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wt.% CaO, 4-13 wt.% FeO, 2-12 wt.% MgO, 1-6 wt.% K2O), designating a continuous 28 

differentiation trend from FS toward 2013 entrapped melts, which is reproduced by the fractional 29 

crystallization of olivine + spinel + clinopyroxene ± plagioclase, in order of appearance.   30 

Volatile contents are also extremely variable, with maxima up to 5.86 wt.% H2O and 0.59 wt.% 31 

CO2 in FS melt inclusions, and up to 0.42 wt.% S in Mt. Spagnolo inclusions. H2O and CO2 32 

contents in the melt inclusions suggest minimum entrapment depths of 12-18 km (below crater 33 

level) for FS inclusions and < 10 km for the 2002-2013 trachybasalts. 34 

Petrological arguments coupled to the modelling of fractional crystallization and degassing 35 

processes concur to suggest that magmas from Mt. Spagnolo and the recent eruptions may be 36 

produced by differentiation from the most primitive volatile-rich FS magma along variable P-T 37 

paths, occasionally accompanied by secondary processes as crustal assimilation, mixing, and CO2 38 

flushing.  39 
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Keywords:  41 
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 43 

1. Introduction 44 

Mount Etna is a persistently active strato-volcano, located in the east sector of Sicily (Italy), 45 

seated on the boundary of the colliding African and European plates and close to the Aeolian 46 

volcanic arc (e.g., Branca et al., 2011; Clocchiatti et al., 1998). Etna's activity started as a submarine 47 

volcano ~500 ka BP and currently consists of lava fountains and paroxysmal activity at the summit 48 
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craters, associated with lava flows, effusive to explosive activity from eruptive fissures opened on 49 

the upper flanks of the volcano, and huge emissions of volatiles in the atmosphere (e.g. Aiuppa et 50 

al., 2008; Allard et al., 2006). 51 

The origin of magmatic activity in the Etna area and its evolution are still matter of debate. 52 

Among the different hypotheses we can mention: (i) a hot spot origin (Clocchiatti et al., 1998; 53 

Tanguy et al., 1997), (ii) an asymmetric rifting process (Continisio et al., 1997), (iii) a lithospheric 54 

‘window’ created by the differential rollback of the subduction sectors among the Ionian oceanic 55 

domain and the Sicilian continental crust resulting in mantle decompression, partial melting, and the 56 

ascent of asthenospheric material from under the neighboring African plate (Doglioni et al., 2001; 57 

Gvirtzman and Nur, 1999). During the oldest volcanic stages (~ 220 ka ago), etnean magma 58 

recorded the important chemical variation from tholeiitic toward Na-alkaline affinity (Corsaro and 59 

Pompilio, 2004a; Tanguy, 1978).  60 

In the last decades, several researchers have observed that the composition of the recent eruptive 61 

products (since 1971) has become more enriched in alkalis (K, Rb, Cs) and radiogenic Sr and B 62 

elements (e.g., Allard et al., 2006; Armienti et al., 2004; Ferlito and Lanzafame, 2010; Métrich et 63 

al., 2004). This enrichment was inferred to result from the interaction between an OIB-type (or 64 

OIB-HIMU-type) mantle source with an enriched component (EM1), i.e., a slab-derived mantle 65 

component (Schiano et al., 2001), also possibly including δ
11

B-enriched fluids (Armienti et al., 66 

2004; Tonarini et al., 2001) released from the nearby Ionian slab subducting below the Aeolian 67 

Archipelago. Others studies attributed this enrichment to (i) magma contamination during its 68 

migration to the surface by assimilation of basement rocks (carbonates, shales, quartzarenites) (e.g., 69 

Clocchiatti et al., 1988; Joron and Treuil, 1984; Michaud et al. 1995; Tonarini et al., 1995), (ii) the 70 

mixing of a mantle-derived-magmas with a K- and Si-enriched melt (Schiano and Clocchiatti, 71 

1994), (iii) the magma contamination with the uprising supercritical fluids carrying alkali and 72 

chlorine, this process being recurrent within Etnean activity (Ferlito and Lanzafame, 2010; Ferlito 73 

et al., 2014). Recently, Correale et al. (2014) suggested that the primitive magmas are produced by 74 
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different melting degree of a peridotite veined by clinopyroxenite, similar to mantle samples 75 

exposed in the close Hyblean plateau. Notwithstanding the numerous studies, several aspects of 76 

Etna activity are still not fully understood, including the causes of chemical variations between 77 

Etnean magmas and the volatiles contents of the most primitive magmas.  78 

In this paper, we focus on the magmas erupted in the last 15 ka (Mongibello volcano, Branca et al., 79 

2011), providing further geochemical and petrological information on magma chemical 80 

composition and volatile contents from deep storage to ascent conditions through the study of 81 

olivine-hosted melt inclusions (hereafter MIs). Melt inclusions entrapped in olivine crystals have 82 

the potential to give information on the chemical composition and volatile contents of magma in its 83 

deeper conditions and during magmatic ascent, this information being normally lost by using bulk 84 

rock and matrix glass data.  85 

Studied MIs were selected from tephra and lava of six eruptions from central activity (2006, 86 

2008/2009, 2013) and from eccentric or deep-dyke fed (DDF, Corsaro et al., 2009) eruptions (Mt. 87 

Spagnolo, FS, 2002/2003). All products were characterized for their chemical compositions (major 88 

elements) and volatiles contents (H2O, CO2, S and Cl). Some of these products are investigated here 89 

for the first time (i.e., 2008/2009, 2013 and Mt. Spagnolo for its volatile content). In order to obtain 90 

a more reliable dataset and to ensure the internal consistency of this new dataset, all the analyses 91 

were performed in the same laboratories with the same analytical conditions and reference 92 

materials. 93 

In this work, we attempt to reconcile the different petrological and geochemical features of these 94 

mafic magmas, revealed by our new MI data and those of the literature. Differently from previous 95 

studies, attributing the origin of magmatic heterogeneity principally to variations of the magmatic 96 

source, we ascribe the most of the chemical variability of the Mongibello magmas mainly to crystal 97 

fractionation and degassing processes within the plumbing system. Heterogeneity of the mantle 98 

source would thus assume a minor role, at least as concerns major elements. We also discuss the 99 

possible role of other magmatic processes (magma mixing, assimilation of sedimentary host rocks, 100 
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deep volatile flushing) that may contribute to the variability in the chemical composition, redox 101 

conditions and high volatile content of the most primitive Etnean magmas. 102 

 103 

2. Samples and analytical procedures 104 

2.1 Target eruptions and their products   105 

The investigated samples consist of primitive and more evolved lavas and pyroclastic products 106 

belonging to the Mongibello period (last 15 ky BP): 107 

 Monte Spagnolo lavas (~15-4 ky BP) were produced by a DDF eruption (Corsaro and Métrich, 108 

2016; Kamenetsky and Clocchiatti, 1996). The Monte Spagnolo scoria cone is located about 6 109 

km north-west of the present-day central crater (Fig. 1a). Due to its mineralogical assemblage, 110 

principally olivine (Fo74-89) and clinopyroxene, and its radiogenic Sr and unradiogenic Nd 111 

compositions, Mt. Spagnolo lava is considered as one of the most primitive magmas erupted in 112 

Etnean history (e.g., Armienti et al., 1988; Correale et al., 2014). Mt. Spagnolo melt inclusions 113 

in olivine crystals have been already characterized for their chemical compositions 114 

(Kamenetsky and Clocchiatti, 1996).  115 

 FS tephra (~4 ky BP) were ejected by a DDF high-explosive (sub-Plinian) eruption (Coltelli et 116 

al., 2005), and its spread is mostly located in the east and north flanks of the volcano (Fig. 1a), 117 

reaching a maximum thickness of 110 cm 7 km away from the summit craters. This eruption 118 

were fed by a volatile-rich picro-basalt magma (MgO ~ 13-17.6 wt.%, Ni ~250 ppm, Cr ~900 119 

ppm, from Correale et al., 2014; Corsaro and Métrich, 2016; Kamenetsky et al., 2007; Pompilio 120 

et al., 1995), representing the most primitive magma ever erupted at Etna (Pompilio et al., 121 

1995). The high volatile content, the unusual enrichment of large-ion lithophile element (LILE), 122 

and the relatively high 
87

Sr and low 
143

Nd isotopic composition suggest the possible 123 

contribution of crustal fluids in the mantle source zone (e.g., Correale et al., 2014). Melt 124 
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inclusions from this eruption have been already characterized for their chemical composition 125 

and volatile content (Corsaro and Métrich, 2016; Kamenetsky et al., 2007). 126 

 2002/2003 tephra were produced by a lateral strombolian eruption along the South rift (Fig. 1a). 127 

During this eruptive period, the Northeast rift and summit craters were also active (e.g., 128 

Andronico et al., 2005; Spilliaert et al., 2006a). A particular feature of this eruption is the 129 

emission of two different magmas: (i) a plagioclase-rich, partially degassed trachybasaltic lava, 130 

from the NE rift, and (ii) an undegassed plagioclase-free basaltic lava flows and tephra from the 131 

S-rift (Spilliaert et al., 2006a). Melt inclusions from this eruption have been already 132 

characterized for chemical composition and volatile content (Collins et al., 2009; Schiavi et al., 133 

2015; Spilliaert et al., 2006). In this study, we focus on the products from the S-rift activity.  134 

 2006 tephra were produced by a sub-terminal eruption that took place by three new vents 135 

opened along the flank of the South East crater (SEC), producing several tephra cones and lava 136 

flow (Fig. 1b), and by the summit crater. Melt and fluid inclusions have been already 137 

characterized for volatile and trace elements abundance by Collins et al. (2009) and Schiavi et 138 

al. (2015). The emitted magma was interpreted as residual of the 2001-2003 eruptive period, 139 

and the melt inclusions were inferred to track an episode of CO2 fluxing from the deep 140 

degassing of a primitive magma (Collins et al., 2009). 141 

 2008/2009 eruption started with the opening of eruptive fissures propagating SE from the 142 

summit craters and produced lava flows that expanded in the Valle del Bove (Bonaccorso et al., 143 

2011, Fig. 1b). Some intense explosions also occurred in the North East Crater (NEC), 144 

producing the tephra (bombs) investigated in this study. 145 

 2013 eruption (Fig. 1b) consisted of 19 paroxysms occurred at the New South East Crater 146 

(NSEC) associated to lava flows from fractures opened mostly along the NSEC cone. The 147 

sampled lava flow was associated to the paroxysm occurred on April. 148 

 149 
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2.2 Methods  150 

Major elements analyses of the finely powdered (< 10 μm) whole rocks (wr) were performed by X-151 

ray fluorescence spectroscopy at the Actlabs Laboratories in Canada, following the internal 152 

procedures (Norrish and Hutton, 1969). Analytical uncertainty (1σ) for major elements is < 1 wt.% 153 

SiO2 and Al2O3, < 2 wt.% for Fe2O3, MgO, CaO, Na2O and K2O, <5 wt.% for MnO, TiO2 and 154 

Cr2O3 and 5-10 wt.% for P2O5. 155 

Cl and S in the whole rocks were determined by INAA (Instrumental Neutron Activation Analysis) 156 

and IR (infrared) methods, respectively.  157 

 Rock samples and melt inclusions were observed by two scanning electron microscopes 158 

(SEM): a Tescan MIRA 3 XMU (BRGM, Orléans) and a Zeiss Merlin Compact (ISTO, Orléans). 159 

Images and semi-quantitative spectra were acquired using 25 keV (Tescan MIRA 3 XMU) and 15 160 

keV (Zeiss Merlin Compact) electron energy. 161 

A Cameca SX FIVE electron microprobe (ISTO, Orléans) was used to analyze major elements in 162 

glass inclusions and embayments, matrix glasses, olivine phenocrysts and Fe-Ti oxides as well as 163 

the S and Cl concentrations in melt inclusions. Acquisitions were carried out using an acceleration 164 

voltage of 15 keV, a 6 nA beam current and a peak counting time of 10 s for all the elements, 165 

excepting for S (60 s). A focused beam was used for olivine and Fe-Ti oxide crystals, whereas a 166 

defocused beam of 2-6 μm size was used for melt inclusions and embayments to reduce Na 167 

migration. Natural minerals and oxides were used as standards (Na and Si: albite, K: anorthoclase, 168 

Ca: anhydrite, P: apatite, Cl: vanadinite, Mg: MgO, Al: Al2O3, Fe: Fe2O3, Ti and Mn: MnTiO3). S 169 

was calibrated against barite (BaSO4). Analytical uncertainty (1σ) is < 1% for SiO2, Al2O3 and CaO, 170 

<3% for FeO, MgO and TiO2, <5% for MnO, Na2O and K2O; < 500 ppm for S and Cl and detection 171 

limits are 120-450 ppm and 240-900 ppm, respectively for S and Cl.  172 

H2O and CO2 contents were determined by transmission Fourier transform infrared 173 

spectroscopy (FTIR) using a Nicolet 760 Magna spectrometer equipped with an IR microscope and 174 
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a MCT detector (ISTO, Orléans). Doubly-polished glass inclusions were accurately prepared to 175 

obtain 18-72 µm thick chips. For each melt inclusions, at least two spectra were acquired to check 176 

the homogeneity of dissolved H2O and CO2 contents. Absorption spectra were acquired in the range 177 

1000-6000 cm
-1

 with 128/560 scans and a resolution of 4 cm
-1

, using a Globar internal IR source 178 

and a KBr beam-splitter. The concentrations (C) of H2O and CO2 dissolved in MIs were calculated 179 

from the absorbancies (A) of the 3530 cm
-1

 (total water vibration) and the 1430 cm
-1

 (CO3
2-

 180 

bending) bands, respectively, using the modified Beer-Lambert law (Stolper, 1982): 181 

C = ((MW*A)/(d*l*ε)*100) 182 

where MW is the molecular weight (in g/mol), d the melt density (in g/l), ε the molar absorption 183 

coefficient (in lmol
-1
cm

-1
), l the optic path (i.e. the thickness of the sample, in cm). A molar 184 

extinction coefficient (ε) of 63 lmol
-1
cm

-1
 was used for the 3530 cm

-1
 band (Dixon et al., 1988), 185 

whereas the coefficient for the 1430 cm
-1

 band was calculated for each MI (300-416 lmol
-1
cm

-1
) on 186 

the basis of the Na/(Na+Ca) molar ratio of the melt, using the Dixon and Pan (1995) method. The 187 

absorbancies of the carbonate doublet were estimated after subtraction of a spectrum of a CO2-free 188 

synthetic glass, with similar composition and H2O content (Lesne et al., 2011). The melt density for 189 

each inclusion was variable in the range (d = 2.68-2.76 gcm
-3

) and was calculated by using a 190 

density of 2.78 gcm
-3

, for an anhydrous basaltic glass from Etna (Gennaro, 2017), the presence of 191 

dissolved water being accounted for with the method proposed by Richet et al. (2000). 192 

H2O, CO2, and S contents of melt inclusions were also determined through secondary ion 193 

mass spectrometry (SIMS) using the Cameca IMS 1270 and the IMS 1280 HR2 ion microprobes at 194 

CRPG, (Nancy, France). Olivine hosted melt inclusions and standard reference glasses were pressed 195 

into indium within an aluminum disk, then gold coated and outgassed in the SIMS chamber until a 196 

pressure of 10
-8

-10
-9

 Torr was reached. The acquisition, preceded by a 30 s of pre-sputtering period 197 

(needed to erase impurities from the sample surface), was performed using a Cs
+
 primary beam of 5 198 

nA, with an impact energy of 20 kV in 12-15 cycles. The secondary beam consisted of both ionized 199 
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atoms, commonly used as analytes for volatile determinations (e.g., 
12

C
-
, 

32
S

-
), and ionized hydride 200 

molecules that create numerous interferences. A mass resolving power (MRP) of 7000 was used for 201 

separating these interfering species. In order to check the accuracy on the determined 202 

concentrations, glasses with compositions similar to the Etna samples were used as secondary 203 

standards. For H2O and CO2: basalts N72 from Kamchatka and the KL2-G basalt from Kilauea [0-204 

4.2 wt.% and 0-3172 ppm respectively (Jochum et al., 2006; Shishkina et al., 2010)] were used and, 205 

for S the KL2-G, VG-2 and A99 standard glasses (Jarosewich et al., 1979; Witter et al., 2005, 0-206 

1406 ppm). The signals for all volatiles (
12

C
-
, 

16
O

1
H

-
, 

32
S

-
) were gathered in mono-collection mode 207 

during the same analysis (acquisition time 12 mn). Concentrations of all volatiles (except H2O) 208 

were calculated by comparing the 
12

C
-
/
28

Si
- 
vs. SiO2 (for CO2) and the 

32
S

-
/
28

Si
- 
vs. SiO2 (for S) in 209 

the sample and in the reference glass. H2O was calculated by comparing the OH
-
/H

- 
vs. H2O in the 210 

reference materials with the OH
-
/H

- 
of the sample. 211 

 212 

3. Results 213 

3.1 Whole rocks compositions 214 

Major element compositions of the studied lavas and tephra are reported in Table 1 [and plotted in 215 

the Total Alkali versus Silica (TAS) diagram (Fig. SI1)]. Our results are generally consistent with 216 

those of previous studies (e.g. Correale et al., 2014; Corsaro and Métrich, 2016; Kamenetsky and 217 

Clocchiatti, 1996; Kamenetsky et al., 2007; Spilliaert et al., 2006a; Fig. SI1). All the rocks plot 218 

within the field defined by historical alkaline lavas (Correale et al., 2014, and references therein), 219 

except for FS tephra, which are poorer in alkali and richer in MgO than both the historical alkaline 220 

and the oldest tholeiitic lavas (Figs. SI1, 2). The rocks from 2006, 2008/2009 and 2013 eruptions 221 

present a trachybasaltic composition, whereas the lavas from Mt. Spagnolo and 2002/2003 222 

eruptions straddle the basaltic-trachybasaltic fields of the TAS diagram (Fig. SI1). FS tephra are 223 

picro-basaltic (MgO = 17.9 wt.%); they have the highest CaO/Al2O3 ratio (=1.23) and Mg number 224 
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(Mg# = 77.5), and the lowest alkali content (Na2O+K2O < 2 wt.%) among the investigated rocks. 225 

Both the MgO content and the CaO/Al2O3 ratio decrease from FS, Mt. Spagnolo toward the most 226 

recent trachybasaltic compositions (asterisks in Fig. 2). When, considering K2O as magma 227 

differentiation index, the investigated products show a trend of decreasing MgO and of broadly 228 

increasing Na2O, Al2O3, FeOtot and TiO2 from the most primitive FS toward the most recent and 229 

differentiated products (not shown). None of the analyzed whole rock composition has a clear Na or 230 

K-alkaline affinity, being all transitional between the two series (asterisks in Fig. 3).   231 

 232 

3.2 Petrography, minerals chemistry, and melt inclusions observations 233 

Monte Spagnolo 234 

Mt. Spagnolo lavas are poorly-phyric (porphyricity: 10-15 vol.%). They contain phenocrysts of 235 

subhedral clinopyroxene (the most abundant mineral phase), followed (in order of abundance) by 236 

euhedral to subhedral olivine, plagioclase, with Cr-spinel microphenocrysts. The groundmass is 237 

microcrystalline with microlites of plagioclase, clinopyroxene (sometimes skeletal), Ti-magnetite 238 

(often dendritic) and olivine (Fig. 4a). Olivine phenocrysts have variable forsterite (Fo) contents: 239 

one group is in the range Fo70-76 and the other is Fo82-89. Some phenocrysts present reverse zoning, 240 

with Fo75 cores and Fo85 rims (Fig. 4b). Only the most primitive (Fo82-89) phenocrysts, which 241 

contain abundant Cr-spinel (Cr2O3 = 36-46 wt.%, Table SI1) inclusions, were selected for this 242 

study.  243 

Melt inclusions within olivine phenocrysts have variable sizes in the range 20 and 140 µm, with 244 

spherical to ovoidal shapes; sometimes they contain bubbles and/or small Cr-rich oxide and few 245 

daughter minerals (Fig. 4c). Among the studied MIs, 13 have bubble with Vb/VMI between 0.01 and 246 

0.16, where Vb is the bubble volume fraction, and VMI the inclusion volume, both estimated 247 

assuming a perfect spherical shape for the bubble and the inclusion. 248 

 249 
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FS 250 

Picritic scoria lapilli are highly vesiculated (voids > 50 vol.%) and almost aphyric (phenocrysts ≤ 251 

