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Abstract 

 

The principal focus of this thesis was the reconstruction of pre-eruptive conditions 

of two key eruptions at Vulcano island, the Brown Tuffs and the La Sommata, by 

combining  the melt inclusion approach with phase equilibria derived by 

crystallization experiments. 

Brown Tuffs (the most energetic and widely distributed eruption of the 

Archipelago) were produced by several eruptions that occurred in a large age 

interval, 78-7.7 ka B.P. At Vulcano BT deposits crop out as proximal facies.  

La Sommata centre (age ca. 50 ka B.P.), is instead a basaltic scoria cone fed 

by one of the most primitive magmas of Aeolian Arc with ankaramitic affinity. 

Pyroxene-hosted melt inclusions on Lower and Intermediate Brown Tuffs (78-

22 ka) gave dissolved H2O and CO2 of 0.2-1.7 wt.% and up to 1280 ppm, 

respectively, constraining the magma saturation pressure between 20 and 80 

MPa. 

In order to constrain the storage conditions of La Sommata and Brown Tuff 

magmas, low pressures crystallization experiments with H2O+CO2 mixture were 

performed. 

Brown Tuffs composition was experimentally investigated at 150 MPa, in 

1000-1080 °C region for a variable H2Omelt in a total of 12 charges. Phase 

assemblage was characterized by plagioclase as a near liquidus-phase, followed 

by orthopyroxene, pigeonite, amphibole, augite and phlogopite. Potassium 

enrichment of experimental melts (K2O = 3.7 wt.%; SiO2 = 56.5 wt.%) is 

correlated with water contents decrease. Experimental melts partly reproduced 

the lower alkali range of the Vulcano UBT, Punta di Mastro Minico and Quadrara 

Formations. Lower and Intermediate Brown Tuffs pre-eruptive conditions were 

thus constrained at T= 1020- 1030 °C, P>80 MPa and H2Omelt ≥ 2.0 wt. %. 

Experiments on La Sommata were performed at the 150-50 MPa, 1150-1050 

°C region for the 24 charges studied. Whatever the pressure, clinopyroxene was 

the liquidus phase followed by olivine; plagioclase crystallizes at H2O-poor at 

near-solidus conditions. We have found that the Ca in clinopyroxene was sensitive 

to the H2O thus providing a sensitive geohygrometric tool. Experimental melts are 

characterized by a potassium enrichment (K2O = 5.4 wt.%; SiO2 = 54.6 wt.%) 

with H2O decrease and progressive crystallization. Experimental melt compositions 

were similar to mafic K-rich magmas at Vulcano (e.g. Saraceno and Vulcanello). 



Pre-eruptive conditions for La Sommata magma were constrained at  P=100-150 

MPa, T= 1120 °C and H2O 2.6 - 2.9 wt%. The magma ascent path was 

characterized by two discrete stages of crystallization: 1) at 100-150 MPa, with 

clinopyroxene and olivine the main crystallizing phases and 2) at ca. 50 MPa with 

the crystallization of plagioclase in a very small shallow crystallization level, 

reached after abundant water exsolution. 
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Foreword 

 

 

 

This PhD thesis was initially thought to afford and develop petrographic and 

geochemical aspects related to the natural radioactivity of volcanic rocks on 

Aeolian Islands. 

After the first year, when field work was already done and petrographic was at an 

intermediate stage, the unfortunate and premature death of my former Tutor, 

Professor S. Bellia, halted abruptly this project. 

The arguments was then re-adressed and focused in a petrological investigation of 

pre-eruptive conditions of two particularly significant eruptions of Vulcano. 

As a tribute to Professor S. Bellia and to all his efforts, I wish to maintain memory 

of the work done during the first year, which is here reported in Appendix 2, and 

also was published in 2010. 
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INTRODUCTION 

 

Lipari and Vulcano islands lie along Tindari-Letojanni tectonic alignment that plays 

an important role for magmatism and eruptive style of this sector of the 

Archipelago, which is related to the subduction of the Ionian slab.  

Although in their early history Vulcano and Lipari have different and 

peculiar evolution, some Authors suggested a convergent evolution for Lipari and 

Vulcano magmatic system during their younger stages (post 30-40 ka), since the 

geochemical and isotopic characterics of erupted magma features (Crisci et al., 

1991; Esperança et al., 1992; Ventura et al., 1999; Gioncada et al., 2003) 

strongly suggest an increased role of crustal contamination. 

 

Vulcano island is well monitored from several points of view (seismological, 

geochemical and petrological), given the 1888-90 vulcanian explosive eruption. 

Lipari instead is poorly monitored, although its last explosive eruption dates back 

to historical times (Monte Pilato, AD 580; Crisci et al., 1991).  

The most energetic eruptions of the whole archipelago where erupted from 

the northern Vulcano magma system (La Fossa Cone source area, 

approximately): the Brown Tuffs eruptions, which produced several pyroclastic 

deposits, covering an ample age interval out and spread over a large portion of all 

Aeolian islands to the northern coast of Sicily (Lucchi et al., 2008).  

 

One of the most primitive magma of Aeolian Arc is the basalt erupted (50 ka B.P.) 

by the La Sommata scoria cone, a silica-undersaturated Ca-rich shoshonitic basalt 

(K2O = 2.28 wt.%). Olivine phenocrysts host melt inclusions more primitive than 

whole rock composition, and -more importantly- ultra-calcic (CaO/Al2O3 > 1.4; 

Métrich and Clocchiatti, 1996; Gioncada, et al., 1998; Schiano, et al., 2000).  

 

We decided to focus on Brown Tuffs (hereafter BT) and La Sommata products 

being representative of the most energetic eruption and the amongst the most 

primitive magma, respectively, of the whole Archipelago.  

 By complementary studies of Melt Inclusions and experimental petrology, 

we pursued the following main objectives: 
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(i) to constrain the pressure-temperature-fluid activity during the ascent 

paths of La Sommata primitive magma and BT basalt-andesite,  

(ii) to experimentally investigate the influence of H2O in these magma 

and the effects of this volatile on the phase relations, 

(iii) to try to depict a petrological model and constrain the pre-eruptive 

conditions of these very different and very peculiar eruptions. 

 

To achieve this purpose, preliminarly to the experimental petrology, were 

performed several analyses on melt inclusions hosted in loose clinopyroxenes 

sampled from BT deposits at Vulcano. The glass analyses by Fourier Transform 

Infra Red (FTIR) spectroscopy made possible to obtain pre-eruptive H2O and CO2 

contents, from which was possible to constrain volatile abundances, hence to 

define the pressure of entrapment. This step greatly adjuvated the restriction of 

T, P, H2Omelt conditions for the later experimental petrology approach on BT 

composition. 

 

The experimental petrology study was afforded to better constrain some aspects 

of the Vulcano magma systems, by simulating the volcanic conditions (P, T, ƒO2 

and aH2O) experienced by La Sommata basalt and Brown Tuffs basaltic-andesite 

scoriae from Vulcano. The experimental petrology study was realized at CNRS-

ISTO (Centre National de la Recherche Scientifique - Institut des Sciences de la 

Terre d’Orléans). All the experiments were run loading H2O+CO2 together with the 

chosen starting material, at different ΧH2O. 

Experiments have been carried out in the pressure range of 150 - 50 MPa and 

temperature of 1180-1000 °C, under two main guidelines:  

 

- a well characterized isobaric section at 150 MPa, the inferred maximum 

pressure of storage region for La Sommata basalt (suggested by H2O-CO2 

contents in MI) and for Lower-Intermediate BT eruption as well; 

- an isothermal section at 1150°C (suggested by the homogenization 

temperature of MI in Gioncada et al., 1998) in the pressure range 150 - 50 

MPa, in order to simulate the ascent path for La Sommata. 
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While experiments on La Sommata are sufficient to allow us to discuss the 

evolution of La Sommata magma, experiments on BT are still at their early steps, 

and results must be taken as purely orientative. 

 

The P-T-ƒO2 (kept always > NNO), H2Omelt constraints derived from our 

experiments could hopefully give an useful tool for (i) future research on mafic 

magmatism on the Aeolian Archipelago and (ii) also contribute to the petrological 

aspects of Ca-rich magmas (as La Sommata) at very low pressure, since all 

experimental studies concerning Ca-rich magmas are at P well above 250 MPa 

(e.g. Médard et al., 2004). Ca-rich magmas are now well documented in different 

geodynamic settings in southern Tyrrhenian sea: Golden Pumice at Stromboli 

(Métrich et al., 2001), FS eruption at Mt Etna (Kamenetsky et al., 2007), Marsili 

Seamount (Trua et al., 2010). 
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CHAPTER 1  

THE AEOLIAN VOLCANIC ARC 

 

 

1.1 Geodynamic and tectonic setting 

 

The Aeolian archipelago represents a pleistocenic volcanic arc whose origin is 

related to the southeastern propagation of the Tyrrhenian basin opened during the 

last 30 Ma (Faccenna et al., 2001); this latter represents a small extensional 

back-arc basin in the central Mediterranean related to the subducted Ionian slab 

beneath the Calabrian Arc (Barberi et al., 1974; Ferrari and Manetti, 1993) 

testified by the occurrence of deep seismicity beneath the southern Tyrrhenian 

basin. Hypocenters are distributed along a continuous 200 km Benioff zone, 50 

km thick and dipping to the NW at 70°-80° down to a depth of about 450 km 

(Selvaggi and Chiarabba, 1995). 

This deep earthquake foci are related to a passive subduction of the slab: a 

eastward roll-back and a consequent stretching and rifting of the Tyrrhenian 

lithosphere represent a crustal response to subduction-rollback process (Barberi 

et al., 2004; Lucente et al., 2006).  

Some Authors suggest that the Calabrian Arc and eastern Sicily area are 

characterized by a general uplift, started about 0.7 Ma ago (Westaway, 1993; 

Hippolyte et al., 1994; Carminati et al., 1998), linked with an astenospheric 

upwelling  (Gvirtzman and Nur, 2001; Barberi et al., 2004) and a late Quaternary 

post-subduction extensional strain, still actives (Monaco et al., 1996), due to the 

continuous and rapid suction of the Ionian slab which led the opening of 

Tyrrhenian Basin (Gvirtzman and Nur, 2001) in an asymmetrical geodynamic 

rifting. In a recent study Calò et al. (2009) interpreted a low- velocity zone in the 

mantle wedge over the slab, at a 180 km depth, as a main accumulation zone of 

mantle partial melts that feeds the Aeolian Arc magmatism. 

In this subductive context, the Aeolian volcanism would be due to the post-

collisional extension phase (De Astis et al., 2003). This regional framework implies 

a vertical displacement of the slab and gives rise to the Lipari-Vulcano right-

lateral strike-slip fault (Del Ben et al., 2008).  
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The arc system consists of seven emerged and nine submerged structures that 

form a ring-like belt (fig. 1.1) located on the southeastern continental slope of the 

Tyrrhenian abyssal plain, lying up on 15 to 20 km thick continental crust 

(Piromallo and Morelli, 2003). The volcanic activity began around 1.3 Ma at Sisifo 

Seamount and Filicudi Island (Beccaluva et al., 1985; Santo et al., 1995). 

 

The Archipelago can be divided into three main sectors on the basis of 

petrological, geochemical and geophysical features (Peccerillo and Panza, 1999; 

De Astis et al., 2000; Tonarini et al., 2001; De Astis et al., 2003; Francalanci et 

al., 2004; Peccerillo, 2005; and References therein). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1: Structural sketch map of Aeolian volcanism with the major 

tectonic units: SA (Sisifo-Alicudi), TL (Tindari-Letojanni) and NE-SW 

Stromboli-Panarea lateral strike-slip fault systems. From De Astis et al., 

2003. 
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Three main fault systems affect the Aeolian Archipelago (Ventura et al., 1999; 

Bonaccorso, 2002 and references therein): 

 

- a WNW-ESE striking fault system in the western volcanoes from Sisifo to 

Alicudi; 

- a NNW-SSE striking fault system in the central volcanoes (Salina, Lipari and 

Vulcano); 

- a NE-SW striking fault system in the wester islands (Stromboli and 

Panarea). 

 

The volcanic activity of Lipari and Vulcano is strongly related to the strike-slip 

tectonic system that characterizes the central portion of the Aeolian archipelago; 

this tectonic complexity favors alternation episodes of compressional and 

extensional stress which influence the volcanic eruption typology and its products. 

Lipari and Vulcano islands lie along a NNW-SSE alignment which represents 

the Northern continuation of Tindari-Letojanni discontinuity system (in continuity 

with the Malta Escarpment), both inserted in the context of asymmetrical 

geodynamic rifting affecting Sicily and Calabria areas. This fault system produces 

a set of dislocations generating pull-apart basins type structure that evolve to 

right-hand extensional imbricate fan geometry (Fig. 1.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2: Sketch map of Salina-

Lipari-Vulcano right-hand 

extensional imbricate fan 

geometry. From Gioncada et al., 

2003. 
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1.2 Petrology of Aeolian magmatism 

 

1.2.1 The mantle source of Aeolian magmatism 

 

The Aeolian volcanic rocks belongs to the typical orogenic magmatism series that 

range from arc tholeiitic, calc-alkaline (CA), high-K calc-alkaline (HKCA), 

shoshonitic (SHO) affinity, and, as is the case of Stromboli and Vulcano, even to 

potassic serie (KS) (Barberi et al. 1974; Keller, 1982; Ellam et al., 1988; 

Francalanci et al., 2004; Peccerillo, 2005). There are no clear time dependent 

variations of rock composition in the different sectors of the arc, even if a general 

potassium enrichment progressively occurs from the western to the eastern 

sectors.  

Similarly, from west (Alicudi and Filicudi) to the central-northeast (Salina, 

Lipari, Vulcano, Panarea and Stromboli) the Aeolian volcanic display 143Nd/144Nd 

decrease and increase of both 87Sr/86Sr ratios and LILE contents (Francalanci et al, 

2004; Peccerillo, 2005). In comparison with the other island, those located in the 

central sector shows higher mobile/immobile element ratios (Francalanci et al., 

2004) suggesting a higher proportion of aqueous fluids in the central and western 

mantle source that promote higher degrees of partial melting, as witnessed by 

lower REE and HFSE contents (Francalanci et al., 2004; Peccerillo 2005; 

Francalanci et al., 2007). 

 

In the literature many petrogenetic processes were proposed (FC, AFC, AEC and 

RTFA) to explain the evolution of each Aeolian volcanoes; however the very 

strong evidence is that fractional crystallization was accompanied by crustal 

contamination and/or mantle source heterogeneity by slab fluid contamination 

(Francalanci et al., 2007; Avanzinelli et al., 2009) of the Aeolian magmas, as 

demonstrated by the Sr and Nd isotopes ratio which typify the involvement of 

upper continental crust.  

Sr vs Nd isotopes ratio diagram (Fig. 1.3) suggests that the magmatism in 

Aeolian Arc results from mixing between mantle and crustal end member, with 

isotopic features closely resembling those of the mantle array. 
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Fig. 1.3: Aeolian Arc mantle source field: Sr vs. Nd isotope diagram for 

Plio-Quaternary mafic rocks from Italy. From Peccerillo, 2003. 

 

 

Pb isotope ratios show a wide variability (fig. 1.4) spreading between MORB 

and HIMU fields (Francalanci et al.,1993; Del Moro et al., 1998; Gasperini et al., 

2002). 

The mixing trend seems also be influenced by a source with low 206Pb/204Pb 

and high 87Sr/86Sr (EMII mantle component; Trua et al., 2010) compositions 

typical of upper crust (Peccerillo, 2003). 

 

Different crustal contaminants subducted in the mantle are probably responsible 

for the Pb isotope variation; oceanic sediments with high Pb ratio values are the 

mean products subducted in the central and in the western sectors of Aeolian 

archipelago, while a probable continental crustal, Le Serre units having low 

206Pb/204Pb values, contaminates the eastern arc (Gasperini et al., 2002). 

 

On the basis of these data, some authors (Ellam et al., 1988; Gasperini et al., 

2002; Peccerillo, 2003; Schiano et al., 2004) suppose that a MORB type mantle 

source is the more appropriate in order to justify the petrochemical characteristics 
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of the mafic magmas from the central and western arc, whereas a possible 

continental lithospheric mantle could be the source of the eastern mafic magmas 

(Francalanci et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.4: 143Nd/144Nd vs. 206Pb/204Pb (upper panel) and 87Sr/86Sr vs. 
206Pb/204Pb (lower panel). Alicudi, Filicudi, Stromboli, Salina and Vulcano 

(La Sommata) basalts inside the grey ellipse. From Gasperini et al., 2002. 
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1.2.2 The ankaramitic affinity of some Aeolian magmas 

 

Ultra-calcic melts (CaO ≥ 13 wt. % and CaO/Al2O3 ≥ 1) occur as rocks and/or 

melt inclusions in several Island arcs (Schiano et al., 2000); the primitive 

character of these melts is highlighting by coexisting of high-Mg olivine 

phenocrysts and Cr-rich spinels.  

Schiano et al. (2000) divided Ca-rich melts into two distinct groups, based on 

melt inclusion compositions: 

 

- An alkali-poor, silica-rich hyperstene-normative suite (SiO2 > 48wt%, Na2O 

+ K2O ≤ 3 wt. %), in arcs, ocean islands and mid-ocean ridge settings; 

- An alkali-rich, silica-pour nepheline-normative suite (SiO2 ≤ 45 wt %, Na2O 

+ K2O = 2.5-6 wt. %) found only in arc environments. 

 

In the past, the ultra-calcic character (or ankaramitic affinity) of these melts was 

interpreted as the result of clinopyroxene accumulation in normal picrites or 

olivine basalts (Gunn et al., 1970; Hughes, 1982). Discovery of ne–norm and 

ankaramitic olivine-hosted melt inclusions (Métrich and Clocchiatti, 1996; Della-

Pasqua and Varne, 1997; Gioncada et al., 1998), allowed Schiano et al. (2000) to 

reinterpret  island-arc ankaramites as a distinctive magma type deriving from a 

partial melt of mantle pyroxenite. Recently, Gaetani et al. (2002) suggested that 

the high-CaO contents and CaO/Al2O3 ratios of melt inclusions are due to the 

diffusion of Ca through the olivine lattice, whereas Danyushevsky et al. (2004) 

suggests that the Ca-rich melts could be the result of local dissolution-melting 

reactions (DRM process) of mafic cumulates. 

In several recent studies on olivine-hosted melt inclusions (Trua et al., 

2010; Kamenetsky et al. 2007; Bertagnini et al., 2003; Métrich et al., 2001; 

Schiano et al., 2000; Gioncada et al., 1998; Métrich and Clocchiatti, 1996) of 

southern Italy volcanoes (Marsili Seamount, Mount Etna, Stromboli and Vulcano), 

Ca-rich melts were recognized (table 1; figure 1.5). 

The FS eruption (Kamenetsky et al., 2007) at Etna, tapped picritic basalts 

with CaO contents > 13 wt.% in melt inclusions with CaO/Al2O3 ratios > 1.1. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6J-4VXB92R-2&_user=519924&_coverDate=11%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1620805866&_rerunOrigin=google&_acct=C000025965&_version=1&_urlVersion=0&_userid=519924&md5=5288ab25478783202f172e13828c126e&searchtype=a#bib88
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6J-4VXB92R-2&_user=519924&_coverDate=11%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1620805866&_rerunOrigin=google&_acct=C000025965&_version=1&_urlVersion=0&_userid=519924&md5=5288ab25478783202f172e13828c126e&searchtype=a#bib34
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6J-4VXB92R-2&_user=519924&_coverDate=11%2F30%2F2009&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1620805866&_rerunOrigin=google&_acct=C000025965&_version=1&_urlVersion=0&_userid=519924&md5=5288ab25478783202f172e13828c126e&searchtype=a#bib21
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Basalts from Marsili Seamount (Trua et al., 2010) are characterized by 

olivine-hosted melt inclusions with CaO contents > 13 wt.%, but relatively low 

CaO/Al2O3 ratios (up to 0.9). 

At Stromboli and Vulcano, Ca-rich melts are well documented. Data from 

olivine-hosted MIs in Vulcano (La Sommata scoriae; Métrich and Clocchiatti, 

1996; Gioncada et al., 1998) and Stromboli (Golden Pumice; Métrich et al., 2001; 

Bertagnini et al., 2003) products have shown that CaO/Al2O3 ratios are ≥1. La 

Sommata shows the highest CaO/Al2O3 ratios in olivine-hosted melt inclusions of 

all the Aeolian Islands (up to 1.5), higher than Golden Pumice (CaO/Al2O3 = 1), 

and therefore unique in the Aeolian arc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5: Normative abundances of nepheline and hypersthene vs. CaO 

contents diagram for FS (diamond), Marsili (square), Stromboli Golden 

Pumice (triangle) and La Sommata (circle). Black and red colors are used 

to label whole rock and melt inclusion compositions, respectively. Dashed 

grey line separates rocks with ankaramitic affinity (CaO≥13 wt.%) from 

non-ankaramitic ones (CaO<13 wt.%). Data are reported in Appendix 1 

(table A). 
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CHAPTER 2 

 

The volcanostratigraphy of the Aeolian islands was recently revised according to 

Unconformity Bounded Stratigraphic Units (UBSU) criteria, since a regional 

mapping plan was performed in the last decade and is now close to the end (e.g. 

Tranne et al., 2002; De Astis et al., 2006). The UBSU system uses the major field 

discontinuities (angular unconformities, erosion surfaces, paleosols, etc) are 

hierarchically ordered according to their regional/local relevance (Lucchi et al., 

2004). 

 The occurrence of marine terraces outcropping at Aeolian Islands were 

correlated to marine paleo-shorelines generated during the last interglacial sea-

level peaks, whose correspondence with the marine oxygen-isotope stages (MIS) 

is known and thus used to correlate Aeolian tephra on an inter-island and regional 

scale. On these bases, volcanism in the Archipelago spreads through three main 

stages: pre-MIS5 (age > 124 ka), sin-MIS5 (124-81 ka) and post-MIS5 (< 81 

ka). 

 

 This chapter and the following one, focus on to the volcanological and 

petrological evolution of Lipari and Vulcano islands using the stratigraphic 

framework suggested by Tranne et al. (2002) and De Astis et al. (2006a, b), 

respectively. In addition, studies and data by Lucchi et al. (2008), adopted also in 

the recent geological mapping of the Archipelago (Tranne et al., 2002; De Astis et 

al., 2006b), that represent the recent most interpretation of the whole Aeolian 

stratigraphic relationships. 
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THE ISLAND OF LIPARI  

 

2.1 Geological background 

 

The volcanological history of Lipari has been reconstructed by several Authors 

(Pichler, 1976, 1980; Crisci et al., 1991; Calanchi et al., 1996; Ventura et al., 

1999; Tranne et al., 2002; De Rosa et al., 2003; De Astis et al., 2006a), and here 

summarized according to the recent paper by De Astis et al. (2006a). Five 

eruptive epochs, separated by tectonic collapse and quiescent, marine terrace-

forming events, have been distinguished along a time span going from 223 to 1.4 

ka BP. The related volcanic products are reported in the geological sketch map of 

figure 2.1. 

 

The oldest stage (pre-MIS5), characterized by eruption of high alumina basalts, 

andesitic-basalts and andesites (calc-alkaline to high-K calc-alkaline), can be 

divided in two eruptive epochs (synthems). 

The first synthem (1, Paleo Lipari) is related to a series of monogenic 

edifices (mainly characterized by strombolian and effusive activity) active from 

about 223 ka (Gillot and Villari, 1980) to 130 ka BP, arranged along a NW-SE 

tectonic regional main line, in the Northern and North-Western sector of the 

island.  

The second synthem (2, Piano Grande) began 127 ka BP with the building 

of Mt. Chirica stratocone and the basal portion of Monte S. Angelo stratocone. In 

this period is recorded an important change in eruptive style during which major 

phreatomagmatic eruptions took place.  

During the intermediate synthem (sin-MIS5), between 105 and 80 ka 

(synthem 3, Fontanelle), Monte S. Angelo stratocone continued to be active in 

three principal eruptive phases separated by quiescence periods. During this 

epoch were emitted lavas showing the highest degree of interaction with the 

Hercynian metamorphic basement, the “cordierite-bearing” lavas of M. S. Angelo 

(Barker, 1987; Rotolo, 2000).  
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Fig. 2.1: Lipari Geological sketch map reproducing the different eruptive 

epochs. From De Astis et al., 2006a. 

 

  A long stasis of volcanic activity lasted about 50 ka (Pichler, 1976; Calanchi 

et al., 1996; Tranne et al., 2002; Lucchi et al., 2008), producing a marine 
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abrasion surface (Tranne et al., 2002). This period marks the transition to the 

younger synthems of the post-MIS5 stage. 

During the early post-MIS5 eruptive epoch the volcanic activity was 

centered in the northern area of Vulcano. Eruption of browny ash pyroclastic 

products, called in literature Brown Tuffs (Crisci et al., 1983; De Astis et al., 

2006a; Lucchi et al., 2008) were emplaced between 80 and 5 ka. The different 

and successive Brown Tuffs layers were correlated across the Aeolian archipelago 

and represent a stratigraphic marker throughout the whole Archipelago (De Astis 

et al., 2006a, b; Lucchi et al., 2008). 

The activity resumed at 42 ka BP (post-MIS5) (synthem 4, Valle Muria), 

with eruptions of higher energy (Pichler, 1976; Crisci et al., 1991; Calanchi et al., 

1996; Tranne et al., 2002) and a sharp compositional shift of the Lipari products 

towards rhyolites. Volcanism was mainly positioned in the southern sector of the 

island, with rhyolites (pyroclastics and domes of Monte Guardia and Monte 

Giardina) that systematically alternated with Brown Tuffs (Lucchi et al., 2008).  

 

The volcanic activity corresponding to the last synthem (5, Vallone Fiume Bianco) 

was located in the NE portion of the island with the edification of Vallone Fiume 

Bianco pumice cone (e.g. Vallone Gabellotto, 11 ka) and the later Forgia Vecchia 

obsidian flow (1.6 ka BP) .  

The most recent activity was located in the northern area where a series of 

strombolian eruptions built the Monte Pilato cone (580 AD); the effusion of Rocche 

Rosse obsidian flow is the latest eruption at Lipari; for this latter Tanguy et al. 

(2003) suggests an age of about 1220 AD. 
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2.2 Petrology of erupted magmas on Lipari 

 

A chemical classification of Lipari rocks is showed in Total Alkali Silica (TAS) 

diagram (figure 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.2: Lipari TAS (Le Bas et al., 1986) classification diagram. 

Synthem 1 (filled squares), synthem 2 (filled triangles), synthem 3 

(diamonds), synthem 4 (filled circles) and synthem 5 (open circles) are 

reported. From Tranne et al., 2002. 

 

 

The oldest Lipari rocks range in composition from basalts to basaltic-

andesites (synthem 1) and show increasing contents of Al2O3, K2O, Sr and Zr with 

silica. The last products of this period (Mt. Chirica) are characterized by a reverse 

trend with decreasing of Al2O3 and Sr contents for higher silica concentrations 

(Esperança et al., 1992 and reference therein). 

The high-K andesites of Monte S. Angelo (synthems 2 and 3) have low Sr 

and high Zr contents with presence of cordierite, sillimanite, andalusite and garnet 

xenocrysts. The appearance of andesites indicate an activity of reservoirs located 

at a shallower depth with respect to those of the early activity (De Rosa et al., 

2003). 

The last two eruptive epochs (syntems 4 and 5) are characterized by 

eruption of rhyolitic products (lavas and pyroclastites) with decreasing trend in 
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Al2O3 contents; this activity is linked with the progressive N-S extensional phase 

in Tindari-Letojanni fault system that favours the emplacement at shallow depth 

of vertically set bodies characterized by mixing/mingling processes between 

rhyolitic and latitic melts (Gioncada et al., 2003; Davì et al., 2009a). 

Generally, the progressive increase of potassium contents in Lipari rocks, is 

associated with the increase of incompatible elements (Esperança et al., 1992; 

Gioncada et al., 2003; Lanzo et al., 2010). 

The Sr isotopic ratios range between 0.704-0.707, with the highest values 

corresponding to the “cordierite lava” from Monte S. Angelo, and are negatively 

correlated with 143Nd/144Nd ratios (0.5124-0.5128). 

The petrological model is not explained by simple polybaric fractional 

crystallization processes. Assimilation and mixing-mingling processes are 

evidenced by geochemical and isotopic data (Esperança et al., 1992; De Rosa et 

al., 2003; Gioncada et al., 2003). Three heterogeneous mantle sources involving 

variably matasomatized mantle source was invoked by Crisci et al. (1991) and 

Esperança et al. (1992) for the most primitive compositions, while crustal 

contamination and AFC processes were increasingly relevant for acid magmas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 

 

CHAPTER 3  

THE ISLAND OF VULCANO 

 

 

3.1 Geological background 

 

Based on the UBSU architecture, the Vulcano eruptive epochs may be ascribed to 

seven synthems (eruptive epochs; fig. 3.1), according to De Astis et al. (2006a). 

 

The oldest volcanic activities of Vulcano Island (sin-MIS5) are represented by 

shoshonitic products erupted about 126 ka B.P. from a presently submerged vent 

(Paleo-Vulcano - Capo Secco lithesome, see fig. 3.1).  

