An85), and 

titanomagnetite (USP28.9) from the 4/3/2012 sample for the second time-segment. 
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Petrographic features support these choice, and textural relationships in fact suggest that 

olivine is the liquidus phase followed by clinopyroxene, whereas plagioclase and magnetite 

crystallized at a late stage of magmatic differentiation.  

The recalculated magma compositions were compared with the original whole-rock analyses 

of 8/9/2011 (Step 1) and 24/4/2012 (Step 2) eruptions. Note that the residual of square root of 

the sum of errors (r
2
) for each calculation yield low values (0.18-0.27), indicative of reliable 

estimates.  

We have also modelled the geochemical behaviour of HFSE (i.e., Nb, Zr, Hf, Th, U, Ta), 

REE (i.e., La, Ce, Cs, Nd, Sm, Eu, Gd, Dy, Er, Yb and Lu), and LILE (i.e., Sr, Rb, Ba) 

through the Rayleigh fractionation law: 

 
 

where C0 and Cl are the concentrations of the trace element in the original magma and 

remaining melt at the end of the fractional crystallization process, respectively. F is the melt 

fraction resulted after the major-element mass-balance calculation and D is the bulk partition 

coefficient of the element for the n-fractionating mineral phases: 

 
 

with xi as the weight fraction of mineral phase i and KDi as the partition coefficient of the 

element in mineral phase i. Partition coefficients have been chosen from both natural and 

experimental datasets (Schnetzler & Philpotts, 1970; Shimizu, 1980; Villemant et al., 1981; 

Fujimaki, 1984; Lemarchand, 1987; McKenzie & O’Nions, 1991; Nielsen et al., 1992; 

Sobolev et al., 1996; D’Orazio et al. 1997; Zack & Braum, 1998; Bindeman et al., 1998; 

Vannucci et al., 1998; Foley et al., 2000; Wood & Trigila, 2001; Aignetorres et al., 2007; 

Mollo et al., 2013), measured in basaltic and alkali-basaltic melt compositions and reported in 

(Table 4 and Table 5). The relative percentage of error for each element has been calculated 

as the normalized difference between the modelled and the observed compositions: 
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where r(x) is the relative error for the element x, Xm is the concentration of the element in the 

residual melt, and Xr is the concentration of the element x in the starting melt composition. 

Results for major and trace elements for Step 1 (from 18/2/2011 to 8/9/2011) and Step 2 

(from 4/3/2012 to 24/4/2012) are reported in Table 4 and Table 5 respectively. Results from 

Step1 indicate that the 8/9/2011 major-element composition (Fig. 7a) is reproduced by 

fractionating a solid assemblage (f=14.6%) made of olivine (5.3%), clinopyroxene (40.9%), 

plagioclase (39.5%), and Ti-magnetite (14.3%) from the 18/2/2011 analysis, with r
2
=0.18. On 

the other hand, results from Step 2 indicate that the 24/4/2012 major oxide analysis (Fig. 7b) 

is reproduced by fractionating from the 4/3/2012 composition a solid assemblage (f=12.6%) 

made of olivine (11.0%), clinopyroxene (54.9%), plagioclase (21.5%), and Ti-magnetite 

(14.3%), with r
2
=0.27. 

The primordial mantle-normalized pattern of trace element (Fig. 8) confirms the goodness of 

Step 1 and Step 2 calculations, evidencing as the percentage of error is generally low (1-5%) 

with only a few exceptions (6-10%). 

 

Crystal-melt equilibrium conditions  

According to previous Etnean studies of Armienti et al. (2012) and Giacomoni et al. (2016), 

near-equilibrium crystallization conditions are generally attained only between phenocryst 

cores and their host liquids (i.e., whole-rock analyses). Rationally, these phenocryst cores 

formed at the early stage of crystal nucleation and growth, before the original magma 

remarkably shifted towards more evolved compositions. (cf. Putirka, 2008). In contrast, 

phenocryst mantles and rims inevitably equilibrated with more evolved melts whose 

compositions, however, are not necessarily recorded by the natural products due to syn-

eruptive groundmass crystallization. In this framework, we have tested the equilibrium of 
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olivine, clinopyroxene, and plagioclase cores from this study with their sample whole-rock 

analyses. In case of disequilibrium chemical features, the crystal cores have been tested for 

equilibrium with more primitive/evolved melt compositions from previous eruptive events.  

The equilibrium crystallization of olivine has been tested through the Fe–Mg exchange 

reaction that is known to have a small dependence on melt composition, T, P, and fO2, with an 

almost constant value of 
ol-liq

KdFe–Mg = 0.30 ± 0.03 (Roeder & Emslie, 1970). The Fe
2+

/Fe
3+

 

ratio is assumed to be close to 0.15, as calculated from the equation of Kress & Carmichael 

(1991) by assuming an oxygen fugacity between NNO and NNO+1. Three distinct cases can 

be distinguished for the 2011-2012 eruptions: 1) olivines within the equilibrium range of 
ol-

liq
KdFe–Mg appearing in equilibrium with their host magma, 2) olivines with higher 

ol-liq
KdFe–Mg  

than that of equilibrium, because appearing equilibrated with more evolved magma and 3) 

olivines with 
ol-liq

KdFe–Mg  appearing in equilibrium with more primitive magma.  

Olivines from the 30/7/2011, 29/8/2011, and 8/9/2011 eruptions belong to cases 1) and 2).  

The equilibrium condition is attained in a range of Fo76-79 olivine and Mg# 49-50 of the host 

melt, respectively (Black dots in Fig. 9 b-d-e). Olivines from the 18/2/2011, 20/8/2011, 

4/3/2012, 18/3/2012, and 24/4/2012 eruptions belong to cases 1), 2), and 3). The attainment of 

equilibrium between olivine and melt is observed at Fo73-79 and Mg# 48-51 (Black dots in Fig. 

9 a-c-f-g-h). 