10 vol.%). The phenocrysts are principally represented by euhedral Fo89-91 olivine (up to ~ 5 mm in 252 

size), followed by subhedral clinopyroxene and rare Cr-spinel microphenocrysts; these latter are 253 

enclosed within olivine phenocrysts but also occur within melt inclusions (Cr2O3 = 46-52 wt.%, 254 

Table SI1, Fig. 4d). The groundmass is glassy, with sparse microlites of olivine, clinopyroxene, 255 

plagioclase and Cr-spinel.  256 

Melt inclusions are abundant in FS primitive olivine; they have spherical and oval shapes with 257 

typical scalloped edges (Fig. 4e). They have variable sizes, between 25 and 180 µm, and generally 258 

present a typical spherical vapor bubble (Vb/VMI between 0.002 and 0.20).  259 

  260 

2002/2003 South 261 

These scoria are vesiculated (voids ~ 30 vol.%), poorly phyric (10-15 vol.% phenocrystals) in 262 

agreement with previous studies (Kahl et al., 2015 and references therein). Phenocryst abundances 263 

are in the order: clinopyroxene > plagioclase > olivine > Ti-magnetite. Olivine phenocrysts are 264 

euhedral to subhedral and have variable Fo contents (between 70 and 83 mol.%). They commonly 265 

host melt inclusions and Ti-magnetite microphenocryts (Usp = 21-43 %) (Table SI1, Fig. 4f). The 266 

groundmass is microcrystalline with microlites of clinopyroxene, plagioclase, and subordinate 267 

olivine and Ti-magnetite. 268 

Melt inclusions in olivine generally have a spherical shape (Fig. 4g), but elongated inclusions (with 269 

slightly scalloped edges) were also occasionally observed. They have variable sizes (30-150 µm), 270 

sometimes with spherical bubbles (Vb/VMI between 0.002 and 0.125). Several melt inclusions in 271 

2002/2003 trachybasalts have abundant daughter minerals; for this study only crystal-free melt 272 

inclusions were selected and analyzed. 273 

 274 
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2006 275 

These trachybasaltic scoria are vesiculated (voids ~ 30 vol.%) and porphyritic (phenocrysts ~25 276 

vol.%). The phenocrysts consist of plagioclase (the most abundant phase) followed by 277 

clinopyroxene and olivine and microphenocrysts of Ti-magnetite, surrounded by a microcrystalline 278 

groundmass with plagioclase and clinopyroxene microlites, and less abundant olivine and Ti-279 

magnetite.  280 

Olivine phenocrysts (Fo69-81) host many melt and Ti-magnetite (Usp = 14-40 %, Table SI1) 281 

inclusions, and show rare embayments (Fig. 4h). Investigated melt inclusions have variable forms 282 

(spherical, oval and elongated, sometimes with slightly scalloped edges, Fig. 4h) and sizes (20-200 283 

µm). Five MIs out of 36 present small vapor bubbles (Vb/VMI = 0.007-0.037) and a few contain Ti-284 

Fe-oxides and small sulfide globules. 285 

 286 

2008/2009 287 

Samples collected from this eruption consist of juvenile bombs, highly vesiculated (voids ~ 45 288 

vol.%) and slightly porphyritic (20 vol.% phenocrysts). Phenocrysts consist of plagioclase > 289 

clinopyroxene > olivine > Ti-magnetite, while the microcrystalline groundmass include plagioclase, 290 

clinopyroxene, and less abundant olivine and Ti-magnetite microlites. The olivine phenocrysts 291 

(Fo69-81) host abundant melt and fluid inclusions and Ti-magnetite crystals (Usp = 14-40 %, Table 292 

SI1).   293 

Investigated melt inclusions have variable sizes (18-200 µm) and present spherical but also irregular 294 

forms. They contain small bubbles (Vb/VMI between 0.001 and 0.05), Ti-Fe-oxides and Cu-Fe 295 

sulfides (Fig. 4i).  296 

 297 

2013 298 
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The 2013 lava is porphyric (20-25 vol.% phenocrystals), with phenocrysts of plagioclase > 299 

clinopyroxene > olivine (Fo72-80), and microphenocrysts of Fe-Ti-oxide. The groundmass is 300 

microcrystalline with microlites of clinopyroxene, olivine, Ti-magnetite and less abundant 301 

plagioclase, apatite and Cu-Fe sulfides (Fig. 4l).    302 

Olivine phenocrysts from this eruption are particularly rich in melt inclusions, whose size is in the 303 

range 15-200 µm. MIs have typically spherical to ovoidal shapes, but elongated inclusions are also 304 

sometimes observed. They contain bubbles (Vb/VMI between 0.005-0.108, one with 0.325), 305 

abundant Cu-Fe-sulfide globules, generally associated with Fe- Ti-oxides (Fig. 4m).  306 

 307 

3.3 Major elements composition of melt inclusions, embayments and matrix glasses  308 

The chemical compositions of the studied Etnean melt inclusions have been corrected for post-309 

entrapment crystallization (PEC) of olivine, and their compositions are reported in Table 2, together 310 

with the raw compositions of some glass embayments and matrix glasses, and in Figs. 5 and SI1. 311 

Several post-entrapment processes were occurred. The most common is the overgrowth of olivine at 312 

the melt inclusion interface and its re-equilibration with the host olivine, causing i.e. diffusion of Fe 313 

and Mg respectively from the melt and from the crystal, (e.g., Danyushevsky et al., 2000; 314 

Danyushevsky et al., 2002; Gaetani and Watson, 2002). In this study, the extent of PEC 315 

modifications (i.e., the wt% of olivine to be added to the raw melt inclusion analysis in order to 316 

restore the equilibrium KD
ol/melt

) was calculated assuming olivine-liquid equilibrium and a KD
ol/melt

 317 

[(FeO/MgO)ol/(FeO/MgO)melt] that range between 0.26 and 0.30, depending on Fe partition. The 318 

lowest value of KD
ol/melt 

is defined for a basaltic melt, considering FeO as FeOtot (Di Carlo et al., 319 

2006), while the highest value (0.30) is calculated only using the ferrous iron (Fe
2+

). In this latter 320 

case, constraints on the redox conditions are required because the Fe2O3/FeO ratio in the melt is 321 

needed, but not in the first case. Taking into account that redox conditions in Etnean magmas are 322 
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poorly constrains, we preferred to calculate  KD
ol/melt 

and PEC using FeO as FeOtot (Di Carlo et al., 323 

2006).  324 

The observed PEC ranges between 0 and 19.5 %, the highest values being for the Mt. Spagnolo and 325 

FS melt inclusions (Table 2).  326 

Diffusion of H
+
 (protons) may also occur through the host olivine and can lead to H2O loss or gain 327 

in the melt inclusion (e.g., Gaetani et al., 2012). This can alter the chemical composition of the 328 

entrapped melts, their volatile contents and their oxygen fugacity (e.g., Bucholz et al., 2013; 329 

Danyushevsky and Plechov, 2011; Frezzotti, 2001). We probably identified H
+
 loss in Mt. Spagnolo 330 

MIs, which most likely experienced the slowest cooling rate among the studied products. 331 

Studied melt inclusions show a great variability in major elements compositions. Silica spans a 332 

range between 42 and 56 wt.%, total alkali between 2.2 and 12.7 wt.%, MgO between 1.9 and 12.4 333 

wt.% and CaO between 3.2 and 15 wt.% (Table 2, Figs. 2, 3, 5 and SI1). The melts entrapped in the 334 

FS products have the highest MgO and CaO contents and the lowest Al2O3 and K2O contents (Figs. 335 

5b-c-d), suggesting that it represent the most primitive melt in this study.  336 

Compositions of MIs trapped in the MgO-richest olivine (~ Fo78-92) are generally similar to those of 337 

their respectively whole rocks (Fig. 2), with the exception of FS rock having MgO content higher 338 

than those of MIs (17.9 vs. 12.4 wt.%). This could be due to an accumulation of olivine phenocrysts 339 

in FS magma. Differently, the compositions of MIs trapped in MgO-poorer olivines (~ Fo68-75) are 340 

more evolved (lower FeO and MgO contents and higher alkali contents) than their respective bulk 341 

rocks (Figs. 3, 5).  342 

Using K2O as a melt differentiation index, clear evolution trends are visible from FS compositions 343 

toward MIs of the most recent products (2008-2013), which have the highest Al2O3, K2O and Na2O, 344 

and the lowest MgO and CaO contents (Figs. 5). SiO2 is generally enriched in MIs from the most 345 

differentiated / most recent products. FeOtot, TiO2 and P2O5 show large variations (4.3-12.6 wt.%, 346 

0.7-2.5 wt.%, and 0-1.5 wt.% respectively) and no clear trends appear with K2O (Figs. 5). As their 347 
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respective whole rocks, all MIs belong to the alkaline series, except the MIs in FS, which have a 348 

basaltic composition (Fig. SI1). The Mt. Spagnolo MIs have a sodic affinity (Na2O-2 > K2O), while 349 

the most recent products show no clear chemical affinity (Fig. 3).  350 

The composition of the studied MIs is consistent with previous results obtained on the same 351 

eruptions (e.g., Collins et al., 2009; Corsaro and Métrich, 2016; Kamenetsky and Clocchiatti, 1996; 352 

Kamenetsky et al., 2007; Métrich et al., 2004; Spilliaert et al., 2006a, Fig. 2). Our study reveals that 353 

the most evolved and Mg-poor melts come from the 2013 olivine-hosted MIs and confirms that the 354 

primitive Etnean liquids in the last 15 ky are the FS MIs, being seconded by Mt. Maletto and Mt. 355 

Spagnolo (Kamenetsky and Clocchiatti, 1996).  356 

Three glass embayments (Table 2, Fig. 3) were also analyzed (two from the 2006 and one from the 357 

2002/2003 eruptions). One embayment in the 2006 sample is distinctly more evolved than the melt 358 

inclusion hosted in the same olivine (CaO/Al2O3 embayment = 0.50 vs. 0.71 in MI; K2O 359 

embayment = 4.35 vs.1.73 wt.% in MI). The other two embayments have compositions similar to 360 

the inclusions entrapped in the same olivine. The few matrix glasses analyzed generally show more 361 

evolved compositions than their related melt inclusions (Table 2, Fig. 3). 362 

 363 

3.4 Volatile content of melt inclusions 364 

S contents measured by EMP and SIMS are generally in a good agreement (Fig. SI3). Due to the 365 

significantly lower detection limit of SIMS analyses (< 10 ppm S), SIMS values were preferred for 366 

MIs with S contents < 300 ppm. For MIs with S > 300 ppm, EMP values were preferred, being the 367 

EMP dataset more complete (Table 2). For H2O and CO2, only a few inclusions were analyzed with 368 

both SIMS and FTIR (3 MIs for H2O and 1 for CO2), preventing us to directly compare the two 369 

methods (Table 2).  370 

MI volatile contents do not correlate with the extent of PEC (Figs. SI2a-b). This, together with the 371 

scarcity of Fe-Ti oxides in the investigated MIs and absence of cracks /dislocations in host crystals 372 
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all concur for a good preservation of the original dissolved volatiles. However, the episodic 373 

presence of vapor bubbles suggests that the measured volatile contents (CO2 in particular since it is 374 

strongly partitioned into the bubble) must be regarded as minimum values for pre-eruptive melts 375 

(e.g., Frezzotti, 2001; Robidoux et al. 2017). Most vapor bubbles have Vb/VMI ratios typical of 376 

shrinkage bubbles (bubble volumes are 0.2-5 % of the inclusion, from Lowenstern, 1995 and 377 

references therein). Some MIs (Mt. Spagnolo, FS, 2002/2003 and 2013) have bubbles with higher 378 

inclusion volumes (> 5 %), which could indicate post-entrapment mechanisms such as rapid 379 

decompression, thermal shock (resulting in phenocryst fracturing) or depressurization-vesiculation. 380 

However, only unfractured phenocrysts have been selected and, so, bubbles with large vapor/melt 381 

ratio are assumed to result from the simultaneous entrapment of melt and a separate vapor or fluid 382 

phase (Lowenstern, 1995; and references therein). Bubble-bearing MIs do not have systematically 383 

lower CO2 contents than bubble-free ones. In the same way, no systematic relation is observed 384 

between the H2O and CO2 contents and Vb/VMI (Table 2, Figs. SI2c-d), even if MIs with the highest 385 

CO2 contents (> 4000 ppm) have a low Vb/VMI. In addition, the fact that the H2O and CO2 contents 386 

are uncorrelated with the inclusion size (Figs. SI2e-f) suggests that diffusive processes did not 387 

significantly affect the volatiles in the MIs. However, H2O loss by H
+
 diffusion through the host 388 

olivine cannot be excluded, in particular for the Mt. Spagnolo and 2013 lavas, which were slowly 389 

cooled, as belong to a lava flow (e.g., Frezzotti, 2001; Gaetani et al., 2012; Lloyd et al., 2013). The 390 

small oxide crystals (Fe-Ti oxides and in some case Cr-spinel) that occur both in MIs and host 391 

crystals (Figs. 4c, 4d, 4i) are interpreted to preexist to melt entrapment (Table SI1). Crystallization 392 

due to post-trapping water loss and/or hydrogen migration is thus excluded (Bucholz et al., 2013; 393 

Sobolev et al., 1994). 394 

The H2O content of the investigated MIs is extremely variable, between 0.01 and 5.9 wt.%, the 395 

highest values exceeding the range previously determined for Etnean melts (Fig. 6). The most H2O-396 

rich melt inclusions are from the FS eruption, and our results (up to 5.9 wt.%) are higher than 397 

previous analyses from Kamenetsky et al. (2007; 2.6-3.8 wt%). The 2002/2003 and 2006 MIs 398 
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present variable H2O contents (between 0.1 and 3.2 wt.%), similar to previous data for 2002/2003 399 

(0.3-3.6 wt%, Collins et al. 2009; Spilliaert et al. 2006a) and slightly higher for 2006 (0.1-2 wt%, 400 

Collins et al. 2009). Melt inclusions from Mt. Spagnolo and 2013 lavas and 2008/2009 bombs have 401 

extremely low H2O contents (< 0.5 wt.%). These inclusions do not seem to have been affected by 402 

secondary processes since their H2O contents are unrelated to the PEC % (Fig. SI2a) or inclusion 403 

size (Fig. SI2e).  404 

CO2 abundances span from below detection limit up to more than 5500 ppm. The highest values, 405 

measured in FS melt inclusions, are significantly higher than those previously estimated by 406 

Kamenetsky et al. (2007; 3300 ppm, Fig. 6). The CO2 contents measured in 2002/2003 and 2006 407 

scoria MIs (119-2470 and 191-1673 ppm, respectively) are in good agreement with previous studies 408 

(e.g., Collins et al., 2009; Métrich et al., 2004; Spilliaert et al., 2006a, Fig. 6), and similar to those 409 

analyzed in 2008/2009 bombs (87-964 ppm). The CO2 contents of 2013 and Mt. Spagnolo MIs, 410 

measured here for the first time, are also variable and in the range of those of the other eruptions 411 

(from below detection limit up to more than 2600 ppm). Bubble-bearing MIs do not show lower 412 

CO2 contents than bubble-free ones, and no systematic relation is observed between the CO2 413 

content and Vb/VMI (Table 2, Fig. SI2d).  414 

For each inclusion, H2O-CO2 contents and major element composition were used to determine melt 415 

inclusions entrapment pressures, assuming magma volatile saturation. The solubility model of 416 

Iacono Marziano et al. (2012) was used and the calculations performed at temperatures between 417 

1100 and 1200°C (with this model, the temperature effect is negligible). Results give a wide 418 

pressures range for FS (76-477 MPa), while, for the other eruptions, results are less dispersed (Fig. 419 

6, Table 2): Mt. Spagnolo (3-154 MPa), 2002/2003 South (11-254 MPa), 2006 (0-153 MPa), 420 

2008/2009 (5-161 MPa), 2013 (0-81 MPa). These pressure estimates are in the same range than 421 

those previously reported for the FS, 2002/2003 and 2006 eruptions (Kamenetsky et al., 2007; 422 

Collins et al., 2009; Spilliaert et al., 2006a; respectively)], although the volatile content of the most 423 

primitive FS magma estimated in this work is significantly higher than those from previous studies. 424 
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In addition, the pressure calculations use a solubility model different from previous studies and 425 

which has the advantage of being calibrated on a larger range of mafic compositions (Fig. 7 in 426 

Iacono-Marziano et al., 2012).  427 

The sulfur content of the investigated melt inclusions is extremely variable and reaches a 428 

maximum of 4150 ppm, generally higher than previous measurements (e.g., Collins et al., 2009; 429 

Corsaro and Métrich, 2016; Kamenetsky et al., 2007; Metrich and Clocchiatti, 1989; Métrich et al., 430 

2004; Spilliaert et al., 2006a-b; Figs. 7), except one 2006 MI which contain 4500 ppm (Schiavi et 431 

al., 2015). Mt. Spagnolo MIs (measured here for the first time) show the highest S concentrations, 432 

higher than those analyzed in MIs from FS eruption (< 3473 ppm; this study; Corsaro and Métrich 433 

2016; Kamenetsky et al. 2007). S contents in 2002/2003 South and 2006 MIs are generally lower 434 

(128 - 3005 ppm, and 110-3410 ppm respectively) and similar to previous studies (2002/2003: 480-435 

3470 ppm, Spilliaert et al., 2006a; 860-3567 ppm, Schiavi et al., 2015; 2006: 0-1500 ppm, Collins 436 

et al., 2009; 158-4593 ppm, Schiavi et al., 2015). The most recent 2008/2009 and 2013 MIs have a 437 

maximum of 1100 ppm S. A general trend of decreasing S with increasing K2O content is observed 438 

(Fig. 7a), except for the most primitive FS and the most evolved MIs (K2O > 2.8 wt.%). In 439 

comparison, S shows no clear trends with either H2O or CO2 (Figs. 7b-c).   440 

The chlorine content is also highly variable, between 793 and 4670 ppm, the highest values 441 

being for the 2002/2003 South MIs. Compared to previous determinations, our data are either 442 

higher (Spilliaert et al., 2006) or in the same range (Collins et al., 2009; Corsaro and Métrich, 2016; 443 

Kamenetsky et al., 2007; Schiavi et al., 2015). A high variability is commonly observed within the 444 

same eruption, without any clear correlation with the K2O content (Fig. SI4).   445 

The glass embayment in the 2006 olivine phenocryst (“2006-7emb”, Fig. 4h) is less water-rich 446 

(0.36 wt.% H2O) than the MI in the same olivine (3.16 wt.% H2O), suggesting that the embayment 447 

equilibrated near the surface (Table 2). The other two embayments (“2006-E2emb” and “2002/3S-448 

24emb”) have similar major element compositions and water concentrations, and broadly similar S 449 

and Cl contents, than MIs trapped in the same olivine (Table 2). This suggests that MIs and 450 
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embayments were entrapped almost concurrently at a similar (superficial) depth. S and Cl contents 451 

(H2O and CO2 were not analyzed) of 2002/2003 matrix glasses are also very similar to MIs (Table 452 

2).    453 

 454 

4. Modelling and discussion 455 

Olivine-hosted melt inclusions of Etnean products erupted in the last 15 ka record important 456 

compositional variability (Figs. 2, 3, 5, 6, 7, SI1). The prominent geochemical features emerging 457 

from this study are (i) the highly variable volatile contents, with maxima up to 5.86 wt.% H2O, 0.59 458 

wt.% CO2, 0.42 wt% S, and 0.47 wt.% Cl (Table 2), (ii) the large variability in major element 459 

chemistry (e.g. 42.3-56.0 wt.% SiO2, 4.3-12.6 wt.% FeO, 2-12.4 wt.% MgO), and (iii) the 460 

occurrence of systematic magma differentiation trends (Figs. 2, 5). The highest CaO/Al2O3 ratios, 461 

MgO contents (Fig. 2) and volatiles concentration (maximum 7 wt.%) of MIs trapped in Fo-rich 462 

olivines (Fo89-91) suggest that FS is the best candidate to represent the primitive parental melt of 463 

Etnean magmas (as already suggested by Kamenetsky et al., 2007). MIs trapped in less Fo-rich 464 

olivines (Fo88-68) from the other investigated tephra and lava samples record less primitive melts 465 

(Figs. 2, 5).  466 

 467 

4.1 Melt differentiation modelling  468 

We have modelled ascent-related crystallization using the MELTS code (Ghiorso and Sack, 1995; 469 

Smith and Asimow, 2005) previously used for Etnean magmas (e.g., Kahl et al., 2015; Mollo et al., 470 

2015). The general objective of the simulations was to explore if the compositions of all analyzed 471 