The Primordial Vulcano (Keller, 1980) is a composite cone built from 120 to 

100 ka BP (synthem 2, Casa Grotta dell’Abate), which remnants presently forms 

the southern part of the island. A central summit caldera (Piano Caldera) 

represents the first major collapse of this volcanic edifice, occurred at 100 ka ca. 

The Primordial Vulcano activity consists of alternating lava flows, scoriae and 

pyroclastic deposits of basaltic (HKCA), andesitic-basalt and shoshonitic 

compositions. A volcano-tectonic collapse affected the edifice at 100 ka.  

  The later synthem (3, Scoglio dell’Arpa), lasted from 100 to 94 ka, is 

characterized by eruptions of lava flows and pyroclastics from vents arranged 

along the southern rim of the last caldera.  

The volcanic activitiy of the following synthem (4, Rio Grande) resumed from the 

SE rim of the Caldera del Piano where the Mt. Aria stratocone was built.  

 From 80 to 15 ka the activity shifted towards N-NW and a series of partial 

caldera-forming events were recorded.  

Synthem 5 (80-30 ka: Il Piano; post-MIS5) was characterized by the 

presence of Piano Caldera in-fill products deriving from explosive eruptions which 

resulted in pyroclastic density currents able to reach the southern portion of 

Lipari. These pyroclastic deposits represent the proximal facies of LBT and IBT. 

Other vents were active within the Piano Caldera area; one amongst them, La 

Sommata scoriae cone (inferred age ca. 50 ka B.P.) was characterized by the 

eruption of the most primitive magma at Vulcano.  

 



20 

 

 

Fig. 3.1: Vulcano geological sketch map. From De Astis et al., 2006a. In 

red circle La Sommata center and Capo Secco lithesome are highlighted. 
 

 

In the synthem 6 (28-20 ka: Serra delle Felicicchie) the reprisal of 

volcanism was partly located on the southern and western flanks of Primordial 

Vulcano (Quadrara and Spiaggia Lunga centers) and the formation of the M. 

Minico products and early Lentia domes occurred (in the north-western sector of 

the island). 
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In the synthem 7 (from 20 ka to present day: Vallonazzo), the late Lentia 

Complex (15-8 ka; trachytic to rhyolitic) eruption and the K-rich basaltic/basaltic 

andesite lava flows from the nearby Mt. Saraceno (about 8 ka) occurred. In the 

time span 20 - 5.3 ka a voluminous pyroclastic sequence,  Grotte dei Rossi tuffs 

(TGR), was erupted through multiple input, filling most of the Piano Caldera. The 

TGR tephra show during time a progressively higher alkali contents and more 

homogeneous mafic character, suggesting that the eruptions were initially 

triggered by input of fresh mafic magma in a shallow zoned heterogeneous 

magma body promoting mixing processes (De Astis et at., 1997a). On the basis of 

stratigraphic and petrochemical features De Astis et al. (2006a) suggested that 

these deposits represent the proximal facies of the UBT.  

About 6 ka B.P. mild explosive and subordinate effusive eruptions started 

La Fossa Cone activity with the formation of the composite volcano consisting of 

K-rich products from latites to rhyolites; the latest eruption of La Fossa Cone took 

place in 1888-1890 AD.  

Vulcanello is a volcanic cone formed by a basal lava pile and three nested 

volcanic cones located along a ENE-WSW structural trend (De Astis et al., 1997a). 

Lava flows and pyroclastic deposits have a variable composition from basaltic 

shoshonite to latite. Vulcanello formed during 183-126 B.C. (Keller, 1980), 

although  Arrighi et al., (2006) questioned this age proposing a rejuvenation at 

1000 -1100 AD.  

  

 

 

3.2 Petrology of erupted magmas on Vulcano 

 

The Vulcano products lie in a wide compositional range, from basalt to 

rhyolite and spreads from HKCA, to SHO - KS suites (figure 3.2). Most of the 

Vulcano products belong to the shoshonitic suite but some mafic rocks display a 

high-K calc-alkaline affinity. For similar silica contents, oldest rocks are generally 

more primitive (with high MgO and CaO contents) than the more evolved (and K-

rich) younger rocks with a large compositional overlap. 
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Fig. 3.2: K2O vs SiO2 diagram of the Vulcano products. From De Astis et 

al., 2000. Rocks erupted within the last 30 ka consist meanly of SHO and 

KS intermediate and acid compositions, with minor mafic products. 

 

 

In the same way an increase of Rb, Nb, Th, Zr and LREE characterizes 

younger SHO and KS rocks; Eu anomalies are observed only in the acid younger 

rocks (De Astis et al., 2000). 

Volcanic rocks display an increase in time of Sr isotope ratios and a 

decrease in Nd isotope ratios (Del Moro et al., 1998; De Astis et al., 2000). 

 

Vulcano differs from most other Aeolian island in which calc-alkaline high-Al 

basalts are predominant; in fact, the most primitive magmas erupted at Vulcano 

(La Sommata basalt scoriae) display low alumina contents (Al2O3 = 12.4-12.8 

wt%).  La Sommata shows the lowest 87Sr/86Sr ratio (0.7042) and the highest 

143Nd/144Nd ratio (0.512) of the whole island rocks. 

The rocks erupted before 30 ka B.P., are the most primitive products of 

HKCA-SHO suites and show Sr and Nd isotope ratios slightly constant within a 

narrow range, while Nd isotope ratios occupies a wider range. On the contrary, 

the post-30 ka products are characterized by an increasingly high crustal 
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contamination, as witnessed by the more K-rich character (SHO and KS, 

essentially) and radiogenic lead contents (Del Moro et al., 1998). 

The pre-30 ka isotope variations can be explained by assimilation of 

different lithologies of the lower crust (Del Moro et al., 1998) as also suggested by 

Esperança et al. (1992) for Lipari island; in fact, De Astis et al. (2000) suggest 

that a metasomatised, fertile asthenospheric mantle is the source of HKCA-SHO 

magmas (as also claimed by Crisci et al., 1991 for Lipari island). 

A scenario proposed by Del Moro et al. (1998)  for the products < 30 ka 

provides the possibility of mixing and mingling processes between a rhyolitic 

magma, generated by fractional crystallization and assimilation (AFC) of upper 

crust materials in accumulation shallow levels (e.g. Zanon et al., 2003; Piochi et 

al., 2009) and the repeated arrivals of latitic bodies (isotopically similar to the 

older magma; Del Moro et al., 1998) from deeper levels; moreover the source of 

this younger SHO and KS magmas is related to the melting of metsomatised 

residual lithospheric mantle (De Astis et al., 2000). These hypothesis are in 

agreement with the evolutionary model of Crisci et al. (1991) for the Lipari 

younger stages; in Gioncada et al. (2003) is also considered the important role 

played by the tectonic regime imposed by the Tindari-Letojanni system. 

Finally, Zanon et al. (2003) does not exclude that the mafic magma which 

rose from mantle depth to form the Vulcanello peninsula, may belong to the same 

reservoirs characterizing the La Fossa mafic products. 
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CHAPTER 4  

BROWN TUFFS AND LA SOMMATA SCORIAE CONE: GENERALITIES 

 

 

4.1 Brown Tuffs   

 

The origin and nature of the Brown Tuffs (hereafter BT) is very controversial: 

Bergeat (1899) interpreted these deposits as “tuff loess”. Just about a century 

later, Pichler (1980) identified them as paleosoils, while Keller (1980) considered 

them “wind-transported volcanic ash”. A few years later, Crisci et al. (1983) 

questioned the above interpretations and proposed for this tuffs an ash-flow 

origin.  

Brown Tuffs are widespread ash deposits which occur in most of the Aeolian 

Islands (BT were emplaced during post-MIS5 stage). Recent works (e.g., Tranne 

et al., 2002; Lucchi et al., 2008) recognized the BT in all the Aeolian Island and 

Capo Milazzo, founding good evidence of correlation among those units 

outcropping in Vulcano, Lipari and Salina. 

Data available for tephra layers from marine sediments sampled in 

Mediterranean area (Narcisi and Vezzoli, 1999) identify the presence of two 

tephra-layer (X1 and X3-tephra; about 70 –sin-MIS5- and 90 ka –post-MIS5-, 

respectively) due to energetic volcanic events of Aeolian volcanoes, one of which 

(X1-tephra) probably attributable to Brown Tuff eruptions. 

As reagrds the BT deposits erupted after 80 ka (post-MIS 5) and up to 5 ka, 

the succession was broadly divided in 3 groups (Lower, Intermediate and Upper 

BT) each consisting of various depositional units (De Astis et al., 2006a; Lucchi et 

al., 2008). The distinction is based on external and internal correlative tephra 

layers occurrence (Monte Guardia pyroclastics and Ischia-Tephra mostly). 

Lower BT (hereafter LBT; indirectly dated by the intercalated Grey Porri 

Tuffs layer at Salina, Lipari and Panarea: 67±8 ka BP; Gabbianelli et al., 1990) 

are defined as those outcropping below Ischia-Tephra layer (56±4 ka; Kraml, 

1997); the oldest LBT unit is indirectly related to about 78 ka (De Astis et al., 

2006b). 

Intermediate BT (hereafter IBT) are positioned between Ischia layer and 

Monte Guardia tephra layer (20-22 ka; Lucchi et al., 2008). 
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 Upper BT (hereafter UBT) crop out above Monte Guardia layer. 

  

The most complete BT succession is present on Lipari.  

 

UBT crop out on Lipari, Salina, Panarea, Basiluzzo and Capo Milazzo (fig. 4.1); on 

Vulcano UBT match Grotte dei Rossi Tuffs (likely the UBT proximal faces) dated 

7.7±1.0 ka BP (De Astis et al., 1997a).  

Components and lithology of Lipari LBT/IBT can be related to Monte 

Molineddo 3 formation (De Astis et al., 2006a) at Vulcano; this latter seems to be 

the LBT/IBT proximal faces (De Astis et al., 2006a; Lucchi et al., 2008).  

 

 

 

 

Fig. 4.1: Isopach map (thickness in meters) of UBT; numbers represent 

the deposit thickness expressed in meters. From Lucchi et al., 2008. 

 

 

Briefly, juvenile fragments vary from mostly blocky, aphiric, vesicular to 

microcrystalline; the BT mineralogy is represented by clinopyroxene, plagioclase, 
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K-feldspar, olivine, Fe-Ti oxide, amphibole and orthopyroxene in order of 

abundance. Is important to note that in UBT deposits amphibole is lacking despite 

being present within LBT and IBT sequences. The glass compositions of BT 

deposits range from about 53 to 75 % in silica (from HKCA to SHO) with most of 

glasses falling within the trachytic fields. 

 

 

 

4.2 La Sommata scoriae cone.  

 

The deposits of La Sommata eruption (about 50 ka BP; De Astis et al., 2006a, b) 

are represented by basaltic scoriaceous products outcropping within the Caldera 

del Piano (Fig. 3.1) at Vulcano Island. A fluctuating strombolian activity erupted a 

basaltic magma which produced a fall deposit made of both scoriaceous lapilli, 

volcanic bombs and subordinate cm-size lava lithics.  

This basaltic scoriae display one of the most primitive Aeolian arc melt 

inclusions with MgO~10-11% and CaO/Al2O3 ratio > 1.4  (Métrich and Clocchiatti, 

1996; Gioncada et al., 1998);  these features make La Sommata shoshonitic 

basalt as a silica-undersatured ultra-calcic primitive melt with a nepheline-

normative character and an ankaramitic affinity (Schiano et al., 2000).  

Gioncada et al. (1998) assert that some La Sommata scoriae are 

characterized by evidence of mixing between basaltic magma (calca-alkaline) and 

a more evolved shoshonitic ones. 

Melt inclusions trapped in olivines (Fo90-91) (Gioncada et al., 1998) of the La 

Sommata scoriae showed variable water contents: between 2.1-3.8%. These high 

water contents and the absence of detectable CO2 gave a minimum pressures of 

entrapment between 1.1 and 0.7 kbar (Gioncada et al., 1998). 
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CHAPTER 5 

THE STARTING MATERIAL FOR EXPERIMENTAL PETROLOGY 

 

 

 

Our studies have considered several potential starting rocks candidates for 

experiments, each representative of a peculiar eruptive style (focusing on highest 

magnitude eruptions) or petrological features (e.g. very mafic magma). 

 We describe below only the principal features of the chosen samples, with a 

brief recall of their context.  

In Appendix 1 are reported the principal petrological features of all the screened 

samples. 
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5.1 Lipari Brown Tuffs: general considerations 

 

BT sampling was carried out at  Lipari and Vulcano, i.e. where BT more 

extensively crop out, with respect to the other archipelago islands. 

On Lipari, Brown Tuffs are well exposed in the South-Western sector of the 

island where they crop out along the slopes forming Valle Muria and on the cliffs 

(Valle Muria beach) located south of it (figures 5.1 and 5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1: Valle Muria Intermediate Brown Tuffs (in dark brown) 

deposits (from Tranne et al., 2002). The red rectangle shows Valle 

Muria. Inset shows Valle Muria with more details. Red circle shows Valle 

Muria beach. Mauro formation (ma) UBT and Monte Guardia (gu) are 
labeled. 

ma 

gu 

ma 
ma 
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At Valle Muria it is well possible to note several BT sequence intercalated among 

other Lipari deposits: Falcone (40-23 ka) and Punta del Perciato (41 ka) 

Formations (Tranne et al., 2002) and the surge sequence of Monte Guardia (22-

20 ka fig. 5.2). 

 

Fig. 5.2: (a) IBT sequence at Valle Muria; (b) IBT at Valle Muria beach 

cliff. Punta del Perciato Formation (pe), Falcone Formation (fa) and Monte 

Guardia sequence (gu) are labeled. Lithologies from Tranne et al., 2002. 

 

 

Lipari BTs (about 11 km2 of outcropping surface) appear as thickly bedded, non-

graded massive ashy deposits (with thicknesses ranging from few decimeters to 3 

meters) consisting of variable proportions of juvenile (crystals, pumice and 

colorless to dark glass fragments) and dark or reddish lithics. Crystals fragments 

consist of pyroxene, plagioclase, feldspar (sanidine), minor olivine and 

orthopyroxene (Crisci et al., 1983). Amphiboles are also present (Lucchi et al., 

2008). 

 

All the above features, with particular relevance to the heterogeneity of the 

deposit, made us to discard Lipari BT deposits as a reliable starting material for 

experimental petrology. 
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5.2 Vulcano Brown Tuffs starting material 

 

On Vulcano Island BT crop out as more proximal deposits (with respect to the 

nearby Lipari) for about 4.5 km2. Therefore we chose to focus our work on 

Vulcano BT as the most suitable for experimental petrology. 

 

Vulcano BT sampling localities are reported in figure 5.6. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6: Vulcano Brown Tuffs deposits excerpt from De Astis et al. 

(2006a) geological sketch map. Red filled circles show Grotta dei Pisani (1), 

Passo del Piano (2), Piano Grotte dei Rossi (3) and Monte Molineddo (4) 

sampling sites for GP-1, Molineddo 3, Molineddo 1, Molineddo 2 (and 

Grotte dei Rossi Tuffs) samples, respectively. 

 

 

 

 

5.2.1 Some stratigraphic and fields aspects of Vulcano Brown Tuffs. 

 

The bottom of the BT deposits is visible at Grotta dei Pisani (Capo Grillo 

lavas: about 110 ka BP) and at Piano Grotte dei Rossi (Monte Aria lavas: about 80 

ka BP) sites. 

BT deposits are represented (De Astis et al., 2006b; Lucchi et al. 2008) by 

Grotta dei Pisani (red circle 1 sampling site in figure 5.6), Molineddo 3 (red circle 

2 sampling site in figure 5.6), which both represent the Lower and the 

Intermediate Brown Tuffs, and Grotte dei Rossi Tuffs (the Upper BT: red circle 4 

sampling site in figure 5.6); they occur with a variety of textures: massive, 

1 

3 

4 

2 
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parallel/sub-parallel or sandwave beddings. The emplacement of deposits are 

characterized by hydromagmatic explosions and coarse material deriving from 

partial eruptive cloud collapse (Lucchi et al., 2008). 

Among the different units erosional and stratigraphic unconformities are 

present and LBT-IBT limit, because the lack of stratigraphic markers, is not clear. 

Since their peculiar similarity, some Authors (De Astis et al., 2006a; Lucchi 

et al., 2008) ascribed Molineddo 3 surge lithofacies to the Grotta dei Pisani 

formation. 

 

BT lateral variation and stratigraphic unconformities (figure 5.7) were also 

considered. Some pyroclastic deposits as Molineddo 1 (Mo: red circle 3 in figure 

5.6) and Molineddo 2 (Ml: red circle 4 in figure 5.6), reported in the same time-

span of LBT-IBT deposits (80-24 ka) and having a common source area, are the 

basis on which BT lie (De Astis et al., 2006b).  

Molineddo 1 dry surge deposits (De Astis et al., 2006b) represent the Upper 

Grey Sandtuffs formation described by Keller (1980); on this formation lies 

Molineddo 2, also known as the “Tufi varicolori” (Keller, 1980), a very altered 

surge deposit. 

Substantial difference between BT and Molineddo 1, 2 deposits were 

identified (Lucchi et al., 2008) and, although they are coeval and with the same 

source area (within La Fossa Caldera; De Astis et al., 2006a), chemical variations 

are evident. However, given that Molineddo 2 is characterized by a very altered 

Fig. 5.7: Stratigraphic 

relationships among 

Molneddo 3 (BT deposits), 

Molineddo 1 and 2  

formations. Molineddo 1 

(Mo), Molineddo 2 (Ml) 

and BT Molineddo 3 (Md). 

Yellow lines mark the 

different strata 

dispositions. 

Mo 

Ml 

Md 



32 

 

ash, in our study only comparison between Molineddo 1 (scoria  and 

clinopyroxene samples) and LBT-IBT deposits (Grotta dei Pisani and Molineddo 3) 

was possible. 

Our sampling was also performed in order to better understand the 

relationships between BT and Molineddo deposits: Grotta dei Pisani BT,  Molineddo 

3 BT and Molineddo 1. For this purpose comparisons are reported in the text to 

differentiate these units. 

 

 

 

After extensive screening, we chose as starting material for experimental 

petrology, the Grotta dei Pisani scoriaceous lapilli, while we used loose pyroxenes 

dispersed in the matrix for MI study (GP-1: figures 5.8 and 5.9). 

 

The Grotta dei Pisani stratigraphic succession (figure 5.9) is represented by an 

alternance of lapilli tuff and tuff with intercalated beds of scoriaceous lapilli having 

abundant loose euhedral clinopyroxene crystals, typical of Brown Tuffs deposits. 

 

The deposit was divided in six sub-lithofacies. 

 

1. The basal portion of the sampled outcrop is represented by yellow 

scoriaceous lapilli (mm in size), with a minor black lapilli, immersed in a 

coarse ash; 

sl 

cg 

gp 

Fig. 5.8: Grotta dei 

Pisani sampling site 

(orange star). Grotta 

dei Pisani BT deposits 

(gp) are between the 

Spiaggia Lunga (sl; 

about 24 ka) and Capo 

Grillo lavas (cg; about 

110 ka). 

* 
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2. With a non-gradual limit yellow scoriae become less abundant with respect 

the black lapilli; 

 

3. toward the top a gradual transition occurs with a level of yellow scoriaceous 

lapilli (from mm to cm size) in which are dispersed abundant clinopyroxene 

phenocrystals with size from about 5 to 15 millimeters; in this layer we 

sampled scoriaceous lapilli and loose crystals of pyroxene (figure 5.10);  

 

4. a level (10 cm thickness) of massive ashy tuff is characterized by parallel or 

crossed stratification; 

 

5. this level is represented by unstratified coarse ash, scattered black 

scoriaceous lapilli are also present; 

 

6. The top of the succession is characterized by a finer ash tuff (composed 

mainly by millimetric fragments of crystals and glasses) with massive to 

stratified structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9: The GP-1 sub-

lithofacies. This BT 

lithofacies represent our 

starting sample for Lower 

and Intermediate Brown 

Tuffs. The base of the 

sequence is represented 

by Capo Grillo lavas (cg). 

Star represents the scoria 

GP-1 sample (loose 

clinopyroxenes are 
refered to this level) 

cg  

1 

2 

3 

4 

5 

6 

* 
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The glass fragments (mainly of brownish color) are mostly blocky and aphyric, 

subordinately vesicular and, in the fine fraction, glass shards and Pele’s hair are 

present.  

 Yellow and black scoriae are vesiculated with a sub-porphiric groundmass. 

Crystals are mainly represented by clinopyroxene phenocrysts, plagioclase, olivine 

and iron oxides in order of abundance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 BT petrographic and chemical features 

 

Grotta dei Pisani scoria shows a more mafic character with respect to the 

Molineddo 3 lithofacies.  

 The Grotta dei Pisani whole rock composition (table 5.1) was acquired from 

anhydrous glass (deriving by melting of the natural scoria which was powdered in 

agate mortar)  at electron microprobe. Grotte dei Pisani sample (GP-1) is a qz-

norm (6 wt.%, table 5.1) HKCA basaltic andesite (figure 5.11).  

Although we performed a rigorous selection of the samples, the Chemical 

Index of Alteration (C.I.A.: Nesbitt and Young, 1982) for GP-1 starting material is 

rather high (C.I.A.: [Al2O3 / (Al2O3+CaO+Na2O+K2O)] x 100 = 59) if compared 

with a fresh basalt (C.I.A. = 30 - 45), highlighting the influence of weathering 

Fig. 5.10: GP-1 

scoriaceous lapilli 

(starting material for P-

T experiments) and 

loose pyroxenes (for MI 

study) from Grotta dei 

Pisani sampling site 

(figure 5.8). 
Starting material Loose Pyroxenes 
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processes; no hydrothermal alteration (Large et al., 2001) seems to have affected  

the GP-1 scoriae (see figure 5.21). 

 

sample GP-1   
 

 

  wt.% σ CIPW norm 

  
  

 
wt.% 

SiO2 54.14 0.4 Qz 6 

TiO2 0.75 0.1 Pl 54 

Al2O3 18.82 0.3 Or 14 

FeOt 8.98 0.3 Di 4 

MnO 0.22 0.1 Hy 16 

MgO 3.56 0.1 Ilm 1 

CaO 8.14 0.2 Mt 4 

Na2O 2.51 0.1 Ap 1 

K2O 2.45 0.1 Sum 100 

P2O5 0.43 0.1 
  

Total 100 - 
  

Real 97.14 - 
  

K2O/Na2O 0.98 - 
  

Mg# 0.41 -     

 

 

GP-1 scoria chemical analysis of glasses and minerals at the SEM-EDS are 

reported in table 5.2. In order to better define the petrographic features of GP-1 

sample, some differences among Molineddo 1, 3 and Grotta dei Pisani are 

described (for Molineddo 1 and 3 glass and mineral compositions see Appendix 1: 

Tables B and C). 

Glassy groundmass of scoria samples is K-rich with respect to the bulk 

composition of representative BT Grotta dei Pisani. Molineddo 1 displays a glass 

composition more evolved than the BT glassy groundmass. 

GP-1 glassy groundmass falls in shoshonite field (figure 5.11) and shows 

the higher Mg-number and lower K2O/Na2O ratio than the Molineddo 1 and 3. 

Most of Molineddo 1 and 3 glass scoriae are altered to spherulitic texture 

(figure 5.12) not completely devitrified. 

 

 

Tab. 5.1: Chemical analysis of the 

Grotta dei Pisani (GP-1) bulk rock at 

EMP (left column). Major elements 

(wt.%) was acquired from anhydrous 

glass. CaO/Al2O3 ratio of bulk 

composition is 0.43. Analysis on glass 

were performed with a defocused beam 

in order to prevent Na loss. All Fe as 

FeOt. Standard deviation (σ) on 297 

number of analysis. CIPW norm 

calculation (right column) for the GP-1 
starting rock. 
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Olivine crystals (unzoned) are rare and occur with small dimensions in respect to 

the pyroxenes. Grotta dei Pisani olivines are homogeneous in composition (Fo60-

0
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O
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Absarokite

Shoshonite

Banakite

Basalt

Basaltic
andesite

Andesit
e

Dacite

Rhyolite

Fig. 5.11: K2Ovs.SiO2 diagrams of GP-1 glassy groundmass (black 

circle) and bulk rock composition (star) normalized to 100. Molineddo 1 

(grey square) and 3 (black triangle) glassy groundmass compositions 
are reported. 

Fig. 5.12: Molineddo 1 

groundmass. The glass is 

characterized by a 

spherulitic texture. The 

white bar is 30 microns. 
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64). Small melt and Ti-magnetite inclusions (less than 30 μm in diameter) are 

present; MI are often crystallized. GP-1 Olivines are not in equilibrium. 

The GP-1 clinopyroxenes (figure 5.13) are augitic and diopsidic in 

composition and melt inclusions of different size (110 μm of maximum diameter) 

are frequent. Most of the pyroxenes are crowded with oxides and bubble trails 

(fig. 5.14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.14: Image of GP-1 double-polished loose pyroxene at polarizing 

microscope. Oxides occur both as sub-spherical (Ti-Mt) and acicular 

(probably ilmenite) shape. Bubble exsolution trails are clearly visible.  

 

 

phenoxt
microphenoxt
microlite

oxides 

cpx 

bubble

s 

2 mm 

pl 

Fig. 5.13: Classification 

diagram (Morimoto et al. 

1988) of Grotta dei Pisani 
clinopyroxenes. 
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GP-1 pheno-pyroxenes are characterized by optical and chemical zoning 

(figure 5.15); rims are Al-rich (Al2O3 up to 3.7%) and cores are more enstatitic 

(Wo46En47Fs7) with Mg number (Mg#) up to 0.80 while, for Molineddo 1 and 3 

composition is En38-40 with a slightly constant Mg number (70-75). Plagioclase 

inclusions are also present with Ca-poor compositions (An56-57). One analyzed GP-

1 pheno-pyroxene is characterized by an Mg number of 0.86. A zoned phenocryst 

has the rim in equilibrium (for equilibrium coefficient calculation see Chapter 9) 

with the whole rock and the matrix glass (Kd
Fe-Mg

cpx-lq=0.305) for Wo46-

45En38compositional range, similar to the pyroxene microlithes (kd
Fe-Mg

cpx-lq=0.302). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15: Back-scattered electron image of GP-1 clinopyroxene zoning. 

Melt Inclusions are frequent but rarely reach sizes greater than 80 μm. 

 

 

GP-1 scoria presents plagioclases with variable composition (bytownite - 

labradorite) and the phenocrysts show the highest anortitic (An80) content (figure 

5.16).  
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Very few plagioclases occur with sieve textures (figure 5.17) and chemical zoning 

which is characterized by more Ca-rich cores (An72Ab26Or2) than the rims 

(An58Ab38Or4). 

 

 

The spinel composition does not change much, even if the microphenocrysts are 

Ti-rich (Usp 36-37%). 

In Molineddo 1 natural sample is often present mineral assemblage 

characterized by anhedral crystals (figure 5.18). 

An

Ab Or

Bytownite

Labradotite

phenoxt
microphenoxt
microlite

Fig.  5.17: Back-

scattered electron image 

of plagioclase with sieve 

texture. Spherulitic glass 

(surrounding the crystal) 

is present due to syn-

depositional alteration by 

magmatic fluids. 

An58 

An72 

Fig. 5.16: Classification diagram of 
Grotta dei Pisani plagioclases. 
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Fig. 5.18: Back-scattered electron image of Molineddo 1 mineral 

assemblage. Plg, plagioclase; ol, olivine; cpx, clinopyroxene; ap, apatite; 

FeTiox, Fe-Ti oxide; MI, melt inclusion. 

 

 

These peculiar features indicate the more mafic character of GP-1 sample with 

respect to the Molineddo 3, from which the choice of Grotte dei Pisani (GP-1) as 

Brown Tuffs representative. Thus, the work performed in this study has been 

focused on Grotta dei Pisani tuffs unit; for our purpose, this deposit is assumed as 

the Lower and Intermediate proximal Brown Tuffs outcropping on Aeolian 

Archipelago. 
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5.3 Vulcano La Sommata starting material 

 

 

5.3.1 La Sommata general stratigraphic and field aspects 

 

La Sommata strombolian scoriae, distribuited for a radius of about 300 m, are 

stratigraphically between the Monte Luccia shoshonites (about 48 ka BP) and the 

Mastro Minico latites (about 28 ka BP). 

Sampling site is located to approximately 600 meters toward South from 

the cone (figure 5.19, near the Caldera del Piano rim).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.19: La Sommata eruptive center excerpt from De Astis et al. 

(2006b) geological map. The red circle shows the La Sommata sampling 

site related to this study. 

 

 

The whole deposit (figure 5.20) is quasi homogeneous and shows slightly 

different characteristics throughout its height. The bottom of the outcropping is 

not visible while the top is covered with shrub vegetation. 
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The outcropping pyroclastic deposit is characterized by poorly welded and 

sorted massive black scoriaceous lapilli (figure 5.20) with bombs of variable size 

(up to 25 cm); few loose phenocrysts of olivine and pyroxene are present. It is 

possible to distinguish two portion whose transition occurs almost gradually. 

 

 

The basal portion is characterized by alternating layers of lapilli from finer 

to coarser. Dispersed scoriae (that not exceeding 5 cm in diameter) and bombs 

(maximum dimensions 10-15 cm in diameter) are vesiculated and have a low 

density, sometimes with elongated morphological vesiculations (as tube pumice-

like); these features seem to wane in the scoriae of upper portion. Lithics (ten 

millimeters of maximum size) are few and increase in frequency in the upper 

layers.  