The more evolved olivine crystals (Fo71-76) for 18/2/2011, 30/7/2011, 29/8/201, 4/3/2012, and 

18/3/2012, as well as Fo70-74 for 20/8/2011, 8/9/2011, and 24/4/2012 are in disequilibrium 

with their corresponding whole rock data (Mg# 48-55), and instead appear in equilibrium 

with trachyandesitic matrix glass composition with (Mg# 45) (Table 6).  

The more primitive olivine crystals (Fo79-81) in 18/2/2011, 29/8/201, 4/3/2012, and 18/3/2012, 

as well as Fo78-82 in 20/8/2011, and 24/4/2012) are out of equilibrium with their corresponding 

host rock (Mg# 48-55), and instead indicate equilibrium with a magma of composition similar 
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to that erupted during the 2006 event with Mg# 53 (Table 6), one of the most primitive 

trachybasalts of the recent Etnean eruptive history (Giacomoni et al., 2014). 

Some rare olivine crystals from 18/2/11 eruptions with Fo88   (Fig. 9a) indicate equilibrium 

with a melt composition resulting from the addition of 15% of a solid assemblage made of 

64% olivine and 35% clinopyroxene from the 2006 eruptive event (Equilibrated 2006 in 

Table 6). The calculation procedure, as described in Giacomoni et al. (2014), consisted of the 

addiction of small proportions of olivine and clinopyroxene until the final melt composition 

(Mg# 68) yields a 
Ol-melt

KdFe-Mg= 0.3 (Roeder & Emslie, 1970), corresponding to a fertile 

lherzolitic mantle assemblage.  

Conversely, equilibrium of clinopyroxene has been tested assuming 
cpx-melt

KdFe-Mg = 0.27 ± 

0.03, as indicated by Putirka et al. (2003). Most clinopyroxenes from 18/2/2011 (Fig. 10 a), 

10/4/2011 (Fig. 10 b), 30/7/2011 (Fig. 10 c), 29/8/2011 (Fig. 10 e), 8/9/2011 (Fig. 10 f), and 

18/3/2012 (Fig. 10 h) events plot within and above the equilibrium range that is derived for 

crystal compositions of Mg# 76-79. In contrast, clinopyroxenes from 20/8/2011 (Fig. 10 d) 

and 4/3/2012 (Fig. 10 g) eruptions have compositions (Mg# 80-83) below the equilibrium 

condition.  

More differentiated clinopyroxenes above the equilibrium range result from equilibrium with 

the matrix glass (Mg# 45), whereas more primitive clinopyroxenes result from equilibrium 

the trachybasaltic magma composition (Mg# 53) of the 2006 event, as described in 

Giacomoni et al. (2014).  

Plagioclase has been tested for equilibrium through the Ab-An exchange reaction, yielding 
plg-

melt
KdAb-An = 0.270.11 at T  1050 °C (Fig. 11 a-h), as suggested by Putirka et al. (2008). 

Two distinct populations are observed: plagioclases with An60-74 compositions are commonly 

in equilibrium with the whole-rock analyses of host magmas (CaO/Na2O = 2.18-2.64; Mg# 

48-55), whereas more anorthitic plagioclase (An75-89) is out of equilibrium with their host 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

magmas, but in equilibrium with the whole-rock analysis of the 2006 eruption (CaO/Na2O = 

3.08; Mg# 53). 

Intensive variables of magmatic crystallization (P-T-fO2) and H2O content 

The crystallization temperature of olivine has been estimated using the geothermometer of 

Putirka et al. (2007), yelding an error of  25 °C (Fig. 12). The onset of crystallization is 

estimated at 1270  27 °C, determined for Fo88 crystals in equilibrium with the reconstructed 

fertile lherzolitic mantle (Mg# 88; Giacomoni et al., 2014). The olivine population (Fo78-84) in 

equilibrium with the 2006 trachybasaltic magma (Mg# 53) formed at 1151-1178 °C. 

Phenocrysts (Fo74-79) in equilibrium with host-rock compositions (Mg# 48-51) record 

crystallization temperatures of 1118-1139 °C. Finally, olivines (Fo70-75) in equilibrium with 

matrix-glass compositions (Mg# 45) yield crystallization temperatures of 1121-1136 °C.  

On the basis of equilibrium olivine and melt compositions, coupled with the estimated 

crystallization temperatures, four distinct groups are recognized: 1) Mm is exclusively 

represented by Fo88 crystals formed at 1270 °C and in equilibrium with a mantle-derived 

composition, 2) M0 includes Fo78-84 olivine in equilibrium with magma derived from the 2006 

Etnean magma at 1151-1178  °C; 3) M1 includes Fo74-79 phenocrysts in equilibrium with the 

host rock compositions and crystallized at 1118-1139 °C; and 4) M2 includes the more 

evolved Fo70-75 olivines in equilibrium with residual-melt compositions (Mg# 45) at 1121-

1136 °C. This classification presents several similarities with those presented by Kahl et al. 

(2011) except for the absence of Fo88 phenocrysts in equilibrium with calculated primary 

2006 magma (Mg# 68).  

Crystallization temperatures and pressures of clinopyroxene have been determined by means 

of the mineral-melt exchange reactions of diopside/hedembergite-jadeite and 

hedembergite/Ca-Tschermak as reappraised by Putirka (2008). The temperature has been 

estimated through the geothermometer of Putirka et al. (1996) which has the advantage of 
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being both pressure- and water-independent with an error 25 °C. The derived temperature 

has been used as input data for the calculation of pressure with the H2O-independent 

barometer of Putirka et al. (2003) with an error 170 MPa. Results for each eruptive event are 

plotted in Fig. 13 a-h together with the saturation curve of clinopyroxene at 1 and 3 wt.% 

H2O, as calculated by pMELTS (Ghiorso & Sack, 1995), using a starting composition equal 

to the whole-rock analysis of 4/3/2012 eruption and assuming the common Etnean oxygen 

fugacity of NNO+0.5 (Mollo et al., 2015). Clinopyroxene saturates at 98-636 MPa and 1108-

1158 °C, which falls in the thermal range comparable to M0, M1, and M3 olivine populations 

when the intrinsic error of each different thermometer is considered (Fig. 13). Clinopyroxene 

develops along two distinct crystallization paths corresponding to 2.5-2.8 wt.% H2O and 3.0-

3.2 wt.% and in a P-T range of 98-430 MPa and 120-636 MPa respectively. 