MIs can be reproduced starting from primitive melts in FS olivines and, thus, to test if FS MIs 472 

represent a suitable parental melt for Etnean magmas in the last 15 ka. In detail, two types of 473 
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simulations were carried out and a summary of the different conditions tested is provided in a 474 

supplementary table (Table SI2).  475 

 476 

4.1.1 Early evolution 477 

Type I simulations were performed to model the early differentiation of the most primitive melts 478 

observed in FS tephra. To do so, the average (4 analyses) of two MIs with the highest Mg#, 479 

CaO/Al2O3 ratio (SiO2=44 wt.%, Al2O3=9 wt.%, FeOtot=8 wt.%, MgO=12 wt.%, CaO=13 wt.%, 480 

Na2O=1.6 wt.%, K2O=0.9 wt.%) and the highest measured Cr content (Cr2O3=0.12 wt.%) was used 481 

as starting composition. These most primitive MIs have an average H2O content of 4 wt.% but, 482 

since higher contents (up to 5.86 wt.% H2O, Table 2, Fig. 6) have been measured in the FS MIs, we 483 

used 5 wt.% as the starting melt H2O content for the MELTS modeling. To reproduce the deepest 484 

magmatic conditions, the simulations started from a pressure of 500 MPa (477 is the highest 485 

pressure provided by MI, section 3.4 and Fig. 6) and the initial temperature was set at 1300 °C 486 

following Armienti et al. (2007; 2012) and considering the temperature of 1325-1356 °C estimated 487 

for FS magma by Coltelli et al. (2005). The final conditions were arbitrarily set at 400 MPa and 488 

1200°C (yielding a dP/dT gradient of 1 MPa°C
-1

 for the magma ascent path). An initial fO2 range 489 

between NNO+1 to NNO+2 [in agreement with previous estimates for primitive Etnean magmas: 490 

fO2 ~ NNO+1.8, Kamenetsky and Clocchiati (1996); > NNO+1; Liotta et al. (2012); > NNO+1, 491 

Métrich et al. (2009); NNO+1±0.8, Mollo et al. (2015)] was investigated by adjusting the FeO and 492 

Fe2O3 contents of the starting melt, and the fO2 (calculated by MELTS) was allowed to vary with 493 

progressive crystallization. Results show that, during this P-T evolution, olivine and Cr-spinel 494 

(present only in the simulation starting at NNO+2) are the only phases crystallizing from FS melts, 495 

and that clinopyroxene is absent. Olivine (Fo92) matches compositions of FS crystals. However, it 496 

occurs in very low amounts (<1 wt.%) indicating that most crystallization takes place at T < 1200°C 497 

and P < 400 MPa.  498 
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 499 

4.1.2 Main crystallization stage 500 

The final liquids obtained in type I simulations were used as starting compositions for the type II 501 

MELTS models. These started at 1200°C and 400 MPa and used variable dP/dT of 20, 5 and 3 502 

MPa°C
-1

, where dP and dT mean different decrement in T and P for each step of MELTS 503 

calculation, i.e., different slopes along the magma ascent path). Different final temperatures (from 504 

1180 to 1068 °C) were explored, following Kahl et al. (2011; 2015) and in agreement with direct 505 

field measurements of lava effusion temperatures in the range 980-1080 °C (Calvari et al., 1994), 506 

whereas final pressures were fixed at near-surface conditions (Table SI2).   507 

Under these conditions and upon progressively decreasing P and T, crystallization advances in the 508 

order olivine, spinel (progressively evolving from Cr-spinel to Ti-magnetite), clinopyroxene and 509 

plagioclase (at pressures < 40 MPa and for melt H2O contents < 2 wt%). The crystallization series 510 

in our MELTS models are in general agreement with Mollo et al. (2015), although they used 511 

starting melt compositions less primitive than FS. Our calculated mineral assemblages are 512 

consistent with key features of Etnean magmas such as the predominance of clinopyroxene and 513 

olivine, the presence of plagioclase phenocrysts in the most evolved products and in all 514 

groundmasses, the occurrence of Cr-spinel in FS and Mt. Spagnolo MIs and of magnetite in the 515 

2002-2013 MIs. Olivines produced by MELTS range between Fo92 and Fo60, covering the entire 516 

range of natural products (Fo91 in FS to Fo68 in the most evolved 2013 lava) although not 517 

continuously (Fig. SI5). In MELTS simulations, olivine crystallization is generally inhibited in Ca-518 

rich melts (> 15 wt.% CaO), being replaced by clinopyroxene on the liquidus. However, we observe 519 

such Ca-rich MIs in FS and Mt. Spagnolo olivine phenocrysts, indicating that these melts were 520 

olivine-saturated. We may speculate that these particular Ca-rich compositions represent microscale 521 

melts, due to a dominant role of clinopyroxene dissolution-reaction-mixing (Danyushevsky et al., 522 

2004) as suggested by Pichavant et al. (2009) and Lanzo et al. (2016) for Stromboli and Vulcano.   523 
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Clinopyroxenes calculated by MELTS have compositions very similar to those found in Mt. 524 

Spagnolo lava (Kamenetsky and Clocchiatti, 1996) and in 2001-2012 trachybasalts (En33-43, Fs9-18, 525 

Wo43-50, Mg# of 54-85, Mollo et al., 2015; Kahl et al., 2015 and references therein; Schiavi et al., 526 

2015), and are close to clinopyroxene inclusions in FS olivine (Kamenetsky et al., 2007). The 527 

occurrence of cpx inclusions in FS olivine has yielded Kamenetsky et al. (2007) to suggest its early, 528 

deep crystallization in FS magma. Although this proposition is not supported by our MELTS 529 

modeling (see type I simulations above), recent studies (e.g., Armienti et al., 2007, 2012; 530 

Giacomoni et al., 2016) reveal that clinopyroxene crystallization occurs in Etna basalt and 531 

trachybasalts over a large P range (160-1380 MPa). Giacomoni et al. (2016) have suggested that 532 

some of these deep clinopyroxene can be xenocrysts, probably derived from crystal mushes 533 

(Armienti et al., 2007) and incorporated into the uprising magma.  534 

 535 

4.1.3 Melt evolution along the liquid line of descent 536 

All MELTS simulations yielded very similar SiO2, Al2O3, MgO, CaO, Na2O vs K2O trends (Figs. 5, 537 

8) for residual melts along the liquid line of descent. MI MgO and CaO contents (generally well 538 

reproduced) decrease, as does the CaO/Al2O3 ratio, while the SiO2 and alkali contents increase 539 

(Figs. 5, 8) as a result of crystallization of olivine + clinopyroxene + spinel + plagioclase.  540 

The variability in the H2O content of inclusions for a given as well as between different 541 

eruptions suggests different degassing paths (Fig. 9). For instance, the FS MIs show highly variable 542 

H2O contents at nearly constant K2O, suggesting near-adiabatic ascent that allowed this highly 543 

primitive magma to reach the surface without significant differentiation (Coltelli et al., 1998; 2005). 544 

The type II MELTS simulations with a high dP/dT ratio (20 MPa °C
-1

) and a final temperature of 545 

1180 °C reproduces well the H2O degassing trend observed in these MIs (red curves in Fig. 9). 546 

Conversely, the Mt. Spagnolo, 2008/2009 and 2013 MIs present very low H2O contents and 547 

variable K2O (Fig. 9), which may suggest early H2O degassing, prior to significant crystallization. 548 

However, the Mt. Spagnolo MIs are characterized by decoupled volatile abundances, with high CO2 549 
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(up to 2670 ppm), S (up to 4150 ppm), and Cl (up to 4100 ppm) and low H2O (< 0.6 wt.%). This 550 

could reflect trapping of an initially volatile-rich melt followed by H2O loss due to H
+
 diffusion in 551 

the host olivine during cooling (Gaetani et al., 2012). Alternatively, H2O could have been stripped 552 

from the melt at depth by CO2 flushing. The former hypothesis appears more realistic due to the 553 

slow cooling experienced by the Mt. Spagnolo lava flow. It is also worth reminding that H
+
 554 

diffusion is particularly effective at high temperatures and low pressures (Gaetani et al., 2012), i.e., 555 

under lava emplacement conditions. Thermobarometric data for Mt. Maletto lavas, similar to the 556 

Mt. Spagnolo (Giacomoni et al., 2016; Kamenetsky and Clocchiatti, 1996), reveal a deep 557 

intratelluric crystallization episode in those Etnean magmas. Therefore, it is most likely that 558 

crystallization of Mt. Spagnolo lavas did not take place only at the near surface conditions implied 559 

by the low H2O contents of MIs. However, because of H2O loss, the high-pressure 560 

crystallization/trapping stage that affected the magmas is not preserved in the Mt. Spagnolo MIs. 561 

The 2013 MIs are also from a lava flow and may similarly have suffered post-entrapment H2O loss. 562 

However, their relatively low CO2 (< 709 ppm) and S contents (<450 ppm) speak for volatile 563 

degassing preceding entrapment, as is the case for the 2008/2009 MIs which, nevertheless, come 564 

from a strombolian deposit.  565 

The 2001 to 2007 MIs show progressive degassing during melt differentiation (i.e. decreasing H2O 566 

contents with increasing K2O contents Fig. 9), which are well reproduced by the fractional 567 

crystallization of the parent FS melt with dP/dT trajectories between 3 and 5 MPa °C
-1

 and final 568 

temperatures of 1122 and 1068 °C respectively (blue and green curves in Fig. 9). The water 569 

contents of 2008/2009 and 2013 MIs are also generally reproduced by the lowest pressure segments 570 

of these two curves, probably following a superficial low-pressure decompression. Fractional 571 

crystallization along a dP/dT between 3 and 5 MPa °C
-1

, ending at temperatures of ~1100 °C, can 572 

therefore generate most of the H2O-K2O trends observed in recent Etnean MIs (2001-2013). 573 

Changes in dP/dT and final temperatures within a single eruption could reflect the tapping of 574 

individual magma batches with different ascent histories, caused by provenance from different 575 
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magma accumulation zones, vertical and lateral changes in the density of basement rocks as well as 576 

variable volatile contents and gas fractions (Armienti et al., 2012).  577 

 578 

4.1.4 Redox control on melt evolution  579 

The large spread in MI FeOtot (and, to a lesser extent, TiO2) contents in MIs potentially reflect 580 

variations of redox conditions in addition to melt differentiation (e.g., Figs. 5; 10), which in turn 581 

control the proportion of spinel crystallization and the FeOtot/MgO ratio of the melt (Pichavant et 582 

al., 2002 and reference therein).  583 

For instance, spinel (both Fe-Ti oxide and Cr-spinel) crystallization in Etnean magmas can vary 584 

from one eruption to the other and during the same eruption as well. Cr-rich spinel is commonly 585 

observed to be included within FS (and Mt. Spagnolo) olivine phenocrysts (Table SI1), consistent 586 

with its early appearance from a FS parental liquid in MELTS models, which requires oxidizing 587 

conditions. Pichavant et al. (2002) found that melts produced under very oxidizing conditions 588 

(ΔNNO > +2.5) have FeOtot/MgO that are constant or decrease with progressive crystallization 589 

which indicates preferential partitioning of Fe toward the mineral phases (mainly magnetite) 590 

relative to Mg. This behavior is evident in FS and Mt. Spagnolo MIs. In the first ones, the 591 

constancy in FeOtot/MgO ratio and FeOtot content, and the decrease of MgO (Figs. 5d-e, 10) could 592 

be ascribed to olivine and Cr(Mg)-spinel crystallization, well reproduced by the MELTS models at 593 

high initial fO2 (NNO+2) conditions and with high dP/dT ratio (20 MPa °C
-1

), although calculated 594 

phase proportions (<1 for ol and <0.3 wt.% for Cr-spinel) are lower than those found in natural 595 

rocks.  596 

Differently from FS, MIs of Mt. Spagnolo (this study and Kamenetsky and Clocchiatti, 1996), Mt. 597 

Maletto (Kamenetsky and Clocchiatti, 1996) and Frumento delle Concazze (FdC, Corsaro and 598 

Métrich, 2016) eruptions show a different trend, with a stronger decrease of FeOtot and MgO (Figs. 599 

5d-e) and an increase of TiO2 (Fig. 5g). In addition, Mt. Maletto and Mt. Spagnolo MIs have a 600 

FeOtot/MgO ratio constant or decreasing with K2O, while the FeOtot/MgO ratio of FdC increases 601 
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slightly during melt evolution (Fig. 10). These behaviors are partially reproduced by a MELTS 602 

model with low dP/dT ratio (dP/dT=2 MPa °C
-1

), only when starting from a fO2 > NNO+3 (black 603 

curve in Fig. 10). Such extremely oxidizing redox conditions are needed to let MELTS crystallizing 604 

abundant spinel (>1 wt.%), relatively early on the liquidus. However, this curve is not totally 605 

coincident with all the MIs of Mt. Spagnolo, because this MELTS model is associated with an 606 

important decrease in fO2 conditions (2 log units) during crystallization. The abundance of Cr-spinel 607 

inclusions in Mt. Spagnolo olivine corroborates spinel crystallization as a mechanism to generate 608 

the FeOtot and MgO decrease observed in these inclusions (Figs. 5d-e), while a constant high 609 

oxygen fugacity seems requested to maintain constant or to slightly decrease the FeOtot/MgO ratio 610 

during crystallization. An oxygen fugacity > NNO+3 (to trigger spinel crystallization), seems 611 

unrealistically high for Etna basalts, the highest fO2 estimated for Etna being ~ NNO+1.8 612 

(Kamenetsky and Clocchiatti, 1996; Mollo et al. 2015). Yet, high oxygen fugacities are certainly 613 

required to account for early spinel crystallization and the high sulfur contents of FS, and 614 

particularly Mt. Spagnolo MIs (Jugo, 2009). Indeed, high fO2 conditions were calculated for FS and 615 

Mt. Spagnolo using the olivine-spinel oxybarometer of Ballhaus et al. (1991) and the composition 616 

of Cr-spinel inclusions inside MI/ol (Table SI1): oxygen fugacities of respectively ~1.6 and ~2 units 617 

log above the buffer NNO were obtained for T between 1170 °C (estimated for Mt. Spagnolo by 618 

Kamenetsky and Clocchiatti 1996), and 1300 °C. 619 

Green and blue curves in Figs. 5, 10 describe the evolution of a FS magma, associated to 620 

important FeOtot and MgO and FeOtot/MgO variations. These variations, in some case, are less 621 

important than really shown by the Etnean MIs. On the contrary, the FeOtot/MgO in the residual 622 

melt predicted by MELTS models with dP/dT ratios of 3 MPa °C
-1

 (blue curves) are more 623 

pronounced than those really calculated for 2001-2013 MIs, suggesting that variations in fO2 are less 624 

significant than those calculated by MELTS. 625 

Variable fO2 conditions, associated to variable Fe-spinel and clinopyroxene crystallization, are 626 

necessary to justify the large variability in FeOtot (and TiO2) contents observed in the MIs from 627 
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2001 to 2013 eruptions (Figs. 5d-e-g, 10). On the one hand, no or slight spinel (and clinopyroxene) 628 

crystallization is needed to explain FeOtot enrichment in the melt above 11 wt.% (Fig. 5e), while, on 629 

the other hand, abundant spinel and clinopyroxene crystallization at temperatures lower than 1070 630 

°C induces FeOtot to decrease in the melt to 8 wt.%. Such a variability in spinel (and clinopyroxene) 631 

crystallization is obtained with MELTS simulations by changing the initial oxygen fugacity from 632 

NNO+1 to NNO+2, and the dP/dT ratios between 3 and 5 MPa °C
-1

.  633 

Anyway, the lowest FeOtot contents (~ 4 wt.%) of the 2013 MIs is not obtained by the performed 634 

MELTS models (Fig. 5e). These MIs show, in Fig. 10, a constant FeOtot/MgO ratio during melt 635 

evolution, probably due to abundant magnetite precipitation at constant fO2. 636 

 637 

4.2. Depth of storage and degassing pattern of the erupted magmas 638 

We used the H2O-CO2 solubility model of Iacono-Marziano et al. (2012), specifically suited for 639 

alkaline mafic melts, to estimate pressures of entrapment (see section 3.4) of melt inclusions (Fig. 640 

6). Bearing in mind that (i) estimated H2O and CO2 from MI represent the minimum volatile budget 641 

of the trapped melts, and (ii) investigated MIs may also have high S and Cl contents, the estimated 642 

pressures have to be regarded as the minimum ones. To convert the entrapment pressures into a 643 

(minimum) pre-eruptive magma storage-crystallization depths, we used an average rock density 644 

value of 2.65 g cm
-3

, taking into account the different density of the lithologies in the first 22 km of 645 

the Etnean basement: from 2.57 to 2.70 g cm
-3

 (Corsaro and Pompilio, 2004b).  646 

Studied melt inclusions were entrapped at different depths in the Etnean plumbing system down to 647 

~18 km below crater level (“bcl”). The deepest MIs are in the olivine from FS eruption, which show 648 

the larger range of entrapment pressures (~3-18 km bcl). The inclusions from the other eruptions 649 

(Mt. Spagnolo, 2002/2003 South, 2006, 2008/2009 and 2013) were entrapped in a narrower range 650 

of pressures (0-254 MPa), indicating shallower depths, generally lower than 7 km bcl (Table 2 and 651 

Fig. 6). The minimum entrapment depths are relatively similar to those determined by previous 652 
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studies (e.g., Collins et al., 2009; Kamenetsky et al., 2007; Spilliaert et al., 2006a), although we 653 

used different H2O-CO2 solubility model (see 3.4 section).  654 

We used the model of Iacono-Marziano et al. (2012) to simulate the degassing of the deepest (~15-655 

18 km bcl), volatile-rich primitive FS magma, with an initial XCO2 of 0.7-0.8 (calculated from the 656 

highest H2O and CO2 contents in MIs). Considering that the highest CO2 contents in the FS 657 

inclusions are affected by a large error (> 800 ppm), two distinct initial conditions were used to 658 

simulate volatile degassing both in closed and open system conditions: 5700 ppm CO2 - 4 wt.% 659 

H2O (the average H2O content of MIs FS) - and 5000 ppm CO2 - 5 wt.% H2O (the same values used 660 

for MELTS fractional crystallization modeling), with the aim of reproducing the large range of 661 

H2O-CO2 concentrations shown by MIs, by simulating volatile degassing both in closed and open 662 

system conditions. In the modeling of a closed system degassing, we varied the excess of fluid 663 

phase (i.e. the amount of fluid phase initially coexisting with the magma). The models in closed 664 

system conditions with excess of fluid phase between 0 and 20 wt.% define an area in the CO2-H2O 665 

plot (grey in Fig. 6) that well describes the degassing of the primitive FS melt by reproducing the 666 

successive polybaric entrapment of most of FS inclusions. This area (grey in Fig. 6) also encloses 667 

some MIs of the 2001-2006 eruptive period (this study; Collins et al., 2009; Métrich et al., 2004; 668 

Spilliaert et al., 2006a), suggesting that they may have derived from a volatile-rich, FS-type melt, in 669 

terms of H2O and CO2 contents.  670 

An additional trend (violet area in Fig. 6) describes the degassing of another group of more evolved, 671 

partially H2O and CO2 degassed MIs entrapped at depth < 250 MPa (mainly from 2002/2003 South 672 

and subordinately from 2006 and FS tephra), which are CO2-richer (probably due to some flushing 673 

episode), and/or H2O poorer than the MIs belonging to the first group. This degassing trend is 674 

modeled starting from the average highest volatile contents in the studied MIs from 2002/2003 675 

South eruption (H2O=2.2±0.3 wt.%, CO2=2180±340 ppm).  676 
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A third group of melt inclusions from 2013, 2008/2009 and Mt. Spagnolo eruptions, together with 677 

some from 2002/2003 South and 2006 (Collins et al. 2009; Spilliaert et al. 2006a), are H2O depleted 678 

and anomalously enriched in CO2 (up to 2670 ppm, Fig. 6). The maximum estimated entrapment 679 

depth of these MIs is comparable to that estimated for the second group (Fig. 6).  680 

We already mentioned (section 3.4) that Mt. Spagnolo MIs may have suffered post-entrapment H2O 681 

loss and therefore are not well suited to retrieve entrapment depths. However, several other MIs 682 

from this study and from the literature clearly suggest the H2O loss from the melt and the 683 

enrichment in CO2 at a depth of 8-9 km (i.e., passing from the MIs of the first group to those of the 684 

second and from those of the second to those of the third; Fig. 6). On the basis of recent 685 

decompression experiments of mafic melts, these high CO2 contents can be explained by CO2 686 

oversaturation generated by (kinetic) disequilibrium melt degassing during magma ascent (Le Gall 687 

and Pichavant, 2016; Pichavant et al., 2013), even if in the case of Mt. Etna the gas discharges of 688 

the volcano do not display evidences of degassing far from equilibrium (Paonita et al., 2012). 689 