The upper portion of deposit appears massive and badly classed. Scattered 

scoriae (reaching 10 cm in diameter) from vesiculated to much more dense 

(figure 5.21), contain a quantity of phenocrysts more than the lower portions. 

Bombs (20 cm maximum in diameter) are more massive and have angular 

elongated shapes. The selection of La Sommata sample (SOM-1) was made 

considering this portion of scoriae deposit. 

 

Fig. 5.20: Sampling site of 

La Sommata scoriae at a 

small pit of about 6 meters 

of height (a). In the red 

rectangle (b) a detail of the 

deposit. 

a 

b 

4 cm 
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5.3.2 La Sommata petrographic and chemical features 

 

The total rock analysis (table 5.3) of La Sommata scoriae of Vulcano was 

performed on anhydrous glass (deriving from melting natural rock) at electron 

microprobe (CNRS-ISTO). 

This scoria is a nepheline-normative (ne-norm = 3 wt.%, table 5.3) ultra-

calcic melt and represent,  together with the more mafic products of Alicudi and 

Stromboli (e.g. Scoglio Galera and Golden Pumice basalts), one of the most 

primitive Aeolian arc basalt. 

No weathering (C.I.A. = 41.8) and/or hydrothermal alterations (see figure 

5.22) did affect this scoria. 

 

Respect to the other Aeolian mafic rocks with MgO up to 7.5 %, as Alicudi (Scoglio 

Galera, CaO/Al2O3 of 0.77: Peccerillo et al., 2004) and Stromboli (Golden Pumice, 

CaO/Al2O3 of 0.81: Di Carlo et al., 2006) basalts, SOM-1 bulk rock shows very 

high CaO/Al2O3 ratio (1.03) and MgO content (8.78 wt. %). 

 

 

a b 
Fig. 5.21: Black 

scoria of La 

Sommata (Som-1). 

Scoriae arise from 

(a) massive and 

very dense (with 

few free 

phenocrysts) to (b) 

vesiculated (with 

lower free 

phenocrysts 

frequency) lapilli. 

Some scoriae are 

characterized by 

tapered-shape 
vesicles. 

5 cm 
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sample SOM-1   

 
 

 

wt.% σ CIPW norm 

  
  

 

wt.% 

SiO2 49.54 0.3 Pl 31 

TiO2 0.74 0.0 Or 13 

Al2O3 12.66 0.2 Ne 3 

FeOt 10.23 0.3 Di 35 

MnO 0.22 0.1 Ol 11 

MgO 8.78 0.1 Ilm 1 

CaO 12.97 0.2 Mt 5 

Na2O 2.18 0.1 Ap 1 

K2O 2.28 0.1 Sum 100 

P2O5 0.4 0.0 

  Tot 100 - 

  Real 98.02 - 

  Mg# 0.6 - 

  CaO/Al2O3 1.03 -     

 

 

 

 

Fig. 5.22: Alteration box plot (Chlorite-Carbonate-Pyrite Index vs. 

Alteration Index; Large et al., 2001) for GP-1 (orange circle) and SOM-1 

(dark circle) starting materials. CCPI = [(MgO + FeO) / (MgO + FeO + 

Na2O + K2O)] x 100; AI = [(K2O + MgO) / (K2O + MgO + Na2O + CaO)] x 

100. Dashed rectangle represents the field of least altered volcanics for 

mafic compositions (basalts and andesites). Dashed diagonal line 

separates the field of hydrothermal alteration (upper right) from the field 

of diagenetic alteration (lower left). 
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Tab. 5.3: Chemical analysis of 

Som-1 bulk rock (left column). 

Major elements (wt.%) was 

analyzed by Electron Microprobe. 

Standard deviations (σ) on 179 

number of analysis; number of 

groundmass analysis: 20). Analysis 

on glass were acquired with a 

defocused beam at EMP in order to 

prevent Na loss. Oxides are 

normalized to 100%. All Fe as 

FeOt. CIPW norm calculation (right 

column) for the SOM-1 sample 

rock. 
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Because these features La Sommata products can be interpreted as a ultra-calcic 

primitive melt, despite to the low Mg-number (0.60) which is untypical for a 

primary mantle melt.   

 

K2O vs. SiO2 diagrams are reported in figure 5.23 where SOM-1 bulk rock, SOM-1 

glassy groundmass (table 5.4), Alc31 bulk rock (Peccerillo and Wu, 1992) and  

Stromboli Golden Pumice PST9 (Di Carlo et al., 2006) compositions were plotted. 

SOM-1 is a shoshonitic basalt (absarokite). 

 

 

Fig. 5.23: K2O vs. SiO2 diagram of SOM-1 bulk rock (star) and glassy 

groundmass compositions (black circle) normalized to 100. Stromboli 

Golden Pumice PST9 (yellow circle) and Alicudi Alc31 (green circle) bulk 

compositions are also reported (from Di Carlo et al., 2006;  Peccerillo and 

Wu, 1992; respectively). 

 

 

Scoriae (both denser and vesiculated) are low-porphyritic (10-20 wt.%) with rare 

phenocrysts with respect to the microphenocrysts. Mineral assemblage consists of 

clinopyroxene, olivine and plagioclase (figure 5.24); the groundmass is crowded 

by plagioclase and Ti-Fe oxide microliths (figure 5.25a). Few olivines are 
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characterized by optical zoning and inclusions of chromite as microphenocrysts; a 

thiny bright rim is present in all the olivines. Pyroxenes occur unzoned or with a 

slight optical zoning. Plagioclase phenocrysts are very rare and unzoned while 

microliths are abundant. 

 

 

Fig. 5.24: General back-scattered electron image of Som-1 scoria. Very 

primitive olivines (Fo90) contain several glass inclusions and frequent 

chromitic spinels (chr) microphenocrysts. It is possible to note the very 

slight olivine bright rims. 

 

 

Analysis by SEM-EDS of the glassy groundmass were particularly difficult to obtain 

due to the presence of abundant microliths that affect the reliability of analytical 

data of glass chemical compositions as confirmed by the high potassium and 

sodium contents (see table 5.4).  

Most of the olivines (analysis in table 5.4) are Mg-rich (Fo90-92) and are 

characterized by a micrometric zoning of bright rims (figure 5.23); this “ultra-rim” 
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was rarely analyzable because its small sizes (< 3 μm). However, when wider, its 

analysis reveals a lower Mg-number (Fo86), than the core (Fo90). Olivine 

microphenocrysts show a more forsteritic component (up to Fo92) than microlites 

which are characterized by a forsteritic contents of about 86-87 mol%. The 

composition in equilibrium with the whole rock (FeOt=FeO) belongs to a narrow 

range of Fo86-85 (Fe-Mg olivine-liquid exchange coefficient Kd=0.26). 

 

SOM-1 olivines show a primitive composition close to that observed in the 

Stromboli Golden Pumice (Fo88 and Mg number of about 0.9; Bertagnini et al., 

2003; Di Carlo et al., 2006), whereas it’s rather different from that of the Alicudi – 

Scoglio Galera basalts  (Fo79 with a Mg-number of 0.8, Bonelli et al., 2004). Melt 

inclusion are frequent but in a few cases are characterized by the presence of 

oxides.   

Few olivines host clinopyroxene (figure 5.25b) and chromite as 

microphenocrysts (figure 5.24).  

 

The most abundant phase of La Sommata scoria is represented by Al-diopsidic 

pyroxene (table 5.4; figure 5.26). Some crystals show complex optical and 

chemical zoning (figure 5.25a). MgO contents are high in phenocrysts 

(Wo47En48Fs5) and low in microliths (Wo47En42Fs11). In the same way XMg 

decreases from 0.92 (in phenocrysts) to about 0.80 (in microliths) and the Al2O3 

increase from 2 to 5 wt.%. TiO2 increases from 0.20 in phenocrysts to 0.67 wt.% 

in microliths. The composition which is in equilibrium with the whole rock is 

represented by En43-44Fs9 pyroxenes having Fe-Mg crystal-liquid exchange 

coefficient (Kd) of about 0.31. 

 

The Scoglio Galera and the Golden Pumice pyroxenes (Mg-number between 0.7 

and 0.9; Bonelli et al., 2004 and Di Carlo et al., 2006), have compositions similar 

to SOM-1. 
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Fig. 5.25: (a) Back-scattered electron image of Som-1 zoning 

clinopyroxene. At least three zonings are present: En41 (core), En37 and 

En32 (rims). Arrows indicate the micrometric glassy groundmass. White 

bar is 50 micrometers. (b) olivine phenocryst (ol) including a 

microphenocryst of clinopyroxene (cpx) 

 

En4

1 

En3

7 

En3

2 

ol 

a 

b 



49 

 

 

 

Fig. 5.26: Classification diagram (Morimoto et al. 1988) of La Sommata 

clinopyroxene. 

  

 

Plagioclases (table 5.4) do not present optical and/or chemical zoning. The 

phenocrysts are rare in the more dense samples but frequent in the vesiculated 

scoriae and the groundmass is crowded with plagioclase microliths which often are 

difficult to distinguish from the glass (figure 5.25a). Compositions range between 

An67-55 (labradorite; figure 5.27) even if, it was found a microlithe of plagioclase 

having a high anortitic content (An79Ab20Or1).  
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Bytownite

Labradotite

phenoxt
microphenoxt
microlite

Fig. 5.27: Classification diagram of 
La Sommata plagioclases. 
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Ca-Na crystal-liquid exchange coefficient (Kd) ranges between 0.46-1.26. 

 The SOM-1 plagioclases are the only mineral phase not well correlated with 

plagioclases of Alicudi and Stromboli because these latters are characterized by a 

much more anortitic compositions (An83-73 and An76, respectively). Hence, the 

SOM-1 plagioclases cannot be interpreted as a distinguishing factor among the La 

Sommata, the Scoglio Galera and the Golden Pumice basalts. 

 

Groundmass is thickly dotted by microlithic aluminian spinels (Usp 25%); few 

microliths with Usp 37 mol% were found. Included in olivine can be detected few 

chromite microphenocrysts, with Cr-number of 0.88, according to Gioncada et al. 

(1998). The chromite is not present in groundmass. 

 

All these petrochemical features make La Sommata basalt scoriae a very primitive 

melt whose experimental study can provides both a precise characterization of the 

Aeolian magmatism and a further examination of the ultra-calcic island arc 

magmas. 
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sample GP-1 

           glass  σ olivines  σ pyroxenes  σ plagioclases  σ spinels  σ 

n 
 

14 
 

9 
 

11 
 

16 
 

10 

SiO2 54.90 0.5 37.61 0.4 51.73 0.9 49.54 0.6 0.27 0.1 

TiO2 0.91 0 0.03 0.0 0.72 0.3 0.11 0.0 11.27 1.5 

Al2O3 18.57 0.2 0.05 0.0 3.83 0.7 33.17 0.3 5.10 0.4 

FeOt 7.33 0.2 30.46 1.9 7.72 2.2 0.67 0.1 78.21 2.0 

MnO 0.16 0.1 0.67 0.0 0.21 0.1 0.02 0.0 0.50 0.1 

MgO 2.89 0.2 29.87 1.6 14.18 1.6 0.01 0.0 3.51 0.2 

CaO 6.24 0.1 0.41 0.0 21.23 1.0 13.05 0.6 0.12 0.1 

Na2O 3.72 0.2 1.05 0.1 0.54 0.2 3.16 0.3 0.99 0.0 

K2O 4.58 0.2 0.02 0.0 0.00 0.0 0.50 0.0 0.04 0.0 

P2O5 0.56 0.1 0.05 0.0 0.00 0.0 0.00 0.0 0.10 0.0 

Total 100.00 
 

100.00 
 

100.00 
 

100.00 
 
100.00 

 
Real 96.18   98.02   97.31   98.74   85.86 

 
K2O/Na2O 1.2   -   -   -   - 

 
Fo -   64 2 -   -   - 

 
Fa -   36 2 -   -   - 

 
Wo -   -   45 1 -   - 

 
En -   -   42 4 -   - 

 
Fs -   -   13 4 -   - 

 
An -   -   -   67 3 - 

 
Ab -   -   -   30 3 - 

 
Or -   -   -   3 0 - 

 
Usp mol% -   -   -   -   33 4 

Mg# 0.41   - 
 

0.77 7 -   - 
 

 

Tab. 5.2: representative analysis (normalized to 100) at SEM-EDS of GP-1 

glassy groundmass, olivines, pyroxenes, plagioclases and spinels. Number 

of analysis (n) and Standard Deviations (σ) are reported. Olivine 

phenocrystals are rare. Analysis on glass and plagioclase were acquired 

with a raster beam in order to prevent Na loss. All Fe as FeOt. 
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sample SOM-1 

           
 

glasses ol 
 

cpx plg 
 

spin 
   

  

σ 

(n=20)  
σ 

(n=23)  
σ 

(n=26)  
σ 

(n=21)  
σ 

(n=3)  
σ 

(n=9) 

             SiO2 53.12 1.0 41.09 0.3 52.98 1.9 51.45 0.3 0.08 0.0 2.07 2.6 

TiO2 0.64 0.1 0.04 0.0 0.43 0.2 0.12 0.0 0.54 0.1 6.83 1.7 

Al2O3 19.95 1.4 0.05 0.0 3.41 1.6 31.19 0.6 8.99 0.4 7.74 1.7 

FeOt 7.33 1.0 11.75 1.9 4.92 1.7 1.09 0.2 25.67 0.3 77.61 3.8 

MnO 0.19 0.1 0.28 0.1 0.14 0.0 0.04 0.0 0.31 0.1 0.46 0.2 

MgO 1.18 0.5 45.83 1.8 15.53 1.3 0.05 0.1 11.55 0.3 3.20 0.7 

CaO 4.54 1.7 0.42 0.1 22.18 0.6 11.70 0.1 0.04 0.0 0.48 0.2 

Na2O 4.97 0.4 0.77 0.0 0.57 0.0 3.84 0.1 0.71 0.2 1.17 0.3 

K2O 6.73 1.0 0.02 0.0 0.02 0.0 0.79 0.2 0.00 0.0 0.23 0.3 

P2O5 0.77 0.2 0.03 0.0 0.01 0.0 0.00 0.0 0.02 0.0 0.07 0.1 

Cr2O3 - - - - - - - - 52.10 0.4 - - 

Totale 100.00 - 100.00 - 100.00 - 100.00 - 100.00 - 100.00 - 

Real 97.74 - 98.45 - 97.77 - 98.91 - 92.35 - 86.46 - 

Fo - - 87 2 - - - - - - - - 

Fa - - 13 2 - - - - - - - - 

Wo - - - - 47 1 - - - - - - 

En - - - - 45 3 - - - - - - 

Fs - - - - 8 3 - - - - - - 

An - - - - - - 60 6 - - - - 

Ab - - - - - - 35 6 - - - - 

Or - - - - - - 5 1 - - - - 

Usp mol% - - - - - - - - - - 25 6 

Mg# 0.22 - - - 0.85 - - - - - - - 

Cr# - - - - - - - - 0.88 - - - 

CaO/Al2O3 0.23 - - - - - - - - - - - 

 

Tab. 5.4: Representative SEM-EDS analysis of Som-1 glassy groundmass 

(glasses labeled), olivines (ol), clinopyroxenes (cpx), plagioclases (plg) and 

spinels (spin). Standard deviations (σ); number of analysis (n). Analysis on 

glass and plagioclase were acquired with a raster beam in order to prevent Na 

loss. All Fe as FeOt. 
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CHAPTER 6 

MELT INCLUSIONS AS PETROGENETIC INDICATORS 

 

6.1 Melt Inclusions in volcanic rocks 

 

During the growth of a crystal in a magmatic system, small volumes (less than 

300 μm in diameter and not more than 0.3 vol.%; Schiano, 2003) of melt can be 

trapped in equilibrium conditions within the crystal structure. These trapped melts 

(melt inclusion) may quenched to glass by rapid cooling on eruption. If the melt 

inclusions (MI) remain isolated from external system, they carry relevant 

informations on the pre-eruptive conditions. For this purpose particularly 

significant are the H2O-CO2 concentrations of magma. Through the assumption 

that the solubility of volatile species is basically a function of pressure and melt 

composition (besides to temperature and oxygen fugacity), is possible to estimate 

a minimum pressure of entrapment which translate in a depth at which fluids have 

been dissolved in the melt. This occurs by using appropriate solubility models 

(e.g. Dixon and Stolper, 1995; Newman and Lowenstern, 2002; Papale et al., 

2006). 

 

 

6.2 Drawbacks on the use of Melt Inclusion 

 

Silicate-melt inclusions consist of glass ± gas bubbles ± daughter mineral phases.   

The formation of the bubbles can be explained through different mechanism 

(Lowenstern, 2003): i) during near-constant-volume cooling of homogenous 

silicate melt, ii) during decrepitation/leakage of the MI and, iii) due to pre-existing 

fluid saturation of magma. At constant pressure, the size of the bubble depends 

mainly on melt composition, volatile content of the inclusion and cooling behavior 

(Frezzotti, 2001). 

During cooling the difference in thermal expansion coefficients between the 

host phase and the enclosed melt leads volatile saturation (shrinkage bubble) and 

allows to the overgrowth of an additional phase (daughter mineral) on the 

inclusion walls. If the cooling rate of magmatic system is too low, melt inclusion 

starts to crystallize. 
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In some MI, hydrogen diffusivity during the rising magma is responsible for 

the precipitation of magnetite (Danyushevsky et al., 2002) with the consequent 

possibility of H2O loss due to induced volatile saturation. Hence, melt inclusions 

characterized by the presence of shrinkage bubbles and daughter mineral very 

likely have modified their pristine composition and volatile contents. 

 

Processes that allow the formation of trapped melts therefore do not always 

produce MI populations representative of the melt compositions at the time of 

entrapment.  

In this regard the boundary layer effect is one of the most discussed 

problem in MI study. The efficiency of such effect depends on the gradients and 

concentrations of elements in the mineral and its crystal-melt interface diffusivity. 

Starting with the assumption that all volatiles are considered as incompatible 

elements, if the diffusivity of an incompatible element in the crystal is lower than 

the growth crystal rate, crystal-melt interface will be enriched in incompatible 

elements (“snowplow effect”; Baker et al., 2005) due to diffusive fractionation 

(Baker, 2008). Water concentrations resulting from melt inclusion analysis should 

provide reliable estimates of the water of the bulk melt, but it is impossible to 

determine with certainty the primary melt composition, especially due some 

elements behavior (Baker et al., 2005). 

However, the effects of boundary layers can be mitigated by considering 

only very large melt inclusions. 

 

 

 

6.3 Additional information by H2O and CO2 Melt Inclusion contents 

 

The most abundant volatiles dissolved in magmatic systems are H2O, CO2, S-

species, F and Cl, but the volatiles that exert the largest contribution toward the 

total vapor pressure in magma are H2O and CO2. 

MI studies, besides to providing informations on pre-eruptive conditions, 

can give back additional information. H2O and CO2 can be used to interpret the 

magma degassing path and also the composition of coexisting vapor phase (fig. 

6.1) in which magma depressurization upon ascent leads to H2O saturation and 
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consequent exsolution. Although, this latter may also be achieved simply by 

isobaric crystallization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1: An example of H2O-CO2 solubility diagram. Isobars (solid lines 

expressed in bar unit) and isopleths (dashed lines in molar fraction of H2O 

in vapor phase) for a basaltic melt at 1200°C. From Dixon and Stolper, 

1995. 

 

 

If a population of MI is considered, the ascent history of a magma can be 

deciphered. In fact (Fig. 6.2) closed-system degassing is characterized by a 

trajectory that involves a “memory” of deep volatile composition, while open-

system degassing is characterized by early and total CO2 loss (the less soluble 

phase in silicate magmas).  
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Fig. 6.2: H2O-CO2 solubility diagram for Pine Grove Tuffs (Lowenstern, 

1994). Lines labeled in MPa represent the isobaric solubility of the H2O 

and CO2 components. The two arrow curved lines represent the effect of 

open and closed-system degassing. 

 

 

 

6.4 The application of IR technique in Melt Inclusion studies 

 

Water and carbon dioxide determination in MI needs a non-destructive 

methodology with a strong spatial resolution. For this aim Fourier Transform Infra 

Red (FTIR) and Raman spectroscopy are the most used analytic techniques. 

Based on the analysis of transmitted IR signals through a doubly exposed 

MI, the FTIR technique allows to measure H2O and CO2 concentrations and allows 

to determine the speciations of the two volatiles (H2Omol, OH-, CO2mol, CO3
2-, etc) 

within the glass structure. 

This kind of spectroscopy technique is based on interaction between an 

infra red beam and the bonds of the molecular species present in the glass sample 

giving back as absorbed vibrational energy (absorbance). The incident IR beam 
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(I0) hits the sample and will emerge (transmitted beam) with a reduced intensity 

I. The absorbance (Abs) is inversely proportional to the intensity of the 

transmitted beam according to the Bouguer Law: 

 

 

 

 

The absorption of IR radiation causes different vibrational motion (mode) of 

the molecular bonds (fig. 6.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3: vibrational modes of water and carbonate molecules. Symmetric 

stretching (a), anti-symmetric stretching (b) and bending (c) of H2O and 

CO3
2- molecules is schematized. The totally symmetric stretching 

vibration of carbonate anion (a) is only Raman active. 

 

 

After processing of resulting beam through built-in interferometer, the final 

signal is “transformed” by the Fourier Transform from the time (delay) domain to 

a b c 
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the space domain. The result is a spectrum of composed absorption bands 

determined at specific wave number (i.e. cm-1) characteristic of specific molecular 

bonds (fig. 6.4). 

 

 

Fig. 6.4: Representative FTIR spectrum in the mid and near IR (MIR and 

NIR) regions for all C-O-H species from 1000 to 6000 cm-1 wave numbers 

range. Thanks to FTIR spectroscopy is also possible to distinguish the 

different wave numbers of the CO2 molecule formed by two carbon 

isotopes. Inset (b) shows with more detail the 4500 and 5200 H2O 

absorption bands. From King et al., 2002. 

 

 

Water molecule displays five absorption bands at 1630 , 3500, 4000, 4500 

and 5200 cm-1; carbon dioxide molecule has two absorption bands related to 

1420-1550 (carbonate ion doublet) and 2350 cm-1 (see figure 5.4 for C-O-H 

speciation details). 

NIR MIR 
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In this study were considered the total water absorption band (H2Otot = H2O 

+ OH-) located at about 3550 cm-1 (fundamental OH stretching) and the two 

absorbance bands of carbonate ion at 1420 and 1550 cm-1 approximately (CO3
2- 

doublet antisymmetric stretching), given that in a mafic silicate melt CO2 

speciates as CO3
2- interacting with non-bridging oxygen of the melt. 

The determination of specie concentrations in a double polished sample is 

possible through a Beer-Lambert Law application: 

 

 

   
    

    
               (eq. 6.1) 

 

 

where:  

- Ci is the dissolved specie i concentration expressed in weight percentage, 

- Aj is the peak height of the related specie band j, 

- Mi is the specie molar mass  (g·mol), 

- d is the thickness of the sample (cm), 

- ρ is the glass density (g·L-1) and 

- εj is the molar absorption coefficient (L·mol-1·cm-1) of the related frequency 

band j. 

As can be guessed from Beer-Lambert Law, the inverse relationship between 

concentrations of considered species (Ci) and the thickness of the sample (d), 

limits the analysis because the signal tends to saturation (signal intensity > 1). 

For a glass sample water-rich (specie for which is more likely to experience this 

problem) will require very small thickness to avoid saturation effects on the FTIR 

spectrum (for instance, a glass containing approximately 3 wt.% of H2O, saturates 

the 3550 cm-1 band for thickness > 100 μm). In this study we used a MI thickness 

in the range of 32-133 μm. 

The accuracy in determining the concentration of the dissolved species 

depends strongly on the precision with which is measured the sample thickness. 

Other errors that might affect the measurement result from difficulties in the 

precise molar absorption coefficient and density for the glass under investigation. 
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CHAPTER 7 

PRELIMINARY MELT INCLUSION STUDY  

 

7.1 Analysis of melt inclusions by SEM-EDS 

 

The MI analyzed at SEM-EDS in order to obtain glass compositions are hosted in 

loose pyroxenes from BT levels (Grotta dei Pisani, Molineddo 3 and Grotte dei 

Rossi Tuffs). In order to highlight volcanological differences between the BT and 

the basal deposits (on which BT lie) we also selected loose pyroxenes from 

Molineddo 1 deposit (pre-BT deposits). 

Only few MI were selected from more than 150 selected clinopyroxenes, 

.i.e. a very low successfulness rate. Composition of selected pyroxenes (reported 

in table 7.1) are meanly salitic (figure 7.1). Optical zoning is frequent while 

chemical zoning is very slight: generally the core is En36Fs16 and the rim is 

En35Fs17 (figure 7.2 a and b).  

 

 

Fig. 7.1 : Pyroxene classfication diagram; Grotte dei Pisani (blue circle), 

Molineddo 3 (green diamond), Grotte dei Rossi (grey square) and 

Molineddo 1 (orange triangle) pyroxene-hosted compositions. 
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Fig. 7.2 : images of BT selected pyroxene at polarizing microscope (a) 

and at SEM (b, white bar is 300 microns).  

 

 

The MI glass compositions in clinopyroxene were corrected for post-entrapment 

crystallization by adding pyroxene component to obtain clinopyroxene-liquid 

equilibrium with a KD=0.31 (FeO= FeOt). The effect of post-entrapment 

crystallization of pyroxene on MI composition is expressed by a reduction of about 

20% in the volume fraction which significantly affects  Al, Mg, Ca and K element 

concentrations. 

The representative compositions in major elements (expressed as oxides 

wt. %) are reported in table 7.1.  

Although the small number of MI, some considerations can be discussed. 

The MI glasses are potassium enriched (K-suite) with two different silica contents 

(shoshonites and banakites; figure 7.3) that well differentiate the LBT-IBT from 

UBT MIs; moreover, these latter (Grotte dei Rossi Tuffs: UBT), show 

compositional features more evolved than the previous BT formations (Grotte dei 

Pisani and Molineddo 3: LBT-IBT) but similar to Molineddo 1 MI (pre-BT deposits) 

highlighting that at least two magma types were involved during BT eruptions. 

 

a 

b 
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Fig. 7.3: K2O vs. SiO2 diagram; Grotte dei Pisani (blue circle), Molineddo 

3 (green diamond), Grotte dei Rossi (grey square) and Molineddo 1 

(orange triangle) MI glass compositions. GP-1 starting material whole 

rock is labeled as star. Two different silica range characterizes MI glass 

compositions: LBT-IBT MIs show less evolved features than UBT and 

Molineddo 1 MIs. 

 

 

 

7.2 Analysis of melt inclusions by FTIR: H2O and CO2 contents 

 

The absorption FTIR spectra were performed by a Hyperion 2000 Bruker FTIR 

(available at the C.F.T.A. Department, Palermo, Italy) adopting a Domnik Hunter 

purge system. 

Measurements were performed on double-polished pyroxenes-hosted MIs 

employing a Globar source, a KBr beam splitter with a narrow range MCT 

detector, a minimum diameter measured window of 20 micrometers, a spectral 

window between 1000 and 6000 cm-1. Analysis were carried out using IR-invisible 

ZnSe disk which supported the crystals and 256 scans were accumulated for each 

spectrum with a resolution of 2 cm-1.  

Thicknesses of doubly exposed MI samples were measured with optical 

focusing scale of Nicolet FTIR Magna 760 at CNRS-ISTO (Centre National de la 
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Recherche Scientifique - Institut des Sciences de la Terre d’Orléans, France) with 

a precision of ± 1-2 μm. 

The water and carbon dioxide contents were derived from the Beer-Lambert 

Law using a TT baseline correction height of the bands (figure 7.4): 

  - at 3550 and 1630 cm−1 employing a molar extintion coefficient (ε) of  67 l  

mol−1 cm−1 (Stolper, 1982) and 25 l  mol−1 cm−1, respectively (Dixon et al., 1995) 

for H2O; 

  - at 1500-1450 cm−1 the doublet of the CO3
2- and employing a molar 

absorption coefficient of 283 l mol−1 cm−1 (Dixon and Pan, 1995) to infer the CO2 

contents.  

Densities of the glass inclusions (2572 ± 3 g l-1) were measured in an 

anhydrous Grotte dei Pisani whole rock glass (prepared as in chapter 8) by air and 

liquid (ethanol) method using a Mettler Toledo Density kit with a precision balance 

(accuracy ±0.0001 g) at CNRS-ISTO. 

 

Fig. 7.4: Representative FTIR spectrum of Grotta dei Pisani MI. Dashed 

lines represent the TT baseline correction height of the total H2O and 

CO3
2- doublet bands. 
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7.3 Dissolved H2O and CO2 contents of Brown Tuffs Melt Inclusions 

 

The magma trapped as MI in BT clinopyroxenes (figure 7.5) is characterized 

by variable H2O and CO2 contents.  

 

 

 

H2O and CO2 concentrations were obtained from analyses on 10 selected melt 

inclusions hosted in clinopyroxenes belonging to the for BT levels: Molineddo 3 

(Md), Grotta dei Pisani (GP) and Grotte dei Rossi (GR). We remind that the first 

two levels represent LBT-IBT, while GR is the Upper BT level. Two melt inclusions 

from Molineddo 1 are also discussed. 