Plagioclase crystallization temperature and dissolved H2O content in the melt has been 

estimated by the plagioclase-melt thermometer of Putirka et al. (2003) and the plagioclase-

melt hygrometer of Lange et al. (2011). Plagioclase stability is highly sensitivity to dissolved 

H2O and T, and thus temperature estimation has been performed at a fixed pressure of 250 

MPa, which is a reasonable value for anorthitic plagioclase nucleation from both pMELTS 

simulation (Giacomoni et al., 2014, Mollo et al., 2015) and experimental petrology (Metrich 

& Rutherford, 1998; Mollo et al. 2011). Calculation results show that plagioclase nucleates in 

a range of T from 1120 °C to 1050 °C in a magma with a melt with a dissolved H2O content 

of 2.5 wt.% to 1.3 wt.% H2O. 

 

 

 

The 2011-2012 magmatic feeding system 
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Whole-rock geochemistry of the erupted products show significant variations through time. 

Eruptive events from 18/2/2011 to 20/8/2011 were fed by magma that become progressively 

more evolved. Fractionation modelling (Step 1) indicates that a crystallization assemblage of 

olivine, clinopyroxene, plagioclase, and Ti-magnetite was separated from the original 18/2/11 

magma to form the 08/09/11 eruption. Magma erupted during the 4/3/12 event is more 

primitive geochemically (Mg# 51.5; CaO/Al2O3 = 3.13), indicating that an injection of less 

differentiated magma occurred before this eruptive event. Fractionation modelling (Step 2) 

indicates that the 24/4/12 magma can be formed by further crystallization of olivine, 

clinopyroxene, plagioclase, and Ti-magnetite (f=12.6 %) from the parental 4/3/12 magma. 

The recharge event of 4/3/12 is recorded by changes in clinopyroxene and plagioclase 

chemical zoning (Fig. 4 and Fig. 5). Specifically, clinopyroxenes from the 4/3/12 eruption 

record an increase in Mg# from core (Mg# 75-76) to the rim (Mg# 79-80). In contrast, 

phenocrysts from the 18/3/12 eruption have higher Mg# values of an almost constant 79-81. 

Plagioclase compositions from the 4/3/12 lava reveal the input of more primitive, hotter (and 

possibly volatile-rich) magma, as indicated by the increase of An content from 55-63 to 78 in 

the dusty reaction zone. These observations are consistent with the experimental study of 

Tsuchiyama (1995) who reproduced dusty textures in albitic plagioclase by reacting crystals 

with more calcic and hotter melt. That study also demonstrated that, above the liquidus 

temperature, pre-existing phenocrysts react with the Ca-rich melt and recrystallize to a more 

anorthitic composition.  

Results from crystal-melt equilibrium and thermobarometric estimations allow us to constrain 

the intensive conditions of crystallization and to subdivided the magmatic system into 

different crystallization environments by introducing the term of “magmatic facies”. A 

magmatic facies is a region in the feeding system, and not necessarily a specific magma batch 

or magma chamber, where crystallization is constrained by recurrent physical and chemical 
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conditions. In the case of Mt. Etna volcano, four distinct magmatic facies (i.e., F1, F2, F3, and 

F4) can be recognized.  

The expression of F1 is only olivines from 18/2/11 lava with a composition of Fo88 (Mm) 

which crystallized at 1270 °C from a primary magma with an Mg# 68. The depth of 

crystallization can be estimated by extrapolating the clinopyroxene P/T path, calculated by 

regression of the entire clinopyroxene dataset.  The estimated P/T path is almost constant 

at 9.4 MPa/ °C, with small variations (0.4 MPa/ °C), considering the intrinsic error of the 

thermometer (27 °C) and barometer (170 MPa). Extrapolating the clinopyroxene P/T to 

1270 °C suggests that the Fo88 olivine nucleated at 1600 MPa, which is the equivalent to 53 

km b.s.l. This seems reasonable, considering previous thermobarometric data from Armienti 

et al. (2007) and pMELTS simulations, which indicate olivine liquidus between 1230-1290 

°C for primary melts with 1-3 wt.% H2O (Giacomoni et al. 2014).  

F2 facies is recorded by olivine with Fo78-84 (M0) in equilibrium with the 2006 primitive 

composition and formed at 600-800 MPa and 1151-1178 °C. This facies corresponds to a 

depth range of 18-26 km b.s.l., in agreement with the mantle-lower crust transition zone 

identified by geophysical data (Finetti, 2005). According to mass balance calculations 

reported in Giacomoni et al. (2014), magma moving from F1 to F2 fractionates about 15% of 

a solid assemblage made of olivine (64%) and clinopyroxene (35%). 

F3 facies is preserved by M1 (Fo74-79) and M2 (Fo75-70) olivine populations that are in 

equilibrium with the host rock (Mg# 48-55) and the matrix glass (Mg# 45) respectively. 

Considering the thermometer error of  25 °C, these two facies formed in a comparable 

thermal range of 1118-1139 °C and pressure of 250-450 MPa. Most clinopyroxene 

phenocrysts from this study preserve similar P-T conditions, suggesting it crystallized 

cotectically with olivine at H2O contents of 2.5-3.3 wt.%, as derived by pMELTS 

computations (Fig. 13).  
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Finally, F4 facies is dominated by plagioclase crystallization at T ≤ 1120° in a magma with 

significantly reduced dissolved H2O contents. According to the solubility model of Papale et 

al. (1999) for a magmatic mixture made of 3.5 wt.% H2O and 0.4 wt.% CO2 (Metrich et al., 

2004), H2O exsolution would become significant at ~290 MPa. 