Alternatively, the need for 20 wt.% excess fluid phase to account for volatile contents in MIs 690 

suggests that an extremely high amount of fluid phase could coexist with the  magma, in agreement 691 

with the massive volatile emissions observed at Mt. Etna (Aiuppa et al., 2008). In particular, the 692 

addition of CO2-rich fluids to the magma has been previously invoked (‘CO2 fluxing’; e.g., Collins 693 

et al., 2009; Ferlito and Lanzafame, 2010; Spilliaert et al., 2006a; and references therein), with the 694 

excess CO2, deriving either from the degassing of a deep magmatic body, or from the interaction of 695 

the magma with sedimentary carbonates (Aiuppa et al., 2017; Chiodini et al., 2011). The latter 696 

hypothesis is corroborated by the estimated depth of the magma ponding zone identified in this 697 

study, but also by Spilliaert et al., (2006a), at which the CO2 enrichment mainly occurs: 8-9 km bcl, 698 

would be in the Hyblean carbonates (Finetti et al., 2006; Spilliaert et al., 2006a; and references 699 

therein).  700 
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Differently, FS magma seems to have a deeper accumulation zone at 15-18 km bcl, probably at the 701 

boundary between the crystalline basement and the Hyblean carbonates. The depths of these two 702 

ponding zones are in relatively good agreement with those estimated by the seismic tomography for 703 

the fossil magma chambers (>12 km bcl; e.g. FS eruption), and for the current one (6 km bcl) at 704 

Etna (Aloisi et al., 2002).  705 

Instead, no clear evidence exists about the occurrence of Middle to Late Triassic sulfate rocks at the 706 

depths of entrapment of FS MIs; however evaporitic rocks, belonging to the Late Messinian 707 

Gessoso-Solfifera Formation, widespread in the nearby Caltanissetta Basin (Finetti et al. 2006; 708 

Lentini, 1982), may be encountered by Etnean magmas during their ascent to the surface, and 709 

contribute to the high S and low SiO2 contents of Mt. Spagnolo MIs, associated to the particularly 710 

high oxygen fugacity (see sections 4.1.4 and 5).   711 

Indeed, the S contents of the melt inclusions characterized in this study are not clearly correlated 712 

with their estimated entrapment pressures (Fig. 11a), as observed in Spilliaert et al. (2006b). In 713 

particular, several melt inclusions from Mt. Spagnolo, 2002/2003 South and 2006 products, show S 714 

contents > 2000 ppm, although they were entrapped at pressure below 150 MPa (Fig. 11a). This 715 

suggests that depressurization is not the principal parameter controlling S degassing in the hydrous 716 

Etnean magmas, and therefore the S content of MIs.  717 

The redox conditions varying between different eruptions and, to a lesser extent, during the same 718 

eruption, seem to play a crucial role in determining S behavior in etnean magmas. The most 719 

primitive MIs show early spinel crystallization and high S contents (principally in Mt. Spagnolo), 720 

both due to strongly oxidizing redox conditions (section 4.1.4; Jugo, 2009). The more evolved MIs 721 

(belonging to the 2001-2013 eruptive period) show variable extents of late spinel crystallization that 722 

probably reflects lower and variable fO2 conditions (Fig. 10). The S content of these inclusions 723 

clearly decreases with differentiation (Fig. 7), suggesting that differentiation is a critical process in 724 

controlling S degassing, probably by modifying magma redox conditions.  725 
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Differently from S, Cl seems to be enriched in the melt in the upper part of the plumbing system 726 

(the last 100 MPa, Fig. 11b), suggesting an incompatible behavior during melt differentiation, 727 

which is however not illustrated by a clear correlation with the K2O content (Fig. SI4). Coupled 728 

processes of degassing and crystallization-driven enrichment could explain these features. We also 729 

note that the variable concentration of Cl in Etnean melts has been ascribed to the upward migration 730 

of deep Cl-rich fluids (Ferlito et al., 2014; and reference therein), or as a consequence of several 731 

interactions and connections between distinct magma pockets within Etna’s shallow plumbing 732 

system (Corsaro and Metrich, 2016; Kahl et al., 2011). Furthermore, Rizzo et al. (2013) assume the 733 

variable isotopic Cl and Cl/K ratio, in rocks and gases of 2008-2011 periods, as representative of a 734 

typical depleted mantle magma contaminated by altered oceanic crust.  735 

In conclusion, despite the possible different interpretations, volatile contents in MIs strongly 736 

suggest important magma degassing during magma evolution and ascent. H2O, CO2, and Cl 737 

degassing are likely to be mainly driven by magma decompression, while S degassing seems to be 738 

related to melt differentiation and redox conditions. This degassing translate into significant gas 739 

emissions, which are at present regularly observed at Etna (e.g. Aiuppa et al., 2008; Allard et al., 740 

2006). 741 

 742 

5. Additional processes contributing to magmas heterogeneity 743 

Even if MELTS fractional crystallization models (section 4.1) seem able to reproduce most of 744 

major elements compositions of MIs starting from an H2O-rich FS parental magma, some chemical 745 

features require additional interpretations. On this view, Correale et al. (2014) concluded that the 746 

modeling of the whole-rock compositions of Etnean volcanics from the last 15 ka requires pristine 747 

melts having significant differences in some major oxides, especially Na2O, which can be explained 748 

by variable melting degrees of a single mantle sources, followed by crystallization. Even if the 749 

study of Correale et al. (2014) on whole rocks can be influenced, in the case of FS, by a possible 750 
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enrichment of olivine crystals, their results apply to MI compositions too. Inspection at Fig. 5f 751 

shows, in fact, that Na2O contents of FS and Mt. Spagnolo MIs do not fit with a single liquid 752 

descent line, with FS requiring a pristine melt depleted in Na2O. According to Correale et al. 753 

(2014), this would be due to a large melting degree generating the FS pristine melt.  754 

MIs of FS also display SiO2 contents lower than the less primitive Mt. Spagnolo ones, whereas CaO 755 

seems to increase slightly (Figs. 5a-c). These trends can be difficultly explained by the 756 

crystallization of olivine and clinopyroxene, MELTS simulations predicting indeed clear SiO2 757 

increase during differentiation, and conversely a continuous decrease of CaO (Figs. 5a-c). The CaO 758 

content that increases from FS to Mt. Spagnolo is also incompatible with a higher degree of melting 759 

of FS with respect to Mt. Spagnolo, as CaO should increase with melting (Correale et al., 2014). 760 

Besides, we already reported (section 3.4) that S content of the MIs of FS is lower than that of Mt 761 

Spagnolo. This could therefore suggest the addition of a sulfate component to the magma, i.e. the 762 

assimilation of sedimentary sulfates from the host rocks. This assimilation enriches the melt in S 763 

and to a lesser extent in CaO, decreases its silica content (Figs. SI6), and strongly oxidizes the 764 

magma (Iacono-Marziano et al. 2017). Being this a local process that depends on the physical path 765 

followed by each magma upon its ascent, and also from its temperature and ascent rate, sulfate 766 

assimilation could therefore account for (i) the changes in the redox conditions (and the resulting 767 

different timings and amounts of spinel crystallization) observed between the different eruptions 768 

(section 4.1.4, Fig. 10), but also during a single eruption, (ii) the large dispersion in the SiO2 769 

content, of which only the highest SiO2/K2O values are reproduced by MELTS (Figs. 5). 770 

The occurrence in the Mt. Spagnolo lava of the large compositional range of olivine (Fo70-88), some 771 

of which with reverse zoning (section 2.1), could indicate the presence of interactions between two 772 

magma batches with different compositions due to dissimilar fractional crystallization-induced melt 773 

evolution. Indeed, the occurrence of mixing process in the shallow plumbing system of Mt. Etna has 774 

been already reported in previous studies for explaining the compositional variation of products 775 
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erupted after 1970’s (e.g., Corsaro and Pompilio, 2004a; Métrich et al., 2004), as well as, for the 776 

Mt. Frumento delle Concazze lava (Corsaro and Métrich, 2016; and references therein). 777 

 778 

Episode of deep mixing between a primitive melt with the one resulting by the incongruent melting 779 

(Danyushevsky et al., 2004) of (i) clinopyroxene- or (ii) plagioclase-rich cumulates could be the 780 

cause of the (i) high CaO contents of MIs from FS (this study, Corsaro and Métrich, 2016), Mt. 781 

Maletto (Kamenetsky and Clocchiatti, 1996), and (ii) of the enrichment of Ba, Sr and Eu observed 782 

in MIs of 2001-2006 products by Schiavi et al. (2015). 783 

Patterns of trace elements provide further evidences about the occurrence of processes other than 784 

simple fractional crystallization. During crystal fractionation of olivine-spinel-clinopyroxene-785 

plagioclase phases from FS magma (this study, Kamenetsky et al., 2007 for trace elements 786 

composition), MELTS models show an enrichment of the melt in incompatible trace elements (Figs. 787 

SI7). This enrichment is however less important than that observed in natural olivine-hosted MIs 788 

(Collins et al., 2009; Kamenetsky et al., 2007; Rose-Koga et al., 2012; Schiavi et al., 2015, Figs. 789 

SI7; except for Y, Yb, and Zr). This suggests that the degree of enrichment of the parental melt 790 

cannot be the same one for all the eruptions but pristine melts having variable contents of trace 791 

elements have to exist. Different degrees of melting of a single source could account for these 792 

features, even if the major oxide compositions of the pristine melts could be similar (Correale et al., 793 

2014).  794 

The variability of the Rb/Th ratios, moving from a value of 2 in 2002/2003 MIs up to 9.7 in MIs of 795 

FS and 2001 eruptions estimated by Kamenetsky et al. (2007) and Schiavi et al. (2015), cannot be 796 

explained by melting and/or crystallization (Figs. SI7c-d), due to the similar partition coefficients of 797 

these two elements. Their different affinity with aqueous fluids addresses to the involvement of a 798 

metasomatizing phase. Coupled to the high contents of these elements, which resemble those 799 

typical of arc magmatism, these features address to a contribution of a crustal slab-derived 800 

component in the mantle source producing Etnean magmas in the last 15 ka (Corsaro and Métrich, 801 
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2016; Tonarini et al., 2001). Accordingly, the heterogeneous Nd-Sr-Ba elemental contents (28-67, 802 

396-1573, 255-817 ppm) and isotopic features (
144

Nd/
143

Nd: between 0.512836±6 of FS and 803 

0.512908±5 of Mt. Spagnolo; 
87

Sr/
86

Sr: 0.703317±6 for Mt. Spagnolo up to 0.703910±6 for FS) 804 

were attributed by Correale et al. (2014) to different melting degree of a mantle source (and 805 

variably) – metasomatized by crustal fluids, justifying the heterogeneity in the Etnean rocks.  806 

 807 

6. Concluding remarks  808 

Olivine hosted melt inclusions were accurately selected from (trachy)-basaltic tephra and lavas 809 

formed during Etnean eruptions of the last 15 ka: in particular, from the oldest and most primitive 810 

magmas (Mt. Spagnolo basalt and FS picro-basalt) up to more evolved trachybasalts erupted during 811 

the paroxysmal event of April 2013, and from 2002/2003 South, 2006 and 2008/2009 eruptions. All 812 

the MIs were characterized for their major elements compositions and volatiles contents by electron 813 

microprobe, ionic probe, and infrared spectroscopy, using the same conditions to insure an internal 814 

consistency in this new dataset. These results were interpreted in terms of the principal magmatic 815 

processes, using MELTS code and H2O-CO2 solubility models, and integrating literature data. 816 

Here the principal remarks from this study:  817 

  818 

 FS tephra entrap, in Mg-rich olivine (Fo89-91), the most undegassed and primitive melt 819 

inclusions (Mg#= 67-74) among the investigated products of the last 15 ka. H2O and CO2 820 

contents (H2O up to 5.7 wt.%, CO2 up to more than 5000 ppm), with the highest values 821 

indicating high pressure of crystallization (477 MPa, i.e. a depth of entrapment of 18 km 822 

bcl), suggest an important volatile source in deepest magmatic system. FS magma 823 

experienced a rapid ascent (associated to a high decompression, dP/dT ≥ 20 MPa °C
-1

) that 824 

led to H2O and CO2 degassing without substantial melt differentiation and S degassing. The 825 
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whole rock composition rather suggests olivine accumulation in the melt. The rapid ascent 826 

probably allowed FS primitive magma to reach the surface and to be erupted explosively. 827 

 The most recent trachybasalts of 2001-2013 eruptions host melt inclusions progressively 828 

more evolved and degassed, and entrapped in a shallower plumbing system (0-10 km bcl). 829 

The composition of MIs of these eruptions indicates that Etnean magmas generally 830 

underwent a more gradual decompression (dP/dT < 5 MPa °C
-1

) than in the case of FS 831 

eruption, allowing a more important melt differentiation and H2O-CO2 degassing in closed 832 

system than FS magma. 833 

 The chemical variability observed in the investigated Etnean melt inclusions (e.g., FeOtot: 834 

4.3-12.6 wt.%; CaO: 3.3-15.1 wt.%; MgO: 1.9-12.4 wt.%, K2O: 0.6-5.6 wt.%) and in the 835 

volatiles components (0-7 wt.%) is mainly attributed (on the basis of a petrogenetic 836 

modeling using MELTS code) to the effect of melt differentiation of the parental H2O-rich 837 

FS magma, due to fractional crystallization of spinel (Cr-Mg-rich to Ti-magnetite) + olivine 838 

+ clinopyroxene ± plagioclase in a highly oxidized system (fO2 between NNO+1 and 839 

NNO+2). The MELTS simulations, performed in T-P range of 1300-1050 °C and 500-0.1 840 

MPa, and with variable dP/dT ratio, generally yield to the decrease in MgO, H2O, 841 

CaO/Al2O3 ratio, and the increase of alkali (especially K2O), as outlined in MIs from FS to 842 

the most evolved and degassed of 2013. The mineral compositions predicted by MELTS 843 

models are generally consistent with those observed in Etnean products. 844 

 Some geochemical features (i.e., large variability in Al2O3, Na2O, CO2, Cl and trace 845 

elements) are not explained by a simple process of magma differentiation, and could suggest 846 

the occurrence of other mechanisms, as variable degrees of mantle melting (e.g. Correale et 847 

al., 2014), or CO2-Cl-rich fluid flushing (e.g. Ferlito et al., 2010, 2014). 848 

 MIs in Mt. Spagnolo olivine phenocrysts (Fo82-88) have primitive features in terms of their 849 

major elements (but of lesser entity than FS MIs), but present the highest S contents (4150 850 

ppm), variable CO2 contents (0-2674 ppm) and low H2O (< 0.5 wt.%), probably due to a H
+
 851 



35 
 

diffusion trough olivine crystals imposed by the slower cooling conditions, thus unreliable 852 

to calculate a crystallization pressure. The particular Mt. Spagnolo melt inclusions (partially 853 

degassed and less primitive than FS MIs) could be originated through the differentiation of a 854 

FS melt under very oxidizing conditions (fO2 > NNO+2), or alternatively magma mixing 855 

episodes between a primitive FS-type melt and an evolved residual magmatic bodies at 856 

shallow depth, as inferred by previous studies (e.g. Corsaro and Métrich, 2016; Kahl et al., 857 

2015). This would also agree with the reverse zoning of olivine crystals. The highest S 858 

contents of these MIs and the high oxygen fugacity could alternatively suggest the 859 

assimilation of crustal sulfates occurring during magma ascent or ponding.    860 
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Figures captions 1234 

 1235 

Fig. 1 - a) Etna map (modified form Coulson et al., 2011), with the small inset illustrating the 1236 

geodynamic contest of Etnean area (from Ferlito et al., 2014) and b) DEM (Digital Elevation 1237 

Model) detail  of the summit area, showing the sampling sites.   1238 

 1239 

Fig. 2 - CaO/Al2O3 versus MgO contents of whole rock analyses (wr, more evident in the small 1240 

picture), melt inclusions (MI) PEC corrected, together with literature MI data (Collins et al., 2009; 1241 

Corsaro and Métrich, 2016; Kamenetsky and Clocchiatti, 1996; Kamenetsky et al., 2007; Métrich et 1242 

al., 2001; Schiavi et al., 2015; Spilliaert et al., 2006a). 1243 

 1244 

Fig. 3 - K2O/Na2O versus K2O plot, showing the distribution of the studied Etnean glass inclusions 1245 

(MI, corrected for post-entrapment crystallization) and whole rock analyses (wr), straddling the 1246 

sodic / potassic affinity limit (after Innocenti et al., 1999), except the sub-alkaline FS products (also 1247 

improperly reported). 1248 

 1249 

Fig. 4 - BSE images of: a) skeletal clinopyroxene (cpx) and dendritic Ti-magnetite (Ti-mg) 1250 

microlites in the groundmass, b) a reversely zoned olivine phenocrysts (core=Fo75, rim=Fo85), 1251 

hosting melt inclusions and Fe-Ti oxide minerals, and c) a melt inclusion containing Cr-spinel at the 1252 

olivine rim, a bubble and few daughter crystals of Monte Spagnolo lava. d) An olivine phenocryst 1253 

(Fo91) in FS juvenile tephra, hosting Cr-spinel and a melt inclusion; (e) a typical rounded melt 1254 

inclusion with scalloped edges and a spherical vapor bubble, in FS. f) Olivine phenocryst in 1255 

2002/2003 scoria, entrapping a melt inclusion and Fe-Ti-oxides; g) transmitted light optical image 1256 
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of a spherical double-polished melt inclusion from 2002/2003 South eruption. h) Transmitted light 1257 

image of an olivine hosting elongated melt inclusions and a glass embayment, and surrounded by 1258 

matrix glass from 2006 eruption; i) BSE image of a 2008/2009 olivine hosted MI with a sulfide 1259 

globule and a vapor bubble associated to an oxide. l) Cu-Fe sulfide and apatite microlites in the 1260 

microcrystalline groundmass, and m) olivine hosted melt inclusion with irregular shape and with 1261 

Cu-sulfide and Ti-magnetite phases in 2013 lava, taken by BSE technique.  1262 

 1263 

Fig. 5 - Major element composition of the studied melt inclusions (MIs), using K2O as a 1264 

differentiation index. All MIs data are corrected for post-entrapment crystallization (PEC) and 1265 

normalized to 100%.  1266 

Colored curves describe the evolution of the major elements in Etnean magma calculated by 1267 

MELTS code (Ghiorso and Sack, 1995; Smith and Asimow, 2005). MELTS simulations, in the T-P 1268 

range 1068-1300 °C and 0.1-500 MPa, are obtained for two different initial redox conditions 1269 

(NNO+1<fO2<NNO+2) and with an initial H2O contents of 5wt.% (see text and table SI2 for 1270 

details). Yellow curves describe the deep evolution of a primitive FS melt with a dP/dT =1 MPa °C
-1271 

1
, while the red curves delineate the MELTS model with a dP/dT =20 MPa °C

-1
. Green curves 1272 

indicate dP/dT = 5 MPa °C
-1

 while light blue curves dP/dT = 3 MPa °C
-1

. The simulations starting 1273 

from a fO2 of NNO+2 are described by continues curves, while those from NNO+1 with dashed 1274 

curves. 1275 

 1276 

Fig. 6 - CO2 and H2O contents of investigated melt inclusions (estimated by SIMS and FTIR). 1277 

Isobars curves are calculated at 1200 °C using the model of Iacono-Marziano et al. (2012), and an 1278 

average composition of the studied melt inclusions. The depths (“below crater levels”) are 1279 

calculated from the density of the sedimentary basement of Mt. Etna (Corsaro and Pompilio, 1280 

2004b). For comparison, data from previous studies are also reported (Collins et al., 2009; 1281 
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Kamenetsky et al., 2007; Metrich et al., 2004; Spilliaert et al., 2006a). The grey area is obtained 1282 

simulating the degassing of the two groups of FS inclusions having the highest H2O and CO2 1283 

contents, using closed system condition and different initial excess of fluid phase (between 0 and 20 1284 

%). The violet area is obtained simulating the degassing of 2002/2003 MIs with H2O and CO2 1285 

contents of 2 wt.% and 2500 ppm, respectively. The error bars represent the highest standard 1286 

deviations obtained for the volatile-richest inclusions. 1287 

 1288 

Fig. 7 – S content in Etnean melt inclusions as a function of K2O content (considered as a 1289 

differentiation index). In the investigated samples, S decrease from the Mt. Spagnolo MIs (4150 1290 

ppm) toward the evolved and degassed MIs, following the increase of K2O in the melt. No 1291 

systematic relation is observed between S and H2O or CO2 contents (b and c, respectively). Error 1292 

bars for S, H2O and CO2 contents are reported in the smaller pictures (a-b). 1293 