Water concentrations range from 0.2 to 1.69 wt% and carbon dioxide is up 

to 1280 ppm (table 7.2). 

 

Sample 
 

H2O 
(wt. %) 

CO2 
(ppm) 

GP 0.89 1031 

 
0.19 925 

 
0.44 1281 

 
0.36 b.d.l. 

 
0.62 b.d.l. 

 
0.55 1117 

 
1.69 b.d.l. 

Md 0.45 b.d.l. 

 
0.26 b.d.l. 

Mo 1.24 1244 

 
1.34 1217 

 
1.05 b.d.l. 

GR 0.26 1304 

Fig. 7.5: Exposed glass inclusion 

(after double polishing) in Grotta dei 

Pisani BT clinopyroxene at polarizing 

microscope. Micrometric bubbles are 
present in the lower MI wall.  

50 μm 

Tab. 7.2: Dissolved H2O and CO2 contens in 

melt inclusions clinopyroxene hosted of 

Grotta dei Pisani (gp), Molineddo 3 (Md) 

and Grotte dei Rossi (GR) and Molineddo 1 
(Mo) tuffs. Below detection limits (b.d.l.). 
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Molineddo 3 MIs have carbon dioxide concentrations below the detection limits 

and a lower water content than Grotta dei Pisani. 

Molineddo 1 (Mo) is characterized by highest water-carbon dioxide pair 

concentrations (about 1.2 wt.% and up to 1244 ppm, respectively). 

  

A  bimodal  distribution of H2O-CO2 (figure 7.6), might be related to two 

discrete steps of magma degassing, i.e. a deeper and a shallower storage 

reservoir, or alternatively an artifact due to poor statistics for MI. 

 

 

Tab. 7.6: Dissolved H2O and CO2 contens in clinopyroxene hosted melt 

inclusions from the following BT formations: Grotta dei Pisani (blue 

circle), Molineddo 3 (green diamond) and Grotte dei Rossi (grey square) 

tuffs. Molineddo 1 formation is also represented (orange triangle). The 

“bimodal” carbon dioxide distribution could be explained by a 

discontinuous  degassing path. Dashed lines represent the saturation 

pressures calculated by Papale et al. (2006) model. 

 

 

If we translate the above reported volatile concentrations in (saturation) 

pressures (Papale et al. (2006) solubility model) the two above degassing steps 

correspond to the following minimum pressures: (i) the CO2-rich cluster gives a P 

=  80 MPa and (ii) the CO2-poor cluster translates in a P = 20 MPa.  If we assume 

a crustal density of 2.7 g * cm-3, a depth of about 2.5 km and 0.75 km, 

respectively, can be inferred. 
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Molineddo 1 (whose estimated saturation pressure is > 80 MPa; see figure 7.6) 

give us the opportunity to link the BT eruption with the magmatic system of the 

pre-BT magma system: between Molineddo 1 deposition and BT eruptions, 

magma chamber was shallower and characterized by mafic injections, as 

suggested by the MI compositions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

  Grotta dei Pisani                       

 

MI-

1e 

σ 

(n=5) 

MI-

b4 

σ 

(n=5) 

MI-

a1 

σ 

(n=5) 

MI-

b6 

σ 

(n=5) 

MI-

b1 

σ 

(n=5) 

MI-

b3 

σ 

(n=5) 

MI-

b2 

σ 

(n=5) 

SiO2 53.49 0.3 52.80 0.4 53.71 0.3 53.69 0.2 53.40 0.6 53.33 0.3 53.69 0.0 

TiO2 0.86 0.1 0.91 0.3 0.87 0.1 1.06 0.2 0.85 0.2 0.90 0.3 1.10 0.2 

Al2O3 17.89 0.2 18.55 0.1 17.88 0.1 17.75 0.5 17.70 0.0 17.95 0.2 17.47 0.1 

FeOt 9.11 0.1 8.81 0.3 9.06 0.1 8.83 0.3 9.26 0.2 9.27 0.1 9.33 0.4 

MnO 0.24 0.1 0.20 0.1 0.30 0.0 0.25 0.2 0.19 0.2 0.30 0.1 0.21 0.2 

MgO 1.68 0.3 2.10 0.1 1.55 0.2 1.97 0.1 1.96 0.3 1.74 0.1 1.84 0.2 

CaO 5.42 0.3 5.36 0.2 5.04 0.3 5.77 0.1 5.31 0.1 5.16 0.4 5.18 0.3 

Na2O 3.89 0.2 4.26 0.1 4.23 0.1 4.25 0.2 4.59 0.1 4.21 0.4 4.28 0.1 

K2O 6.28 0.1 6.17 0.1 6.21 0.1 6.01 0.1 6.09 0.3 6.24 0.1 5.94 0.1 

P2O5 0.63 0.1 0.66 0.3 0.85 0.1 0.43 0.0 0.71 0.3 0.57 0.1 0.62 0.4 

total 100.00 - 100.00 - 100.00 - 100.00 - 100.00 - 100.00 - 100.00 - 

real 98.38 - 98.77 - 98.65 - 98.46 - 98.33 - 98.87 - 98.75 - 

               

Host cpx 
             

SiO2 49.80 0.2 50.50 0.6 50.68 0.2 49.79 0.3 50.41 0.2 49.57 0.5 50.02 0.4 

TiO2 0.95 0.1 0.68 0.1 0.69 0.1 0.64 0.1 0.82 0.0 0.89 0.2 0.67 0.1 

Al2O3 3.85 0.4 3.65 0.2 3.43 0.2 3.84 0.3 4.08 0.3 3.76 0.5 3.88 0.2 

FeOt 9.90 0.5 9.21 0.4 9.29 0.4 9.68 0.6 9.51 0.3 10.44 0.6 10.55 0.3 

MgO 11.90 0.1 12.46 0.1 12.37 0.1 12.07 0.3 12.25 0.1 11.83 0.5 12.09 0.2 

CaO 22.44 0.4 22.79 0.2 22.74 0.6 22.88 0.6 22.30 0.2 22.78 0.4 22.28 0.1 

Fs 

mol% 
17 - 15 - 16 - 16 - 16 - 17 - 17 - 

               

Recalculated compositions 
           

SiO2 53.12 - 52.66 - 53.22 - 53.12 - 53.00 - 52.97 - 53.39 - 

TiO2 1.00 - 0.88 - 0.89 - 1.00 - 0.85 - 0.90 - 1.04 - 

Al2O3 15.64 - 16.16 - 15.21 - 15.64 - 15.30 - 15.68 - 15.40 - 

FeOt 9.19 - 9.13 - 9.31 - 9.19 - 9.57 - 9.73 - 9.79 - 

MnO 0.25 - 0.21 - 0.31 - 0.25 - 0.19 - 0.29 - 0.21 - 

MgO 3.55 - 3.83 - 3.85 - 3.55 - 3.82 - 3.43 - 3.48 - 

CaO 8.45 - 8.28 - 8.48 - 8.45 - 8.38 - 8.12 - 7.93 - 

Na2O 3.71 - 3.68 - 3.63 - 3.71 - 3.89 - 3.64 - 3.75 - 

K2O 5.09 - 5.17 - 5.12 - 5.09 - 5.01 - 5.24 - 5.03 - 

total 100 - 100 - 100 - 100 - 100 - 100 - 100 - 

Continued 
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  Molineddo 3       Molineddo 1       Grotte dei Rossi 

 
MI-1h σ (n=5) MI-2i σ (n=5) 

 
MI-10m σ (n=5) MI-11 σ (n=5) 

 
MI-12q σ (n=5) 

SiO2 53.98 0.2 52.07 0.5 
 

56.05 0.3 57.45 0.2 
 

58.18 0.2 

TiO2 0.98 0.0 0.98 0.2 
 

0.81 0.1 0.64 0.1 
 

0.58 0.0 

Al2O3 17.65 0.1 17.44 0.3 
 

19.12 0.4 19.00 0.3 
 

17.92 0.3 

FeOt 8.86 0.3 10.15 0.3 
 

6.22 0.2 6.10 0.1 
 

5.73 0.1 

MnO 0.05 0.1 0.14 0.2 
 

0.07 0.1 0.21 0.2 
 

0.07 0.1 

MgO 1.89 0.1 2.02 0.2 
 

1.33 0.0 1.37 0.1 
 

1.48 0.0 

CaO 5.58 0.2 5.27 0.2 
 

4.08 0.2 4.04 0.2 
 

3.50 0.3 

Na2O 3.78 0.2 4.40 0.2 
 

4.08 0.3 4.09 0.1 
 

4.23 0.2 

K2O 6.39 0.1 6.83 0.2 
 

7.21 0.1 6.51 0.0 
 

7.59 0.2 

P2O5 0.71 0.1 0.49 0.0 
 

0.80 0.2 0.43 0.2 
 

0.47 0.2 

total 100.00 - 100.00 - 
 

100.00 - 100.00 - 
 

100.00 - 

real 98.06 - 98.28 - 
 

98.01 - 97.21 - 
 

98.25 - 

             
Host cpx 

           
SiO2 50.38 0.4 50.38 0.4 

 
51.03 0.4 51.14 0.4 

 
51.65 0.3 

TiO2 0.72 0.2 0.72 0.2 
 

0.77 0.1 0.76 0.2 
 

0.49 0.1 

Al2O3 3.57 0.2 3.57 0.2 
 

3.17 0.2 2.96 0.3 
 

2.48 0.2 

FeOt 9.39 0.3 9.39 0.3 
 

9.02 0.8 9.41 0.4 
 

8.90 0.2 

MgO 12.42 0.4 12.42 0.4 
 

12.84 0.4 12.67 0.3 
 

14.47 0.2 

CaO 22.79 0.4 22.79 0.4 
 

22.25 0.4 22.88 0.2 
 

21.42 0.4 

Fs mol% 16 - 16 - 
 

15 - 15 - 
 

14 - 

             
Recalculated compositions 

         
SiO2 53.56 - 51.81 - 

 
57.20 - 56.82 - 

 
57.61 - 

TiO2 0.94 - 0.93 - 
 

0.83 - 0.66 - 
 

0.57 - 

Al2O3 15.19 - 14.54 - 
 

17.34 - 17.03 - 
 

15.99 - 

FeOt 9.22 - 10.32 - 
 

7.00 - 6.65 - 
 

6.28 - 

MnO 0.08 - 0.16 - 
 

0.10 - 0.22 - 
 

0.09 - 

MgO 3.79 - 4.23 - 
 

3.13 - 2.80 - 
 

3.18 - 

CaO 8.70 - 8.99 - 
 

6.99 - 6.43 - 
 

5.85 - 

Na2O 3.24 - 3.62 - 
 

1.05 - 3.69 - 
 

3.79 - 

K2O 5.27 - 5.40 - 
 

6.36 - 5.71 - 
 

6.64 - 

total 100 - 100 -   100 - 100 -   100 - 

 

Table 7.1: Representative analyses of melt inclusion hosted in pyroxenes 

of Grotta dei Pisani, Grotte dei Rossi, Molineddo 1 and 3 deposits. Glass 

compositions were recalculated on the basis of KD = 

[(FeO/MgO)ol/(FeO/MgO)liq] = 0.31, following Di Carlo et al., 2006. All Fe 

as FeOt. 
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CHAPTER 8 

EXPERIMENTAL PETROLOGY: EXPERIMENTAL AND ANALYTICAL METHODS 

 

 

8.1 The experimental petrology approach 

 

Experiments were performed on (i) a scoria (sample SOM-1) representative of La 

Sommata eruption, and (ii) the Grotta dei Pisani scoria (sample GP-1; see Ch. 5).  

The rationale of this choice is tied to the following reasonments: 

(i) La Sommata represent the most mafic magma erupted at Vulcano 

(and one of the most mafic of the whole archipelago), i.e., a magma 

that escaped the usual ascent route at Vulcano, that implies cooling 

and evolution, giving us the opportunity to study the primary magma 

feeding volcanism at Vulcano and compare with mafic magmas 

erupted at Stromboli, Alicudi, etc. 

(ii) Grotta dei Pisani represents the Lower and Intermediate Brown Tuffs 

eruption, i.e. the most energetic eruption of the Archipelago. The 

assessment of pre-eruptive condition of this eruption is thus  of 

particular importance for volcanic hazard. 

(iii) For both eruptions there is a rather robust data set of H2O and CO2 

contents (this latter for La Sommata was below the detection limits) 

from MIs (Gioncada et al., 1998; this thesis). 

 

All the experiments were carried out at ISTO-CNRS (Orléans, France) 

laboratories. 

 

 

8.1.1 Choice of experimental conditions  

 

Experimental crystallization and ascent simulation for La Sommata and Grotta dei 

Pisani BT products were performed at different temperatures (1000 to 1150 °C) 

and pressures (50 to 150 MPa) with a ƒO2 ranging from NNO to NNO+4.  

 

The choice of these experimental brackets was based on some preliminary results. 
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As regards the GP-1 natural rock, the upper limit for the pre-eruptive pressure 

was derived by MI volatile concentrations (see Chapter 7) that enabled us to set 

the pressure of entrapment P > 80 MPa. 

 

SOM-1 pre-eruptive pressure was instead set considering as a minimum value the 

highest P derived from Gioncada et al. (1998) studies (1.1 and 0.7 kbar). Crystal-

liquid thermometry (Putirka, 2008) on olivines-whole rock pairs of SOM-1 scoria, 

suggested an upper temperature bound at 1200° C (according to Gioncada et al., 

1998).  

The ƒO2 chosen for SOM-1 experiment was fixed on the basis of: i) the 

compositional similarity between our rock-sample and the Stromboli Golden 

Pumice (Di Carlo et al., 2006) and ii) estimation of oxygen fugacity by Metrich and 

Clocchiatti (1996) with a ΔNNO= + 0.74, deduced from S6+/Stot ratios of La 

Sommata olivine-hosted melt inclusions. 

 

 

 

8.1.2 Preparation of experimental glasses  

 

We preferred to use as starting material fine-grained glass powders of the natural 

rock, instead of the natural rock itself, because the former is quicker to equilibrate 

and also free from resistate phenocrysts that may survive during the heating up 

of the furnace. 

 

Single batches of 20 g of both SOM-1 and GP-1 scoriae were firstly crushed (≈ 

30-50 µm size) in agate mortar and then molten in a platinum crucible by a 

furnace in air at 1400 °C for 3-4 hours and fused twice with regrinding between. 

The starting glasses were analyzed by electron microprobe and were found to be 

homogeneous. The major element compositions of the starting glasses are 

reported in table 8.1.  
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Sample SOM-1 σ (n=179) GP-1 σ (n=297) 

SiO2 48.56 0.33 52.59 0.45 
TiO2 0.72 0.07 0.72 0.07 
Al2O3 12.41 0.20 18.28 0.30 
MnO 0.21 0.08 0.21 0.08 
FeO 10.03 0.34 8.73 0.34 
MgO 8.61 0.14 3.46 0.10 
CaO 12.72 0.22 7.91 0.19 
Na2O 2.14 0.08 2.44 0.10 
K2O 2.24 0.08 2.38 0.10 
P2O5 0.39 0.06 0.42 0.07 
TOT 98.021 - 97.137 - 

Mg# 0.60 - 0.41 - 

CaO/Al2O3 1.03 - 0.43 - 

 

Tab. 8.1: EPM analysis of La Sommata (SOM-1) and Grotta dei Pisani 

Brown Tuffs (GP-1) starting glasses (after melting). Standard deviations 

(σ) are reported (n= number of analyses). 

 

 

The possibility of alkali loss during the fusion cycles, was checked by atomic 

absorption spectroscopy (at CNRS-ISTO) after acid attack of the starting glass 

and was found to be negligible: below 7% of the total Na2O and below 1% of the 

total K2O. 

 

 

 

8.1.3 Capsule material and preparation of charges 

 

The synthesized glass batches were finely hand-crushed (≈ 20-50- µm size) and 

30 mg of resulting powders were loaded in experimental capsules (having 

dimensions of 15 mm length, 2.5 mm Ø internal, 0.2 mm wall thickness) of: 

- Au (T melting Au ≈ 1064 °C at 1 bar) for experiment at lower temperature, 

and  

- Au90Pd10, Au80Pd20 alloys for higher temperature experiments (T melting at 

1 bar = ca. 1300 and 1400 °C, respectively). Whenever Pd-alloys are used, 

iron from the molten sample is rapidly alloying with capsule at experimental 

temperatures (“Fe loss”, being increasingly higher for more oxidizing 

conditions). This subtracts a considerable amount of Fe from the original 
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composition, modifying the experimental melt and crystals. The highest 

iron-loss is in fact associated with the Au80Pd20 capsule in the more oxidizing 

runs at high temperature (table 8.1). In order to check the amount of Fe-

loss suffered by experimental melts, we compared the EPM analysis of 

capsule walls (Au80Pd20), along traverses, of two charges that were run at 

1150 °C, 150 MPa and 0.7 bar of H2 and loaded with different water molar 

fraction (XH2O=1 and XH2O=0): the amount of iron resulted below the 

detection limit of EMP. 

 

All the crystallization experiments were performed in fluid-saturated conditions: 

variable amounts of distilled H2O and  CO2 (this latter added as silver oxalate), 

were mixed with the silicate powder (30 mg). The water molar ratio (XH2O) was 

varied by the different addition of CO2 (i.e. H2O-CO2 fluid mixtures) to the 

charges. The fluid input was from 10 to 8% depending on experimental pressures 

(at low pressure was kept low to prevent the risk of capsule explosion during the 

run). 

 

The capsules were then arc welded in a liquid nitrogen bath in order to prevent 

water loss. After welding the capsules were weighed, left in an oven at 110° C for 

2 hours to improve homogenization of the water distribution within the capsule. 

The weight of the loaded capsule agreed to within 0.0003 g (the precision of 

analytic balance) ensuring the closure of the capsules and the impossibility of fluid 

escapes. 

After the run, puncturing the capsules produced a hiss documenting the 

presence of a free fluid phase. 

 

 

 

8.1.4 Experimental equipment 

   

All experiments were carried out in an Internally Heated Pressure Vessel (IHPV), 

working vertically (in order to minimize the thermal convection) and pressurized 

with Ar-H2 mixture.  
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The vessel was equipped with an inner furnace, consisting of a double parallel 

winding of a Mo wire.   

Pressure was recorded by a transducer calibrated against a Heise-Bourdon 

tube gauge with an uncertainty of ±20 bars. Two S-type thermocouples allowed a 

continuous control of the temperature in the top and the bottom of the hot-spot 

(i.e. for a length of 5 cm). The temperature gradients in the hot-spot zones were 

always minor to 5 °C so that the uncertainty was ± 5 °C.   

Each experiment consisted of a set of 6-7 capsules (ƒO2-sensor included, 

see below) for a run duration range of 20-26 hours, that on these compositions 

are considered enough to achieve crystal-melt equilibrium (Di Carlo et al., 2006). 

A fast quench device, modified after Roux and Lefevre (1992) was 

systematically used in order to prevent quench crystallization. The drop quench 

consists in an alumina tube (Ø 10 mm), in which the samples are placed, hung in 

the hot spot by two thin (Ø 0.2 mm) Pt wires. At the end of the experiments, the 

thin Pt wires were melted by a current impulse and the sample dropped 

instantaneously into the coldest part of the vessel (about 50 °C), this method 

ensures a quench rate (isobaric) of about 100 °C/s.  

 

 

 

8.1.5 Control and monitoring of oxygen fugacity  

 

The use Ar-H2 gas mixture, with known partial pressure of hydrogen, allows to 

impose variable reducing atmosphere and hence obtain the required final ƒO2 for 

each experiment. Given that the noble metal of the capsules behaves as an ideal 

semi-permeable membrane with respect to H2 (Chou, 1986), the H2 diffuses fastly 

into the capsule where it reacts with H2O establishing equilibrium. The redox state 

in hydrous system is controlled by the reaction  

H2O  H2+½O2   (eq. 8.0) 

 

In other words the ƒO2 within the vessel can be controlled by adjusting the 

external H2 pressure in the system, but is still dependent on the H2Omelt in each 

capsule. 
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From eq. 8.0: 

 

Kw= ƒH2O/(ƒH2·ƒO2
0.5) 

 

and rearranging 

 

ƒO2=( ƒH2O/ƒH2·1/Kw)2   (eq. 8.1) 

 

This formulation allows to derive ƒO2 if we know ƒH2O and ƒH2. 

Kw and ƒH2O of pure water at the temperature and pressure of the 

experiments are obtained by Robie et al. (1979) and Burnham et al. (1969), 

respectively. 

For the determination of ƒH2 we used the solid sensor technique: for each 

experiment one sensor capsule was loaded. The sensor consists of  two hand-

pressed Ni-Pd and NiO pellets of two different mixtures (Ni0.15Pd0.85-NiO and 

Ni0.5Pd0.5-NiO) loaded together with ZrO2 (to prevent the contact between the two 

pellets and their contamination with the noble metal of the capsule) and 10 mg of 

distilled water. The calibration expression for H-sensor is (Taylor et al., 1992):  

 

 

               
         

        
                             

           
                    

                (eq 8.2) 

 

 

The final composition of the Ni-Pd alloy is a known function of T (O’Neill and 

Pownceby, 1993; Pownceby and O’Neill, 1994) and thus, known the composition 

of the alloy (XNi) analysed at the microprobe, the ƒO2 could be obtained 

(calculated from eq. 8.2). From ƒO2 was in turn possible to derive the ƒH2 (with 

the assumption that ƒH2 sensor is equal to ƒH2 sample) and then finally the ƒO2 of 
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each sample capsule (we remind is function of the dissolved H2O within each 

charge) according to eq. 8.1.  

 

The water activity (aH2O) is calculated through the Burnhan thermodynamic 

model (Burnham, 1979) if are known pressure, temperature and water 

concentration of the melt. 

 

 

 

 

8.2 Analytical techniques (SEM-EDS, EMP, FT-IR) 

 

Scanning Electron Microscope (SEM-EDS) and Electron Microprobe (EMP) were 

used for phase identification and phase composition determination.  

Natural samples and fragments of experimental charges were mount in 

epoxy resin and polished for scanning electron microscopy (SEM-EDS) 

observations and EMP analyses. EDS analysis of natural samples (using a 

Cambridge LEO 440 SEM-EDS housed at Dipartimento di Chimica e Fisica della 

Terra of Palermo) were also acquired. To prevent the alkali loss a raster beam was 

employed for glass and plagioclase analysis.  

SEM conditions consisted of an acceleration voltage of 20 keV and 600pA of 

beam current, both analysis and imaging.  

The quantitative major element analyses of experimental samples were 

performed by a Cameca SX50 EPM, housed at BRGM-CNRS (Bureau des 

Recherches Geologiques et Minieres - Centre National de la Recherche 

Scientifique) of Orléans. The standards were represented by natural minerals. The 

EPM analytical conditions were: acceleration voltage 15 kV, sample current of 6 

nA and counting time of 10 seconds on peak for all the elements. For mineral 

phases a beam diameter of 1-2 µm was used. For glasses a defocused beam of 10 

microns was used in order to minimize the migration of alkali; no Na-loss was 

detected. 

Analysis of sensors (Ni-Pd alloys) were obtained employing an acceleration 

voltage of 15 kV, a beam current of 20 nA, a beam diameter of 1 µm, counting 

time of 10 s for peak and background and using pure metal (except for Fe: FeS2) 
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as calibration standards. The elements analyzed were Ni, Pd, Fe and metals from 

the capsules (i.e. Au and Ag).  

 

The water contents of the glasses were determined using "by-difference" 

method (Devine et al., 1995); the calibration of the “by difference” method (i.e. 

the difference between the total sum of oxides EPM to 100% assumed to 

represent the total volatiles, almost exclusively H2O, given the very low CO2 

solubility) was implemented using variably hydrated and anhydrous glasses of a 

similar composition (PST-9, Di Carlo et al., 2006), and also with FT-IR 

spectroscopy (see Ch. 6) on 4 near-liquidus SOM-1 experimental glasses 

(analyses do not reported) where no CO2 was detected (carbon dioxide 

concentration below detection limit of FT-IR instrument). 
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CHAPTER 9 

EXPERIMENTAL RESULTS 

 

 

This chapter is dedicated to the description of the results of crystallization 

experiments in the chosen T-P-ƒO2- space (and aH2O, work in progress).  

Phase diagrams for La Sommata (SOM-1) and Grotta dei Pisani Brown Tuffs 

(GP-1) samples were constructed, with the aim to infer (i) the magma pre-

eruptive conditions (by comparison with the natural rock samples), (ii) to address 

the effect of variable H2Omelt on phase equilibria and consequently, to infer how 

and if decompression induced by volatile exsolution played a role for La Sommata 

magma evolution.  

 

Crystallization experimental results are portrayed in the form of: 

- P vs. H2Omelt and T vs. H2Omelt phase diagrams for La Sommata scoriae, and, 

- T vs. H2Omelt phase diagram for Grotta dei Pisani Brown Tuffs. 

 

La Sommata 

The crystallization process of La Sommata magma is reconstructed by the isobaric 

section at the inferred deep pre-eruptive magma reservoir conditions at 150 MPa 

(T = 1050-1150 °C) and, in order to simulate the ascent path, an isothermal 

section at 1150°C and pressures from 150 to 50 MPa.  

 

Grotta dei Pisani BT 

Experiments for Grotta dei Pisani BT are still at a preliminary stage since only one 

pressure (150 MPa) and three temperature (T = 1000-1080 °C), were explored. 

Given the complexity and variability of the BT composition, more experiments are 

needed on this composition, consequently the results presented here must be 

taken as purely qualitative. 

 

For both SOM-1 and GP-1 compositions the ƒO2 was fixed at rather oxidizing 

conditions, varying in the range of ∆NNO from 0 to +4 (where “ΔNNO” is the 

difference in log units of the given ƒO2 with respect to the ƒO2 , fixed for the given 

temperature by the nichel - nichel oxide oxygen buffer). 
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9.1 La Sommata experimental results  

 

 

Experimental results of SOM-1 sample are shown in table 9.1, in which 

experimental conditions, mass balance, results of the phase assemblages and 

equilibrium coefficients (for clinopyroxenes olivines and plagioclase) are reported. 

 

 

 

9.1.1 Attainment of equilibrium 

 

Attainment of equilibrium has not been tested by reversal experiments. 

Nevertheless, several textural and chemical criteria have been used to assess the 

near-equilibrium conditions.  

Experiment durations. Run durations ranged from about 20 to 26 h and 

were chosen on the basis of previous experiments on similar compositions and 

conditions (e.g. Di Carlo et al., 2006 and Barclay and Carmichael, 2004) and on 

clear textural and chemical evidences of equilibrium conditions in run products 

(e.g., well faceted crystals, chemical homogeneous phases, etc.; see below). 

Crystal textures. Euhedral and platy crystals of plagioclase occur in low H2O 

charges suggesting growth at small degrees of undercooling (Muncill and Lasaga, 

1987). Pyroxenes and olivines show euhedral with equant habits. 

The crystal distributions in the experimental products is uniform (no crystal 

settling and seriate crystal sizes were observed; e.g. figure 9.1). 
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Table 9.1: Experimental results 

Charge H2Omelt (wt%) aH2O log ƒO2 ∆NNO Phase assemblage ∑R2 ∆FeO (%) Kd
Fe-Mg

cpx-liq Kd
Fe-Mg

ol-liq Kd
Ca-Na

pl-liq 

SOM-1 
           

            
Run 2, 1150°C, 153.9 MPa, 23h, ƒH2 = 0.232 MPa, XNi=0.07, Au80Pd20. 

    (2-1) 3.52 0.994 -4.77 3.52 gl(n.d.)+ox(n.d.) 3.5 -2.23 - - - 

(2-2) 3.15 0.873 -4.88 3.41 gl(n.d.)+ox(n.d.) 2.9 -8.27 - - - 

(2-3) 2.69 0.662 -5.12 3.17 gl(90)+cpx(10) 1.1 -4.53 0.26 - - 

(2-4) 1.74 0.305 -5.79 2.50 gl(79)+cpx(20)+ol(2) 1.2 -9.98 0.23 0.15 - 

(2-5) 1.20 0.158 -6.37 1.92 gl(74)+cpx(25)+ol(2) 0.3 -9.64 0.29 0.21 - 

Run 5, 1120°C, 140.84 MPa, 20h, ƒH2 = 0.17 MPa, XNi=0.07, Au80Pd20. 
    (5-1)qc 3.45 0.923 -5.02 3.64 gl(n.d.) 