Several studies have suggested that the feeding system of Mt. Etna lacks of a persistent and 

large magma chamber (Armienti et al., 2012; Kahl et al., 2011; Corsaro et al., 2013 

Giacomoni et al., 2014; Mollo et al., 2015), and instead is characterized by polybaric 

fractionation through a vertically-developed open-conduit and, occasionally, in small magma 

batches even located within the volcanic edifice (Tanguy et al., 1997; Viccaro et al., 2005; 

Ferlito et al., 2009; Giacomoni et al., 2012; Corsaro et al., 2013). Under such circumstances, 

the petrographical and geochemical characteristics of erupted magmas would be governed by: 

i) the initial volatile content of the magma (Metrich & Rutherford, 1998), ii) the residence 

time in a specific magmatic facies, and iii) the degree of undercooling, which is controlled 

mainly by the H2O-exsolution during ascent towards the surface (Mollo et al. 2013). 

The coexistence of phenocrysts equilibrated in different magmatic facies in products from 

temporally close-related eruptive events indicates a dynamic continuous magmatic system, 

characterized by a vertical zoning in pressure, temperature, and H2O content gradients leading 

to crystallization of phenocrysts equilibrated at different conditions. 

As a whole, the physicochemical evolution of the magmatic system feeding the 2011-2012 

paroxysmal eruptions at Mt. Etna volcano is schematized in Fig. 14. Mt. Etna central conduits 

are persistently filled with a magmatic column, fluctuating due to internal pressure and 

changes in buoyancy (Corsaro et al., 2004) but, we should consider a hypothetical stage in 

which the entire feeding system is filled with basic magma (Mg# 53) with up to 3.7 wt.% of 

dissolved H2O (Fig. 14 a). The composition of this basic magma is comparable with those 

emitted during the 2006 event or preserved in olivine-hosted melt inclusions. (Metrich & 
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Rutherford, 1998; Kamenetsky et al., 2007). Despite its basic geochemical features, mass 

balance and MELTS simulations (Giacomoni et al., 2014) demonstrate that the 2006 magma 

cannot be considered as a primary melt, but instead underwent 15% fractionation from the 

mantle source. 

Once in the crustal feeding system, gradients in temperature, pressure and volatile content 

(mainly H2O), lead to a vertical differentiation and zoning that results in various magmatic 

facies (Fig. 14 b). Starting from the top, the shallower portion of the feeding system is 

characterized by massive volatile exsolution that leads to plagioclase crystallization and 

fractionation. 

At pressures ranging between 450 MPa and 250 MPa and temperatures from 1139 °C to 1118 

°C, magmatic crystallization is mainly limited to olivine (Fo74-79) and clinopyroxene in F3. 

Geophysical tomographic studies (De Gori et al., 2005; Patané et al., 2006) recognize a high 

velocity layer interpreted as an intrusive body that could be reasonably made of a crystal 

mush fractionated in the F3 facies. 

The F2 facies is located at the MOHO depth, from 600 MPa to 800 MPa at magmatic 

temperature ranging from 1178 °C to 1151 °C. Finally, F1 facies represents the deepest 

portion of the feeding system, but is only preserved by rare Fo88 olivine crystals, formed at 

1270 °C at 1600 MPa (Giacomoni et al., 2014). In this vertically zoned feeding system, 

magmas erupted during each event carries phenocrysts equilibrated in the various magmatic 

facies.  

 

CONCLUDING REMARKS 

On the basis of textural, chemical, and petrological analyses of minerals and whole rock data, 

the 2011-2012 eruptive activity at Mt. Etna volcano can be interpreted as follows:  
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 The central conduits of Mt. Etna that fed the 2011-2012 eruptive events were 

characterized by a continuous vertically zoned feeding system; 

 Four main magmatic facies have been recognized: F1, 1600 MPa at 1270 °C 

(Ol Fo88); F2, 800 MPa to 600 MPa at 1178 °C to 1151 °C (Ol Fo84-78); F3, 

450 MPa to 250 MPa at 1139 °C to 1118 °C (Ol Fo79-74); F4, <250 MPa at 

<1120  °C (Ol Fo75-70); 

  Magmas erupted on 30/7/11, 29/8/11, 8/9/11, 18/3/11 and 24/4/12 were mostly 

fed from F3 and F4 facies; 

 Magmas from the F2 facies were intruded in the shallower portion of the 

feeding system during the 18/2/11, 20/8/11, and a main mafic recharge 

occurred during the 4/3/12 event; 

 The deepest facies F1, sited at mantle pressure, is preserved only as Fo88 

olivine and rarely reach the surface. Melts in equilibrium (Mg# 68) have been 

found in melt inclusions and modelled by mass-balance fractionation from 

basic 2006 trachybasaltic composition. 
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FIGURE CAPTIONS 

 

Figure 1  

Regional geological map of Sicily showing position of Mt. Etna and main structural features 

(a). Maps of lava field and emission vents of the studied 2011-2012 eruptive events; b) 

18/2/2011, c) 10/4/2011, d) 12/5/2011, e) 30/7/2011, f) 20/8/2011, g) 29/8/2011, h) 8/9/2011, 

i) 4/3/2012, j) 18/3/2012 and k) 24/4/2012. 

 

Figure 2 

Whole-rock geochemistry of studied products. a) Total Alkalis vs Silica (wt.%) diagram (Le 

Maitre, 2002). b) Harker variation diagram, MgO (wt.%) vs TiO2 (wt.%), CaO (wt.%), Na2O 

(wt.%), and K2O (wt.%).  

 

Figure 3 

Primordial mantle-normalized whole-rock trace-element diagram (McDonough & Sun, 1995). 

Basic magma composition of 4/3/12 eruptive event is shown in red line.  

 

Figure 4 

Classification and compositional core-rim zoning of clinopyroxene. a) Classification diagram 

of clinopyroxene (Morimoto, 1988); b) Core-rim Mg# compositional profile of clinopyroxene 

erupted during the 8/9/11 event; c) Core-rim Mg# compositional profile of clinopyroxene 

erupted during the 4/3/12 event; d) Core-rim Mg# compositional profile of clinopyroxene 

erupted during the 18/3/12 event. 
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Figure 5 

Classification and compositional core-rim zoning of plagioclase. a) Classification diagram of 

studied plagioclase; b) Core-rim anorthite compositional profile of plagioclase erupted during 

the 8/9/11 event; c) Core-rim anorthite compositional profile of plagioclase erupted during the 

4/3/12 event; d) Core-rim anorthite compositional profile of plagioclase erupted during the 

18/3/12 event. 