 1294 

 1295 

Fig. 8 - CaO/Al2O3 versus K2O plot for Etnean melt inclusions (this study and from literature, 1296 

symbols as in Fig. 2). The MELTS simulations describing the melt differentiation of H2O-rich FS 1297 

magma (5wt.% H2O) are also shown. (For details about conditions models and color curves, see 1298 

text, Table SI2 and caption of Fig. 5). All resulting liquid lines of descent are generally in almost 1299 

complete overlap. 1300 

 1301 

Fig. 9 – H2O versus K2O contents of the studied melt inclusions. Literature data are also presented 1302 

for FS and 2001-2007 eruptions (Collins et al., 2009; Kamenetsky et al., 2007; Metrich et al., 2004; 1303 

Schiavi et al., 2015; Spilliaert et al., 2006).  1304 
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Only the II type MELTS models are presented (starting from T-P of 1200 °C-400 MPa), describing 1305 

H2O and K2O evolution of a primitive FS melt with 5 wt.% H2O and two different initial fO2 1306 

conditions (NNO+1: dashed curves, NNO+2: solid curves). For details, see text and table SI2. The 1307 

red curves describe a rapid decompression with a dP/dT of 20 MPa °C
-1 

while the green and blue 1308 

curves melt differentiation with a dP/dT of 5 and 3 MPa °C
-1

 respectively.  1309 

 1310 

Fig. 10 - FeOtot / MgO vs. K2O contents measured in Etnean melt inclusions (this study, Collins et 1311 

al., 2009; Corsaro and Métrich, 2016; Kamenetsky and Clocchiatti, 1996; Kamenetsky et al., 2007; 1312 

Metrich et al., 2004; Schiavi et al., 2015; Spilliaert et al., 2006) and the differentiation paths 1313 

calculated by MELTS (see text and Table SI2, caption of Fig. 5 for details). All data are normalized 1314 

to 100% anhydrous. For the MIs symbols see the caption of Figs. 2 and 5. For a clearer 1315 

understanding, data literature symbols were replaced by colored delimitated area. The black curve 1316 

illustrates a MELTS test at very high initial fO2 (> NNO+3), in order to reproduce early spinel 1317 

crystallization to imitate MIs of Mt. Spagnolo, Mt. Maletto and Frumento delle Concazze (see text 1318 

for explanation). Some of MELTS models (with dP/dT of 20 and 5 MPa °C
-1

) show the increase of 1319 

FeOtot/MgO during fractional crystallization, similarly to that described by the evolution from FS + 1320 

Mt. Spagnolo toward 2002-2013 magmas, suggesting variations in redox condition during melt 1321 

evolution. Among those MIs, FS, Mt Spagnolo and 2013 are indeed characterized by a constant 1322 

FeOtot/MgO ratio during evolution, ascribed to intense spinel crystallization at constant fO2 1323 

conditions (very high for FS and Mt. Spagnolo, more reduced for 2013 magma, crystallizing 1324 

magnetite). 1325 

 1326 

Fig. 11 – Pressure-related evolution of S (a) and Cl (b) in melt inclusions from the studied 1327 

eruptions. Entrapment pressures are inferred from the dissolved H2O and CO2 contents using the 1328 
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model of Iacono-Marziano et al. (2012). Data for 2002/2003 South eruptions of Spilliaert et al. 1329 

(2006a) are also reported. 1330 
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Table 1 - Whole rock compositions 

 

Mt. Spagnolo 

lava 

FS 

scoria 

2002/2003 South 

scoria 

2006 

scoria 

2008/2009 

bomb 

2013 

lava 

SiO2 48.37 46.46 46.93 48.02 47.50 48.29 

TiO2 1.54 0.84 1.86 1.75 1.70 1.75 

Al2O3 15.09 9.35 16.11 17.25 17.30 17.62 

Fe2O3 10.42 10.29 12.20 11.18 10.80 11.02 

MnO 0.17 0.17 0.20 0.19 0.18 0.19 

MgO 7.31 17.90 6.12 4.96 4.90 4.69 

CaO 11.69 11.46 11.58 10.10 10.00 9.88 

Na2O 3.45 1.25 2.98 3.74 3.80 3.74 

K2O 1.40 0.59 1.90 2.18 2.10 2.22 

P2O5 0.63 0.22 0.52 0.62 0.60 0.61 

Cr2O3 0.04 0.19 0.02 b.d.l. b.d.l. 0.03 

LOI 0.06 1.86 -0.37 -0.29 0.24 -0.43 

Total 100.2 100.6 100.0 99.7 99.1 99.6 

Cl 0.16 0.08 0.12 0.11 0.077 0.12 

S 0.01 b.d.l. 0.01 0.01 0.01 b.d.l. 

Mg# 58.16 77.51 49.85 46.78 47.34 45.75 

CaO/Al2O3 0.77 1.23 0.72 0.59 0.58 0.56 

Major elements, chlorine, and sulfur contents of the studied rocks (expressed in wt.%).   

LOI = loss on ignition; Mg# = 100 x Mg/(Mg+Fetot); b.d.l. = below detection limit. 
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Table 2 - Compositions of melt inclusions, embayments and matrix glasses 

sample name  Fo  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cr2O3 NiO P2O5 tot Mg# 
CaO/ 

Al2O3 

PEC 

% 

H2O 

(SIMS) 

wt.% 

H2O 

(FTIR) 

wt. % 

CO2 

(SIMS) 

ppm 

CO2 

(FTIR) 

ppm 

S 

(EMP) 

ppm 

S 

(SIMS) 

ppm 

Cl ppm 
P 

(MPa) 

Depth 

(km) 
VB/VMI  

Spa-1a 87.8 
42.01 

(±0.92) 

1.59 

(±0.06) 

18.40 

(±0.40) 

7.94(±

0.50) 

0.17 

(±0.04) 

8.29 

(±0.19) 

8.28 

(±0.58) 

5.51 

(±0.40) 

1.96 

(±0.06) 
n.d. n.d. 

0.88 

(±0.20) 
95.03 65.05 0.45 14.4 0.24   

185 

(±9) 
  

3539 

(±141) 

3190 

(±118) 

4104 

(±331) 
12.5 0.48 0.011 

Spa -1b 87.8 43.10 1.75 14.38 6.64 0.24 6.93 13.15 4.07 1.46 n.d. n.d. 0.58 92.30 65.04 0.91 13.8 
0.10 

(±0.01) 
      3140   3090     0.06 

Spa-3 82.3 
47.56 

(±0.56) 

1.45 

(±0.12) 

16.37 

(±0.16) 

7.54 

(±0.80) 
b.d.l. 

5.10 

(±0.31) 

10.21 

(±1.03) 

4.64 

(±0.06) 

2.16 

(±0.04) 
n.d. n.d. 0.55 95.58 54.66 0.62 8.3 

0.05 

(±0.01) 
  

410 

(±17) 
  

1935 

(±35) 

1466 

(±281) 

2370 

(±14) 
39.5 1.52 0.05 

Spa-3n 82.3 
46.93 

(±0.04) 

1.51 

(±0.15) 

15.90 

(±0.01) 

9.41 

(±0.75) 

0.17 

(±0.08) 

6.39 

(±0.20) 

9.37 

(±0.13) 

4.24 

(±0.02) 

1.92 

(±0.06) 
n.d. n.d. 

0.60 

(±0.12) 
96.44 54.76 0.59 11.0   

0.16 

(±0.07) 
  b.d.l. 

1515 

(±49) 
  

1820 

(±156) 
5.9 

a
 0.23 0.16 

Spa -4n 86.9 
45.30 

(±1.34) 

1.52 

(±0.16) 

16.81 

(±0.40) 

6.86 

(±0.04) 

0.08 

(±0.07) 

6.60 

(±0.15) 

12.59 

(±0.08) 

4.58 

(±0.04) 

1.43 

(±0.08) 
n.d. n.d. 

0.49 

(±0.02) 
96.26 63.17 0.75 12.3 0.21       

2745 

(±176) 
  

2840 

(±254) 
      

Spa-5  86.1 
44.09 

(±0.04) 

1.45 

(±0.10) 

15.24 

(±0.25) 

8.65 

(±0.45) 

0.20 

(±0.16) 

7.88 

(±0.27) 

14.46 

(±0.25) 

3.60 

(±0.12) 

1.27 

(±0.09) 
n.d. n.d. 0.64 97.48 61.89 0.95 14.8 

0.16 

(±0.01) 
      

3160 

(±446) 

3533 

(±283) 

2907 

(±229) 
    0.01 

Spa-5n 86.2 
45.38 

(±0.29) 

1.59 

(±0.03) 

15.99 

(±0.44) 

7.51 

(±0.63) 

0.12 

(±0.09) 

7.30 

(±0.83) 

13.36 

(±0.37) 

4.53 

(±0.09) 

1.28 

(±0.10) 
n.d. n.d. 

0.53 

(±0.09) 
97.59 63.41 0.84 10.7 0.28       

3410 

(±240) 
  

3405 

(±63) 
    0.15 

Spa-6 85.7 44.00 1.62 16.64 6.86 0.08 5.99 13.83 4.29 1.47 0.03 0.01 0.8 95.61 60.88 0.83 11.2 0.19   
267 

(±30) 
  

2750 

(±176) 
  

2970 

(±254) 
21.4 0.83 0.04 

Spa-7 85.3 
50.19 

(±0.17) 

1.89 

(±0.18) 

17.91 

(±0.05) 

6.23 

(±0.32) 

0.14 

(±0.04) 

5.26 

(±0.20) 

10.96 

(±0.37) 

4.29 

(±0.16) 

1.89 

(±0.06) 
n.d. n.d. 

0.65 

(±0.10) 
99.41 60.08 0.61 9.7 0   

626 

(±162) 
  

857 

(±320) 
  

1523 

(±370) 
76.9 2.96 0.03 

Spa-7n 87.5 
51.33 

(±0.17) 

1.33 

(±0.12) 

16.92 

(±0.02) 

5.13 

(±0.24) 

0.08 

(±0.03) 

5.24 

(±0.03) 

9.95 

(±0.05) 

5.54 

(±0.06) 

2.17 

(±0.24) 
n.d. n.d. 

0.36 

(±0.16) 
98.05 64.55 0.59 8.6 0.11   

1279 

(±16) 
  

3410 

(±240) 
 

3405 

(±63) 
109.3 4.21 0.04 

Spa-9 85.7 
44.04 

(±0.49) 

1.75 

(±0.04) 

16.64 

(±0.37) 

7.14 

(±0.36) 

0.09 

(±0.02) 

6.03 

(±0.09) 

13.50 

(±0.42) 

4.08 

(±0.17) 

1.49 

(±0.03) 

0.058 

(±0.03) 
b.d.l. 

0.69 

(±0.02) 
95.51 60.09 0.81 11.7         

2985 

(±219) 
  

2985 

(±276) 
    0.04 

Spa-11 85.0 44.57 1.76 17.07 7.17 0.13 5.93 12.6 4.2 1.62 n.d. n.d. 0.95 96.00 59.58 0.74 11.3         2710   2760       

Spa- D 86.8 46.22 1.72 13.51 7.76 0.19 7.41 7.74 5.85 3.10 n.d. n.d. 0.79 94.29 62.99 0.57 15.1   
0.07 

(±0.01) 
  b.d.l. 310   1980 2.9 

a
 0.11   

Spa- L 86.5 44.05 1.57 19.07 6.72 0.23 6.27 6.41 5.38 2.91 n.d. n.d. 1.51 94.12 62.45 0.34 11.9   0.1   b.d.l. 1830   2090 3.5 
a
 0.13   

Spa- O1 84.1 46.49 1.89 13.79 9.54 0.11 7.37 8.70 5.31 2.20 n.d. n.d. 0.67 96.07 57.93 0.63 16.6   0.12   b.d.l. 280   2700 3.9 
a
 0.15 0.02 

Spa-T1 87.4 
43.34 

(±0.20) 

1.51 

(±0.07) 

14.22 

(±0.37) 

7.98 

(±0.07) 

0.21 

(±0.05) 

8.09 

(±0.07) 

14.20 

(±0.07) 

3.97 

(±0.06) 

0.87 

(±0.13) 
n.d. n.d. 

0.58 

(±0.03) 
94.97 64.38 1.00 13.2 0.26   

2336 

(±63) 
  

3570  

(±14) 

3886 

(±75) 

3785 

(±21) 
153.9 5.9 0.02 

Spa-T2 87.4 45.07 1.55 14.42 7.37 0.01 7.50 14.84 4.70 1.01 n.d. n.d. 0.62 97.09 64.46 1.03 11.3 0.26   
2674 

(±76)  
  3770  3140 143.8 5.54 0.01 
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Spa-T3 87.4 44.63 1.41 14.21 7.55 0.18 7.65 15.08 4.34 1.04 n.d. n.d. 0.61 96.70 64.36 1.06 12.3 0.24   
2107 

(±48) 
  4150 

3906 

(±58) 
3850 119.6 4.60   

Spa-T4 87.4 
44.78 

(±0.95) 

1.69 

(±0.13) 

14.63 

(±0.06) 

8.65 

(±0.46) 
b.d.l.  

8.77 

(±0.22) 

13.04 

(±0.43) 

4.29 

(±0.29) 

1.20 

(±0.05) 
n.d. n.d. 

0.33 

(±0.21) 
97.43 64.38 0.89 15.6 0.24   

1025 

(±27) 
  

2863 

(±231) 

3000 

(±66) 

3220 

(±139) 
74.9 2.89   

Spa-U1 88.2 
48.02 

(±0.38) 

2.13 

(±0.14) 

15.57 

(±0.52) 

6.55 

(±0.40) 
b.d.l.  

7.14 

(±0.13) 

5.93 

(±1.05) 

5.65 

(±0.59) 

2.51 

(±0.09) 
n.d. n.d. 

0.75 

(±0.02) 
94.37 66.02 0.38 15.5 0.12   

583 

(±29) 
  b.d.l.  

184 

(±4) 

2655 

(±304) 
44.9 1.73   

Spa-U2 88.2 47.93 2.18 15.65 6.55 0.12 7.14 5.93 5.65 2.51 n.d. n.d. 0.75 94.41 66.02 0.38 15.5 0.15   
635 

(±21) 
  b.d.l.  

258 

(±6) 
2570 48.6 1.87   

Spa-U3 88.2 
47.65 

(±0.45) 

2.10 

(±0.17) 

14.47 

(±0.33) 

7.58 

(±0.34) 
b.d.l.  

8.26 

(±0.02) 

7.34 

(±0.13) 

4.91 

(±0.78) 

3.06 

(±0.03) 
n.d. n.d. 

0.73 

(±0.02) 
96.24 66.01 0.51 18.6         b.d.l.    

3163 

(±476) 
      

Spa-U4 88.3 47.92 1.90 14.94 7.23 0.16 7.89 8.30 5.45 2.35 n.d. n.d. 0.71 96.85 66.05 0.56 16.7         b.d.l.    3040       

                                                        

 FS-00 89.5 
48.99 

(±0.32) 

0.85 

(±0.17) 

10.23 

(±0.10) 

8.62 

(±0.43) 

0.09 

(±0.05) 

10.76 

(±0.12) 

13.16 

(±0.19) 

1.89 

(±0.09) 

0.82 

(±0.07) 

0.09 

(±0.01) 

0.05 

(±0.01) 
n.d. 95.55 68.99 1.29 4.0 

3.70 

(±0.05) 
3.11 

882 

(±72) 
b.d.l. 

1100 

(±179) 

1281 

(±36) 

1633 

(±151) 
157.9 6.08 0.2 

 FS-01 89.5 
47.29 

(±0.37) 

0.99 

(±0.11) 

9.89 

(±0.47) 

8.59 

(±0.36) 

0.21 

(±0.07) 

10.66 

(±0.84) 

13.13 

(±0.28) 

1.50 

(±0.07) 

0.91 

(±0.11) 

0.06 

(±0.01) 

0.04 

(±0.01) 
n.d. 93.27 68.87 1.33 12.6 

1.39 

(±0.31) 
      

2178 

(±222) 
  

1767 

(±206) 
    0.08 

 FS-03b 89.4 
46.69 

(±0.38) 

1.08 

(±0.07) 

9.16 

(±0.18) 

8.46 

(±0.20 

0.19 

(±0.11) 

10.37 

(±0.35) 

13.66 

(±0.21) 

1.58 

(±0.06) 

0.71 

(±0.07) 

0.09 

(±0.01) 

0.02 

(±0.01) 
n.d. 92.01 68.60 1.49 12.0 

3.10 

(±0.41) 
      

1625 

(±263) 
 

975 

(±96) 
      

 FS-03c 89.5 
47.19 

(±0.32) 

1.16 

(±0.07) 

9.54 

(±0.33) 

8.55 

(±0.23) 

0.16 

(±0.07) 

10.48 

(±0.51) 

13.40 

(±0.37) 

1.70 

(±0.04) 

0.75 

(±0.06) 

0.07 

(±0.01) 

0.05 

(±0.01) 
n.d. 93.05 68.60 1.40 8.2 

4.72 

(±0.07) 
  

4635 

(±434) 
  

1533 

(±225) 

1461 

(±158) 

783 

(±172) 
406.3 15.64 0.006 

 FS-05 89.2 
46.58 

(±0.37) 

1.19 

(±0.18) 

8.91 

(±0.30) 

9.17 

(±0.38) 
b.d.l. 

10.99 

(±0.84) 

12.64 

(±0.21) 

1.55 

(±0.03) 

1.17 

(±0.07) 

0.06 

(±0.01) 

0.05 

(±0.01) 
n.d. 92.31 68.12 1.42 14.7 

4.88 

(±0.02) 
  

4903 

(±575) 
  

1120 

(±110) 
1133 

1500 

(±71) 
396.6 15.27 0,00 

 FS-06b 90.1 
47.10 

(±0.26)  

0.93 

(±0.14) 

9.59 

(±0.08) 

8.61 

(±0.38) 

0.14 

(±0.08) 

11.45 

(±0.53) 

13.14 

(±0.37) 

1.63 

(±0.07) 

0.87 

(±0.06) 

0.06 

(±0.01) 

0.03 

(±0.01) 
n.d. 93.55 70.33 1.37 6.9 3.36   

3294 

(±283) 
  

1600 

(±82) 

1510 

(±28) 

1329 

(±125) 
322.1 12.4 0,00 

 FS-06c 90.1 
46.35 

(±0.12) 

0.86 

(±0.04) 

9.19 

(±0.05) 

8.62 

(±0.39) 

0.17 

(±0.09) 

11.47 

(±0.60) 

13.68 

(±0.34) 

1.61 

(±0.09) 

0.74 

(±0.06) 
b.d.l. b.d.l. n.d. 92.74 70.34 1.49 14.7 

2.62 

(±0.03) 
  

1599 

(±71) 
  

2650 

(±154) 
 

1450 

(±71) 
179.6 6.91 0.06 

 FS-06n 90.1 46.02 0.83 9.77 8.85 0.22 12.38 12.21 1.43 0.83 
0.047 

(±0.01) 

0.302 

(±0.01) 

0.22 

(±0.10) 
93.11 71.38 1.25 16.2 

1.74 

(±0.05) 
  

1560 

(±43) 
  1300 

1026 

(±11) 
1120 200.5 7.72 0.02 

 FS-07 89.7 
47.85 

(±0.19) 

0.94 

(±0.06) 

9.31 

(±0.06) 

8.54 

(±0.48) 

0.13 

(±0.07) 

10.32 

(±0.18) 

13.71 

(±0.26) 

1.44 

(±0.08) 

0.89 

(±0.08) 

0.07 

(±0.01) 

0.02 

(±0.01) 
n.d. 93.22 68.30 1.47 10.0 

3.85 

(±0.08) 
  

34  

(±3) 

  
2180 

(±164) 
2118 

1640  

(±152) 
457.5 17.62 0.05 

 FS-08b 89.0 
47.30 

(±0.26) 

1.18 

(±0.06) 

9.96 

(±0.21) 

8.70 

(±0.25) 

0.12 

(±0.07) 

10.29 

(±0.53) 

12.38 

(±0.32) 

1.88 

(±0.07) 

1.04 

(±0.05) 

0.07 

(±0.01) 

0.02 

(±0.01) 
n.d. 92.94 67.83 1.24 8.4 

4.18 

(±0.10) 
  

5564 

(±814) 
  

1689 

(±169) 

2006  

(±42) 

1189 

(±127) 
477.3 18.38 0.02 

 FS-08c 89.2 
46.49 

(±0.37) 

1.09 

(±0.04) 

9.30 

(±0.11) 

8.64 

(±0.22) 

0.16 

(±0.11) 

10.44 

(±0.19) 

12.92 

(±0.38) 

1.71 

(±0.09) 

1.01 

(±0.08) 

0.08 

(±0.01) 

0.02 

(±0.01) 
n.d. 91.86 68.29 1.39 13.3 

5.57 

(±0.08) 
  

3706 

(±372) 
  

1700 

(±141) 

1660 

(±58) 

1050 

(±173) 
341.5 13.15 0.06 

 FS-09 n 90.7 
46.07 

(±0.26) 

1.02 

(±0.07) 

9.93 

(±0.05) 

7.82 

(±0.15) 

0.15 

(±0.08) 

11.16 

(±0.31) 

13.36 

(±0.48) 

1.61 

(±0.08) 

0.88 

(±0.03) 
b.d.l. b.d.l. 