 
- - - - - 

(5-2) 2.90 0.594 -5.33 3.33 gl(79)+cpx(17)+ol(2)+ox(2) 1.5 -7.06 0.19 0.11 - 

(5-3) 2.55 0.484 -5.58 3.08 gl(64)+cpx(35)+ol(0.3)+ox(2) 0.6 -4.35 0.29 0.11 - 

(5-4) 1.45 0.202 -6.34 2.32 gl(64)+cpx(33)+ol(0.4)+ox(3) 0.5 -3.51 0.25 0.14 - 

(5-5) 1.21 0.145 -6.63 2.03 gl(63)+cpx(34)+ol(3)+pl(tr) 1.1 -4.69 0.22 0.16 1.49 

Run 8, 1080°C, 146.3 MPa, 21.5h, ƒH2 = 0.20 MPa, XNi=0.07, Au90Pd10. 
    (8-1) 3.34 0.709 -5.95 3.23 gl(65)+cpx(31)+ol(tr)+ox(3) 4.3 -8.86 0.29 - - 

(8-2) 2.01 0.311 -6.67 2.51 gl(51)+cpx(45)+ol(0.4)+ox(4) 0.7 -2.03 0.60 0.19 - 

(8-3) 1.41 0.186 -7.11 2.06 
gl(46)+cpx(50)+ol(1)+pl(tr)+ox(
3) 1.3 -2.38 0.30 0.21 - 

Run 7, 1050°C, 159.43 MPa, 25.7h, ƒH2 = 0.232 MPa, XNi=0.07, Au. 
     (7-5) 3.37 0.637 -6.57 3.00 gl(61)+cpx(33)+ol(2)+ox(5) 2.2 -6.51 0.40 0.16 - 

(7-6) 2.20 0.327 -7.15 2.43 gl(50)+cpx(45)+ol(0.4)+pl(tr)+ox(5) 0.3 -1.13 0.32 0.21 - 

Run 3, 1150°C, 87.5 MPa, 21h, ƒH2 = 0.177 MPa, XNi=0.09, Au80Pd20. 
     (3-1)qc 2.43 0.870 -5.19 3.11 gl(n.d) 

 
- 

 
- - - 

(3-2)qc 2.17 0.720 -5.35 2.95 gl(91)+cpx(10)+ol(tr)+ox(tr) 1.8 -7.36 0.24 0.12 - 

(3-3)qc 1.93 0.590 -5.53 2.77 gl(87)+cpx(13)+ol(0.2) 1.4 -3.05 0.21 0.12 - 

(3-4) 1.55 0.370 -5.95 2.35 gl(79)+cpx(20)+ol(2) 0.2 -1.70 0.30 0.19 - 

(3-5) 1.25 0.240 -6.3 2.00 gl(74)+cpx(23)+ol(3) 0.6 -7.80 0.30 0.22 - 

Run 6, 1150°C, 44.07 MPa, 20.1h, ƒH2 = 0.178 MPa, XNi=0.13, Au80Pd20. 
    (6-1) 1.95 0.990 -5.62 2.69 gl(100) 

 
1.6 -6.58 - - - 

(6-2) 1.89 0.940 -5.67 2.64 gl(100) 
 

1.1 -4.81 - - - 

(6-3) 1.62 0.720 -5.9 2.40 gl(93)+cpx(6)+ol(1) 0.7 -5.83 0.23 0.16 - 

(6-4) 0.70 0.170 -7.18 1.13 gl(87)+cpx(11)+ol(2) 1.3 -7.02 0.29 0.18 - 

 

 

 

 

 

 

 

 

 

 

Table 9.1: aH2O calculated from H2O melt using the Burnham (1979) model and melt 
compositions from tables 8.2 and 8.3; XNi is mole fraction of Ni in the alloy phase of the sensor; 

logƒO2 calculated from experimental ƒH2 and ƒH2O (determined from aH2O), see text; ∆NNO= 
logƒO2 - logƒO2 of the NNO buffer calculated at P and T (Pownceby and O’Neill, 1994); n.d., not 
determinate; tr, occurrence in trace amounts (phase proportion<0.5% by weight). Phase 
proportions are calculated by mass balance; gl, glass; cpx, clinopyroxene; ol, olivine; pl, 
plagioclase; ox, oxide; qc, quench crystals. Iron loss (∆FeO) is calculated as 100x(FeOcalc-
FeOstartsample)/FeOstartsample. FeOcalc and ∑R2 are obtained from the mass balance calculations. H2O is 

from calibrated “by-difference” method. Kd
Fe-Mg

cpx-liq= (Fe/Mg)cpx/(Fe/Mg)liq; Kd
Fe-Mg

ol-liq= 
(Fe/Mg)ol/(Fe/Mg)liq; Kd

Ca-Na
pl-liq= (CA/Na)pl/(Ca/Na)liq. For cpx and ol Kd are calculated with 

FeO=FeOt. 
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Crystal and glass homogeneity. The homogeneous compositions of glasses and 

minerals, after repeated analyses at electron microprobe, is highlighted by the low 

standard deviations of analysis. 

Crystal-liquid exchange coefficient. The clinopyroxene-liquid Fe-Mg 

distribution coefficient (defined as Kd
Fe-Mg

cpx-liq = (Fe/Mg)cpx/(Fe/Mg)liq) was 

calculated for selected runs (i.e. those near-liquidus and without quench 

crystallization), considering all Fe as FeO. The average coefficient is 0.25±0.03 

and approaches closely matches the equilibrium values for clinopyroxene in 

crystallization experiments on a primitive Stromboli basalt (Kd
Fe-Mg

cpx-liq = 

0.31±0.06; Di Carlo et al., 2006). As regards the average olivine-liquid Fe-Mg 

distribution coefficient (Kd
Fe-Mg

ol-liq = (Fe/Mg)ol/(Fe/Mg)liq) is well below (0.16±0.02) 

the value considered to represent olivine-liquid equilibrium in a similar bulk 

composition (Kd
Fe-Mg

ol-liq = 0.26±0.04; Di Carlo et al., 2006). In other words, La 

Sommata olivine are much more magnesian than it should be. But if we consider 

ol → 

cpx → 

liq 

Fig. 9.1: BSE image of run 2-5 (SOM-1 sample); experiment at 

P=1.5 kbars and T=1150°C. Phase assemblage consisting of glass 

(liq), euhedral and equant crystals of olivines (ol) and 

clinopyroxenes (cpx). 
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the low P runs of Di Carlo et al. (2006) (i.e. 1 kb , 2 kb) their Kd
Fe-Mg

ol-liq lowers to 

0.24. As a possible explanation we may invoke the very particular Ca-rich 

composition (CaO/Al2O3=1.03) of the La Sommata starting material that in some 

cases generates a Fe richer clinopyroxene than the coexisting olivine (XMgol > 

XMgcpx) up to 6 units:   olivine XMg= 89 and cpx = 83. This spread is higher than 

the not ultracalcic PST-9 starting composition of Di Carlo et al. (2006) for the low 

pressure runs (ΔXMg ≈ 2). The above process may result in a liquid composition 

(at the initial stage of crystal growth) slightly more magnesian given that 

clinopyroxene is largely more abundant than olivine. 

 

For plagioclase-liquid Ca-Na distribution coefficient (Kd
Ca-Na

pl-liq = 

(Ca/Na)pl/(Ca/Na)liq) is 1.49, in agreement with values from literature in similar P-

T conditions and H2O concentrations (Di Carlo et al., 2006). 

Iron-loss. The amount of Fe-loss (ΔFeO ranges from -1.13 to -9.98 %; 

mean value = -5.42%) was calculated by mass balance as difference between 

starting glass FeO and the sum of FeO in all the phases occurring in the given 

runs, it is always less than 10% in near-liquidus runs (2-1, 2-3, 2-4, 6-1, 6-2, 6-

3, 6-4) and there is a slight increase in the iron-loss (from about 1 to 10%) for 

high crystallinity runs. 

Quench crystallization. Generally, experiments on low-viscosity magnesium-

rich and hydrous basaltic melts (e.g. SOM-1 K-basalt) are extremely difficult to 

quench into a glass without the growth of very tiny quench crystals (i.e. 

undesidered crystals grown during the final T drop capable to modify severely the 

composition of the melt phase formed at experimental conditions). However, the 

use of the fast quench device (Roux and Lefevre, 1992) allows to almost 

completely avoid nucleation of quench crystals. Nevertheless, most likely due to 

the improper position of some capsule, in few runs (see table 9.1) crystal quench 

of pyroxene are recognized. Quench crystals of pyroxene frequently 

heterogeneously nucleate with radiate arrangement onto pre-existing Fe-Ti 

oxides. However, given the high quench pyroxene dilution, the liquid compositions 

were not affected by quench crystallization.  

 

Based on these petrographic and petro-chemical criteria, we consider our 

experimental results as representing the near-equilibrium conditions. 
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9.2 La Sommata 150 MPa isobaric phase equilibria 

 

Experiments at 150 MPa were performed covering a temperature range between 

1150 and 1050 °C in a total of 15 charges. Water contents range from 1.10-3.69 

wt.% with ∆NNO between 1.92 and 3.64. The isobaric phase equilibria diagram is 

reported in figure 9.2 and mineral saturation curves were constructed using the 

data set of table 9.1.  

 

Spinel was very difficult to analyze because of its small size, but, whenever 

possible, we noted that spinel ranges from (Mg-Al-Cr)-rich spinel to magnetite 

(Cr2O3 = 6.88 to  0.0 wt.%) and occurs as the liquidus phase for H2O > 2.8 wt.%, 

readily substituted by clinopyroxene for decreasing pressure (or increasing water 

content). 

Magnetite-spinel-in curve is inferred due to the small size of some crystals 

that did not allow precise probing. 

 

Clinopyroxene never reaches a size larger than 20 microns; clinopyroxenes show 

optical and chemical zoning at the lower temperatures explored (runs 7-5 and 8-

1), lacking in high T runs; this is probably an indication of non-perfectly achieved 

equilibrium, due to low Mg-Fe-Ca diffusivity. 

 

Olivine sizes are variable: generally, for high water concentrations (> 2.6 wt.%) 

olivines reach up to 100 microns in dimension, became smaller with decreasing 

water, regardless of temperature. Moreover, at lowest temperature, in the charge 

with high-water contents, olivine hosts clinopyroxene inclusions. At 1120 °C 

plagioclase show the larger size (between 20 and 100 microns) for low water 

contents (<2.5 wt.%). 
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Fig. 9.2: Experimentally determined T-H2O in melt phase diagram for 

SOM-1 at 150 MPa. Data are given in table 9.1. L, liquid; V, vapor; sp, 

spinel; cpx, clinopyroxene; ol, olivine; pl, plagioclase; mt, magnetite. The 

water saturation curve is calculated from Papale et al. (2006). The sp-in 

curve represent also the liquidus.Dashed lines are used for supposed 

mineral  saturation curves. 
 

 

 

At conditions close to clinopyroxene saturation, spinel is the liquidus phase 

followed by clinopyroxene, olivine and finally plagioclase.  

 

Clinopyroxene + olivine assemblage is characterized by a broad stability field 

representing the two most abundant phases. Cotectic clinopyroxene + olivine 

occurs at 1120 °C for H2Omelt contents < 2.8 wt.%. To crystallize olivine at 1080 

°C and 150 MPa, water contents < 3.5 wt.% are required.  

Plagioclase (having a low modal percentage: lower than 0.5 wt.%; figure 

9.3) is stable in the water-poor portion of the T-H2Omelt phase diagram (e.g. < 2.5 

wt.%), and somehow surprisingly, depending on ƒO2 (being more stable at more 

reduced conditions). Plagioclase saturation curve is poorly defined at 1050 °C for 

H2O in melt > 2.45 wt.% since its SEM identification is not easy in such crystal-

rich charges. Fe-Ti oxide phases appear  in a wide range of H2Omelt.  
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cpx → 

ol → 

gl → 

 

pl → 

pl → 

Fig. 9.3: BSE image of experiment at 1120°C, 1.5 kb, H2Om=1.20 

wt.% (Run5-5). Glass, gl; clinopyroxene, cpx; olivine, ol; plagioclase, 
pl. Olivines are characterized by a slight zoning of few micrometers. 
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9.3 La Sommata 1150 °C isothermal phase equilibria 

 

Experimental strategy for La Sommata magma was based on a 3-pressure bench 

at the 1150 °C isotherm: 150, 100 and 50 MPa for a total of 14 charges covering 

a range of water contents from 0.8 to 3.69 wt.% and ∆NNO between 1.13 and 

3.52 (table 9.1). The isothermal phase equilibria diagram is reported in figure 9.4, 

where the mineral saturation curves were constructed using the experimental 

data reported in table 9.1. 

 

 

Fig. 9.4: Experimentally determined P-H2O in melt phase diagram for 

SOM-1 at 1150°C. Data are given in table 9.1. The water saturation curve 

is calculated from Papale et al. (2006). Abbreviations are as in figure 9.2. 
 

 

Clinopyroxene displays euhedral habitus and occurs in tiny crystals (ca. 10 

micrometers).  

 Olivine are distinctly larger in size with respect to clinopyroxene, but in the 

lower explored pressures (<100 MPa) the dimension are comparable to 

L L+V 

2σ 
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clinopyroxene ones. Olivine (typically faster in intra-crystalline Mg-Fe diffusion 

than clinopyroxene, Pichavant et al., 2007) shows a slight zoning (figure 9.1).  

 

At 150 MPa, spinel is the liquidus phase but for this section may consider 

clinopyroxene + spinel as almost coprecipitating phases.  

Clinopyroxene+olivine (figure 9.1) is the dominant phase assemblage at 

lower water contents (below 2 wt.%). For olivine to crystallize at 50 MPa and 

1150°C water contents ≤ 1.62 wt.% are required.  

No plagioclase crystals were recorded for the explored water content at 150 

MPa, while at 50 MPa and H2O< 0.8% plagioclase crystallizes not very far from 

the liquidus. We are unable to confidently constrain the saturation curve for 

plagioclase up-pressure, but we have to note that in a similar basaltic composition 

from Stromboli (Di Carlo et al., 2006), the plagioclase-in curve has a near 

vertical/slightly negative slope in the P-H2Omelt space. 

A few H2O-rich charges (Run 3, charges 1, 2 and 3, Run 5 charge 1: 3.57, 

3.00, 2.48 and 3.45 H2O in melt, respectively) do contain quench crystals.   
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9.4 Phase and liquid compositions 

 

Glass and mineral compositions are listed in table 9.3 For isobaric section and 

table 9.4 for isothermal section. 

 
 

 
9.4.1 Phase compositions 

 

Experimental clinopyroxene (figure 9.5) ranges from augite to diopside in 

composition (Wo44-47En40-48Fs7-16) but, augite are characteristic of the lower 

experimental pressure (50 MPa) and temperature (1050 °C), points to 

(Wo44-46En40-43 Fs11-16). 

 

 

Fig. 9.5: Classification diagram (Morimoto et al. 1988) for experimental 

pyroxene compositions. Red, green, blue and black circles are used to label 

the different temperatures (1150, 1120, 1080 and 1050 °C, respectively). 

 

 

TiO2 content in clinopyroxene is function of temperature and phase 

assemblage: the higher TiO2 concentration is observed at the lowest temperature 

as expected; XMg
cpx is characterized by the higher values at the higher 

temperatures (figures 9.6a and 9.6b), related to the lowest crystallinity runs. 
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The CaO content of pyroxene tends to decrease with dissolved water in the melt, 

either in the clinopyroxene-only or in the clinopyroxene + olivine ± plagioclase 

runs. In figure 9.7 is clearly visible that for water contents ≤ 2.20 wt%, CaO 

progressively decreases from 21.5 to 20.5 wt.% according to the plagioclase 

crystallization increase. Thus, Ca in clinopyroxene providing a sensitive 

geohygrometric tool. 
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Fig. 9.6: Correlation between 

temperature and TiO2 (a) and 

XMg (b) for experimental 

clinopyroxene. The XMg rich and 

Ti-poor cpx were synthesized at 

1150° C. liquid + clinopyroxene 

(brown square), liquid + 

clinopyroxene + olivine (green 

triangle), liquid + clinopyroxene 

+ olivine + plagioclase (blue 

circle) assemblage are labeled. 
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Olivine is the second phase to crystallize and ranges from Fo92 (equal to the 

phenol and microphenocryst compositions in the natural rock) in the charges 3-2 

and 5-2 (characterized by liquid + clinopyroxene + olivine assemblage) to Fo78 in 

the charge 8-3 (having liquid + clinopyroxene + olivine + plagioclase 

assemblage). Olivine is relatively Ca-rich (CaO mean value of 0.51 wt%) and the 

highest CaO contents (CaO = 0.85 wt.% on average) are observed in  more 

reducing runs. 

 Olivine crystallization is related to the H2O in the melt and generally modal 

proportions increase with water decreasing. Fo92 saturation occurs between H2Omelt 

= 2 - 2.5 wt.% (figure 9.8); for different water values the olivine forsteritic 

component tends to decrease up to Fo78, e.g. in correspondence with the late 

appearance of plagioclase.  
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Fig. 9.7: Correlation between temperature and CaO in clinopyroxene and 

H2O in the melt. 20.5 % of CaO content represents a limit below which 

plagioclase crystallization is probable. Colors and symbols as figure 9.6; 

starting material (star) is showed. 2σ=1%. 
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Plagioclase occurs only at low temperatures (≤ 1120 °C) and low H2Omelt (≤ 2.20 

wt.%). Due to their small size, plagioclase crystals have  been analyzed just from 

charge 5-5 only. Its composition (An67Ab31) is characterized by 0.48 wt.% of K2O 

and 0.78 wt.% of FeO. 

 

Spinel occurs as composition intermediate between (Mg-Al-Cr)-rich spinel and 

magnetite. With decreasing in temperature Cr2O3 becomes less abundant (from 

6.88 wt.% at 1150 °C to 0% at 1050 °C) and MgO decreases from 12.37 to 8.05 

wt.%. TiO2 does not seem temperature dependent and its content in spinel phases 

increases (from 0.58 to 2.05 wt.%) progressively with oxygen fugacity 

increments.   

A further rough indication of high ƒO2 is also indirectly given by the very low 

abundance of ulvospinel component in the spinel phase (Usp = 1-9 mol%). 
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Fig. 9.8: Forsteritic contents vs. water in the melt. Fo92 olivines occurs in the 

charges with H2O cbetween 2 and 3 wt% (charges 3-2 and 5-2). colors and 

symbols as in figure 9.6. The double arrow brackets the composition of La 

Sommata natural olivines. 
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9.4.2 Liquid compositions 

 

Experimental glasses vary coherently their composition according to variations in 

temperature and water content. Compositions range from absarokite to 

shoshonite, covering the shoshonitic and the potassic suites, in a silica range 

between 48.56 and 55.41 wt. % (on anhydrous basis). The most evolved and K-

rich glasses occur at low temperature < 1050 °C. K2O concentration increases 

obviously with decreasing in MgO and CaO contents.  

The most evolved glasses represent multiply saturated crystal-liquid 

equilibria that drive the liquid composition towards a remarkable K2O enrichment 

at a rather moderate SiO2 variations (figure 9.9). 

 

At the temperatures of 1150-1120 °C and a water content between 1.62 and 2.17 

wt. %, glass compositions range from basalt to trachy-basalt. At the low T range 

silica  increases slightly from 50.13 to 52.21% (H2O ranges from 1.21 to 3.45 

wt.%). The strongest K2O enrichment (up to 5.13 wt%) is achieved for 

temperatures < 1080 °C and H2Omelt < 2.2 wt. % (figure 9.10), when plagioclase 

saturation is reached. 

 

The K2O vs. CaO/Al2O3 diagram (figure 9.11) shows that glass compositions 

increase in potassium contents with decreasing of  CaO/Al2O3  values. In 

particular, at  about CaO/Al2O3 = 0.4 of ratio the potassium increase occurs 

exponentially with small CaO/Al2O3 variations; this final trend can be explained by 

plagioclase crystallization.  
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Fig. 9.9: SiO2 vs. K2O diagram of experimental glasses as a function of 

temperature and phase assemblage. The remarkable progressive 

potassium enrichment occurs in a small silica range correlated with the 

appearance of plagioclase. Liquid (cross), liquid + clinopyroxene 

(square), liquid + clinopyroxene + olivine (triangle), liquid + 

clinopyroxene + olivine + plagioclase (circled), SOM-1 starting glass 

(star), La Sommata natural glass (black cross) and liquid line evolution 

(red arrow); red, green, blue and black colors are used for glass 

compositions at 1150 °C, 1120 °C, 1080 °C and 1050 °C, respectively. 
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Fig. 9.10: H2O vs. K2O diagram. K2O melt content is influenced by the H2O 

dissolved in the melt, i.e. by the amount of crystallization. Glass 

compositions at 1150 °C (blue diamond), 1120 °C (brown square), 1080 

°C (green triangle) and 1050 °C (violet circle) are labeled; charges with 

only clinopyroxene (cpx) and clinopyroxene + olivine + plagioclase 

assemblage (cpx+ol+pl) are reported. It is possible to note that at 1120 °C 

plagioclase appears for water content <  1.2 wt.% and at 1080-1050 °C 

this phase needs a water content <  2.2 wt.%. The black star represents 

the starting material.  
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Fig. 9.11: K2O vs. CaO/Al2O3. Potassium contents of the experimental glass 

are influenced by the H2O dissolved in the melt. Liquid (blue diamond), 

liquid + clinopyroxene (brown square), liquid + clinopyroxene + olivine 

(green triangle), liquid + clinopyroxene + olivine + plagioclase (blue circle) 
assemblage and SOM-1 starting glass (star) are labeled. 
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9.5 Discussion 
 
 

 
9.5.1 Comparison of experimental melts with Vulcano magmas  

 

The compositions of the experimental liquids allows to depict an evolutionary path 

and to compare them with natural volcanic rocks that cover the same 

compositional range (figure 9.12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.12: K2O vs. SiO2 diagram (from De Asti set al., 2000) of Vulcano 

products. Potassium enrichment (red arrow) of SOM-1 melt (red circle) 

overlaps several Vulcano rocks. Diagram of the Vulcano products is from 

De Astis et al. (2000). 

 

 

As already seen in Chapters 1 and 3, the Vulcano magmatism extends widely in 

both potassium (from HKCA to SHO-KS) and silica (from basalts to rhyolites). 

Such a variation is by no means constrainable by an unique evolutionary process 

or by a single mantle source for primitive magmas (see De Astis et al., 1997a, 

2000; Del Moro et al, 1998; Gioncada et al., 1998). 

For the highest K2O content recorded in the experimental melts (5.37 wt.%, 

RUN 8-3) we found a crystallinity rather high (55 wt. %), that, transposed in 

natural rocks, would make hard the eruption of such crystal-loaded magma. 

SOM-1 
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Nevertheless, an important point of our experiments is that strong K2O 

enrichments crossing the HKCA-SHO suite limits and pointing toward potassic 

suite, can be achieved by simple equilibrium crystallization, cumulating essentially 

clinopyroxene + olivine + plagioclase. If squeezed out from its crystal-mush, this 

K-rich melt might represent one end-member composition potentially involved in 

magma mixing process, or is akin to. 

The data obtained in our experiments at the explored conditions, suggest 

that a SOM-1 type magma can produce liquids akin to latite/shoshonitic magmas 

at Vulcano e.g. Saraceno, Molineddo and Vulcanello, if more than 45 % of solid is 

extracted.  

Although the isotopic record clearly illustrates that the highest K-

enrichment in Vulcano magmas is coupled to very high 87Sr/86Sr ratios, other 

processes involving metasomatized mantle sources, and/or AFC/RTFA processes, 

are playing a role.  

The Sr isotopic ratios (De Astis et al., 2000) of La Sommata, 87Sr/86Sr = 

0.7042, is the lowest found at Vulcano, together to Passo del Piano lava (87Sr/86Sr 

= 0.7042), and lower than Vulcanello (87Sr/86Sr = 0.7046; Davì et al., 2009b). 

This may be interesting if we consider MI data of La Sommata and 1888-

1890 eruption products; Gioncada et al. (1998) indicate a similar source region 

for the basaltic magmas erupted 50 ka B.P. and those feeding the post-15 ka 

activity. Moreover, Del Moro et al., 1998 suggest that a magma composition 

similar to La Sommata might be the candidate to represent the primary magma 

that periodically refilled the post-15 ka magma reservoirs. 

 

 

 

9.5.2 Comparison with Aeolian primitive magmas  

 

The most mafic rocks from Alicudi Island (CaO/Al2O3 = 0.71 and MgO = 9.6 

wt. % of the bulk rock: Peccerillo and Wu, 1992) is characterized by a high Mg-

number (0.7). Stromboli “Golden Pumice” (Métrich et al., 2001) is much lower in 

CaO/Al2O3 (0.81) than La Sommata (CaO/Al2O3 = 1.03). At Stromboli this ultra-

calcic magma was never erupted as a magma, but only as melt inclusions (i.e. 

trapping very local melts).  
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Igneous xenoliths are frequent and are represented by gabbros and 

clinopyroxene + olivine ultramafic xenoliths (some of which having cumulate 

texture; Peccerillo and Wu, 1992). Cumulate rocks was also found as xenoliths at 

Filicudi (Santo et al., 2004), Salina (Zanon and Nikogosian, 2004) and Lipari 

(Barker, 1987). Comagmatic gabbroic enclaves were found at Vulcano (Spiaggia 

Lunga: De Astis et al., 2006b); in mafic magmas of Stromboli are also reported by 

Salvioli-Mariani et al., (2002). 

Ca-rich melt inclusions are also found at Marsili Seamount in olivine-hosted 

(Trua et al., 2010) characterized by a CaO/Al2O3 = 0.86. 

 

Thus, La Sommata magma gives the unique opportunity to study a primitive high-

Ca arc magma.  

 

We suggest that for La Sommata  magma, a major role was played by 

clinopyroxene dissolution by DRM (dissolution - reaction - mixing) processes 

(Danyushevsky et al., 2004) or cumulate resorption (Pyle et al., 1988; Dungan 

and Davidson, 2004; Landi et al., 2004); but, if we consider the high water 

contents of La Sommata magma and the presence in depth of monzogabbroic 

bodies with apophyses (as evidenced by Faraone et al., 1986 and Gioncada and 

Sbrana, 1991), a gabbroic cumulate resorption (by clinopyroxene and plagioclase 

dissolution) is probably the process capable also to explain the Ca-enrichment.  
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9.6 Pre-eruptive conditions for La Sommata magma and constraints         

on ascent pathways. 

 

 

 

9.6.1 Comparison with previous melt inclusion studies 

 

Previous works on melt inclusions in olivine-host of the La Sommata basalt 

(Gioncada et al., 1998) suggests a water content between 2.1 and 3.8 wt.% 

(mean value 3 wt.%; CO2 concentrations below detection limit) and a 

homogenization temperature (Th) of 1200 °C. These inferred temperatures (Th) 

for the given water content results overestimated since, according to our data 

(phase diagram in figure 9.2), at this conditions (and P= 150 MPa) the SOM-1 

composition is in the near-liquidus region; this is confirmed if we compare 

experimental phase equilibria of PST-9 basalt, a very similar bulk composition 

excepting for CaO/Al2O3 (0.8 for PST-9 versus 1.0 for SOM-1), total iron (8.45 

wt.% vs. 10.03 wt.%, respectively) and K2O contents (1.85 wt.% vs. 2.24 wt.%). 

Moreover, melt inclusions study of Gioncada et al. (1998) is based on 

olivine-hosted MI, but our phase relationships clearly show that olivine is not the 

liquidus phase (Fe-Ti oxides and clinopyroxene instead), thus their measured 

water contents do not record the initial phases of magma cooling and 

crystallization, but may represent a later stage condition. 

 

Due to the positive slope of the mineral saturations curves in the P-H2O phase 

diagram (see figures 9.3 and 9.13), an isothermal ascent of SOM-1 magma is 

supposed not to crystallize until water saturation is reached. For an initial mean 

water content of 3 wt.% (figure 9.13) saturation is achieved at 45 MPa and at 

1150 °C (Papale et al., 2006). The negative slope of plagioclase curve, on the 

contrary, implies that plagioclase crystallization increases upon decompression. 
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Fig. 9.13: P-H2O in melt phase diagram for SOM-1 at 1150 °C. 

Isocrystallinity (as liquid percentage) curves (dashed blue lines) ) and 

forsterite/ferrosilite (e.g. 92/7) contents are represented (single number 

refers to ferrosilite content only). Data are given in table 9.1. The water 

saturation curve is calculated from Papale et al. (2006). Abbreviations are 

as in figure 9.2. The gray bar represents the range of water contents 

determined in melt inclusions (Gioncada et al., 1998); the mean value of 

H2O concentration (3 wt. %) in melt inclusion (CO2-free) corresponds to a 

saturation pressure of 45 MPa. 

 

 

 

9.6.2 Pre-eruptive conditions and ascent pathways 

 

Calculated phase proportions show that the crystal content of the charges 

increases evenly with decreasing temperature, pressure and water content. 

Clinopyroxene is the most abundant mineral phase (from 6 to 50 wt%), 

followed by Fe-Ti oxide (up to 5 % wt) and olivine (up to 3 %wt). Plagioclase 

occurs with a very low modal percentage (minor to 0.5 wt%) and only in a few 

charges (3-2, 7-6 and 8-3) with low water contents. Comparison of the natural 

and experimental crystal contents and phase assemblage allows a first estimation 

of the La Sommata magma pre-eruptive conditions. The natural phase 

assemblage (clinopyroxene, olivine, plagioclase and oxide) is coherent with 
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charges 5-3 and 5-2 which are characterized by a water content ranging from 

2.55 to 2.90 wt.%, temperatures of 1120 °C and pressures between 100 and 150 

Mpa. 

Crystallinity of these conditions (between 35 and 15 wt.% of crystals) 

matches the natural rock crystallinity (10-20 wt.%). 

 

Fig. 9.14: T-H2O in melt phase diagram for SOM-1 at 150 MPa. 