 

Figure 6 

Temporal changes in compositional whole-rock compositions of Mg# (a) and CaO/Al2O3 (b) 

of 2011-2012 eruptive events.  

 

Figure 7 

SiO2 vs (a) CaO/Al2O3  and (b) Na2O+K2O resulting from mass-balance fractionation 

modelling. Fractionation vectors are shown for Step 1, from 18/2/11 to 8/9/11 and Step 2, 

from 4/3/12 to 24/4/2012. Results are reported as wt.% of relative mineral abundance and 

percentage of fractionated solid (f). 

 

Figure 8 

Spider diagrams of trace elements abundances normalized to primordial mantle showing 

results from mass-balance fractionation modelling for (a) Step 1 and (b) Step 2. Black 

patterns are starting magma compositions, grey patterns are residual compositions. The 

modelled composition is represented in red, with the relative error (%) for each element. 
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Figure 9 

Olivine crystal-melt equilibrium conditions as 
Ol-melt.

KdMg-Fe versus forsterite (Fo) content of 

phenocryst from 18/2/2011 (a), 30/7/2011 (b), 20/8/2011 (c), 29/8/2011 (d), 8/9/2011 (e), 

4/3/2012 (f), 18/3/2012 (g) and 24/4/2012 (h). Calculated 
Ol-melt.

KdMg-Fe after re-equilibration 

are shown as blue (host rock Mg# 45), red dots (host rock Mg# 53) and white dots (host rock 

Mg# 68). 

 

Figure 10 

Clinopyroxene crystal-melt equilibrium conditions as 
Cpx-melt.

KdMg-Fe versus Mg# of 

phenocryst from 18/2/2011 (a), 10/4/2011 (b), 30/7/2011 (c), 20/8/2011 (d), 29/8/2011 (e), 

8/9/2011 (f), 4/3/2012 (g), 18/3/2012 (h). Calculated 
Cpx-melt.

KdMg-Fe after re-equilibration are 

shown as blue (host rock Mg# 45) and red dots (host rock Mg# 53). 

 

Figure 11 

Plagioclase crystal-melt equilibrium conditions as 
Plg-meld.

KdAb-An versus anorthite (An%) of 

phenocryst from 18/2/2011 (a), 10/4/2011 (b), 30/7/2011 (c), 20/8/2011 (d), 29/8/2011 (e), 

8/9/2011 (f), 4/3/2012 (g), 18/3/2012 (h). Calculated 
Plg-meld.

KdAb-An after re-equilibration are 

shown as blue (host rock Ca/Na = 2.09) and red dots (host rock Ca/Na = 3.7).  

 

Figure 12 

Results from olivine-melt thermometer of Putirka et al. (2007) plotted in a Fo in olivine vs 

temperature diagram. Coloured dots are shown together with their 
Ol-melt.

KdMg-Fe equilibrium 

range. Blue dots equilibrated with host rock Mg# 45, black dots equilibrated with sample 
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whole rock composition (Mg# 48-51) red dots equilibrated with 2006 basic trachybasaltic 

composition (Mg# 53) and white dots equilibrated with mantle equilibrated 2006 composition 

(Mg# 68). 

 

Figure 13 

Results from clinopyroxene-melt thermometer (Putirka et al., 1996) and barometer (Putirka et 

al., 2003). Dashed lines are pMELTS (Ghiorso & Sack, 1995) modelled clinopyroxene 

liquidus line for 1 wt.%, 2 wt.% and 3wt.% dissolved H2O in the melt. 

 

Figure 14 

Schematic diagram of the central conduits of Mt. Etna that fed the 2011-2012 eruptive events. 

a) hypothetical initial phase with the whole conduit filled with compositional homogeneous 

magma (Mg# 53); b) The conduit become vertically zoned into four main magmatic facies. 

H2O solubility curve has been calculated with the model of Papale et al. (1999) starting from 

3.7 wt.% H2O and 0.8 wt.% of CO2. See text for details. 

 

TABLE CAPTIONS 

 

Table 1 

Date and timing of the 2011-2012 eruptive events; emission date in bold are those sampled 

and studied in this study.  

 

Table 2 

Petrographic features of studied products: relative proportions of phenocrysts (%), porphyritic 

index (%), percentage of vesicles (%) and type of groundmass. 
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Table 3 

Whole-rock major (wt.%) and trace element (ppm) analyses of studied samples emitted 

during the 2011/2012 eruptive events. REE, U, Th and Hf determined by ICP-MS, other 

elements by XRF. Loss on ignition (L.O.I) was determined by gravimetric methods assuming 

Fe2O3= 0.15 FeO. Mg#= Mg/(Mg+Fe) mol %. 

 

Table 4 

Major and trace element mass balance fractionation modelling results for Step 1: from 

18/2/11 to 8/9/11. Crystal-melt partition coefficients were chosen from Villemant (1981); 

Shimizu (1980), Fujimaki et al. (1984); Lemarchand (1987) McKenzie & O’nions (1991); 

Zack & Braum (1998); Ewart & Griffin (1994); Vannucci et al. (1998); Bindeman et al. 