0.30 

(±0.20) 
92.3 71.78 1.35 5.5   1.59 n.d.  1116 

2390 

(±332) 
 

2033  

(±152) 
144.8 5.57 0.03 
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 FS-09 90.0 
47.61 

(±0.01) 

1.10 

(±0.03) 

9.77 

(±0.25) 

8.02 

(±0.12) 

0.21 

(±0.05) 

10.53 

(±0.24) 

14.74 

(±0.44) 

1.71 

(±0.05) 

0.90 

(±0.03) 

0.09 

(±0.01) 

0.05 

(±0.01) 
n.d. 94.73 70.06 1.51 14.8 

3.88 

(±0.06) 
  

5694 

(±493) 
  

2600 

(±141) 
 

1900  

(±283) 
426.2 16.41   

 FS-10b 90.3 
46.28 

(±0.42) 

0.89 

(±0.06) 

9.65 

(±0.21) 

8.75 

(±0.21) 

0.17 

(±0.11) 

11.81 

(±0.67) 

12.97 

(±0.33) 

1.54 

(±0.05) 

0.78 

(±0.09) 

0.07 

(±0.01) 
0.04 n.d. 92.95 70.64 1.34 10.5 

5.66 

(±0.02) 
  

3170 

(±96) 
  

1575 

(±226) 

1504  

(±50) 

1342  

(±178) 
318.8 12.28 0.03 

 FS-10c 90.5 
44.93 

(±0.30) 

1.20 

(±0.10) 

9.88 

(±0.51) 

8.23 

(±0.25) 

0.13 

(±0.09) 

11.42 

(±0.78) 

13.23 

(±0.19) 

1.63 

(±0.12) 

0.58 

(±0.08) 

0.08 

(±0.01) 

0.02 

(±0.01) 
n.d. 91.33 71.21 1.34 19.5 

1.84 

(±0.23) 
  

1977 

(±356) 
  

1400 

(±63) 
 

1150 

(±55) 
223.1 8.59 0.02 

 FS-11 90.0 
47.30 

(±0.25) 

1.02 

(±0.12) 

10.20 

(±0.15) 

8.79 

(±0.39) 

0.16 

(±0.08) 

11.50 

(±0.26) 

11.45 

(±0.19) 

1.89 

(±0.07) 

1.13 

(±0.06) 
b.d.l. b.d.l. n.d. 93.44 69.99 1.12 9.5 

4.47 

(±0.05) 
  

1112 

(±143) 
  

1164 

(±186) 

1216 

(±32) 

891 

(±114) 
186.1 7.17 0.17 

 FS-12a 89.2 
44.87 

(±0.40) 

0.95 

(±0.07) 

10.39 

(±0.24) 

10.26 

(±0.24) 

0.21 

(±0.06) 

12.36 

(±0.03) 

13.34 

(±0.11) 

1.96 

(±0.04) 

0.79 

(±0.05) 
n.d. n.d. 

0.25 

(±0.03) 
95.38 68.23 1.28 13.8 

0.99 

(±0.01) 
  

1089 

(±30) 
  

1683 

(±130) 

1710 

(±36) 

1310 

(±160) 
108.8 4.19 0,00 

 FS-12b 89.2 
46.39 

(±0.83) 

0.87 

(±0.07) 

10.25 

(±0.43) 

8.90 

(±0.13) 

0.23 

(±0.10) 

10.72 

(±0.22) 

12.80 

(±0.08) 

1.49 

(±0.17) 

0.86 

(±0.02) 
n.d. n.d. 

0.23 

(±0.05) 
92.74 68.22 1.25 10.8 

3.83 

(±0.05) 
  n.d.    

1805 

(±131) 

2378 

(±150) 

1360 

(±300) 
    0.07 

 FS-13b 89.6 
46.46 

(±0.43) 

1.00 

(±0.12) 

9.39 

(±0.48) 

8.69 

(±0.30) 

0.19 

(±0.08) 

10.95 

(±0.81) 

13.74 

(±0.21) 

1.56 

(±0.13) 

0.72 

(±0.13) 
b.d.l. 

0.04 

(±0.01) 
n.d. 92.74 69.19 1.46 15.7 

3.89 

(±0.33) 
  

5872 

(±885) 
  

2386 

(±291) 

1874 

(±202) 

1857 

(±79) 
452.6 17.43 0.02 

 FS-13c 89.7 
46.38 

(±0.33) 

0.93 

(±0.06) 

9.29 

(±0.32) 

8.77 

(±0.43) 

0.16 

(±0.10)  

11.04 

(±0.30) 

13.85 

(±0.13) 

1.57 

(±0.05) 

0.63 

(±0.05) 

0.08 

(±0.01) 

0.05 

(±0.01) 
n.d. 92.75 69.17 1.49 14.9 

2.86 

(±0.31) 
  

2300 

(±402) 
  

2433 

(±115) 
 

1933 

(±115) 
237.2 9.13 0.03 

 FS-14 89.3 
46.6 

(±0.15) 

1.05 

(±0.08) 

9.16 

(±0.20) 

8.93 

(±0.23) 
b.d.l. 

10.89 

(±0.34) 

12.96 

(±0.15) 

1.65 

(±0.08) 

1.03 

(±0.05) 
n.d. 

0.05 

(±0.01) 
n.d. 92.32 68.49 1.41 9.8 

1.51 

(±0.27) 
  

1796 

(±424) 
  

2100 

(±292) 
 

1600 

(±158) 
209.6 8.07 0.06 

 FS-21 90.2 
44.06 

(±0.33) 

0.92 

(±0.11) 

9.82 

(±0.27) 

8.33 

(±0.65) 

0.17 

(±0.02) 

11.14 

(±0.69) 

13.72 

(±0.56) 

1.39 

(±0.06) 

1.02 

(±0.03) 

0.075 

(±0.01) 
b.d.l. 

0.31 

(±0.18) 
90.96 70.45 1.40 6.3 

5.86 

(±0.03) 
  

3808 

(±165) 
  

3473 

(±90) 

3723 

(±111) 

3217 

(±420) 
305.0 11.75 0.03 

 FS-24 88.6 44.70 1.51 9.44 9.26 0.19 10.52 12.27 1.74 0.81 n.d. n.d. 0.08 90.52 66.94 1.30 9.7   
3.51 

(±0.04) 
  

580 

(±83) 
2420   1700 113.9 4.39 0.14 

 FS-25 90.6 
45.27 

(±0.01) 

0.78 

(±0.06) 

9.07 

(±0.07) 

8.74 

(±0.57) 

0.23 

(±0.12) 

12.21 

(±0.19) 

13.01 

(±0.17) 

1.58 

(±0.02) 

0.63 

(±0.06) 
n.d. b.d.l. 

0.38 

(±0.13) 
91.90 71.35 1.43 10.5   

3.65 

(±0.10) 
  

1720 

(±186) 

2463 

(±175) 
  

2380 

(±66) 
189.2 7.28 0.17 

 FS-26 90.0 
45.47 

(±0.60) 

1.15 

(±0.09) 

9.10 

(±0.60) 

7.92 

(±0.47) 
b.d.l.  

10.38 

(±0.70) 

13.49 

(±0.16) 

1.73 

(±0.16) 

0.71 

(±0.60) 
n.d. 

0.114 

(±0.01) 

0.63 

(±0.02) 
90.85 70.03 1.48 16.3 

3.73 

(±0.03) 
  

2111 

(±96) 
  

3223 

(±220) 

2640 

(±73) 

2145 

(±231) 
230.6 8.88 0.06 

 FS-28a 90.4 
44.31 

(±0.54) 

0.88 

(±0.14) 

9.32 

(±0.17) 

8.42 

(±0.09) 
b.d.l.  

11.49 

(±0.22) 

13.36 

(±0.22) 

1.56 

(±0.05) 

0.65 

(±0.01) 

0.047 

(±0.01) 
b.d.l. 

0.49 

(±0.17) 
90.63 70.87 1.43 7.2   

4.41 

(±0.02) 
  

1567 

(±138) 

2570 

(±226) 
  

2365 

(±134) 
183.7 7.07 0.05 

 FS-28b 90.4 
45.96 

(±0.19) 

0.86 

(±0.03) 

9.46 

(±0.05) 

8.12 

(±0.20) 
b.d.l.  

11.07 

(±0.01) 

14.01 

(±0.16) 

1.58 

(±0.07) 

0.78 

(±0.02) 

0.102 

(±0.05) 
b.d.l. 

0.16 

(±0.03) 
92.22 70.85 1.48 7.9   2.48   1396 

1710 

(±198) 
  

1285 

(±346) 
161.5 6.22 0.15 

 FS-B 90.5 
43.97 

(±0.39) 

0.86 

(±0.01) 

9.20 

(±0.08) 

8.08 

(±0.10) 

0.10 

(±0.01) 

11.27 

(±0.36) 

13.28 

(±0.30) 

1.43 

(±0.33) 

0.87 

(±0.01) 

0.06 

(±0.04) 
b.d.l. 

0.16 

(±0.10) 
89.43 71.32 1.44 5.4   4.65   2853 

2235 

(±190) 
  

1800 

(±98) 
261.3 10.06 0.03 

 FS-D 90.6 
44.66 

(±0.25) 

1.08 

(±0.08) 

10.26 

(±0.22) 

7.91 

(±0.21) 

0.13 

(±0.06) 

11.12 

(±0.07) 

12.55 

(±0.01) 

1.86 

(±0.02) 

0.84 

(±0.01) 

0.12 

(±0.08) 
b.d.l. 

0.41 

(±0.03) 
90.94 71.48 1.22 3.9   4.28   2687 

2235 

(±205) 
  

1570 

(±42) 
270.2 10.4 0.03 

 FS-Xa 89.9 
44.09 

(±0.56) 

0.99 

(±0.11) 

10.28 

(±0.27) 

7.76 

(±0.17) 

0.17 

(±0.04) 

10.10 

(±0.67) 

13.80 

(±0.25) 

1.74 

(±0.11) 

1.09 

(±0.11) 

0.028 

(±0.01) 
b.d.l. 

0.25 

(±0.07) 
90.30 69.88 1.34 4.5   

4.50 

(±0.15) 
  

2482 

(±123) 

2190 

(±160) 
  

1410 

(±216) 
239.7 9.23 0.09 

 FS-Z 91.0 
43.7 

(±0.39) 

1.11 

(±0.06) 

8.80 

(±0.11) 

8.21 

(±0.58) 

0.10 

(±0.01) 

12.15 

(±0.05) 

12.47 

(±0.01) 

1.75 

(±0.07) 

0.87 

(±0.02) 

0.04 

(±0.06) 
b.d.l. 

0.35 

(±0.12) 
89.55 72.51 1.42 8.3   3.56   2645 

2310 

(±212) 
  

1965 

(±430) 
230.7 8.88 0.13 
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2002/3S-1  75.2 
46.95 

(±0.87) 

1.25 

(±0.14) 

16.90 

(±0.23) 

10.67 

(±0.35) 

0.35 

(±0.12) 

4.72 

(±0.08) 

7.08 

(±0.10) 

4.34 

(±0.17)  

1.96 

(±0.10) 
b.d.l. b.d.l. 0.8 95.02 44.09 0.42 1.7 

1.97 

(±0.14) 
  

2470 

(±618) 
  

1513 

(±61) 

2025 

(±27) 

2383 

(±223) 
238.7 9.19   

2002/3S-3  75.7 
45.53 

(±0.20) 

1.50 

(±0.07) 

16.30 

(±0.08) 

10.29 

(±0.51)  

0.19 

(±0.13) 

4.95 

(±0.10) 

10.69 

(±0.27) 

3.18 

(±0.07) 

2.03 

(±0.10) 
n.d.  n.d.  0.44 95.1 46.16 0.66 0 

2.12 

(±0.05) 
  

2262 

(±527) 
  

1964 

(±187) 

1268 

(±26) 

1382 

(±143) 
254.3 9.79 0.04 

2002/3S-5  81.8 
42.83 

(±0.95) 

1.97 

(±0.02) 

15.10 

(±0.16) 

10.24 

(±0.09) 

0.12 

(±0.01) 

6.71 

(±0.02) 

12.27 

(±0.01) 

2.69 

(±0.21)  

1.68 

(±0.06) 
n.d.  n.d.  

0.34 

(±0.03) 
93.95 53.88 0.81 10.1 

2.80 

(±0.07) 
      

2885 

(±247) 
 

1330 

(±354) 
    0.02 

2002/3S-6  77.8 
48.68 

(±0.17) 

1.59 

(±0.07) 

15.55 

(±0.34)  

9.32 

(±0.47)  

0.23 

(±0.16) 

4.75 

(±0.16)  

6.49 

(±0.07) 

4.02 

(±0.17)  

2.12 

(±0.11) 
n.d.  n.d.  0.69 93.44 47.6 0.42 1.6 

2.16 

(±0.04) 
  

1810 

(±201) 
  

603 

(±97) 

435 

(±17) 

2343 

(±129) 
225.0 8.66 0.01 

2002/3S-7  75.0 
44.87 

(±0.38) 

1.84 

(±0.05) 

15.88 

(±0.09) 

11.12 

(±0.13) 

0.22 

(±0.12) 

4.85 

(±0.12) 

6.71 

(±0.03) 

4.06 

(±0.12)  

4.74 

(±0.03) 
n.d.  n.d.  0.78 95.07 43.74 0.42 6.9         

860 

(±141) 
  

4670 

(±890) 
    0.06 

2002/3S-9 75.4 
50.49 

(±1.79) 

1.93 

(±0.28) 

17.39 

(±0.76)  

8.15 

(±1.14)  

0.09 

(±0.07) 

3.65 

(±0.59)  

7.59 

(±0.68)  

4.01 

(±0.24)  

2.82 

(±0.27) 
n.d.  n.d.  0.98 97.1 44.39 0.44 0.2         

855 

(±35) 
  

3170 

(±269) 
      

2002/3S-10  73.9 
50.09 

(±0.69) 

1.56 

(±0.06) 

15.79 

(±0.13) 

10.21 

(±0.24)  

0.20 

(±0.13)  

4.22 

(±0.15)  

6.06 

(±0.10) 

4.32 

(±0.07) 

2.35 

(±0.11) 
n.d.  n.d.  0.70 95.5 42.42 0.38 1.2 

2.14 

(±0.03) 
  

2122 

(±182) 
  

878 

(±100) 

777 

(±21) 

2208 

(±216) 
238.8 9.19   

2002/3S-11b 82.9 42.94 2.11 17.15 8.56 0.25 6.06 13.17 3.32 2.27 n.d.  n.d.  0.50 96.33 55.79 0.77 8.2         1190   1700     0.09 

2002/3S-13 82.7 
42.92 

(±0.80) 

1.74 

(±0.01) 

15.53 

(±0.09) 
9.69 

0.16 

(±0.07) 

6.74 

(±0.08) 
11.65 

2.86 

(±0.07) 

1.98 

(±0.09) 
n.d.  n.d.  0.37 93.64 55.35 0.75 6.2     

1520 

(±195) 
  

2445 

(±49) 
 

1505 

(±35) 
    0.05 

2002/3S-16a 73.7 
46.48 

(±1.39) 

1.56 

(±0.11) 

15.26 

(±0.50)  

11.54 

(±0.57)  
b.d.l. 

4.38 

(±0.01) 

7.82 

(±0.21)  

5.39 

(±0.22)  

1.69 

(±0.06) 
n.d.  n.d.  

1.04 

(±0.18) 
95.19 40.35 0.51 1.9         

1260 

(±98) 
  

3250 

(±74) 
    0.04 

2002/3S-16b 73.7 45.46 1.61 14.45 11.72 0.22 4.85 6.43 6.56 2.03 n.d.  n.d.  0.72 94.04 42.44 0.44 0         1300   2970     0.08 

2002/3S-23 82.6 
43.92 

(±0.60) 

1.57 

(±0.15) 

15.50 

(±0.20)  

9.79 

(±0.38) 

0.10 

(±0.14) 

6.78 

(±0.04) 

10.70 

(±0.03) 

3.57 

(±0.03) 

1.96 

(±0.02) 
n.d.  n.d.  

0.35 

(±0.18) 
94.24 55.25 0.69 3.7 

2.33 

(±0.01) 
  

963 

(±16) 
  

3005 

(±50) 

3068 

(±12) 

1545 

(±177) 
122.9 4.73 0.03 

2002/3S-24 80.3 
44.72 

(±0.23) 

1.62 

(±0.14) 

15.00 

(±0.03) 

11.83 

(±0.25) 

0.19 

(±0.03) 

7.01 

(±0.11) 

8.09 

(±0.11) 

4.12 

(±0.11) 

2.74 

(±0.04) 
n.d.  n.d.  

0.54 

(±0.03) 
95.86 51.37 0.54 9.8 0.3   

119 

(±3) 
  

620 

(±28) 

896 

(±15) 

1995 

(±49) 
11.3 0.43   

2002/3S-26 72.6 
48.34 

(±0.86) 

1.91 

(±0.02) 

15.28 

(±0.44)  

9.37 

(±0.12

8)  

b.d.l.  
3.61 

(±0.06) 

6.24 

(±0.20)  

4.91 

(±0.22)  

3.51 

(±0.19) 
b.d.l. n.d.  

0.83 

(±0.10) 
94.13 40.72 0.41 1.7   

0.36 

(±0.02) 
  b.d.l. 

225 

(±78) 
  

1560 

(±184) 
6.9  0.27 0.04 

2002/3S-29a 69.6 51.92 1.01 14.5 10.20 0.25 3.87 5.88 4.93 2.94 n.d.  n.d.  0.80 96.3 40.35 0.41 2.3 1.00   
348 

(±10) 
  b.d.l. 

237      

(±2) 
2830 50 1.93 0.01 

2002/3S-29b 69.6 
50.47 

(±0.10) 

1.20 

(±0.01) 

13.56 

(±0.03) 

11.64 

(±0.05) 
b.d.l. 

4.13 

(±0.11) 

5.40 

(±0.07) 

5.39 

(±0.19)  

3.21 

(±0.01) 
n.d.  n.d.  

0.79 

(±0.01) 
95.91 38.74 0.40 2.6 0.13   

236 

(±5) 
  

490 

(±113) 
 

2020 

(±14) 
20.1 0.77   

2002/3S-31 69.8 49.43 1.09 17.05 8.40 0.18 2.83 9.44 5.4 2.01 n.d.  n.d.  0.70 96.53 37.52 0.55 5.3 
0.70 

(±0.01) 
      700 

513 

(±37) 
1500     0.13 

2002/3S-32 72.9 
46.31 

(±1.52) 

1.88 

(±0.18) 

14.07 

(±0.25)  

9.21 

(±0.53)  
b.d.l.  

3.75 

(±0.08) 

6.37 

(±0.20)  

4.24 

(±0.30)  

2.83 

(±0.05) 
b.d.l. 

0.22 

(±0.03) 

0.82 

(±0.11) 
89.59 42.06 0.45 0   1.30   b.d.l. 

128 

(±92) 
  

2043 

(±161) 
27.4 

a
 1.05   

2002/3S-33a 80.7 
43.00 1.71 15.69 9.15 0.21 5.58 11.11 3.47 2.08 

n.d.  n.d.  
0.59 

92.59 52.09 0.71 2.1   1.33   353 
2687 

  
1697 

52.4  2.02 0.02 



63 
 

(±0.20) (±0.10) (±0.11) (±0.45)  (±0.06) (±0.11) (±0.18)  (±0.08) (±0.07) (±0.07) (±172) (±155) 

2002/3S-33b 80.7 
42.71 

(±0.27) 

1.56 

(±0.07) 

15.45 

(±0.33)  

10.30 

(±0.46)  
b.d.l. 