Isocrystallinity (as liquid percentage)  curves (dashed blue lines) and 

forsterite/ferrosilite (e.g. 92/7) contents are represented (single number 

refers to ferrosilite content only). The gray ellipse highlights the likely 

pre-eruptive conditions. Data are given in table 9.1. The water saturation 

curve is calculated from Papale et al. (2006). Abbreviations are as in 

figure 9.2. 
 

  

Natural sample shows that plagioclase is very abundant in the groundamass (45 

wt. %) while is much less abundant as phenocrysts (< 0.5 wt.%). Given that our 

experimental data clearly show that plagioclase saturation occurs at very low 

pressure, the crystallization of plagioclase requires a strong reduction of initial 

water by depressurization-exsolution (figure 9.14).  

The first stage occurred in a high level crustal reservoir (100-150 MPa, 1120 °C 

and H2Omelt=2.6-2.9 wt.%) consisting in the crystallization of a Fs4-8 clinopyroxene 

first and a Fo90-92 olivine later for a crystal content of about 10 wt. %. To achieve 
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plagioclase saturation a strong decrease in temperature is needed (to 1045 °C) 

that we consider improbable given the consequent high amount of crystallization 

(figure 9.14). 

We prefer instead to involve a second stage of crystallization at low 

pressure (50 MPa) that involves a significant amount of water exsolution allowing 

thus (microlithic) plagioclase precipitation. 

Assuming a crustal density of 2.7 g * cm-3, a maximum depth of about 5.6 

km (for the first crystallization level at 150 MPa) and about 2 km (for the second 

crystallization level at 50 MPa) can be inferred. 
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9.7 Grotta dei Pisani 150 MPa isobaric phase equilibria 

 

After noting the caution needed to handle these preliminar data for the reasons 

exposed above, here we detail the results obtained from 3 experiment (12 

charge) performed at P = 150 MPa and T = 1000-1080 °C, with H2Omelt contents 

range from 1 to 4.9 wt.% (evaluated with by difference method see section 8.2). 

The isobaric phase equilibria diagram is portrayed in figure 9.15. Mineral 

saturation curves are constructed from the data of table 9.2. Liquid and mineral 

compositions are in table 9.5. 

 

Mg-rich Ti-magnetite (MgO < 6 wt.%; Usp 3-13 mol %) occurs at the highest 

temperature (1080°C) for water contents > 2 wt.%. Interestingly, plagioclase 

crystallizes very close to the liquidus, just after the Fe-Ti oxide, at 1050 °C for 

H2Omelt < 3.5 wt.%. In the sequence of crystallization, with lowering temperature 

and H2Omelt content, follow orthopyroxene, subcalcic-pyroxene (pigeonite) and 

amphibole (figure 9.16a). Clinopyroxene (augite) and phlogopite occur at near-

solidus conditions, 1000 °C, H2Omelt > 2.9 wt.%. The onset of opx on the liquidus 

is for SiO2 in the melt > 60 wt.%. 
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Table 9.2: GP-1 experimental results at 150 MPa              

Charge H2Omelt (wt%) Phase assemblage 
 

∑R2 ∆FeO (%) Kd
Fe-Mg

px-liq Kd
Ca-Na

pl-liq 

GP-1 
  

  
    

        
Run 8, 1080°C, 146.3MPa, 21.5h,Au90Pd10. 

(8-4) 4.87 gl(99)+ox(1) 6.46 -16.3 - - 

(8-5) 3.47 gl(98)+ox(2) 3.74 -9.7 - - 

(8-6) 2.13 gl(97)+ox(3) 1.67 -5.9 - - 

Run 7, 1050°C, 159.43 MPa, 25.7h, Au. 
  

- - - - 

(7-1) 4.62 gl(99)+ox(1) - - - - 

7-2) 3.13 gl(80)+pl(19)+ox(1) - - - - 

(7-3) 1.43 gl(60)+pl(30)+opx(9)+ox(1) - - 0.21 - 

(7-4) 1.05 gl(35)+pl(50)+opx(tr)+pig(2)+amph(12)+ ox(1) - - 0.68 1.20 

Run 4, 1000°C, 150.6 MPa, 25h, Au. 
  

- - - - 

(4-1) 3.51 gl(65)+pl(tr)+cpx(27)+amph(3)+phl(2)+ox(2) - - 0.25 2.30 

(4-2) 2.89 gl(60)+pl(tr)+cpx(< 1)+amph(15)+ox(2) - - - - 

(4-3) 2.14 gl(56)+pl(tr)+cpx(< 1)+amph(20)+ox(3) - - - - 

(4-4) 1.55 gl(20)+pl(tr)+cpx(< 1)+amph(30)+ox(5) - - - - 

(4-5) 0.68 gl(10)+pl(tr)+cpx(tr)+amph(< 1)+ox(< 1) - - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 9.2: For GP-1 experiments fo2 is not better constrainable at this stage, due to 

difficulties to achieve the equilibration of sensors. Phase occurring as trace, tr. Phase 

proportions are measured by image processing; gl, glass; cpx, clinopyroxene; pig, 

pigeonite; pl, plagioclase; ox, oxide; amph, amphibole. Iron loss (∆FeO) is calculated 

as 100x(FeOcalc-FeOstartsample)/FeOstartsample. FeOcalc and ∑R2 are obtained from the mass 

balance calculations. H2O is from calibrated “by-difference” method. Kd
Fe-Mg

cpx-liq= 

(Fe/Mg)cpx/(Fe/Mg)liq; Kd
Fe-Mg

ol-liq= (Fe/Mg)ol/(Fe/Mg)liq; Kd
Ca-Na

pl-liq= 

(Ca/Na)pl/(Ca/Na)liq. For px Kd is calculated with FeO=FeOt. 
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Fig. 9.15: Experimentally determined T-H2O in melt phase diagram for 

GP-1 at 150 MPa. Data are given in table 9.3. L, liquid; V, vapor; mt, 

magnetite; pl, plagioclase; amph, amphibole;  cpx, clinopyroxene; opx, 

orthopyroxene; phl, phlogopite.  

 

 

All the experimental mineral phases display a very small size (< 10 microns); 

except the amphibole that grows in a few cases with individuals up to 10 microns 

in lenght (R 4-1, 1000 °C, Fig 8.16a). 

Orthopyroxene (figure 9.16b) reaches the maximum dimension (up to 30 

microns in R7-3) at 1050 °C for melt H2O contents of about 2 wt.%.  

Phlogopite (XMg=0.88) occurs in platy crystals at 1000 °C, at very near-

solidus conditions (figure 9.17). By the way, it must be said that phlogopite is 

very rare in Aeolian archipelago having only been found in co-magmatic enclaves 

from Paleostromboli (Salvioli-Mariani et al, 2002) and also as quench crystal in 

high pressure experiments on Stromboli golden pumice (Di Carlo et al., 2006). 
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Fig. 9.16: Back-scattered image of (a) run 4-1 at 1000°C, 150 MPa, 

H2Om= 3.51 wt.% (euhedral amphibole, amph) and (b) run 7-3 at 1050 

°C, H2Om= 1.43 wt.% (orthopyroxene, opx). 
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Fig. 9.17: Back-scattered image of run 4-1 at 1000 °C, 150 MPa, H2Om= 

3.51 wt.%. Phlogopite (phl) ampbibole (amph) and clinopyroxene (cpx) 

are labeled. 
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9.8 Phase and liquids compositions 

 

 

 9.8.1 Phase compositions 

 

Plagioclase composition ranges from An62 (Fe2O3(tot)  2.1 wt.%, a rather high 

amount due to the redox conditions imposed) in highly crystallized charges (R 7-4 

crystals ≥ 64 wt.%) and low water contents, to An79 (with Fe2O3(tot) 1.1 wt.%) in 

less crystallized charges (R 4-1 xtals ≥ 34 wt.%). The Kd
Ca-Na

plg-liq ranges from 1.2 

to 2.3, respectively. Thus we correlate the increase in An content to increase in 

H2Omelt, given the well known increase of Kd (i.e. resulting in a more Ca-rich 

plagioclase) with H2Omelt (Sisson and Grove, 1993). 

Amphibole exhibits compositional variations as a function of temperature and 

water in the melt. At 1050 °C this phase is characterized by the lowest XMg 

(Mg/Mg+Fetot) =0.56, and the highest silica (low-Ca amphibole). At 1000 °C XMg 

decreases from 0.8 (R 4-1: H2Omelt = 3.5 wt.%, high-Ca amphibole) to 0.7 (R 4-3: 

H2Omelt= 2 wt.%, high-Ca amphibole).  

Experimental data on amphibole stability in mafic systems are few (Pompilio & 

Rutherford, 2002; Barclay and Carmichael, 2004), but converge in indicating a 

maximum T stability at around 1050 °C (at 150 MPa, H2O saturation), and our 

data confirm this upper thermal bound.  

 

Pyroxenes occur in three varieties, orthopyroxene, sub-calcic pyroxene and 

augite.  

 In more detail, Ca-rich pyroxene (augite) stability has a negative slope in 

the T-H2Omelt space (i.e., more water narrows its stability field); at higher T and 

lower H2Omelt orthopyroxene precedes sub-calcic pyroxene (pigeonite) in the 

crystallization sequence. 

 Our data do not allow us to discuss in depth chemical variation in 

pyroxenes. 
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 9.8.2 Liquid compositions 

 

The compositions of the GP-1 experimental liquids cover a K2O range from meanly 

HKCA to SHO series (figure 9.18) with small silica variations (SiO2 = 55.8 - 58.4 

wt%). The progressive potassium enrichment leads to a maximum (K2O = 3.7 

wt%) in the melt produced at 1050 °C (R 7-2, compare with the 2.4 wt.% of the 

starting glass). This melt is increasingly more quartz-normative (qz-norm up to 12 

wt. %, R 4-1) if compared to the starting material (qz-norm  = 3 wt. %) .  

 

 

 

Fig. 9.18: K2O vs. SiO2 diagram shows the variation of GP-1 

differentiated liquids at 1080 °C (green triangle), 1050 °C (brown square) 

and 1000 °C (blue diamond). The star represents the starting 

composition. Red ellipse represents the compositional variations of UBT 

from Vulcano; blue ellipse represents the compositional variation of Punta 

di Mastro Minico and Quadrara formations (see De Astis et al., 2006b). 
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These experimental compositions overlap with the compositional ranges of 

Vulcano UBT (Piano Grotte dei Rossi Formation; De Astis et al., 2006b) and Punta 

di Mastro Minico and Quadrara Formations natural rocks (figure 9.18). 

At the highest temperature (1080 °C) the Mg# remains almost constant (0.48 to 

0.51)  with increasing SiO2 melt (figure 9.19). At low H2Omelt and low temperature, 

the highest silica melt (SiO2= 54.86 wt.%, R 4-2) results in a decrease in the Mg# 

to 0.42. 

 

 

Fig. 9.19: Mg# vs. SiO2 diagram shows the Mg# variation with silica 

contents of experimental glasses at 1080 °C (green triangle), 1050 °C 

(brown square) and 1000 °C (blue diamond). The star represents the 

starting composition. 

 

K2O/Na2O ratios increases steadily with crystallization (from 0.94 in the charge 

R7-1 to 1.50 in the charge R7-5). The anomalous Mg# increase with respect to 

the starting material (fig. 9.20) is bias due to overwhelming Fe-Ti oxide 

crystallization (Fig 9.21) that subtracts relevant amounts of Fe to the liquid. Thus 

will not be considered anymore. 
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Fig. 9.20: Mg# vs. K2O/Na2O. K2O/Na2O show a negative correlation with 

Mg#. The liquid with anomalous Mg# increase represents a bias; see text 

and figure 8.21 for details. Colors and symbols as figure 9.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.21: Back-scattered image of run 4-1 at (a) 1000°C, 150 MPa, 

H2Om= 3.51 wt.%. The high amount of oxides affects the Fe in melt. 
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If we discard the runs biased by exceedingly high Fe-Ti oxides crystallization (i.e. 

R 4-1, 4-2), that affects also the melt silica content, an increase in K2O/Na2O with 

silica is evident (figure 9.22).   

 

 

 

Fig. 9.22: K2O/Na2O vs. SiO2. Positive correlation between silica and 

K2O/Al2O3 ratio in the melt. Colors and symbols as figure 9.19. 

 

 

Moreover the K2O and H2O show a negative correlation (figure 9.23): potassium 

increase progressively with water decrease. 
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Fig. 9.23: K2O/Na2O vs. H2O in melt. Inverse correlation between water 

and K2O/Al2O3 ratio in the melt. From low-water dissolved in melt more 

evolved liquids are produced. Colors and symbols as figure 9.19. 

 

 

Comparing the K2O contents of amphiboles with the coexisting liquids a regular 

K2O enrichment increasing K2O melt (figure 9.24)  is evident.  

 

 

 

Fig. 9.24: K2O content of amphiboles are  compared with K2O content in 

coexisting melts. Symbols in blue label the amphibole-only assemblage; 

symbol in brown labels amphibole + phlogopite. 
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9.9 Comparison with natural rock: pre-eruptive conditions for Lower and 

Intermediate Brown Tuffs magma. 

 

The limited number of experiments available for this starting composition and 

some experimental bias in constraining ƒO2 in one run (#4), do not allow the 

accurate comparison of experimental data with natural ones. More experimental 

work is needed. 

In any case, a purely qualitative use of the experimental phase 

relationships, give us to put some bounds on the probable pre-eruptive conditions 

of BT magma.  

If we take the maximum H2O and CO2 measured in melt inclusion from BT  

(see Chapter 6), i.e. H2O = 0.44 wt%; CO2=1281 ppm, (but the maximum H2O in 

MI is = 1.7 wt %, paired to a CO2 below detection limit at FTIR)  as a minimum 

value for volatiles dissolved in the melt, a minimum pressure of 80 MPa 

(calculated from Papale et al., 2006) can be inferred. 

 At the same time, if we take the H2O value ≥ 1.7 as a the most likely pre-

eruptive H2O contents for BT magma, phase equilibria and melt inclusion data 

suggest: 

- The absence of phlogopite in the natural rock, sets a lower T-bound of T= 1000 

°C;  

- The absence of amphibole phenocrysts (though reported by Tranne et al.,  

2008), sets an lower T limit at around  = 1050 °C. 

- The absence of orthopyroxene phenocrysts in the natural sample (although  

reported at Lipari by Crisci et al, 1983) suggest melt water contents H2Omelt ≥ 2 % 

. 

 

The above considerations suggest, in a very preliminary way, that  the pre-

eruptive conditions of the BT magma might be close to: P > 80 MPa; T = 1020-

1030 °C, H2Omelt ≥ 2.0 wt %.  



113 

 

 

Table 9.3: SOM-1 experimental compositions at 150 MPa 

Charge SOM-1 
 

2-1 
 

2-2 
 

2-3 
   

2-4 
     

2-5 
     

5-1 
   

Phase gl σ (n=179) gl σ (n=8) gl σ (n=5) gl σ (n=5) cpx σ (n=3) gl σ (n=11) cpx σ (n=3) ol σ (n=3) gl σ (n=8) cpx σ (n=3) ol σ (n=2) gl σ (n=6) ox σ (n=2) 

SiO2 48.56 0.3 46.75 0.2 47.19 0.1 47.26 0.3 51.75 0.1 48.51 0.3 50.16 0.2 40.39 0.2 48.49 0.4 50.07 0.2 39.49 0.1 47.39 1.4 0.13 0.0 

TiO2 0.72 0.1 0.71 0.1 0.69 0.1 0.78 0.1 0.22 0.1 0.85 0.1 0.41 0.0 0.00 0.1 0.86 0.1 0.46 0.0 0.00 0.0 0.73 0.0 0.58 0.1 

Al2O3 12.41 0.2 12.21 0.1 12.22 0.1 13.18 0.2 2.67 0.0 14.91 0.3 4.60 0.2 0.59 0.1 15.48 0.1 4.95 0.2 0.06 0.0 13.19 0.3 4.39 0.2 

FeOt 10.03 0.1 9.81 0.3 9.20 0.3 10.00 0.2 5.59 0.1 9.91 0.3 5.36 0.2 10.37 0.1 10.08 0.3 7.79 0.2 17.00 0.2 8.90 0.6 70.44 0.5 

MnO 0.21 0.3 0.20 0.1 0.19 0.0 0.16 0.1 0.00 0.0 0.20 0.1 0.17 0.1 0.23 0.0 0.22 0.1 0.05 0.0 0.25 0.2 0.14 0.1 0.00 0.0 

MgO 8.61 0.1 8.31 0.1 8.30 0.2 7.86 0.1 16.77 0.1 6.38 0.3 15.15 0.3 45.10 0.3 5.68 0.1 15.22 0.3 44.74 0.3 6.59 1.8 8.41 0.3 

CaO 12.72 0.2 11.99 0.2 12.20 0.2 11.42 0.3 21.87 0.2 10.39 0.4 21.91 0.3 0.87 0.3 10.01 0.2 21.53 0.2 0.48 0.3 12.45 1.8 0.58 0.2 

Na2O 2.14 0.1 2.07 0.1 2.07 0.1 2.29 0.1 0.20 0.0 2.66 0.1 0.32 0.0 0.09 0.0 2.75 0.1 0.32 0.1 0.00 0.0 2.19 0.2 0.99 0.1 

K2O 2.24 0.1 2.04 0.1 2.13 0.1 2.33 0.1 0.01 0.0 2.77 0.1 0.13 0.0 0.14 0.0 2.85 0.1 0.14 0.0 0.02 0.0 1.54 1.0 0.00 0.0 

P2O5 0.39 0.1 0.42 0.2 0.46 0.0 0.48 0.1 0.10 0.0 0.46 0.2 0.21 0.0 0.01 0.0 0.58 0.1 0.00 0.0 0.00 0.0 0.48 0.0 0.00 0.0 

Cr2O3 - - 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 - 3.05 0.2 

Tot 98.02 - 94.51 - 94.66 - 95.76 - 99.18 - 97.04 - 98.42 - 97.80 - 97.00 - 100.52 - 102.04 - 93.59 - 88.56 - 

Fo - - - - - - - - - - - - - - 89 - - - - - 82 - - - - - 

Wo - - - - - - - - 44 - - - 46 - - - - - 44 - - - - - - - 

En - - - - - - - - 47 - - - 45 - - - - - 44 - - - - - - - 

Fs - - - - - - - - 9 - - - 9 - - - - - 12 - - - - - - - 

An - - - - - - - - - - - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - - - - - - - - - - - 

Mg# 0.60 - 0.60 - 0.62 - 0.58 - 0.84 - 0.53 - 0.83 - - - 0.50 - 0.78 - - - 0.57 - - - 

Usp - - - - 
 

- - - - - 
 

- - - - - - - - - - - - - 1.17 - 

CaO/Al2O3 1.03 - 0.98 - 1.00 - 0.87 -  - - 0.70 - - - - - 0.65 - - - - - 0.94 - - - 

Continued 
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Charge 5-2 

       
5-3 

       
5-4 

       
Phase gl σ (n=3) cpx σ (n=3) ol σ (n=2) ox σ (n=2) gl σ (n=5) cpx σ (n=5) ol σ (n=3) ox σ (n=2) gl σ (n=4) cpx σ (n=3) ol σ (n=4) ox σ (n=2) 

SiO2 48.55 0.2 50.40 1.0 40.28 0.1 0.27 0.0 49.23 1.0 49.06 0.5 40.15 0.4 0.01 0.1 50.08 0.4 48.12 0.8 39.63 0.6 0.16 0.0 

TiO2 0.77 0.1 0.23 0.0 0.00 0.1 1.17 0.1 0.77 0.0 0.47 0.1 0.03 0.1 1.60 0.2 0.75 0.1 0.53 0.1 0.10 0.0 2.36 0.1 

Al2O3 15.01 0.2 3.16 0.5 0.00 0.0 5.11 0.3 16.08 0.7 5.88 1.1 0.02 0.0 6.16 0.2 16.68 0.2 5.60 0.6 0.13 0.2 7.38 0.2 

FeOt 8.67 0.3 4.61 0.1 8.08 0.0 70.07 0.3 8.59 0.3 7.47 0.4 9.01 0.1 70.05 0.6 8.93 0.3 6.38 0.6 11.35 0.3 69.89 0.5 

MnO 0.19 0.1 0.12 0.0 0.27 0.1 0.64 0.1 0.23 0.1 0.15 0.1 0.35 0.1 0.56 0.1 0.19 0.1 0.21 0.1 0.40 0.1 0.31 0.1 

MgO 5.83 0.1 16.16 0.3 50.02 0.2 7.61 0.6 4.92 0.5 14.90 0.8 47.88 0.7 7.85 0.3 5.21 0.1 14.80 0.2 46.45 0.5 7.23 0.3 

CaO 11.21 0.4 22.76 0.1 0.37 0.1 0.49 0.0 8.08 1.0 21.32 0.9 0.40 0.1 0.42 0.0 8.64 0.2 21.81 0.2 0.63 0.3 0.43 0.1 

Na2O 2.55 0.2 0.19 0.0 0.00 0.0 1.04 0.1 2.87 0.3 0.39 0.3 0.00 0.0 0.20 0.0 3.14 0.2 0.25 0.0 0.00 0.0 0.00 0.0 

K2O 2.38 0.1 0.04 0.0 0.02 0.0 0.04 0.0 2.99 0.4 0.35 0.2 0.02 0.0 0.08 0.0 3.26 0.1 0.07 0.0 0.07 0.1 0.14 0.1 

P2O5 0.49 0.1 0.31 0.1 0.10 0.0 0.00 0.0 0.53 0.1 0.40 0.0 0.11 0.1 0.30 0.1 0.62 0.0 0.40 0.0 0.25 0.2 0.30 0.1 

Cr2O3 0.00 0.0 0.00 0.0 0.01 0.0 2.75 0.2 0.00 0.0 0.06 0.0 0.01 0.0 0.99 0.1 0.00 0.0 0.05 0.0 0.00 0.0 1.00 0.1 

Tot 95.65 - 98.12 - 99.25 - - - 94.29 - 100.44 - 97.97 - 88.23 - 97.50 - 98.21 - 99.02 0.0 89.20 - 

Fo - - - - 92 - - - - - - - 90 - - - - - - - 88 - - - 

Wo - - 47 - - - - - - - 46 - - - - - - - 46 - - - - - 

En - - 46 - - - - - - - 44 - 
  

- - - - 44 - - - - - 

Fs - - 7 - - - - - - - 10 - - - - - - - 10 - - - - - 

An - - - - - - - - - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - - - - - - - - - 

Mg# 0.55 - 0.86 - - - - - 0.51 - 0.82 - - 
 

- - 0.51 - 0.81 - - - - - 

Usp - - - - - - 2.63 - - - - - - - 3.51 - - - - - - - 6.07 - 

CaO/Al2O3 0.75 - - - - - - - 0.50 - - - - - - - 0.52 - - - - - - - 

Continued 
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Charge 5-5 

       
8-1 

     
8-2 

       
Phase gl σ (n=3) cpx σ (n=5) ol σ (n=3) pl σ (n=3) gl σ (n=5) cpx σ (n=3) ox σ (n=2) gl σ (n=3) cpx σ (n=3) ol σ (n=3) ox σ (n=2) 

SiO2 49.19 0.1 47.92 0.1 38.91 0.2 49.94 0.2 48.32 3.8 49.90 0.7 0.01 0.1 52.56 0.4 49.22 0.6 39.80 0.6 1.33 0.1 

TiO2 0.90 0.1 0.60 0.1 0.07 0.0 0.02 0.0 0.66 0.1 0.57 0.1 1.60 0.2 0.69 0.0 0.70 0.1 0.07 0.1 1.29 0.1 

Al2O3 16.79 0.3 6.25 0.0 0.00 0.0 33.08 0.4 14.78 1.4 5.38 0.7 6.16 0.2 16.78 0.1 6.65 0.7 0.57 0.1 6.42 0.2 

FeOt 10.04 0.4 6.80 0.1 15.27 0.0 0.78 0.0 6.76 2.0 6.95 0.5 70.05 0.6 6.45 0.5 8.45 0.3 16.17 0.1 77.99 0.4 

MnO 0.23 0.1 0.25 0.0 0.47 0.1 0.00 0.0 0.10 0.1 0.13 0.1 0.56 0.1 0.16 0.1 0.13 0.1 0.46 0.0 0.40 0.0 

MgO 4.48 0.1 14.06 0.1 42.03 0.4 0.00 0.0 4.22 3.7 14.93 0.7 7.85 0.3 3.31 0.1 13.83 0.5 44.40 0.4 9.02 0.3 

CaO 8.58 0.2 21.17 0.2 0.49 0.0 12.59 0.2 9.10 2.5 21.89 0.6 0.42 0.0 6.42 0.1 20.51 0.4 0.71 0.3 1.19 0.5 

Na2O 3.21 0.1 0.52 0.2 0.00 0.0 3.16 0.3 2.34 0.7 0.39 0.1 0.20 0.0 3.68 0.1 0.53 0.1 0.06 0.0 1.21 0.5 

K2O 3.27 0.2 0.42 0.2 0.05 0.0 0.48 0.1 2.63 1.4 0.22 0.1 0.08 0.0 4.14 0.2 0.30 0.1 0.08 0.1 0.00 0.0 

P2O5 0.51 0.1 0.44 0.0 0.17 0.0 0.00 0.0 0.51 0.2 - - 0.30 0.1 0.67 0.1 0.13 0.0 0.10 0.0 0.43 0.1 

Cr2O3 0.00 0.0 0.10 0.0 0.03 0.0 0.00 0.0 0.00 0.0 - - 0.99 0.1 0.00 0.0 0.00 0.0 0.00 0.0 0.01 0.0 

Tot 97.19 - 98.53 - 97.48 - 100.05 - 89.43 - - - 88.23 - 94.87 - 100.44 - 102.42 - - - 

Fo - - - - 83 - - - - - - - - - - - 
 

- 83 - - - 

Wo - - 46 - - - - - - - 46 - - - - - 44 - - - - - 

En - - 42 - - - - - - - 43 - - - - - 42 - - - - - 

Fs - - 12 - - - - - - - 11 - - - - - 14 - - - - - 

An - - - - - - 67 - - - - - - - - - - - - - - - 

Ab - - - - - - 31 - - - - - - - - - - - - - - - 

Mg# 0.44 - 0.79 - - - - - 0.53 - 0.79 - - - 0.48 - 0.74 - - - - - 

Usp - - - - - - - - - - - - 3.51 - - - - - - - 2.44 - 

CaO/Al2O3 0.51 - - - - - - - 0.62 - - - - - 0.38 - - - - - -  - 

Continued 
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Charge 8-3 

       
7-5 

       
7-6 

       
Phase gl σ (n=3) cpx σ (n=4) ol σ (n=3) ox σ (n=2) gl σ (n=5) cpx σ (n=3) ol σ (n=3) ox σ (n=2) gl σ (n=6) cpx σ (n=3) ol σ (n=3) ox σ (n=2) 

SiO2 52.17 0.1 49.05 0.5 40.08 0.2 1.67 0.2 50.13 0.4 49.52 0.5 41.09 0.4 7.07 0.5 52.18 0.3 48.92 0.3 39.47 0.2 5.94 0.6 

TiO2 0.74 0.1 0.67 0.0 0.10 0.1 3.08 0.3 0.56 0.1 0.73 0.1 0.02 0.0 2.05 0.7 0.64 0.1 0.63 0.1 0.09 0.0 1.53 0.3 

Al2O3 16.46 0.2 7.16 0.5 0.67 0.3 10.92 0.4 15.74 0.5 6.99 1.0 0.02 0.1 7.01 0.8 17.09 0.3 7.05 0.3 0.53 0.4 7.05 0.8 

FeOt 7.16 0.2 8.99 0.5 19.11 0.3 73.49 0.7 5.53 0.5 7.30 0.5 10.66 0.4 70.01 0.9 6.01 0.3 7.61 0.3 16.34 0.7 73.37 0.9 

MnO 0.17 0.1 0.23 0.1 0.23 0.1 0.66 0.0 0.05 0.1 0.15 0.1 0.35 0.1 0.60 0.0 0.19 0.1 0.15 0.1 0.39 0.1 0.30 0.0 

MgO 3.06 0.5 12.69 0.3 38.60 0.1 7.99 0.5 4.17 0.4 13.87 0.9 50.32 0.7 8.05 0.8 3.39 0.1 13.63 0.3 44.18 0.8 7.94 0.5 

CaO 5.93 0.3 19.55 0.3 0.42 0.2 0.65 0.0 9.18 0.9 21.22 1.0 0.22 0.0 2.85 0.7 6.55 0.3 20.33 0.4 0.63 0.2 1.97 0.4 

Na2O 3.93 0.1 0.83 0.1 0.98 0.0 1.30 0.1 1.80 0.4 0.53 0.2 0.00 0.0 1.51 0.5 3.62 0.2 0.62 0.1 0.04 0.1 1.44 0.3 

K2O 5.13 0.3 0.64 0.1 0.04 0.0 0.26 0.0 2.89 0.2 0.36 0.2 0.02 0.0 0.30 0.1 4.01 0.2 0.39 0.1 0.07 0.1 0.33 0.1 

P2O5 0.83 0.1 0.10 0.0 0.00 0.0 0.00 0.0 0.53 0.1 0.00 0.0 0.00 0.0 0.09 0.0 0.66 0.1 0.00 0.2 0.00 0.0 0.00 0.0 

Cr2O3 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 

Tot 95.57 - 99.93 - 100.22 - - - 90.57 - 100.67 - 102.70 - - - 94.33 - 99.33 - 101.74 - - - 