(1998); Foley et al. (2000); Aignertorres et al. (2007); Wood & Trigila (2001); 

 

Table 5 

Major and trace element mass balance fractionation modelling results for Step 2: from 4/3/12 

to 24/4/12. Crystal-melt partition coefficients were chosen from Villemant (1981); Shimizu 

(1980), Fujimaki et al. (1984); Lemarchand (1987) McKenzie & O’nions (1991); Zack & 

Braum (1998); Ewart & Griffin (1994); Vannucci et al. (1998); Bindeman et al. (1998); Foley 

et al. (2000); Aignertorres et al. (2007); Wood & Trigila (2001); 

 

Table 6 

Major element composition of melts for test for crystal-melt equilibrium. Iron partitioning 

calculated assuming Fe2O3 = 0.15 FeO. Mg# = Mg/(Mg+Fe) mol %.  
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Figure 9 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

Figure 11 
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Figure 12 
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Figure 13 
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Figure 14 
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Date 
Emission 

Vent 
Type of 
activity 

Start of paroxysmal 
phase(GMT) 

End of paroxysmal 
phase (GMT) 

Type of emitted 
products 

12/1/
11 

South East 
Crater 

Stromboli
an 21:50 23:50 

Scoriaceous 
lapilli 

18/2/
11 

South East 
Crater 

Stromboli
an 03:30 12:30 Ashes and lapilli 

10/4/
11 

South East 
Crater 

Lava 
Fountain 08:05 13:30 Ashes and lapilli 

12/5/
11 

South East 
Crater 

Lava 
Fountain 02:20 05:00 Ashes and lapilli 

9/7/1
1 

South East 
Crater 

Lava 
Fountain 13:45 14:45 Ashes and lapilli 

19/7/
11 

South East 
Crater 

Lava 
Fountain 00:05 02:30 Ashes and lapilli 

24/7/
11 

South East 
Crater Mixed 03:00 05:00 Ashes and lapilli 

30/7/
11 

South East 
Crater 

Lava 
Fountain 19:35 21:30 Ashes and lapilli 

5/8/1
1 

South East 
Crater 

Lava 
Fountain 21:00 23:00 Ashes and lapilli 

12/8/
11 

South East 
Crater Mixed 08:30 10:00 Ashes and lapilli 

20/8/
11 

South East 
Crater 

Lava 
Fountain 07:00 07:30 

Lava flows, ashes 
and lapilli 

29/8/
11 

South East 
Crater Mixed 04:05 04:45 

Lava flows, ashes 
and lapilli 

8/9/1
1 

South East 
Crater 

Lava 
Fountain 06:30 08:30 Ashes and lapilli 

19/9/
11 

South East 
Crater 

Lava 
Fountain 12:20 13:00 Ashes and lapilli 

28/9/
11 

South East 
Crater 

Lava 
Fountain 19:31 19:55 Ashes and lapilli 

8/10/
11 

South East 
Crater 

Lava 
Fountain 14:30 14:40 Ashes and lapilli 

23/10
/11 

South East 
Crater 

Lava 
Fountain 18:30 20:30 Ashes and lapilli 

5/1/1
2 

South East 
Crater Mixed 05:00 06:50 Ashes and lapilli 

9/2/1
2 

South East 
Crater Mixed 00:00 05:30 Ashes and lapilli 

4/3/1
2 

South East 
Crater Mixed 07:30 09:32 

Lava flows, ashes 
and lapilli 

18/3/
12 

South East 
Crater Mixed 08:00 09:45 

Lava flows, ashes 
and lapilli 

1/4/1 South East Mixed 02:00 03:30 Ashes and lapilli 
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2 Crater 

12/4/
12 

South East 
Crater Mixed 14:30 15:15 Ashes and lapilli 

24/4/
12 

South East 
Crater Mixed 01:30 02:20 

Lava flows, ashes 
and lapilli 

      

     

Table 1 
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Eruptive event 
Phenocrysts (%) Porphyritic Index 

(%) 
Percentage of vescicules 

(%) 
Type of Groundmass 

Ol Cpx Plg Mt 

18/2/11 15 30 50 5 30 30 Glassy 

10/4/11 <5 25 70 5 35 60 Glassy 

12/5/11 <5 25 70 5 30 40 Hyalopilitic 

30/7/11 10 35 60 5 30 60 Hyalopilitic 

20/8/11 2 25 50 5 30 50 Hyalopilitic 

29/8/11 10 30 55 5 30 40 Glassy 

8/9/11 15 30 50 5 25-30 50 Glassy 

4/3/12 30 40 25 5 15 60 Glassy 

18/4/12 <5 25 65 5 25 50 Glassy 

24/4/12 20 35 40 5 25 60 Glassy 

       

Table 2 
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18/2/11 10/4/11 12/5/11 30/7/11 20/8/11 29/8/11 8/9/11 4/3/12 18/3/12 24/4/12 