6.27 

(±0.16)  

11.22 

(±0.19)  

3.27 

(±0.11) 

1.97 

(±0.06) 
n.d.  n.d.  

0.55 

(±0.14) 
93.3 52.04 0.73 5.3   

2.0 

(±0.14) 
  181 

2643 

(±207) 
  

2380 

(±104) 
54.1  2.08 0.05 

  

 

                                                    

2002/3S-24 emb 80.3 
46.68 

(±0.50) 

2.19 

(±0.15) 

14.91 

(±0.60) 

10.84 

(±0.30) 

0.22 

(±0.03) 

3.45 

(±0.20) 

7.90 

(±0.07) 

4.72 

(±0.11) 

3.46 

(±0.19) 
n.d.  n.d.  

0.63 

(±0.15) 
95 36.2 0.53   0.17   n.d.    

620 

(±367) 

595  

(±8) 

2410 

(±70) 
0.5 

a
 0   

2002/3S-6 gm   
43.40 

(±2.68) 

1.96 

(±0.11) 

13.84 

(±0.32) 

10.47 

(±0.41) 
b.d.l. 

3.17 

(±0.24) 

6.98 

(±0.43) 

3.85 

(±0.30) 

3.31 

(±0.08) 
n.d.  n.d.  

0.78 

(±0.24) 
87.86 35.05 0.50           b.d.l.   b.d.l.       

2002/3S-10 gm   
48.51 

(±0.80) 

1.99 

(±0.02) 

16.14 

(±0.29) 

10.33 

(±0.59) 

0.27 

(±0.11) 

3.28 

(±0.10) 

7.79 

(±0.10) 

3.78 

(±0.05) 

3.48 

(±0.18) 
n.d.  n.d.  

0.95 

(±0.05) 
96.52 36.14 0.48           b.d.l.   b.d.l.       

2002/3S-13 gm   
50.88 

(±0.57) 

2.00 

(±0.08) 

16.29 

(±0.11) 

10.77 

(±0.11) 

0.13 

(±0.12) 

3.21 

(±0.15) 

7.78 

(±0.05) 

3.72 

(±0.12) 

3.62 

(±0.15) 
n.d.  n.d.  

0.81 

(±0.14) 
99.21 34.7 0.48           b.d.l.   b.d.l.       

2002/3S-23 gm   49.49 2.12 14.61 11.78 0.21 2.92 7.02 4.96 3.70 n.d.  n.d.  0.91 97.73 30.66 0.48           b.d.l.   2100       

2002/3S-32 gm   
47.24 

(±2.14) 

1.88 

(±0.21) 

15.32 

(±0.54) 

9.97 

(±0.60) 

0.27 

(±0.09) 

3.60 

(±0.10) 

7.95 

(±0.13) 

4.65 

(±0.05) 

3.15 

(±0.09) 
n.d.  n.d.  0.76 95.09 39.25 0.52        1330    

                                                        

2006-1 a 69.6 
49.57 

(±0.17) 

1.37 

(±0.21) 

16.00 

(±0.13) 

11.07 

(±0.24) 

0.23 

(±0.10) 

3.70 

(±0.04) 

6.81 

(±0.09) 

3.84 

(±0.73) 

2.61 

(±0.14) 
n.d. n.d. 

0.70 

(±0.12) 
95.90 37.34 0.43 0.8         

310 

(±210) 
  

2930 

(±250) 
      

2006-1 b 70.4 
49.03 

(±0.46) 

1.54 

(±0.08) 

15.73 

(±0.23) 

11.14 

(±0.05) 

0.21 

(±0.04) 

3.85 

(±0.02) 

6.95 

(±0.11) 

3.73 

(±0.84) 

2.55 

(±0.11) 
n.d. n.d. 

0.66 

(±0.07) 
95.39 38.12 0.44 1.2         

910 

(±100) 
  

3320 

(±180) 
      

2006-4 70.5 
49.42 

(±0.01) 

1.60 

(±0.08) 

15.66 

(±0.06) 

10.20 

(±0.04) 
b.d.l. 

3.67 

(±0.03) 

7.75 

(±0.08) 
4.66 

2.26 

(±0.01) 
n.d. n.d. 

0.83 

(±0.28) 
96.98 39.08 0.49 0   

0.92 

(±0.02) 
  470 

380 

(±28) 
  

2390 

(±226) 
62.4  2.4   

2006-7 81.1 
42.25 

(±0.31) 

1.33 

(±0.26) 

15.71 

(±0.08) 

10.53 

(±0.11) 

0.09 

(±0.08) 

6.58 

(±0.01) 

11.10 

(±0.14) 

2.93 

(±0.07) 

1.73 

(±0.10) 
n.d.  n.d.  

0.37 

(±0.10) 
92.62 52.69 0.71 3.4 

3.16 

(±0.14) 

2.19 

(±0.08) 

678 

(±77) 

1193 

(±151) 

2573 

(±159) 

2664 

(±101) 

1493 

(±400) 
130.6 5.03 0.01 

2006-12 78.8 
45.02 

(±0.08) 

1.76 

(±0.15) 

16.79 

(±0.02) 

10.11 

(±0.22) 

0.16 

(±0.03) 

5.13 

(±0.02) 

10.70 

(±0.30) 

3.24 

(±0.10) 

2.07 

(±0.12) 
n.d.  n.d.  

0.57 

(±0.11) 
95.55 47.49 0.64 0.6 

2.60 

(±0.11) 
  

598 

(±75) 
  2683 

3475 

(±179) 
1693 126.3 4.86 0.01 

2006-B3a 77.2 
46.75 

(±0.21) 

1.52 

(±0.06) 

16.03 

(±0.10) 

10.44 

(±0.24) 

0.07 

(±0.05) 

5.14 

(±0.15) 

8.52 

(±0.18) 

4.08 

(±0.72) 

1.66 

(±0.03) 
n.d. n.d. 

0.57 

(±0.09) 
94.78 46.74 0.53 1.7 

2.38 

(±0.08) 
1.82 

450 

(±49) 
b.d.l. 

1903 

(±127) 

2384 

(±116) 

1910 

(±284) 
106.9  4.12   

2006-B3b 77.2 
46.86 

(±0.29) 

1.70 

(±0.17) 

15.78 

(±0.18) 

9.93 

(±0.30) 

0.24 

(±0.13) 

4.89 

(±0.18) 

8.45 

(±0.06) 

3.61 

(±0.94) 

1.62 

(±0.05) 
n.d. n.d. 

0.52 

(±0.11) 
93.60 46.75 0.54 0.7 

2.66 

(±0.11) 
  

618 

(±78) 
  

1800 

(±67) 
 

1984 

(±123) 
145.5 5.6   

2006-B5a 80.2 
44.46 

(±0.44) 

1.52 

(±0.04) 

15.61 

(±0.29) 

10.64 

(±0.22) 

0.09 

(±0.04) 

6.30 

(±0.09) 

10.43 

(±0.08) 

3.73 

(±0.07) 
2.09 0.52 n.d. 

0.52 

(±0.06) 
95.39 51.35 0.67 4.2 

1.32 

(±0.18) 
  

1673 

(±275) 
  2570 

2515 

(±436) 
1437 153.2 5.9 0.02 

2006-B5c 80.2 
49.40 

(±0.32) 

1.78 

(±0.15) 

14.44 

(±0.11) 

10.21 

(±0.16) 

0.26 

(±0.16) 

6.05 

(±0.07) 

7.37 

(±0.14) 

3.98 

(±1.16) 

3.27 

(±0.15) 
n.d. n.d. 0.66 97.42 51.37 0.51 7.8 0.34   

192 

(±28) 
  b.d.l. 

161 

(±7) 

1913 

(±156) 
22.4 0.86   

2006-B5d 80.2 
45.01 

(±0.40) 

1.67 

(±0.22) 

15.19 

(±0.18) 

11.70 

(±0.46) 

0.31 

(±0.07) 

6.93 

(±0.02) 

8.59 

(±0.07) 

4.54 

(±0.30) 

2.62 

(±0.06) 

0.07 

(±0.05) 
n.d. 

0.55 

(±0.10) 
97.11 51.36 0.57 9.2 0.80       

720 

(±104) 

1288 

(±48) 

1827 

(±263) 
    0.01 
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2006-B5n 80.2 43.60 1.58 17.03 10.26 0.05 6.08 11.22 3.83 2.23 n.d.  n.d.  0.55 96.43 51.37 0.66 4.1         3410   3405     0.04 

2006-B6 76.2 
46.71 

(±0.41) 

1.48 

(±0.18) 

17.15 

(±0.18) 

9.56 

(±0.24) 

0.10 

(±0.04) 

4.46 

(±0.05) 

8.93 

(±0.10) 

5.11 

(±0.18) 

2.98 

(±0.11) 
n.d. n.d. 

0.52 

(±0.10) 
97.00 45.4 0.52 1.2 

0.81 

(±0.02) 
  

554 

(±59) 
  

773 

(±114) 

1166 

(±47) 

1750 

(±213) 
48.9 1,88   

2006-B8a 75.4 
49.40 

(±0.08) 

1.71 

(±0.08) 

15.81 

(±0.17) 

9.82 

(±0.34) 

0.18 

(±0.06)  

4.39 

(±0.32) 

6.01 

(±0.11) 

4.15 

(±0.11) 

2.81 

(±0.10) 
n.d. n.d. 

0.58 

(±0.05)  
94.86 44.35 0.38 0.7 

2.32 

(±0.07) 
  

441 

(±43) 
  

907 

(±58) 

1455 

(±68) 

1967  

(±55) 
112.9 4.35   

2006-B8b 75.4 
48.83 

(±0.34) 

1.56 

(±0.06) 

14.64 

(±0.52) 

9.82 

(±0.13) 

0.21 

(±0.01) 

4.37 

(±0.01) 

8.45 

(±0.11) 

3.88 

(±0.10) 
2.07 n.d. n.d. 

0.86 

(±0.19) 
94.70 44.23 0.58 0 

2.05 

(±0.07) 
  

817 

(±73) 
  

905 

(±276) 

1622 

(±65) 

1780 

(±226) 
140.1 5.39   

2006-C7a 70.2 
51.15 

(±0.10) 

1.51 

(±0.15) 

15.01 

(±0.21) 

9.96 

(±0.34) 
b.d.l.  

3.71 

(±0.07) 

6.83 

(±0.07) 

4.9 

(±0.15) 

2.48 

(±0.05) 
n.d. n.d. 

0.60 

(±0.11) 
96.22 39.89 0.46 0         b.d.l.   

1730 

(±57) 
      

2006-C7b 70.2 
49.73 

(±0.51) 

1.92 

(±0.17) 

14.54 

(±0.10) 

9.80 

(±0.35) 

0.26 

(±0.15) 

3.75 

(±0.08) 

7.37 

(±0.17) 

4.66 

(±0.09) 

2.26 

(±0.03) 
n.d. n.d. 

0.75 

(±0.05) 
95.04 40.54 0.51 0         

300 

(±226) 
  

1995 

(±120) 
      

2006-C8 73.6 
48.68 

(±0.32) 

1.96 

(±0.07) 

16.24 

(±0.27) 

10.97 

(±0.04) 

0.14 

(±0.11) 

4.46 

(±0.13) 

6.24 

(±0.02) 

4.96 

(±0.71) 

2.63 

(±0.06) 
n.d. n.d. 

0.87 

(±0.13) 
97.15 42.02 0.38 3.4         

663 

(±280) 
  

2780 

(±427) 
      

2006-C11 72.0 
49.65 

(±0.37) 

1.77 

(±0.16) 

15.12 

(±0.29) 

10.04 

(±0.56) 
b.d.l. 

3.96 

(±0.04) 

7.33 

(±0.19) 

4.47 

(±1.14) 

2.52 

(±0.05) 
n.d. n.d. 

0.67 

(±0.07) 
95.73 41.3 0.49 0         

270 

(±168) 
  

1570 

(±79) 
      

2006-D9 70.1 
49.66 

(±0.37) 

2.01 

(±0.02) 

14.48 

(±0.12) 

9.75 

(±0.37) 

0.24 

(±0.07) 

3.52 

(±0.10) 

7.17 

(±0.17) 

4.12 

(±0.93) 

3.26 

(±0.19) 
n.d. n.d. 

1.06 

(±0.09) 
95.27 39.11 0.49 0 

0.71 

(±0.03) 
      b.d.l. 

123 

(±8) 

1840  

(±71) 
      

2006-E2a 70.2 
50.13 

(±0.37) 

1.85 

(±0.09) 

15.55 

(±0.08) 

10.48 

(±0.18) 

0.23 

(±0.15) 

3.53 

(±0.11) 

7.32 

(±0.06) 

2.72 

(±1.23) 

2.65 

(±0.12) 
n.d. n.d. 

0.57 

(±0.06) 
95.03 37.52 0.47 0 

0.87 

(±0.10) 
  

500 

(±79) 
  

480 

(±110) 

444 

(±65) 

2130  

(±50) 
88.9 3.42   

2006-E2b 70.2 
48.41 

(±0.19) 

1.91 

(±0.06) 

14.50 

(±0.21) 

11.77 

(±0.21) 

0.32 

(±0.12) 

4.04 

(±0.15) 

7.33 

(±0.13) 

4.06 

(±0.16) 

2.43 

(±0.04) 
n.d. n.d. 

0.49 

(±0.11) 
95.26 37.96 0.51 3.3 

1.35 

(±0.08) 
  

300 

(±40) 
  

895 

(±219) 

1004 

(±88) 

3270  

(±156) 
57.4 2.24   

2006-F5a 78.0 
46.22 

(±0.38) 

1.65 

(±0.13) 

14.94 

(±0.08) 

10.70 

(±0.54) 

0.13 

(±0.08) 

5.50 

(±0.05) 

8.96 

(±0.02) 

4.64 

(±0.06) 

2.65 

(±0.10) 
n.d. n.d. 0.54 95.93 47.82 0.60 4.4         

1387 

(±384) 
  

1750 

(±613) 
      

2006-F5b 78.0 47.59 1.67 14.38 10.71 0.21 5.52 7.49 4.82 3.21 n.d. n.d. 0.95 96.55 47.88 0.52 6.2         520   2170       

2006-F5c 78.0 
42.95 

(±0.05) 

1.63 

(±0.13) 

16.31 

(±0.08) 

11.10 

(±0.21) 

0.24 

(±0.06)  

5.71 

(±0.06) 

9.85 

(±0.13) 

3.85 

(±0.10) 

1.89 

(±0.10) 
n.d. n.d. 0.53 94.06 47.83 0.60 1,0         

2167 

(±385) 
  

1267 

(±158) 
      

2006-F5d 78.0 
45.67 

(±0.25) 

1.75 

(±0.17) 

15.47 

(±0.04) 

10.90 

(±0.21) 

0.23 

(±0.05) 

5.62 

(±0.06) 

8.86 

(±0.13) 

4.30 

(±0.01) 

2.17 

(±0.05) 
n.d. n.d. 0.52 95.49 47.89 0.57 2.5         

1105 

(±148) 
  

1495 

(±417) 
      

2006-F5e 78.0 
46.28 

(±0.17) 

1.17 

(±0.10) 

16.08 

(±0.27) 

9.87 

(±0.29) 

0.18 

(±0.02) 

5.08 

(±0.09) 

8.04 

(±0.11) 

4.67 

(±0.10) 

2.12 

(±0.19) 
n.d. n.d. 0.83 94.32 47.85 0.50 1.7         

1443 

(±140) 
  

1720 

(±213) 
      

2006-F5n 78.0 51.63 1.09 14.66 10.07 0.11 5.19 4.27 4.16 3.47 n.d.  n.d.  1.16 95.81 47.88 0.29 8.0         765   3155       

2006-H2 71.2 
49.29 

(±0.52) 

1.36 

(±0.18) 

14.64 

(±0.33) 

10.04 

(±0.58) 

0.13 

(±0.08) 

4.08 

(±0.08) 

6.96 

(±0.13) 

5.13 

(±0.21) 

2.60 

(±0.14) 
n.d. n.d. 0.53 94.77 42.01 0.48 0         

957 

(±298) 
  

2960 

(±236) 
      

2006-H4a 71.2 
48.71 

(±0.12) 

1.74 

(±0.04) 

14.41 

(±0.14) 

11.37 

(±0.09) 

0.22 

(±0.17) 

4.10 

(±0.06) 

7.58 

(±0.15) 

4.23 

(±0.72) 

2.68 

(±0.12) 
n.d. n.d. 0.76 95.8 39.13 0.53 1.6         

190 

(±160) 
  

2177 

(±245) 
      

2006-H4b 71.2 
47.99 

(±0.20) 

1.79 

(±0.13) 

14.39 

(±0.17) 

11.45 

(±0.14) 

0.30 

(±0.16) 

4.13 

(±0.01) 

8.68 

(±0.03) 

3.53 

(±0.63) 

2.33 

(±0.07) 
n.d. n.d. 1.02 95.61 39.13 0.60 1.2         

677 

(±165) 
  

2163 

(±182) 
      



65 
 

2006-H4c 71.2 
48.46 

(±0.30) 

1.79 

(±0.22) 

14.52 

(±0.04) 

11.92 

(±0.05) 

0.25 

(±0.14) 

4.30 

(±0.07) 

7.89 

(±0.03) 

3.58 

(±0.16) 

2.64 

(±0.13) 
n.d. n.d. 0.93 96.28 39.14 0.54 3.4         b.d.l.   

2210 

(±57) 
      

2006-H7a 69.1 
49.65 

(±0.61) 

1.27 

(±0.04)  

16.45 

(±0.44) 

9.15 

(±0.87) 

0.24 

(±0.07) 

3.53 

(±0.19) 

8.30 

(±0.30) 

4.27 

(±0.77) 

3.36 

(±0.25) 
n.d. n.d. 0.87 97.08 40.78 0.50 0         

223 

(±152) 
  

1437 

(±116) 
      

2006-H7b 69.1 
49.44 

(±0.43) 
1.86 

15.79 

(±0.74) 

9.55 

(±0.34) 

0.18 

(±0.09) 

3.72 

(±0.09) 

7.43 

(±0.01) 

3.70 

(±1.40) 

3.29 

(±0.10) 
n.d. n.d. 

0.93 

(±0.27) 
95.89 41.01 0.47 0         

165 

(±120) 
  

1655 

(±78) 
      

2006-H7c 69.1 
48.33 

(±0.35) 

1.47 

(±0.15) 

15.40 

(±0.23)  

10.59 

(±0.39) 

0.25 

(±0.11)  

3.83 

(±0.04) 

9.11 

(±0.12) 

4.24 

(±0.74)  

2.91 

(±0.06) 
n.d. n.d. 

0.90 

(±0.09) 
97.04 39.22 0.59 0         b.d.l.   

1417 

(±169) 
      

2006-18a 70.8 48.71 1.63 14.86 12.41 0.32 4.38 7.72 4.23 2.50 n.d. n.d. 1.19 97.95 38.62 0.52 3.0         860   2210       

2006-18b 70.8 49.07 1.52 14.71 12.62 0.48 4.45 7.73 4.23 2.29 n.d. n.d. 1.13 98.23 38.6 0.53 4.1         440   2130       

                                                        

2006-7 emb 81.1 
47.77 

(±0.01) 

1.87 

(±0.07) 

16.25 

(±0.28) 

10.61 

(±0.36) 

0.25 

(±0.02) 

3.40 

(±0.08) 

8.54 

(±0.01) 

4.35 

(±0.17) 

3.30 

(±0.01) 
n.d. n.d. 

0.88 

(±0.17) 
97.22 36.36 0.50     0.36   b.d.l. 

525  

(±262) 
  

2240 

(±240) 
2.4 

a
 2.2   

2006-E2 emb 70.2 49.90 1.97 15.86 10.41 0.19 4.05 7.88 3.26 3.05 n.d. n.d. 0.85 97.42 40.95 0.50     1.39   b.d.l. 220   1497 30.1 
a
 3.2   

                                                        

2008/9-1 75.2 
48.64 

(±0.27) 

2.02 

(±0.11) 

16.60 

(±0.20) 

9.16 

(±0.40) 

0.20 

(±0.10) 

4.06 

(±0.05) 

8.56 

(±0.20) 

4.61 

(±0.13) 

2.76 

(±0.17) 
n.d. n.d. 

0.93 

(±0.19) 
97.54 44.14 0.52 2.7 0.13   

430 

(±64) 
  b.d.l. 