Fo - - - - 78 - - - - - - - 89 - - - - - - - 83 - - - 

Wo - - 44 - - - - - - - 46 - - - - - - - 45 - - - - - 

En - - 40 - - - - - - - 42 - - - - - - - 42 - - - - - 

Fs - - 16 - - - - - - - 12 - - - - - - - 13 - - - - - 

An - - - - - - - - - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - - - - - - - - - 

Mg# 0.43 - 0.72 - - - - - 0.57 - 0.77 - - - - - 0.50 - 0.76 - - - - - 

Usp - - - - - - 8.61 - - - - - - - 6.10 - - - - - - - 4.36 - 

CaO/Al2O3 0.36 - - - - - - - 0.58 - - - - - - - 0.38 - - - - - - - 

 

Table 9.3: Glasses and phase compositions analyzed at EPMA. SOM-1, starting glass; other abbreviations as in table 9.1. σ, 

standard deviation with n=number of analyses. Wo=100*Ca/(Mg+Fe+Ca) and En=100*Mg/(Mg+Fe+Ca) with Fe=FeOt; 

An=100*Ca/(Ca+Na+K); Ab=100*Na/(Ca+Na+K). All Fe as FeOt. 
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Table 9.4: SOM-1 experimental compositions at 1150 °C 

Charge SOM-1 
 

2-1 
 

2-2 
 

2-3 
   

2-4 
     

2-5 
     

3-1 
 

Phase gl σ (n=179) gl σ (n=8) gl σ (n=5) gl σ (n=5) cpx σ (n=3) gl σ (n=11) cpx σ (n=3) ol σ (n=3) gl σ (n=8) cpx σ (n=3) ol σ (n=2) gl σ (n=3) 

SiO2 48.56 0.3 46.75 0.2 47.19 0.1 47.26 0.3 51.75 0.1 48.51 0.3 50.16 0.2 40.39 0.2 48.49 0.4 50.07 0.2 39.49 0.1 46.61 0.2 

TiO2 0.72 0.1 0.71 0.1 0.69 0.1 0.78 0.1 0.22 0.1 0.85 0.1 0.41 0.0 0.00 0.1 0.86 0.1 0.46 0.0 0.00 0.0 0.70 0.1 

Al2O3 12.41 0.2 12.21 0.1 12.22 0.1 13.18 0.2 2.67 0.0 14.91 0.3 4.60 0.2 0.59 0.1 15.48 0.1 4.95 0.2 0.06 0.0 12.25 0.1 

FeOt 10.03 0.1 9.81 0.3 9.20 0.3 10.00 0.2 5.59 0.1 9.91 0.3 5.36 0.2 10.37 0.1 10.08 0.3 7.79 0.2 17.00 0.2 9.84 0.2 

MnO 0.21 0.3 0.20 0.1 0.19 0.0 0.16 0.1 0.00 0.0 0.20 0.1 0.17 0.1 0.23 0.0 0.22 0.1 0.05 0.0 0.25 0.2 0.17 0.1 

MgO 8.61 0.1 8.31 0.1 8.30 0.2 7.86 0.1 16.77 0.1 6.38 0.3 15.15 0.3 45.10 0.3 5.68 0.1 15.22 0.3 44.74 0.3 8.20 0.2 

CaO 12.72 0.2 11.99 0.2 12.20 0.2 11.42 0.3 21.87 0.2 10.39 0.4 21.91 0.3 0.87 0.3 10.01 0.2 21.53 0.2 0.48 0.3 11.54 0.2 

Na2O 2.14 0.1 2.07 0.1 2.07 0.1 2.29 0.1 0.20 0.0 2.66 0.1 0.32 0.0 0.09 0.0 2.75 0.1 0.32 0.1 0.00 0.0 2.05 0.2 

K2O 2.24 0.1 2.04 0.1 2.13 0.1 2.33 0.1 0.01 0.0 2.77 0.1 0.13 0.0 0.14 0.0 2.85 0.1 0.14 0.0 0.02 0.0 2.32 0.1 

P2O5 0.39 0.1 0.42 0.2 0.46 0.0 0.48 0.1 0.10 0.0 0.46 0.2 0.21 0.0 0.01 0.0 0.58 0.1 0.00 0.0 0.00 0.0 0.43 0.1 

Cr2O3 - - 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 

Tot 98.02 - 94.51 - 94.66 - 95.76 - 99.18 - 97.04 
 

98.42 - 97.80 - 97.00 - 100.52 - 102.04 - 94.11 - 

Fo - - - - - - - - - - - 
 

- - 89 - - - - - 82 - - - 

Wo - - - - - - - - 44 - - - 46 - - - - - 44 - - - - - 

En - - - - - - - - 47 - - - 45 - - - - - 44 - - - - - 

Fs - - - - - - - - 9 - - - 9 - - - - - 12 - - - - - 

An - - - - - - - - - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - - - - - - - - - 

Mg# 0.60 - 0.60 - 0.62 - 0.58 - 0.84 - 0.53 - 0.83 - - - 0.50 - 0.78 - - - 0.60 - 

Usp - - - - - - - - - - - - - - - - - - - - - - - - 

CaO/Al2O3 1.03 - 0.98 - 1.00 - 0.87 -  - - 0.70 - - - - - 0.65 - - - - - 0.94 -  

Continued 
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Charge 3-2 
       

3-3 
     

3-4 
     

3-5 
     

Phase gl σ (n=3) cpx σ (n=2) ol σ (n=2) ox σ (n=2) gl σ (n=3) cpx σ (n=2) ol σ (n=2) gl σ (n=5) cpx σ (n=2) ol σ (n=2) gl σ (n=5) cpx σ (n=2) ol σ (n=2) 

SiO2 47.31 0.2 49.76 0.1 40.83 0.1 0.77 0.0 47.80 0.1 50.23 0.1 40.56 0.1 48.41 0.3 49.70 0.1 40.21 0.2 48.88 0.4 50.21 0.2 39.61 0.2 

TiO2 0.66 0.1 0.45 0.0 0.05 0.0 1.57 0.2 0.62 0.1 0.35 0.0 0.04 0.0 0.80 0.0 0.47 0.1 0.00 0.0 0.82 0.1 0.45 0.1 0.01 0.0 

Al2O3 12.65 0.1 4.04 0.0 0.00 0.0 5.32 0.2 13.07 0.1 3.62 0.1 0.00 0.0 14.63 0.2 4.39 0.3 0.00 0.0 15.37 0.1 5.50 0.2 0.04 0.0 

FeOt 
9.89 0.3 5.02 0.1 7.65 0.3 70.85 0.5 9.98 0.3 4.91 0.1 8.40 0.4 10.30 0.3 7.46 0.1 14.42 0.2 9.85 0.5 7.38 0.2 16.72 0.1 

MnO 0.19 0.1 0.11 0.1 0.27 0.0 0.57 0.1 0.20 0.1 0.16 0.1 0.30 0.0 0.19 0.1 0.11 0.0 0.22 0.1 0.18 0.1 0.06 0.0 0.23 0.1 

MgO 7.64 0.1 15.87 0.0 50.99 0.6 12.37 0.2 7.01 0.2 16.26 0.0 49.70 0.1 6.20 0.2 15.20 0.1 46.44 0.2 5.74 0.3 14.23 0.1 45.10 0.2 

CaO 11.21 0.3 23.24 0.3 0.43 0.0 2.18 0.1 10.91 0.3 22.55 0.0 0.47 0.0 10.65 0.3 21.32 0.2 0.39 0.1 10.46 0.4 20.56 0.2 0.52 0.0 

Na2O 2.43 0.2 0.18 0.1 0.00 0.0 0.00 0.0 2.75 0.2 0.19 0.0 0.00 0.0 2.47 0.1 0.28 0.0 0.00 0.0 2.84 0.1 0.42 0.1 0.00 0.0 

K2O 2.37 0.2 0.04 0.0 0.01 0.0 0.00 0.0 2.55 0.1 0.06 0.0 0.03 0.0 2.42 0.2 0.00 0.0 0.00 0.0 2.75 0.1 0.33 0.1 0.00 0.0 

P2O5 0.44 0.1 0.40 0.0 0.26 0.0 0.00 0.0 0.46 0.1 0.39 0.0 0.13 0.1 0.47 0.1 0.00 0.0 0.00 0.0 0.57 0.1 0.00 0.0 0.00 0.0 

Cr2O3 0.00 0.0 0.53 0.2 0.01 0.0 6.88 0.3 0.00 0.0 0.71 0.0 0.01 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 

Tot 94.79 - 99.64 
 

100.49 - 100.52 - 95.35 - 99.43 - 99.65 - 96.55 - 98.93 - 101.68 - 97.45 - 99.13 - 102.23 - 

Fo - - - - 92 - - - - - - - 91 - - - - - 85 - - - - - 85 - 

Wo - - 47 - - - - - - - 46 - - - - - 44 - - - - - 44 - - - 

En - - 45 - - - - - - - 46 - - - - - 44 - - - - - 43 - - - 

Fs - - 8 - - - - - - - 8.0 - - - - - 12 - - - - - 13 - - - 

An - - - - - - - - - - - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - - - - - - - - - - - 

Mg# 0.58 - 0.85 - - - - - 0.56 - 0.86 - - - 0.52 - 0.78 - - - 0.51 - 0.77 - - - 

Usp - - - - - - 2.21 - - - - - - - - - - - - - - - - - - - 

CaO/Al2O3 0.89 - - - - - -  - 0.83 - - - - - 0.73 - - - - - 0.68 - - - - - 

Continued 
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Charge 6-1 

 
6-2 

 
6-3 

     
6-4 

     
Phase gl σ (n=5) gl σ (n=5) gl σ (n=5) cpx σ (n=4) ol σ (n=3) gl σ (n=3) cpx σ (n=4) ol σ (n=3) 

SiO2 47.61 0.1 47.89 0.3 47.74 0.2 52.69 0.1 41.10 0.2 49.11 0.1 51.52 0.6 41.31 0.4 

TiO2 0.67 0.1 0.77 0.1 0.71 0.0 0.42 0.1 0.00 0.0 0.84 0.1 0.41 0.2 0.03 0.0 

Al2O3 12.57 0.2 12.76 0.2 13.15 0.2 3.89 0.2 0.00 0.0 14.03 0.4 5.57 0.5 0.04 0.0 

FeOt 9.38 0.2 9.55 0.1 9.75 0.3 4.74 0.1 9.67 0.1 9.70 0.1 6.00 0.7 11.27 0.3 

MnO 0.18 0.1 0.20 0.1 0.16 0.0 0.25 0.0 0.21 0.0 0.17 0.1 0.18 0.1 0.27 0.1 

MgO 8.42 0.1 8.19 0.1 7.73 0.4 16.19 0.0 47.78 0.2 7.18 0.0 15.22 0.7 46.00 0.3 

CaO 12.30 0.2 12.37 0.2 12.36 0.3 21.19 0.0 0.59 0.0 11.71 0.1 20.37 0.4 0.57 0.1 

Na2O 2.10 0.1 2.15 0.1 2.27 0.1 0.63 0.1 0.63 0.0 2.47 0.1 0.67 0.0 0.77 0.0 

K2O 2.16 0.1 2.16 0.1 2.24 0.0 0.00 0.0 0.01 0.0 2.37 0.1 0.05 0.1 0.02 0.0 

P2O5 0.46 0.1 0.47 0.0 0.48 0.1 0.00 0.0 0.02 0.0 0.48 0.1 0.00 0.0 0.00 0.0 

Cr2O3 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 

Tot 95.85 - 96.52 - 96.57 - 100.00 - 100.00 - 98.05 - 100.00 - 100.28 - 

Fo - - - - - - - - 90 - - - - - 88 - 

Wo - - - - - - 45 - - - - - 44 - - - 

En - - - - - - 48 - - - - - 46 - - - 

Fs - - - - - - 7 - - - - - 10 - - - 

An - - - - - - - - - - - - - - - - 

Ab - - - - - - - - - - - - - - - - 

Mg# 0.62 - 0.60 - 0.59 - 0.86 - - - 0.57 - 0.82 - - - 

Usp - - - - - - - - - - - - - - - - 

CaO/Al2O3 0.98 - 0.97 - 0.94 - - - - - 0.83 - - - - - 

 

 

Table 9.4: Glasses and phase compositions analyzed at EPMA. SOM-1, starting glass; other abbreviations as in table 9.1. 

σ, standard deviation with n=number of analyses. Wo=100*Ca/(Mg+Fe+Ca) and En=100*Mg/(Mg+Fe+Ca) with Fe=FeOt; 

An=100*Ca/(Ca+Na+K); Ab=100*Na/(Ca+Na+K). All Fe as FeOt. 
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Table 9.5: GP-1 experimental compositions at 150 MPa 

Charge GP-1 
 

8-4 
   

8-5 
   

8-6 
   

7-1 
 

7-2 
   

7-3 
     

Phase gl σ (n=297) gl σ (n=5) ox σ (n=2) gl σ (n=5) ox σ (n=2) gl σ (n=6) ox σ (n=2) gl σ (n=4) gl σ (n=4) ox σ (n=2) gl σ (n=4) opx σ (n=4) ox σ (n=2) 

SiO2 52.59 0.5 51.47 0.4 0.18 0.2 52.68 0.4 0.31 0.1 53.67 0.3 0.38 0.1 51.10 0.2 53.52 0.3 0.28 0.4 53.62 0.4 54.83 0.1 0.00 0.0 

TiO2 0.72 0.1 0.62 0.1 1.53 0.1 0.70 0.0 1.84 0.0 0.67 0.1 2.95 0.4 0.69 0.1 0.70 0.1 4.00 0.5 0.66 0.1 0.16 0.2 4.69 0.5 

Al2O3 18.28 0.3 17.51 0.1 9.64 0.2 17.06 0.1 10.12 0.5 17.51 0.2 9.72 0.2 17.34 0.2 16.52 0.2 7.09 0.8 18.06 0.4 3.96 0.4 8.83 0.4 

FeOt 8.73 0.3 6.25 0.3 78.84 0.1 6.49 0.2 79.12 0.0 6.08 0.3 78.31 0.7 6.37 0.5 6.67 0.1 80.02 0.7 6.60 0.3 10.89 0.5 78.15 0.8 

MnO 0.21 0.1 0.18 0.0 0.65 0.1 0.19 0.1 0.32 0.1 0.20 0.1 0.31 0.0 0.16 0.1 0.29 0.1 0.80 0.0 0.26 0.1 0.59 0.1 0.76 0.0 

MgO 3.46 0.1 3.21 0.2 7.04 0.4 3.38 0.1 6.37 0.3 3.55 0.0 6.42 0.3 3.16 0.1 3.60 0.1 5.88 0.1 3.32 0.5 27.58 0.2 5.83 0.1 

CaO 7.91 0.2 7.81 0.2 0.26 0.1 7.45 0.2 0.19 0.1 7.79 0.2 0.33 0.0 7.81 0.1 6.97 0.2 0.41 0.0 8.19 0.3 1.40 0.2 0.40 0.1 

Na2O 2.44 0.1 2.27 0.1 1.62 0.1 2.32 0.1 1.55 0.1 2.46 0.1 1.50 0.0 2.26 0.0 2.42 0.1 1.52 0.0 2.41 0.1 0.73 0.0 1.50 0.0 

K2O 2.38 0.1 2.15 0.1 0.08 0.0 2.44 0.1 0.16 0.2 2.34 0.1 0.08 0.1 2.13 0.2 2.59 0.1 0.04 0.1 2.32 0.1 0.03 0.0 0.00 0.0 

P2O5 0.42 0.1 0.51 0.1 0.14 0.2 0.44 0.1 0.00 0.0 0.50 0.0 0.11 0.1 0.47 0.0 0.51 0.0 0.00 0.0 0.51 0.1 0.00 0.0 0.00 0.0 

Cr2O3 0.0 0.0 0.00 0.0 - - 0.00 0.0 - - 0.00 0.0 0.00 
 

0.00 0.0 0.00 0.0 - - 0.00 0.0 - - - - 

Tot 97.14 - 91.99 
 

99.97 
 

93.16 - 99.99 - 94.77 - 100.11 
 

91.49 
 

93.80 
 

100.04 
 

95.95 - 100.18 - 100.17 - 

Fo - - - - - - - - - - - - - 
 

- 
 

- - - - - - - - - - 

Wo - - - - - - - - - - - - - 
 

- - - - - - - - 3 - - - 

En - - - - - - - - - - - - - 
 

- - - - - - - - 79 - - - 

Fs - - - - - - - - - - - - - 
 

- - - - - - - - 18 - - - 

An - - - - - - - - - - - - - 
 

- - - - - - - - - - - - 

Ab - - - - - - - - - - - - - 
 

- - - - - - - - - - - - 

Mg# 0.41 - 0.48 - - - 0.48 - - - 0.51 
 

- 
 

0.47 - 0.49 - - - 0.47 - 0.82 - - - 

Usp - - - - 3.84 - 
 

- 5.12 - - - 8.2 
  

- - - 10.20 - 
 

- - - 12.92 - 

K2O/Na2O 0.98 - 0.94 - - - 1.05 - - - 0.95 
 

- 
 

0.94 - 1.07 - - - 0.96 - - - - - 

Continued. 
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Charge 7-4 

       
4-1 

           
4-2 

     

Phase gl σ (n=6) cpx σ (n=2) pl σ (n=2) amph σ (n=6) gl σ (n=3) cpx σ (n=2) pl σ (n=2) amph σ (n=2) phl σ (n=6) ox σ (n=2) gl σ (n=5) amph σ (n=2) ox σ (n=2) 

SiO2 55.11 0.3 52.78 0.6 53.15 0.3 54.96 1.4 54.86 0.6 51.81 2.8 48.82 0.3 45.79 0.2 41.49 0.3 1.72 0.0 56.15 0.9 44.52 0.3 1.88 0.1 

TiO2 1.17 0.1 0.39 0.1 0.25 0.0 0.76 0.1 0.51 0.0 0.64 0.5 0.35 0.1 1.64 0.1 2.08 0.1 2.55 0.3 0.48 0.0 2.01 0.1 2.19 0.2 

Al2O3 16.54 0.2 6.07 0.1 28.19 0.2 14.31 1.3 19.87 0.3 4.28 2.5 32.89 0.5 13.00 0.2 16.38 0.2 6.42 0.2 21.43 0.3 12.12 0.4 6.38 0.1 

FeOt 8.83 0.3 18.99 0.3 1.94 0.1 11.63 2.0 2.94 0.1 5.62 0.6 1.01 0.2 6.95 0.1 5.76 0.7 80.22 0.7 3.10 0.7 7.73 0.2 79.89 0.5 

MnO 0.17 0.1 0.94 0.1 0.00 0.0 0.41 0.0 0.12 0.1 0.33 0.0 0.04 0.0 0.13 0.0 0.07 0.1 0.74 0.0 0.14 0.1 0.31 0.0 0.65 0.0 

MgO 2.48 0.0 16.39 0.5 0.64 0.2 8.45 2.5 2.11 0.1 15.91 2.0 0.30 0.0 17.42 0.2 23.16 0.1 6.46 0.1 1.26 0.1 17.67 0.3 6.76 0.3 

CaO 6.69 0.2 3.45 0.2 11.56 0.5 5.26 0.3 8.70 0.4 20.79 1.3 14.39 0.3 11.92 0.1 0.25 0.1 0.62 0.1 8.48 0.4 12.00 0.7 0.73 0.0 

Na2O 2.38 0.1 1.02 0.2 3.06 0.1 1.88 0.5 2.44 0.1 0.69 0.0 1.75 0.1 2.46 0.1 1.56 0.1 1.40 0.1 2.51 0.1 2.50 0.2 1.52 0.1 

K2O 3.58 0.1 0.19 0.0 1.24 0.1 2.37 1.1 1.89 0.2 0.01 0.0 0.51 0.0 0.89 0.0 9.32 0.1 0.05 0.0 2.23 0.1 1.01 0.1 0.00 0.0 

P2O5 0.71 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.53 0.1 0.01 0.0 0.00 0.0 0.00 
 

0.00 0.0 0.00 0.0 0.36 0.0 0.10 0.0 0.00 0.0 

Cr2O3 0.00 0.0 - - - - - - 0.00 0.0 - - - - - - - - - - 0.00 0.0 - - - - 

Tot 97.6 - 100 - 100 - 100 - 93.9 - 100 - 100 - 100 - 100 - 100 - 96.1 - 99.9 - 100 - 

Fo - - - - - - - - - - - - - - - - - - - - - - - - - - 

Wo - - 8 - - - - - - - 44 - - - - - - - - - - - - - - - 

En - - 56 - - - - - - - 47 - - - - - - - - - - - - - - - 

Fs - - 36 - - - - - - - 9 - - - - - - - - - - - - - - - 

An - - - - 62 - - - - - - - 79 - - - - - - - - - - - - - 

Ab - - - - 30 - - - - - - - 17 - - - - - - - - - - - - - 

Mg# 0.51 - 0.61 - - - 0.56 - 0.56 - 0.83 - - - 0.82 - 0.88 - - - 0.42 - 0.80 - - - 

Usp - - - - - - - - - - - - - - - - - - 6.33 - - - - - 5.32 - 

K2O/Na2O 0.95 - - - - - - - 0.78 - - - - - - - - - - - 0.89 - - - - - 

  

 

                        Table 9.5: Glasses and phase compositions analyzed at EPMA. GP-1, starting glass; other abbreviations as in 

table 9.2. σ, standard deviation with n=number of analyses. Wo=100*Ca/(Mg+Fe+Ca) and 

En=100*Mg/(Mg+Fe+Ca) with Fe=FeOt; An=100*Ca/(Ca+Na+K); Ab=100*Na/(Ca+Na+K). All Fe as FeOt. 
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CONCLUSIONS 

 

 

The aim of this work was to derive a petrological framework based on 

experimental phase equilibria, adjuvated by informations deriving from melt 

inclusion, on two key eruptions at Vulcano Island, (i) La Sommata basalt and (ii) 

the Lower/Intermediate Brown Tuff (BT). The rationale of this choice is tied to 

different reasons: La Sommata, Vulcano island, represents one of the most 

primitive magma of the Aeolian Arc characterized by an ankaramitic affinity 

(CaO/Al2O3= 1.03), while the choice of the BT is enclosed in being the most 

energetic eruptive event of the whole archipelago, with obvious inferences on 

volcanic hazard at Vulcano and Lipari. The final target is to infer pre-eruptive 

conditions  of these magmas. 

We preliminarly investigated melt inclusion of Brown Tuffs, while for La 

Sommata we relied on previous studies. Melt inclusion study on Brown Tuffs gave 

H2O contents = 0.7-1.7 wt.% and CO2 concentrations from below detection limit 

to 1280 ppm, estimating a saturation pressure between 20 and 80 MPa. The 

volatile contents derived from La Sommata MIs (Gioncada et al., 1998) suggest a 

minimum entrapment pressures in the range 70-110 MPa.  

After that all the data set was acquired we proceeded with crystallization 

experiments in order to derive low-pressure phase equilibria aimed to constrain 

the storage conditions (P, T, ƒO2 and aH2O) experienced by La Sommata K- basalt 

and Brown Tuff basaltic-andesite, prior to their eruption. 

 

LA SOMMATA BASALT 

The ne-norm shoshonitic, ultra-calcic, La Sommata basalt is unique in the 

Aeolian arc because only at Vulcano was erupted as a magma (at Stromboli ultra-

calcic MI are well known).  

We experimentally investigated the 150-50 MPa, 1150-1050 °C region in a 

H2Omelt variable from almost anhydrous to H2O saturation. Whatever the pressure, 

clinopyroxene is the liquidus phase followed by olivine; plagioclase crystallizes at 

H2O-poor, crystal-rich conditions. 
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Phase equilibria (Fig. 9.14) allow us to constrain pre-eruptive conditions for La 

Sommata magma at:  P=100-150 MPa, T= 1120 °C and H2O 2.6 - 2.9 wt%. 

These water contents are slightly lower than those inferred by previous MI studies 

(H2O= 2.1- 3.8 wt %), but confirm the H2O-rich character of mafic K-rich Aeolian 

magmas (Métrich et al., 2001; Di Carlo et al., 2006). 

- Experiments at decreasing pressure suggest that La Sommata magma 

experienced two discrete stages of crystallization:  the first at about 150 MPa 

(corresponding to a depth of 5-6 Km), where clinopyroxene (Fs4-8) + olivine (Fo90-

92) were the main crystallizing phases. Crystallization of plagioclase is restricted to 

a very low-pressure stage (ca. 50 MPa, corresponding to a depth of 2 km) 

represented by a very small shallow crystallization level, reached after abundant 

water exsolution. The CaO content in clinopyroxene confirm its sensitivity to 

magma hydration conditions, increasing steadily with H2O.  

- Experimental melts gave a range of compositions, with the most evolved 

amongst them being K-rich basalts (shoshonite), akin to some mafic K-rich 

magmas at Vulcano (e.g. Saraceno and Vulcanello), although with exceedingly 

high crystal proportions (crystals ≤ 54 wt.  %), thus hardly eruptible sic et 

simpliciter. This may offer an alternative explanation on the origin of some K-rich 

magmas at Vulcano, although for the majority of them highly constrained isotopic 

studies involve multiple mantle sources. 

 

BROWN TUFFS 

Unfortunately the limited number of crystallization experiments allow us only 

to a purely qualitative use of experimental phase equilibria in the tentative to 

define the probable pre-eruptive conditions of Brown Tuffs magma.  

We investigated the 150 MPa, 1000-1080 °C region in a variable H2Omelt. 

Phase assemblage is characterized (with lowering temperature and H2Omelt) 

by the occurrence of plagioclase as a near  liquidus-phase, followed - with 

decreasing temperature - by orthopyroxene, pigeonite, amphibole, augite and 

phlogopite, this latter at near-solidus conditions. Experimental melts vary little in 

their silica content (SiO2= 56-58 wt %) but spread over a large  K2O variation 
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(2.0 - 3.7 wt %, within the HK-CA to SHO fields). Noteworhty, experimental glass 

partly reproduce the lower alkali range shown by bulk composition of the UBT 

from Vulcano, Punta di Mastro Minico and Quadrara Formations, although the first 

is characterized by a very large spread in alkali. As regards the inferences on the 

pre-eruptive conditions, the crystallization of phlogopite in the low- side of T-H2O 

diagram (Fig. 9.15), absent in natural products, allow us to put rough low-T 

bound at 1000 °C. The stability fields of orthopyroxene and amphibole (absent in 

the natural sample), permit to put tighter brackets at   T = 1020-1030 °C, P > 80 

MPa; H2Omelt ≥ 2.0 wt. %. 
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Table A 

 

FS (Etna) Marsili Seamount Golden Pumice (Stromboli) La Sommata (Vulcano) 

 

wr MI wr MI wra wrb wrc 

 

MIb MIc wr MI 

SiO2 46.77 47.86 49.94 48.51 49.40 51.61 51.17 49.05 49.72 47.66 46.76 48.33 48.70 47.74 47.81 48.46 46.43 45.69 46.43 44.56 48.10 46.46 

TiO2 0.90 0.70 0.90 0.90 0.79 0.87 0.94 0.97 0.97 0.89 0.94 0.83 0.93 0.91 0.87 0.85 1.01 0.99 0.94 0.90 0.82 0.52 

Al2O3 10.53 10.34 16.71 16.07 15.75 16.22 16.81 17.14 16.71 14.23 13.55 16.60 14.77 14.92 15.22 15.07 15.53 15.30 13.92 13.16 12.75 10.42 

FeO 9.23 9.00 8.11 6.49 6.50 5.40 5.22 4.60 4.03 7.28 9.17 7.63 6.36 6.19 5.83 5.98 9.61 10.41 12.63 15.06 
 

8.35 

Fe2O3     
1.30 3.01 3.05 4.40 4.95 

           
12.36 

 

MnO 0.17 0.17 0.13 0.12 0.15 0.16 0.16 0.16 0.17 0.12 0.24 0.23 0.10 0.11 0.14 0.10 0.24 0.15 0.10 0.34 0.22 0.18 

MgO 14.39 12.71 7.44 6.29 7.96 6.64 6.12 6.93 6.62 7.64 7.14 6.67 7.34 6.51 6.54 6.84 6.67 6.13 7.12 6.31 8.34 9.08 

CaO 12.63 13.31 11.53 13.85 12.73 10.61 10.63 11.59 11.46 14.05 13.82 11.25 13.73 13.84 13.81 13.72 12.12 12.51 11.36 11.70 12.69 15.12 

Na2O 1.35 1.53 3.19 3.17 2.27 2.45 2.59 2.38 2.53 2.27 2.20 2.57 2.37 2.16 2.30 2.11 2.07 1.99 2.03 1.85 2.20 1.85 

K2O 0.65 0.74 0.78 0.30 1.85 1.87 2.02 1.62 1.81 1.58 1.54 1.82 1.34 1.36 1.28 1.28 1.35 1.37 1.39 1.13 2.29 1.53 

P2O5 0.27 0.26 0.18 n.a. 0.43 0.38 0.51 0.42 0.45 0.54 0.77 0.52 0.65 0.54 0.52 0.53 0.73 0.68 0.63 0.50 0.24 0.26 

sum 96.90 96.62 98.91 95.70 99.13 99.22 99.22 99.26 99.42 96.26 96.13 96.45 96.29 94.28 94.32 94.94 95.76 95.22 96.55 95.51 100.01 93.77 

CaO/Al2O3 1.2 1.3 0.7 0.9 0.8 0.7 0.6 0.7 0.7 1.0 1.0 0.7 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.9 1.0 1.5 

                       
Norm Calculation 

                     Qz 
     

1 
                

Pl 33 33 56 52 43 49 51 51 51 38 37 51 46 47 48 48 49 48 43 39 23 22 

Or 4 5 5 2 11 11 12 10 11 10 10 11 8 9 8 8 8 8 9 8 10 9 

Ne 
   

3 2 
    

4 3 1 1 
 

1 
    

1 5 5 

Di 33 38 22 33 27 18 17 19 20 35 34 20 32 32 32 31 22 25 23 27 49 46 

Hy 4 4 
   

14 12 7 7 
      

3 3 
 

5 
   

Ol 21 16 12 5 12 
 

1 4 1 7 8 11 7 6 6 4 10 11 11 15 7 6 

Il 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 1 

Mt 2 2 3 3 2 4 4 6 7 3 4 3 3 3 2 3 4 4 5 6 4 4 

Ap 1 1 
  

1 1 1 1 1 1 2 1 1 1 1 1 2 2 2 2 1 1 

sum 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

Table A: Representative analyses from literature of whole rock (wr) and olivine-hosted melt inclusion (MI) compositions. Data from: 

avarage composition of Etna FS (Kamenetsky et al. ,2007); Marsili Seamount (Trua et al., 2010); Stromboli Golden Pumice (a from 

Di Carlo et al., 2006; b from Bertagnini et al., 2003 and c from Metriche t al., 2001); Vulcano La Sommata scoriae (Gioncada et al., 

1998). n.a. = not analyzed. 