SiO2 48.78 49.36 49.91 50.63 50.10 50.82 50.48 47.69 49.46 48.91 

TiO2 1.81 1.79 1.71 1.71 1.75 1.72 1.73 1.87 1.76 1.82 

Al2O3 17.16 16.97 17.74 17.65 17.53 17.41 17.54 16.70 17.97 17.52 

FeO 8.30 8.36 7.46 7.28 7.70 7.34 7.50 9.17 7.73 8.38 

Fe2O3 1.38 1.39 1.24 1.21 1.28 1.22 1.25 1.53 1.29 1.40 

MnO 0.19 0.19 0.18 0.17 0.19 0.17 0.19 0.20 0.18 0.20 

MgO 4.85 4.93 4.33 4.24 4.11 4.25 4.13 5.48 4.06 4.44 

CaO 10.86 10.40 10.53 10.08 10.18 9.94 10.06 11.30 10.57 10.65 

Na2O 4.11 4.06 4.44 4.51 4.49 4.57 4.53 3.61 4.40 4.12 

K2O 2.08 2.08 1.97 2.01 2.17 2.05 2.09 2.06 2.09 2.12 

P2O5 0.48 0.47 0.49 0.51 0.49 0.51 0.51 0.41 0.48 0.45 

L.O.I.  0.42 0.35 0.30 0.37 0.22 0.44 0.47 0.40 0.31 0.33 

Total 100 100 100 100 100 100 100 100 100 100 

Mg# 50.91 51.14 50.73 50.85 48.64 50.66 49.42 51.50 48.24 48.48 

Ca/Na 2.64 2.56 2.37 2.24 2.27 2.18 2.22 3.13 2.40 2.58 

           
Sc 22.1 24.1 20.8 21.5 20 20.7 20.6 26.3 19.7 20.6 

V 327 308 307 306 288 301 304 334 248 306 

Ni 14.4 9.1 8.9 9.4 7.1 7.3 7.3 18.3 7.3 8.4 

Co 40.9 37.1 37.2 35.7 35.5 36.1 33.3 39 32.8 38.2 

Cr 46.3 31.6 34.8 35.9 32 30.4 35.7 52.4 24.1 32.3 

Rb 43.2 44.0 44.8 49.4 49.6 52.1 47.5 41.6 48.6 45.3 

Ba 625 671 668 702 675 698 697 572 566 619 

Sr 1018 1031 1058 1078 1063 1114 1053 983 880 1069 

Th 9.26 11.04 11.02 11.67 11.51 12.10 11.47 9.45 9.44 10.69 

U 2.44 2.71 2.74 2.82 2.85 2.91 2.82 2.40 2.42 2.57 

Hf 4.36 4.37 4.44 4.60 4.70 4.71 4.67 4.25 3.61 4.30 

Zr 227 226 229 237 241 245 240 214 185 218 
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Ta 1.98 2.05 2.06 2.11 2.15 2.19 2.14 1.89 1.63 1.97 

Nb 60.0 61.1 61.9 62.8 63.9 65.2 63.4 56.0 52.1 58.1 

Y 23.9 24.8 25.2 27.3 25.8 27.6 26.3 24.2 26.3 25.8 

La 53.4 59.5 59.2 61.6 59.8 63.7 61.2 52.0 53.4 57.9 

Ce 103 117 117 121 119 113 121 104 89 112 

Pr 11.3 12.4 12.4 13.0 12.6 13.3 12.9 11.2 11.1 12.2 

Nd 44.7 48.6 48.5 51.1 49.4 52.2 50.6 44.8 39.9 48.3 

Sm 8.34 8.78 8.88 9.43 8.97 9.53 9.31 8.44 8.43 9.00 

Eu 2.48 2.62 2.62 2.75 2.63 2.79 2.72 2.50 2.34 2.63 

Gd 7.35 7.72 7.75 8.14 7.82 8.30 8.06 7.42 6.86 7.79 

Tb 1.08 1.13 1.14 1.21 1.14 1.22 1.18 1.10 1.01 1.15 

Dy 4.84 5.05 5.09 5.42 5.18 5.46 5.33 4.95 4.46 5.17 

Ho 0.91 0.96 0.96 1.03 0.99 1.04 1.02 0.93 0.83 0.98 

Er 2.37 2.48 2.51 2.70 2.56 2.71 2.64 2.42 2.14 2.54 

Tm 0.35 0.37 0.38 0.40 0.38 0.40 0.39 0.36 0.32 0.38 

Yb 2.03 2.14 2.18 2.34 2.23 2.39 2.32 2.08 1.84 2.22 

Lu 0.30 0.31 0.32 0.35 0.32 0.35 0.34 0.30 0.27 0.33 

           

          
Table 3 
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MASS BALANCE FRACTIONATION 

RESULTS 

       

 
STEP 1 

         

  
Starting 

Melt 

Arrival 

Melt 

Calculated 

Melt 

  

 
Fractionating 

Mass (%) 

100%  

Norm 

  

wt% 18/2/2011 8/9/2011   

Error 

(%) 

 

Ol 0.78 5.30 

  SiO2 48.78 50.48 50.30 0.03 

 
Cpx 6.00 40.90 

  TiO2 1.81 1.73 1.67 0.00 

 
Plg 5.79 39.50 

  Al2O3 17.16 17.54 17.53 0.00 

 
Ti-Mt 2.10 14.30 

  Fe2O3 0.00 0.00 0.00 0.00 

 
f % 14.67   

  FeO 9.55 8.62 8.56 0.00 

 
r2   0.18 

  MgO 4.85 4.13 4.16 0.00 

      CaO 10.86 10.06 10.18 0.02 

      Na2O 4.11 4.53 4.61 0.01 

      K2O 2.08 2.09 2.43 0.11 

      P2O5 0.48 0.51 0.56 0.00 

      Total 99.67 99.69 100.00   

      

 
Starting 

       
 Arrival 

 

 
18/2/2011 

 

Partition Coefficients (Kd) 

  
8/9/2011 

 

ppm C0 F Ol Cpx Plg Ti-Mt D Cl Calculated Cl Measured 

Error 

(%) 

Rb 43.2 0.86 0.0400 0.1300 0.3000 0.1100 0.19 49.3 47.5 3.76 

Ba 625 0.86 0.0300 0.7440 0.5600 0.0003 0.53 675 697 -3.09 

Th 9.26 0.86 0.0300 0.0400 0.0500 0.0005 0.04 10.8 11.5 -5.60 

U 2.44 0.86 0.0400 0.0140 0.0600 0.0082 0.03 2.86 2.82 1.32 

Nb 60.0 0.86 0.1100 0.1400 0.0100 0.1500 0.09 69.6 63.4 9.75 

Ta 1.98 0.86 0.0300 0.0400 0.0400 1.7000 0.28 2.23 2.14 4.07 

La 53 0.86 0.0300 0.2000 0.2000 0.0000 0.16 61.1 61.2 -0.16 

Ce 103 0.86 0.0200 0.4800 0.1130 0.0001 0.24 117 120 -3.21 

Pr 11.3 0.86 0.0000 0.7900 0.0630 0.0002 0.35 12.5 12.9 -2.76 

Sr 1018 0.86 0.0200 0.1600 2.7000 0.0000 1.13 996 1053 -5.42 

Nd 44.7 0.86 0.0023 1.0000 0.0690 0.0005 0.44 49.0 51.6 -3.02 

Zr 227 0.86 0.0600 0.7900 0.1300 0.2900 0.42 249 239 4.12 

Hf 4.36 0.86 0.0400 1.1000 0.0500 0.3800 0.53 4.71 4.67 0.94 

Sm 8.34 0.86 0.0037 1.5100 0.3500 0.0006 0.76 8.68 9.31 -6.76 

Eu 2.48 0.86 0.0300 0.3540 0.5000 0.0110 0.35 2.76 2.72 1.55 

Gd 7.35 0.86 0.0168 0.4000 0.0260 0.0034 0.18 8.41 8.06 4.35 

Tb 1.08 0.86 0.0300 0.7300 0.1000 0.0067 0.34 1.20 1.18 1.67 

Dy 4.84 0.86 0.0263 1.5500 0.0190 0.0100 0.64 5.13 5.33 -3.82 
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Y 23.9 0.86 0.0090 0.6500 0.0080 0.0760 0.28 26.9 26.3 2.02 