284  

(±6) 

2046 

(±132) 
42.8 1.6   

2008/9-10a 68.7 48.30 1.71 14.65 9.32 0.19 2.99 9.56 5.15 2.46 n.d. n.d. 0.79 95.12 36.38 0.65 5.5         750   4440     0.02 

2008/9-10b 69.5 49.77 1.54 14.67 9.81 0.18 3.26 8.17 5.64 3.04 n.d. n.d. 1.1 97.18 37.2 0.56 6.7         430   3140       

2008/9-5 76.5 
48.47 

(±0.77) 

1.83 

(±0.17) 

16.18 

(±0.27) 

9.34 

(±0.64) 

0.17 

(±0.10) 

4.43 

(±0.13) 

8.74 

(±0.48) 

4.74 

(±0.30) 

3.34 

(±0.22) 
n.d. n.d. 

0.84 

(±0.14) 
98.08 45.81 0.54 6.4 0.01   

 

  
461 

(±324) 
  

1376 

(±193) 
160.9 6.2 0.05 

2008/9-6a 69.8 
55.33 

(±0.30) 

0.95 

(±0.13) 

17.98 

(±0.26) 

7.51 

(±0.72) 

0.18 

(±0.07) 

2.53 

(±0.02) 

7.67 

(±0.33) 

4.39 

(±0.06) 

3.45 

(±0.13) 
n.d. n.d. 

1.15 

(±0.20) 

101.1

4 
37.52 0.43 4.7         

153 

(±216) 
  

1897  

(±107) 
    0.01 

2008/9-6b 69.8 
45.12 

(±0.32) 

1.74 

(±0.08) 

16.06 

(±0.23) 

10.01 

(±0.47) 

0.17 

(±0.12) 

3.37 

(±0.12) 

9.97 

(±0.19) 

4.95 

(±0.06) 

3.14 

(±0.10) 
n.d. n.d. 

0.83 

(±0.16) 
95.36 37.5 0.62 4.2 0.17   

129 

(±18) 
  b.d.l. 

273  

(±10) 

1394 

(±223) 
9.0 0.3   

2008/9-7a 69.3 52.49 1.32 17.28 7.50 0.08 2.47 7.73 5.12 3.42 0.03 0.09 1.21 98.62 36.99 0.45 5.0 
0.09 

(±0.02) 
  

118 

(±17) 
  b.d.l. 42 (±8) 2410 11.3 0.4 0.03 

2008/9-7b 69.3 
48.90 

(±0.11) 

2.27 

(±0.07) 

16.14 

(±0.44) 

7.99 

(±0.03) 

0.21 

(±0.11) 

2.64 

(±0.04) 

9.62 

(±0.54) 

5.41 

(±0.22) 

4.05 

(±0.27) 
n.d. n.d. 1.13 98.36 37.07 0.60 4.5 0.1   

87 

(±11) 
  b.d.l. 46 (±2) 

1905 

(±106) 
5.6 0.2   

2008/9-8 76.9 
46.12 

(±0.10) 

1.43 

(±0.21) 

14.80 

(±0.49) 

4.89 

(±0.58) 

0.14 

(±0.13) 

2.37 

(±0.05) 

5.36 

(±0.37) 

5.34 

(±0.09) 

4.71 

(±0.29) 
n.d. n.d. 

0.74 

(±0.20) 
85.90 46.35 0.36 3.2 

0.60 

(±0.01) 
  

291 

(±41) 
  

975 

(±64) 

1107 

(±84) 

2545 

(±488) 
23.9 0.9   

2008/9-9b 81.4 
44.57 

(±0.40) 

1.64 

(±0.17) 

14.58 

(±0.40) 

11.91 

(±0.52) 

0.22 

(±0.09) 

7.60 

(±0.86) 

8.41 

(±0.37) 

4.41 

(±0.12) 

2.88 

(±0.11) 
n.d. n.d. 

0.60 

(±0.10) 
96.82 53.22 0.58 11.2 0.03       

953 

(±256) 
  

1500 

(±200) 
      

2008/9-11 69.4 52.17 1.30 17.36 8.45 0.35 2.79 8.75 4.44 2.69 0.06 0.02 1.07 99.37 37.05 0.50 5.7         690   2580       

2008/9-12a 68.9 56.03 1.27 17.95 5.06 0.11 2.42 5.36 5.07 3.03 0.03 n.d. n.d. 96.3 45.97 0.30 0         150   2620       



66 
 

2008/9-12b 68.9 54.77 0.94 17.25 6.71 0.18 2.12 6.71 5.32 2.93 n.d. n.d. 1.13 98.06 36.03 0.39 3.4         560   2590     0.01 

2008/9-16 70.9 52.76 0.90 15.77 9.44 0.24 3.36 7.02 4.65 3.43 n.d. n.d. 0.84 98.41 38.82 0.45 6.3 0.05       1100   1810     0.01 

2008/9-18 78.9 47.49 1.15 15.13 9.92 0.07 5.41 8.96 5.21 3.30 n.d. n.d. 0.72 97.36 49.29 0.59 8.3 0.22   
964 

(±37) 
  240   2130 61.3 2.4   

2008/9-23 69.4 50.47 1.31 14 12.26 0.24 4.05 8.69 3.99 2.70 n.d. n.d. 0.69 98.4 37.06 0.62 6.8 0.07   
675 

(±14) 
  210   2350 79.4 3.06   

                                                        

2013-1 73.5 
49.54 

(±0.58) 

1.27 

(±0.14) 

19.31 

(±0.32) 

6.84 

(±0.29) 

0.09 

(±0.07) 

2.77 

(±0.05) 

7.23 

(±0.18) 

6.14 

(±0.16) 

3.65 

(±0.13) 
n.d. n.d. 

1.26 

(±0.26) 
98.1 41.92 0.37 3.3 0.11   

281 

(±47) 
  

402 

(±106) 

508 

(±23) 

4272 

(±257) 
17.6 0.68 0.03 

2013-2a 77.3 
46.95 

(±0.70) 

1.94 

(±0.05) 

17.65 

(±0.15) 

7.66 

(±0.02) 

0.12 

(±0.02) 
3.81 

10.23 

(±0.04) 

5.38 

(±0.25) 

2.57 

(±0.15) 
n.d. n.d. 

1.10 

(±0.24) 
97.41 47 0.58 4.5 0.09   

339 

(±38) 
  

420 

(±198) 
 

4220  

(±226) 
25.3 0.98 0.03 

2013-2b 77.3 46.74 1.2 19.21 5.99 0.03 2.97 4.95 6.95 4.08 n.d. n.d. 1.29 93.41 46.92 0.26 4.6 
0.04 

(±0.01) 
  

543 

(±79) 
  450 

347 

(±117) 
n.d. 21.7 0.83   

2013-3a 70.3 
50.47 

(±0.49) 

1.35 

(±0.11) 

17.25 

(±0.27) 

8.04 

(±0.20) 

0.17 

(±0.13) 

2.77 

(±0.03) 

7.67 

(±0.08) 

5.35 

(±0.18) 

3.48 

(±0.11) 
n.d. n.d. 

0.97 

(±0.29) 
97.52 38.05 0.44 3.3 0.01   

175 

(±17) 
  

147  

(±38) 
  

2243 

(±136) 
14.1 0.54   

2013-3b 70.3 
51.06 

(±0.46) 

1.41 

(±0.12) 

17.34 

(±0.13) 

7.74 

(±0.46) 

0.12 

(±0.10) 

2.67 

(±0.07) 

6.66 

(±0.10) 

5.85 

(±0.06) 

3.12 

(±0.10) 
n.d. n.d. 

1.22 

(±0.22) 
97.19 38.08 0.38 2.6 

0.05 

(±0.01) 
  

250 

(±50) 
  b.d.l. 

275 

(±65) 

3760 

(±181) 
19.4 0.75   

2013-3c 70.3 52.09 1.12 18.27 6.51 0.20 2.24 7.20 5.37 3.85 n.d. n.d. 1.20 98.05 38.02 0.39 2.5 0.05   
426 

(±40) 
  b.d.l. 

364 

(±7) 
2650 33.4 1.29   

2013-4 73.5 
52.14 

(±0.40) 

1.72 

(±0.08) 

17.74 

(±0.10) 

6.48 

(±0.22) 

0.09 

(±0.05) 

2.61 

(±0.06) 

6.84 

(±0.11) 

5.64 

(±0.09) 

3.83 

(±0.16) 
n.d. n.d. 

0.58 

(±0.12) 
97.67 41.79 0.39 2.1         

128 

(±45) 
  

1618 

(±207) 
    0.01 

2013-6a 70.1 
49.16 

(±0.30) 

1.26 

(±0.13) 

17.15 

(±0.01) 

8.64 

(±0.34) 

0.13 

(±0.09) 

2.96 

(±0.01) 

9.28 

(±0.07) 

5.50 

(±0.03) 

2.36 

(±0.02) 
n.d. n.d. 

0.82 

(±0.08) 
97.26 37.91 0.54 2.1 0.08   

243 

(±57) 
  

414 

(±142) 

576  

(±19) 

2928 

(±267) 
20.6 0.79   

2013-6b 70.1 
49.52 

(±0.18) 

1.12 

(±0.07) 

17.28 

(±0.24) 

8.60 

(±0.20) 

0.16 

(±0.06) 

2.94 

(±0.04) 

8.70 

(±0.13) 

5.65 

(±0.07) 

2.26 

(±0.08) 
n.d. n.d. 

0.89 

(±0.22) 
97.12 37.86 0.50 2.8 0.09   

270 

(±44) 
  

310  

(±135) 

440 

(±19) 

3202  

(±122) 
23.1 0.89   

2013-7a 68.2 
53.99 

(±0.36) 

1.19 

(±0.04) 

19.40 

(±0.22) 

5.98 

(±0.33) 

0.10 

(±0.09) 

1.98 

(±0.04) 

3.42 

(±0.08) 

6.02 

(±0.13) 

4.26 

(±0.18) 
n.d. n.d. 

0.38 

(±0.20) 
96.72 37.12 0.18 3.0         b.d.l.   

3627 

(±131) 
      

2013-7b 68.2 
51.93 

(±0.44) 

2.01 

(±0.10) 

17.47 

(±0.03) 

7.13 

(±0.22) 
b.d.l.  

2.23 

(±0.06) 

7.56 

(±0.02) 

5.41 

(±0.09) 

3.33 

(±0.07) 
n.d. n.d. 

1.24 

(±0.18) 
98.58 35.8 0.43 1.4 0.08   

581 

(±96) 
  b.d.l. 

292 

(±29) 

2607 

(±156) 
49.8 1.92   

2013-7c 68.2 
51.90 

(±0.29) 

0.83 

(±0.16) 

17.83 

(±0.06) 

7.09 

(±0.27) 

0.09 

(±0.07) 

2.21 

(±0.09) 

7.17 

(±0.16) 

6.49 

(±0.13) 

3.30 

(±0.16) 
n.d. n.d. 

1.07 

(±0.34) 
97.98 35.72 0.40 1.5         

375 

(±290) 
  

4280 

(±255) 
      

2013-7n 69.6 
54.46 

(±0.18) 

1.21 

(±0.08) 

19.79 

(±0.18) 

5.76 

(±0.27) 

0.10 

(±0.01) 

1.92 

(±0.02) 

3.25 

(±0.02) 

7.59 

(±0.03) 

3.85 

(±0.01) 
n.d. n.d. 

0.36 

(±0.02) 
98.29 37.27 0.16 2.5 0.11   

126 

(±3) 
  b.d.l. 

197 

(±4) 

3740 

(±254) 
6.3 0.24 0.005 

2013-11 80.3 
51.72 

(±0.21) 

1.12 

(±0.14) 

20.40 

(±0.19) 

4.30 

(±0.23) 

0.10 

(±0.05) 

2.55 

(±0.05) 

4.21 

(±0.07) 

6.85 

(±0.10) 

4.95 

(±0.11) 
n.d. n.d. 

1.06 

(±0.15) 
97.26 51.39 0.21 2.0         

274 

(±14) 
  

3356 

(±167) 
    0.07 

2013-12a 71.1 49.91 1.18 17.43 8.26 0.27 2.96 7.96 5.47 3.20 n.d. n.d. 1.04 97.68 38.98 0.46 4.6 0.16       b.d.l. 63 (±2) 2400     0.06 
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2013-12b 71.1 46.72 1.01 16.8 6.53 0.08 2.34 7.57 5.40 3.31 n.d. n.d. 0.65 90.41 38.98 0.45 4.1         250   2450     0.02 

2013-12c 71.1 
52.84 

(±0.61) 

0.702 

(±0.09) 

18.53 

(±0.17) 

5.89 

(±0.12) 
b.d.l. 

2.11 

(±0.06) 

3.92 

(±0.08) 

6.08 

(±0.13) 

5.63 

(±0.10) 
n.d. n.d. 

1.05 

(±0.14) 
96.84 38.97 0.21 2.9 0.07   

139 

(±27) 
  b.d.l. 

180 

(±11) 

2677 

(±40) 
6.7 0.26   

2013-12d 71.1 50.15 1.13 17.8 6.66 0.12 2.39 7.89 5.73 3.26 n.d. n.d. 1.06 96.19 39.01 0.44 3.0         330   2490     0.06 

2013-14a 74.2 
52.78 

(±0.61) 

2.07 

(±0.09) 

18.21 

(±0.18) 

5.86 

(±0.39) 

0.12 

(±0.09) 

2.45 

(±0.02) 

7.60 

(±0.06) 

4.73 

(±0.08) 

3.96 

(±0.16) 
n.d. n.d. 

1.07 

(±0.12) 
98.85 42.7 0.42 2.3 0.08   

709 

(±139) 
  b.d.l. 

528 

(±16) 

1749 

(±153) 
65.7 2.53 0.01 

2013-14b 74.2 
47.26 

(±0.55) 

1.96 

(±0.06) 

17.88 

(±0.18) 

5.87 

(±0.25) 

0.14 

(±0.09) 

2.46 

(±0.05) 

9.63 

(±0.10) 

4.27 

(±0.06) 

3.67 

(±0.14) 
n.d. n.d. 

0.95 

(±0.16) 
94.09 42.76 0.54 1.7         

284 

(±59) 
  

2152 

(±85) 
      

2013-16 76.7 
52.34 

(±0.24) 

2.51 

(±0.08) 

16.95 

(±0.12) 

6.35 

(±0.19) 
b.d.l. 

3.05 

(±0.02) 

5.78 

(±0.16) 

5.30 

(±0.04) 

4.79 

(±0.16) 
n.d. n.d. 

1.03 

(±0.14) 
98.19 46.13 0.34 3.4 0.07   

323 

(±59) 
  b.d.l. 85 (±4) 

1874 

(±163) 
23.7 0.91   

2013-17a 69.4 
50.14 

(±0.42) 

1.54 

(±0.10) 

17.69 

(±0.17) 

7.81 

(±0.52) 

0.21 

(±0.17) 

2.58 

(±0.04) 

7.28 

(±0.07) 

5.92 

(±0.08) 

3.09 

(±0.16) 
n.d. n.d. 

1.14 

(±0.21) 
97.4 37.06 0.41 1.5 0.09   

321 

(±43) 
  

332 

(±200) 

509 

(±20) 

4242 

(±306) 
23.8 0.91 0.01 

2013-17b 69.4 
48.84 

(±0.46) 

1.94 

(±0.11) 

16.91 

(±0.20) 

7.78 

(±0.27) 

0.16 

(±0.12) 

2.57 

(±0.05) 

7.44 

(±0.07) 

5.15 

(±0.11) 

3.27 

(±0.07) 
n.d. n.d. 

1.29 

(±0.13) 
95.35 37.06 0.44 1.2 0.09   

233 

(±31) 
  

308 

(±48) 

554 

(±24) 

2182 

(±173) 
19.7 0.76 0.02 

2013-17c 69.4 51.65 1.88 17.42 7.28 0.06 2.41 6.82 5.15 3.90 n.d. n.d. 1.11 97.68 37.11 0.39 3.3         190   1540     0.02 

2013-17d 69.4 50.39 1.37 19.04 7.04 0.24 2.33 8.19 5.45 2.89 n.d. n.d. 0.71 97.65 37.11 0.43 2.4 
0.03 

(±0.01) 
  

545 

(±61) 
  210   2760 45.8 1.76   

2013-19a 73.4 
50.55 

(±0.33) 

2.23 

(±0.13) 

17.15 

(±0.25) 

5.99 

(±0.41) 

0.17 

(±0.05) 

2.41 

(±0.05) 

7.84 

(±0.16) 

5.24 

(±0.11) 

3.99 

(±0.12) 
n.d. n.d. 

1.13 

(±0.09) 
96.7 41.77 0.46 1.8 0.06   

1102 

(±128) 
  

136 

(±41) 

132 

(±5) 

1228 

(±232) 
81,2 3.13 0.03 

2013-27 77.4 51.98 1.1 20.78 5.05 0.12 2.52 4.26 8.15 4.15     0.84 98.95 47.08 0.21 1.8 0.1   
254 

(±8) 
  320 

364 

(±8) 
2340 9.5 0.37 0.03 

2013-30 71.9 
45.61 

(±2.25) 
1.44 

18.24 

(±0.01) 

7.13 

(±0.04) 

0.15 

(±0.11) 

2.66 

(±0.07) 
7.96 

5.82 

(±0.26) 

3.00 

(±0.09) 
b.d.l. b.d.l. 

0.83 

(±0.14) 
92.84 39.94 0.44 1.4   0.14   b.d.l. 310   2675 3.7 

a
 0.14 0.11 

2013-32 71.5 
48.16 

(±0.39) 

1.69 

(±0.14) 

16.53 

(±0.34) 

7.44 

(±0.30) 

0.18 

(±0.09) 

2.71 

(±0.03) 

7.28 

(±0.03) 

5.75 

(±0.02) 

3.45 

(±0.03) 
b.d.l. b.d.l. 

1.11 

(±0.23) 
94.3 39.37 0.44 1.8   0.15   b.d.l. b.d.l.   

1910 

(±353) 
3.9 

a
 0.15 0.01 

2013-34 71.0 51.47 1.49 19.16 6.23 0.17 2.21 4.98 6.06 3.67 n.d. n.d. 0.96 96.4 38.74 0.26 2.8   0.13   b.d.l. 270   3350 3.7 
a
 0.14   

2013-36 71.6 
52.09 

(±1.43)  

1.10 

(±0.62) 

20.08 

(±0.63) 

5.93 

(±1.13) 
b.d.l.  

2.18 

(±0.20) 
4.72 

7.21 

(±0.14) 

4.34 

(±0.01) 
n.d. n.d. 

0.94 

(±0.01) 
98.64 39.59 0.24 1.8 0.11   

483 

(±13) 
  b.d.l. 

320 

(±6) 

2210  

(±170) 
21.6 0.83   

2013-37 73.9 50.51 1.75 17.85 6.44 0.23 2.66 7.30 6.80 4.37 n.d. n.d. 0.73 98.64 42.41 0.41 1.3         b.d.l.   1770     0.32 

2013-41 77.7 
51.37 

(±0.03) 

0.87 

(±0.05) 

20.67 

(±0.10) 

4.30 

(±0.01) 
b.d.l. 

2.18 

(±0.12) 

4.00 

(±0.06) 

7.24 

(±0.14) 

5.47 

(±0.29) 
b.d.l. b.d.l. 

0.83 

(±0.10) 
97.02 47.47 0.19 1.8   0.08   b.d.l. 145   

2495 

(±78) 
2.0 

a
 0.08 0.04 

Corrected chemical composition of melt inclusions, uncorrected compositions of glass embayments and matrix glasses and their volatiles contents, from  the 

studied products of Mt Spagnolo (SPA), FS, 2002/2003 South (2002/3S), 2006, 2008/2009 (ET2008/9), and 2013 eruptions. Major elements and H2O contents are 

in wt.%, CO2, S and Cl are in ppm.  
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Numbers in brackets indicate standard deviations for EMP and FTIR analyses, and acquisitions errors for SIMS analyses. 

Fo: forsterite mol.%  content of olivine hosting MI. Mg# = 100 x Mg/(Mg+Fetot). PEC%: estimated amount (wt %) of post-entrapment crystallization. P: minimum 

entrapment pressure calculated using a H2O-CO2 solubility model (Iacono-Marziano et al. 2012). Depth: minimum entrapment depth estimated using a density of 

2.65 g cm-3 for the basement rocks (Corsaro and Pompilio, 2004b). Vb/VMI : ratio between the volume of vapor bubble (Vb) and the host melt inclusions volume 

(VMI).  

emb = embayment, ext = external glass, sec = secondary melt inclusions. b.d.l. = below detection limit; n.d. = not determined. 

a = pressure and relative depth (below crater level) calculated using FTIR data with a CO2 content fixed at 50 ppm (FT-IR detection limit), considering the 

estimated CO2 detection limit (e.g. Cecchetti et al., 2002; Von Aulock et al., 2014).  
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