Ho 0.91 0.86 0.0016 0.3100 0.0480 0.0170 0.15 1.05 1.02 3.04 

Er 2.37 0.86 0.0188 0.3126 0.0100 0.0000 0.13 2.73 2.64 3.46 

Tm 0.35 0.86 0.0030 0.4490 0.0490 0.1000 0.22 0.40 0.39 0.83 

Yb 2.03 0.86 0.0313 0.4300 0.0060 0.1700 0.20 2.31 2.32 -0.53 

Lu 0.30 0.86 0.0383 0.2875 0.024 0.084 0.14 0.34 0.34 0.89 

          
Table 4 
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STEP 2 

         
  

Starting 
Melt 

Arrival 
Melt 

Calculated 
Melt 

  
 

Fractionating  
Mass (%) 

100%  
Norm 

  wt% 4/3/2012 24/4/2012   Error (%) 
 

Ol 1.39 11.00 
  SiO2 47.69 48.91 48.90 0.00 

 
Cpx 6.93 54.90 

  TiO2 1.87 1.82 1.80 0.00 
 

Plg 2.72 21.55 
  Al2O3 16.70 17.52 17.53 0.00 

 
Ti-Mt 1.58 12.52 

  Fe2O3 0.00 0.00 0.00 0.00 
 

f % 12.62   
  FeO 10.54 9.63 9.71 0.01 

 
r

2
   0.27 

  MgO 5.48 4.44 4.47 0.00 
      CaO 11.30 10.65 10.73 0.01 
      Na2O 3.61 4.12 4.05 0.00 
      K2O 2.06 2.12 2.35 0.05 
      P2O5 0.41 0.45 0.47 0.00 
      Total 99.65 99.66 100.00   

      

 

Starting 
       

 Arrival 
 

 

4/3/2012 
 

Partition Coefficients (Kd) 
  

24/4/2012 
 ppm C0 F Ol Cpx Plg Ti-Mt D Cl Calculated Cl Measured Error (%) 

Rb 41.6 0.87 0.0400 0.1300 0.3000 0.1100 0.19 46.6 45.3 2.96 
Ba 572 0.87 0.0300 0.7440 0.5600 0.0003 0.53 611 619 -1.29 
Th 9.45 0.87 0.0300 0.0400 0.0500 0.0005 0.04 10.8 10.7 1.05 
U 2.40 0.87 0.0400 0.0140 0.0600 0.0082 0.03 2.75 2.57 7.27 

Nb 56.0 0.87 0.1100 0.1400 0.0100 0.1500 0.09 63.6 58.1 9.32 
Ta 1.89 0.87 0.0300 0.0400 0.0400 1.7000 0.28 2.09 1.97 6.26 
La 52.0 0.87 0.0300 0.2000 0.2000 0.0000 0.16 58.4 57.9 1.00 
Ce 104 0.87 0.0200 0.4800 0.1130 0.0001 0.24 115 112 2.57 
Pr 11.2 0.87 0.0000 0.7900 0.0630 0.0002 0.35 12.3 12.2 0.71 
Sr 983 0.87 0.0200 0.1600 2.7000 0.0000 1.13 965 1069 -9.72 

Nd 44.8 0.87 0.0023 1.0000 0.0690 0.0005 0.44 48.5 48.3 0.38 
Zr 214 0.87 0.0600 0.7900 0.1300 0.2900 0.42 232 218 6.19 
Hf 4.25 0.87 0.0400 1.1000 0.0500 0.3800 0.53 4.54 4.30 5.60 

Sm 8.44 0.87 0.0037 1.5100 0.3500 0.0006 0.76 8.73 9.00 -2.98 
Eu 2.50 0.87 0.0300 0.3540 0.5000 0.0110 0.35 2.74 2.63 3.91 
Gd 7.42 0.87 0.0168 0.4000 0.0260 0.0034 0.18 8.32 7.79 6.82 
Tb 1.10 0.87 0.0300 0.7300 0.1000 0.0067 0.34 1.20 1.15 4.59 
Dy 4.95 0.87 0.0263 1.5500 0.0190 0.0100 0.64 5.20 5.17 0.70 

Y 24.2 0.87 0.0090 0.6500 0.0080 0.0760 0.28 26.8 25.8 3.89 
Ho 0.93 0.87 0.0016 0.3100 0.0480 0.0170 0.15 1.05 0.98 6.95 
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Er 2.42 0.87 0.0188 0.3126 0.0100 0.0000 0.13 2.74 2.54 7.73 
Tm 0.36 0.87 0.0030 0.4490 0.0490 0.1000 0.22 0.40 0.38 6.17 
Yb 2.08 0.87 0.0313 0.4300 0.0060 0.1700 0.20 2.32 2.22 4.76 
Lu 0.30 0.87 0.0383 0.2875 0.0240 0.0840 0.14 0.34 0.33 4.96 

          

Table 5 
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Matrix Glass 2006 Trachybasalt* Equilibrated 2006** 

SiO2 50.38 47.94 47.22 

TiO2 2.11 1.82 1.61 

Al2O3 16.66 18.07 15.54 

FeO 8.09 8.47 7.36 

Fe2O3 1.21 1.27 2.96 

MnO 0.22 0.19 0.17 

MgO 3.77 5.49 9.1 

CaO 8.92 10.88 10.4 

Na2O 4.25 3.53 3.39 

K2O 3.4 1.9 1.85 

P2O5 1.01 0.45 0.39 

L.O.I.  0.3 0.26 - 

Total 100.02 100.01 99.99 

    Mg# 45.37 53.53 68.71 

Ca/Na 9.18 9.61 10.02 

    

   
Table 6 
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