Table B: Molineddo 1 

 
g.g olivine 

 
  clinopyroxene   plagioclase   spinel 

 

   
  

  
  

  
  

  

 
  pheno microphen microlith pheno microphen microlith pheno microphen microlith microphen microlith 

n 10 - 6 4 2 7 3 5 11 8 7 7 

SiO2 60.02 (0.9) - 38.15 (0.7) 36.57 (0.4) 51.8 (0.4) 52.17 (0.8) 51.07 (1.5) 49.77 (2.2) 50.70 (1.2) 51.11 (2.0) 0.15 (0.1) 0.15 (0.1) 

TiO2 0.74 (0.1) - 0.02 (0.0) 0.08 (0.0) 0.69 (0.1) 0.61 (0.1) 0.78 (0.2) 0.04 (0.0) 0.1 (0.1) 0.1 (0.1) 12.69 (0.2) 12.35 (0.3) 

Al2O3 18.71 (0.2) - 0.02 (0.0) 0.17 (0.0) 3.63 (0.2) 3.25 (0.5) 3.43 (1) 33.55 (1.7) 32.47 (0.9) 31.43 (1.6) 4.66 (0.2) 4.89 (0.2) 

FeOt 5.06 (0.5) - 29.93 (1.4) 32.79 (0.6) 8.45 (0.1) 8.07 (0.5) 9.95 (1) 0.54 (0.1) 0.6 (0.1) 0.92 (0.2) 77.97 (0.6) 77.71 (0.5) 

MnO 0.16 (0.1) - 0.85 (0.1) 0.98 (0.1) 0.2 (0.0) 0.33 (0.1) 0.50 (0.1) 0.01 (0.0) 0.02 (0.0) 0.04 (0.0) 0.52 (0.1) 0.57 (0.1) 

MgO 1.06 (0.1) - 29.92 (0.8) 28.22 (0.3) 13.27 (0.1) 13.56 (0.5) 12.78 (0.6) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 2.95 (0.2) 3.14 (0.1) 

CaO 3.24 (0.2) - 0.26 (0.0) 0.31 (0.0) 21.51 (0.0) 21.58 (0.5) 20.87 (0.0) 12.89 (1.6) 12.36 (1.0) 12.26 (1.7) 0.05 (0.0) 0.15 (0.0) 

Na2O 4.01 (0.2) - 1.07 (0.1) 0.99 (0.1) 0.74 (0.1) 0.71 (0.1) 0.75 (0.1) 3.23 (0.8) 3.64 (0.5) 3.77 (0.8) 1.00 (0.1) 1.01 (0.2) 

K2O 6.59 (0.2) - 0.01 (0.0) 0.03 (0.0) 0.00 (0.0) 0.00 (0.0) 0.01 (0.0) 0.4 (0.2) 0.5 (0.1) 0.65 (0.3) 0.04 (0.0) 0.01 (0.0) 

P2O5 0.35 (0.1) - 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.01 (0.0) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.06 (0.0) 0.08 (0.0) 

Tot 100.00 - 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Real 98.07 - - - - - - - - - - - 

Fo - - 64 (2) 60 (1) - - - - - - - - 

Wo - - - - 46 (0) 46 (1) 45 (0) - - - - - 

En - - - - 40 (0) 40 (2) 38 (2) - - - - - 

Fs - - - - 14 (0) 14 (1) 17 (2) - - - - - 

An - - - - - - - 67 (8) 63(5) 62 (9) - - 

Ab - - - - - - - 30 (7) 34(4) 34 (7) - - 

Usp - - - - - - - - - - 37 (2) 36 (2) 

Mg# 0.27 - - - 0.74 0.75 0.70 - - - - - 

 

Table A: SEM-EDS glassy groundmass (g.g.) and mineral compositions of Molineddo 1 Formation. All Fe as FeOt. 

 

 



Table C: Molineddo 3 

 
g.g. olivine 

 
  clinopyroxene   plagioclase   spinel 

 

   
  

  
  

  
  

  
 

  pheno microphen microlith pheno microphen microlith pheno microphen microlith microphen microlith 

n 6 3 9 11 1 7 8 8 5 8 5 5 

SiO2 54.24 (0.35) 37.37 (0.7) 37.43 (1.4) 38.81 (1.7) 52.56 51.91 (0.8) 51.15 (1.9) 51.24 (1.1) 52.40 (1.0) 51.58 (1.4) 0.18 (0.0) 0.21 (0.0) 

TiO2 0.86 (0.1) 0.01 (0.0) 0.04 (0.0) 0.06 (0.0) 0.66 0.67 (0.1) 0.91 (0.3) 0.06 (0.0) 0.04 (0.0) 0.15 (0.1) 12.47 (0.4) 10.5 (1.1) 

Al2O3 19.01 (0.2) 0.04 (0.0) 0.05 (0.0) 0.14 (0.3) 3.27 3.42 (0.4) 4.8 (1.5) 31.8 (0.8) 31.16 (0.8) 30.98 (1.1) 5.43 (0.4) 5.76 (0.2) 

FeOt 7.1 (0.4) 31.77 (1.3) 30.43 (6.3) 22.59 (8.2) 8.3 8.29 (1.7) 7.89 (1.2) 0.65 (0.1) 0.69 (0.1) 1.00 (0.4) 76.6 (0.8) 78.43 (1.6) 

MnO 0.18 (0.1) 0.72 (0.1) 0.76 (0.2) 0.46 (0.2) 0.3 0.26 (0.1) 0.21 (0.1) 0.05 (0.0) 0.05 (0.0) 0.04 (0.0) 0.5 (0.0) 0.49 (0.1) 

MgO 2.58 (0.1) 28.64 (0.8) 29.9 (5.3) 35.33 (6.4) 13.32 13.39(1.1) 13.2 (1.3) 0.00 (0.0) 0.00 (0.0) 0.04 (0.0) 3.7 (0.2) 3.5 (0.7) 

CaO 6.06 (0.4) 0.41 (0.0) 0.45 (0.1) 0.46 (0.1) 21.13 21.66 (0.4) 21.27 (0.7) 12.08 (0.8) 10.76 (0.6) 11.84 (1.1) 0.01 (0.0) 0.04 (0.0) 

Na2O 3.87 (0.3) 1.15 (0.0) 0.96 (0.1) 0.91 (0.2) 0.71 0.73 (0.1) 0.73 (0.1) 3.65 (0.4) 4.16 (0.3) 3.68 (0.4) 0.99 (0.1) 1.03 (0.0) 

K2O 5.38 (0.3) 0.01 (0.0) 0.02 (0.0) 0.05 (0.0) 0.00 0.00 (0.0) 0.04 (0.0) 0.86 (0.2) 0.97 (0.2) 1.04 (0.3) 0.08 (0.0) 0.02 (0.0) 

P2O5 0.69 (0.1) 0.00 (0.0) 0.06 (0.0) 0.19 (0.1) 0.00 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.00 (0.0) 0.06 (0.0) 0.07 (0.0) 

Tot 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Real 98.97 - - - - - - - - - - - 

Fo - 62 (2) 63 (8) 73 (10) - - - - - - - - 

Wo - - - - 46 46 (1) 46 (1) - - - - - 

En - - - - 40 40 (3) 40 (3) - - - - - 

Fs - - - - 14 14 (3) 14 (2) - - - - - 

An - - - - - - - 61 (4) 55 (3) 60 (5) - - 

Ab - - - - - - - 34 (3) 39 (3) 34 (4) - - 

Usp - - - - - - - - - - 36 (2) 32 (3) 

Mg# 0.39 - - - 0.74 0.74 0.75 - - - - - 

 

Table B: SEM-EDS glassy groundmass (g.g.) and mineral compositions of Molineddo 3 Formation belonging to LBT-IBT. All Fe as FeOt.
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a b s t r a c t

A petrographic and radiometric study, along with statistical multivariate analysis of volcanic products of
the island of Lipari (Aeolian islands, Italy) was carried out. The volcanological history of Lipari was
reconstructed defining two stages (pre- and post-erosive stages) further on subdivided in four volcanic
phases, each of which characterized by products with a particular chemical composition and separated
by stratigraphic unconformities. The correlations between petrographic features, determined by X-ray
fluorescence, and volcanological history of the island highlight a gradual differentiation with younger
rocks showing a more acid chemical composition than the older ones. Radiometric features, and in
particular the content of primordial radionuclides 238U, 232Th and 40K, have been measured through
gamma-ray spectrometry with hyper-pure germanium detector.

The different volcanic lithologies, such as basalts, andesites and rhyolites, have been characterized by
petrographic diagrams. The calculated dose rate has also been used as an additional classification parameter.

Older products show low alkali content than the younger ones. This is related with the increasing of
incompatible elements, such as uranium and thorium, in the younger products.

Principal components and hierarchical clustering statistical analyses have provided additional infor-
mation on sample differentiation and similarities.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction and geological settings

The Aeolian islands represent a pleistocenic arc system whose
origin is related to the opening of the Tyrrhenian basin. This latter
dates back at around 5Ma (Vavilov basin) and later at the 2Mawith
opening of Marsili basin. Especially the latter, with an NE-SW
spreading axis, exerted an SE directed compression facilitating the
subduction of the Ionian oceanic slab below the Archipelago (Ferrari
and Manetti, 1993).

Lipari Island (the largest in the archipelago) is located along
a volcanic alignment ranging from Salina to Vulcano; this represents
the Northern continuation of TindarieLetojanni crustal discontinuity
system (in continuity with the Malta Escarpment), inserted in the
contextof asymmetrical geodynamic rifting affecting the Easternpart
of Sicily and Calabria (East-West extension). Fault system produces
a set of dislocations generating pull-apart basins type structure that
ano Bellia, recently deceased.
his scientific life. He inspired
out.
x: þ39 0916615063.

All rights reserved.
evolve to right-hand extensional imbricate fan geometry (Mazzuoli
et al., 1995).

A detailed geoevolcanological map of the island can be found in
Tranne et al. (2002).

The apparent complexity of Lipari volcanological history can be
summed up in two evolution stages (pre- and post-42 ka) separated
by a long period of quiescence, witnessed by erosional events that
produced a marine terrace exposed along the West coast and with
related conglomeratic deposits (Calanchi et al., 1996; Tranne et al.,
2002). The oldest stage (pre-erosive, i.e. pre-42 ka), characterized
by emission of basaltic, andesitic-basalt and andesitic products, is
divided in two phases: PaleoLipari and Monte S. Angelo. The
products of PaleoLipari period are related to a series of monogenic
edifices (mainly with strombolian activities) active from about
223 ka (Gillot and Villari, 1980) to 150 ka BP, arranged along an NW-
SE tectonic regional main line, in the Northern and North-Western
sector of the island; during the same temporal range volcanoes
were active on the East side of the island. After a volcanic stasis
lasted about 23 ka, the second phase began 127 ka BP, with edifi-
cation of Monte S. Angelo stratocone. This period marks an
important change in eruptive style: phreatomagmatic activity
becomes the main style.

mailto:basile@unipa.it
www.sciencedirect.com/science/journal/13504487
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Fig. 1. Schematic map of Lipari with sampling sites. Circles and triangles are used to
label lava flow and pyroclastic samples, respectively.
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Monte S. Angelo was built during three eruptive cycles (Crisci
et al., 1991). During the first cycle wet surge deposits and sporadic
lava flows were formed. The next cycle is represented by wet surge
and lahar products closed by effusion of andesitic lava flows
contaminated by crustal material (Barker, 1987; Rotolo, 2000). The
third cycle of Monte S. Angelo is testified by the presence of massive
pyroclastic products (forming the top of the cone) and two small lava
flows. The effusive stages are represented by huge andesitic lava
flows in the West flank of the mountain. This stage ends about
92 ka BP. In the last stage, a long stasis of volcanic activity, that lasted
about 50 ka (Pichler, 1976; Calanchi et al., 1996; Tranne et al., 2002;
Gioncada et al., 2003; Lucchi et al., 2008), allowed major erosional
events to affect the ancient erosive products. These processes have
produced a marine abrasion surface, a level consisting of large and
rounded lava pebbles and sandy beach deposits, that crop out along
the Western and North-Western coast of the island (Calanchi et al.,
1996; Rossi, 2001; Tranne et al., 2002). During this period the
volcanic activity is concentrated between Lipari and Vulcano, along
the TindarieLetojanni fault system, by eruptions of shoshonitic ash
with abundant juveniles (Gioncada et al., 2003), called in literature
Brown Tuffs (Crisci et al., 1983).

At the same time, subaerial activity resumed at 42 ka BP, with
phreatomagmatic eruptions of high energy (Pichler, 1976; Crisci
et al., 1991; Calanchi et al., 1996; Tranne et al., 2002; Gioncada
et al., 2003) and a substantial change of the Lipari magmato-
logical evolution, probably due to the dynamics of regional tectonic
and, in particular, the progressive NeS extensional phase of Tin-
darieLetojanni system (Gioncada et al., 2003, 2005). Andesitic-
basalt and andesitic products of the pre-erosive stage, were
replaced by rhyolitic products that will characterize the two
subsequent phases of the post-erosive stage. During the first one
(Valle Muria period, 42e22 ka BP) volcanism was mainly centered
in the Southern sector of the island, producing pyroclastic products
and rhyolitic domes, systematically alternated by three cycles of
Brown Tuffs (Crisci et al., 1983; Gioncada et al., 2003; Lucchi et al.,
2008). This phase also carried out the construction of Monte
Guardia and Monte Giardina, characterized by extrusions of rhyo-
litic domes and phreatomagmatic activity (Crisci et al., 1981; De
Rosa, 1983). While the domes of the first endogenous cycles were
totally submerged, the latest domes, which closed the first stage,
outcropped in the Southern area of the island. In the meantime, the
Southern flank of Monte S. Angelo was affected by a major volcano-
tectonic collapse.

The volcanic activity of the second post-erosive phase (Vallone
Fiume Bianco period, 11e0.8 ka BP) is located in the NeE portion of
the island, which is characterized by a plumbing systemwith small
and vertically developed magma chambers (Davì et al., 2009),
probably related to the activity of the NeS tectonic system.

The first cycle took place with the construction of a small pyro-
clastic cone and a rhyolitic dome in the Central-Eastern portion. The
building up of volcanic edifices located at the Vallone Fiume Bianco
took place in the next cycle. A long period of volcanic quiescence,
lasted about 3000 years, allowed the formation of a paleo-soil, on the
top of which we can find the pyroclastic products of two subsequent
cycles. In the central portion of Lipari a pumiceous cone arose from
which the Forgia Vecchia obsidian flow crops out. The most recent
activity was located in the Northern area, with a series of explosive
eruptions that built Monte Pilato pumiceous cone, ending with the
effusion of the Rocche Rosse obsidian flow, erupted in 1220� 30 AD
(Tanguy et al., 2003).

The aim of this work is to characterize the volcanic products of
Lipari and to highlight some evolutionary aspects by a radiometric
approach. This has been done determining the chemical composi-
tion of lava and pyroclastic products by X-ray fluorescence (XRF),
andmeasuring the primordial radionuclides content by gamma-ray
spectrometry. Additional insight has been provided by principal
component analysis and hierarchical clustering of data.

Gamma-ray spectrometry is a valuable tool in geochemical
studies. In the sciences of the earth, it is used for environmental,
geological and petrographic mapping and in conjunction with usual
geochemical analysis techniques, such as XRF. Correlations between
the radionuclide content and chemical composition allow a coherent
petrologic interpretation (Sato and Sato, 1977). The concentration of
primordial radionuclides (238U, 232Th and 40K) in soils and rocks
depends on the geology of the area. Indeed, generally igneous acidic
rocks contain higher concentrations of these radioelements
compared with other types of rocks, like sedimentary ones. Previous
works (Locardi, 1967; Civetta and Gasparini, 1973; Sato and Sato,
1977; Brai et al., 1995, 2002; Bellia et al., 1997; Chiozzi et al., 2001;
Chiozzi et al., 2003) confirmed that some Plio-Quaternary volca-
noes are characterized by very high contents of 238U, 232Th and 40K.
This helps to understand magmatologic processes in which enrich-
ment of incompatible elements in acid rocks are evident. Moreover,
the knowledge of primordial radionuclide content in samples allows
to estimate the absorbed dose rate in air due to soil and rock
concentration of natural radionuclides.

2. Materials and methods

About thirty rock and pyroclastic product samples were collected
on the island of Lipari. Sampling sites are shown in Fig. 1.

Different lithologies were selected in order to best represent the
volcanologic history of the island. Attention was also paid to the
uniformity of the site distribution on the island area. Only a few
poorly representative lithologies were not sampled, such as those
cropping out with small surfaces. More than 1 l of material was
collected for each lithology, in order to carry out both the radiometric
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analysis through gamma spectrometry and the chemical analysis by
X-ray fluorescence spectrometry.

XRF analysis is based on the emission of characteristic X-rays
produced by excited atoms. XRF analysis was performed on bulk
rocks by a Rigaku ZSX Primus XRF; X-ray spectrometer was
equipped with a rhodium anticathode. Pellets were obtained after
pressing powdered samples at about 40 bar on a boric acid support.
Major elements chemical composition of samples, as oxide weight
percentage, were then obtained, after matrix correction.

The radioactivity measurements on volcanic products were
performed by high-resolution gamma-ray spectrometry. An Hyper
Pure germanium crystal detector (HP-Ge Ortec Gem 30180s), with
30% relative efficiency and 1.8 keV resolution was used. A reference
source National Bureau of Standards SRM 4353 was used for effi-
ciency calibration. Samples were milled and afterwards dried at
105 �C for 24 h. One literMarinelli beakerswere sealed for 20days in
order to reach secular radioactive equilibriumbetween 226Ra and its
daughters (among which 214Bi). Samples were counted for 80 000 s
in order to have a good counting statistics. The 609.3, 911.2 and
1460.8 keV gamma emission lines have been used to determine the
214Bi, 228Ac and 40K activities, respectively. Overall uncertainties
(including counting, efficiency, calibration) for the three radioiso-
topes activities are estimated being around 7%, 5% and 10%. Under
the assumption of secular radioactive equilibrium, the activities of
214Bi and 228Ac will be equal to the 238U and 232Th activities.

The obtained 238U, 232Th and 40K specific activities were also
used to estimate the absorbed dose rates in air D, according to the
following formula (UNSCEAR, 1993, p. 65):

D
�
nGy h�1

�
¼ 0:461 AU þ 0:623 ATh þ 0:0414 AK (1)

where Aj is the specific activity (in Bq kg�1) of the radioisotope j,
and under the assumption of a flat surface and a half-space with
uniform distribution of radionuclides.
Table 1
Chemical and radiometric data. Major elements (in wt. %). All Fe as Fe2O3. Radiometric
calculated according to Eq. (1). Last column shows the Th/U ratios, when ppm units are

Sample Product SiO2 TiO2 Al2O3 Fe2O3 tot MnO MgO

L00 Lapilli tuff 56.6 0.80 17.6 10.2 0.12 3.4
L01 Obsidian

lava flow
73.2 0.07 13.6 2.0 0.09 0.6

L02 Pumice 72.5 0.10 13.9 2.3 0.09 0.7
L03 Obsidian

lava flow
73.1 0.07 13.6 2.0 0.08 0.6

L04 Pumice 71.7 0.12 13.8 2.5 0.09 0.9
L05 Lava 56.6 0.88 17.2 10.9 0.13 3.2
L06 Lava 73.3 0.07 13.4 2.0 0.09 0.6
L07 Ash tuff 61.9 0.64 15.9 7.4 0.14 2.1
L08 Ash tuff 67.1 0.33 16.7 4.8 0.09 2.1
L09 Lapilli tuff 59.4 0.74 18.1 7.5 0.10 4.3
L10 Lava 62.5 0.65 18.0 5.5 0.09 2.3
L11 Lava 60.0 0.74 18.2 7.5 0.13 2.1
L12 Ash tuff 53.2 0.73 18.1 9.9 0.15 4.3
L13 Lava 62.4 0.58 16.3 7.1 0.13 1.6
L14 Lava 74.0 0.07 13.4 1.8 0.08 0.6
L15 Lava 54.2 0.82 18.0 10.1 0.15 3.4
L16 Lava 62.5 0.84 14.7 10.0 0.14 3.6
L17 Lava 52.6 0.73 17.6 9.7 0.13 4.1
L19 Lava 75.0 0.65 11.5 12.3 0.00 0.5
L20 Lapilli tuff 54.1 0.68 19.9 9.4 0.13 2.8
L21 Lapilli tuff 68.5 1.02 13.9 5.2 0.10 1.5
L22 Lava 57.4 0.73 17.9 7.1 0.11 2.4
L23 Lapilli tuff 51.8 0.81 18.1 10.5 0.14 4.3
L24 Lava 49.2 0.73 17.7 10.4 0.15 5.5
L25 Lava 74.1 0.07 13.3 1.7 0.08 0.5
L26 Lava 60.6 0.60 19.3 4.8 0.09 1.2
L27 Lava 73.3 0.09 13.4 1.9 0.07 0.6
L28 Lava 73.8 0.07 13.4 1.8 0.08 0.6
L29 Lava 53.4 0.79 18.1 9.5 0.13 3.4
Principal Component Analysis (PCA) and Hierarchical Cluster
Analysis (HCA) (see, for instance Mardia et al. (1979)) have been
applied to the set of chemical and radiometric data. PCA allows,
through a matrix diagonalization procedure, to seek for a smaller
set of variables (linear combinations of the original variables) able
to summarize the data, describing as much as possible of their
variability. The so obtained new variables, called factors (F), are
ranked in terms of their relative weight. Data can then be repre-
sented using the factors as a new coordinate system (biplots).
Cluster analysis allows to group the samples into homogeneous
groups (clusters). Defining a distance among the entries of the
dataset allows a hierarchical classification, of which a dendrogram
is a graphical representation.

3. Results

Two main volcanic products, characterizing Lipari volcanolog-
ical history, were sampled: lavas and pyroclastic products.

Chemical and radiometric data, along with absorbed dose rates
calculated according to Eq. (1), are shown in Table 1. Last column
shows the Th/U. Concentrations in ppm are calculated from the
specific activity values, in Bq kg�1. These ratios, producing an
average value of 3.0� 0.5, are typical for normal continental crust
(Tzortzis and Tsertos, 2005).

In this work we define four main volcanic phases (PaleoLipari,
Monte S. Angelo, Valle Muria, Vallone Fiume Bianco) summarizing
the most recent and important reconstructions of the eruptive
sequences (Pichler, 1976; Cortese et al., 1986; Crisci et al., 1991;
Calanchi et al., 1996; Tranne et al., 2002; De Rosa et al., 2003b) in
a timeframe between 223 and 0.8 ka BP.

Total Alkali Silica (TAS, Le Bas et al. (1986)) and K2O vs. SiO2
(Peccerillo and Taylor, 1976) diagrams are shown in Fig. 2 and Fig. 3,
respectively. Data representation has been accomplished by the
Geochemical Data Toolkit software (Janou�sek et al., 2006). Different
data are in Bq kg�1. D column shows the absorbed dose rates in air (in nGy h�1),
used.

CaO Na2O K2O P2O5
238U 232Th 4 K D Th/U

7.3 1.9 1.9 0.19 31 29 581 56 2.8
0.9 4.3 5.1 0.14 220 212 1593 299 2.9

1.3 4.2 4.9 0.14 191 191 1427 266 3.0
0.9 4.4 5.2 0.14 219 215 1591 300 3.0

1.9 4.1 4.7 0.14 204 213 1474 288 3.2
8.5 1.0 1.5 0.20 23 22 390 41 3.0
0.9 4.3 5.2 0.15 175 185 1588 262 3.2
5.8 2.4 3.5 0.17 88 94 1055 143 3.2
2.5 1.6 4.5 0.15 132 116 1364 190 2.7
6.6 1.6 1.5 0.20 30 43 445 59 4.4
6.1 1.7 3.0 0.20 46 42 843 82 2.8
5.4 2.0 3.7 0.20 58 59 1109 109 3.1

10.3 1.9 1.4 0.16 20 20 487 42 3.0
5.1 2.3 4.2 0.23 114 115 1236 175 3.0
0.9 3.8 5.1 0.14 170 170 1545 248 3.0
9.4 2.0 1.7 0.19 28 25 520 50 2.6
5.7 1.2 1.2 0.13 15 19 337 33 3.9

11.2 2.2 1.5 0.18 31 19 466 46 1.9
0.0 0.1 0.0 0.07 11 8 11 10 2.0
9.3 2.5 1.0 0.16 19 19 307 33 3.0
5.2 1.3 3.0 0.19 49 47 733 82 2.9
8.2 2.8 3.2 0.20 48 46 1028 93 2.9

10.5 1.9 1.7 0.17 20 20 495 42 3.1
13.0 2.1 1.0 0.16 13 13 349 28 2.9
0.8 4.3 4.9 0.13 193 191 1562 273 3.0
6.6 2.9 3.6 0.20 53 46 1098 99 2.7
1.2 4.2 4.9 0.14 171 172 1558 251 3.1
0.9 3.9 5.3 0.15 165 162 1594 243 3.0

10.0 2.6 1.8 0.17 25 24 611 52 2.8



Fig. 3. K2O vs. SiO2 plot (Peccerillo and Taylor, 1976). Solid lines separate the different
magmatic series (low and high K calcalkaline, shosohonitic). Symbols and units as in
Fig. 2. Inset shows literature data (Crisci et al., 1991).
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symbols have been used for samples belonging to the four periods.
Insets show literature data for TAS (Tranne et al., 2002) and K2O vs.
SiO2 (Crisci et al., 1991).

TAS diagram shows that the older products (PaleoLipari) have
silica and alkali contents lower than the more recent ones (Valle
Muria and Vallone Fiume Bianco); this occurs with a gradual
transition, shown by increasing enrichment in intermediate
periods (Monte S. Angelo). L19 sample has not been taken into
account in TAS diagram because it has a high silica percentage
(about 75%) and low alkali contents; this is due to intense alteration
processes (argillification and silicization) by acid volcanic fluids.
The related radiometric result is in agreement with this hypothesis,
with low 238U, 232Th and 40K levels, due to their relatively high
mobility in weathering and hydrothermal processes. The L20
sample, labeled by a filled square in TAS diagram, does not belong to
Lipari volcanologic history, because this pyroclastic product (Grey
Porri Tuffs), dated about 70 ka BP (Keller and Morche, 1993), was
actually erupted from the island of Salina during the Lipari Valle
Muria period. It is shown here, along with Lipari products, in order
to remark its very different chemism when compared with coeval
products of Lipari. Moreover, this lithology gives its own contri-
bution to the average calculated radiation dose rate.

In the K2O vs. SiO2 plot we observe awide variability of potassium
content, with values that range between 1.0 and 5.3%. These varia-
tions cannot be explained by magmatic differentiation processes
only. It is evident that samples belong to different magmatic series
(low potassium calcalkaline series, LKCA, high potassium calcalka-
line series, HKCA and shoshonitic series, SHO) with a temporal trend
moving from LKCA to SHO.

The variability shown in both TAS and K2O vs. SiO2 diagrams
define trends that are typical of Arc volcanoes. According to
literature data (Crisci et al., 1991), basaltic andesites, andesitic and
rhyolitic lithologies are abundant in Lipari island. There is a clear
compositional gap between andesite and rhyolite fields, charac-
terizing the typical bimodal behaviour that is found in many
volcanic fields (Moyer and Esperança, 1989; Crisci et al., 1991;
Lewis-Kenedi et al., 2005). Time evolution of vents sees basaltic
and basaltic-andesite rocks essentially on the West and East coast
Fig. 2. TAS diagram (Le Bas et al., 1986). Empty diamonds, triangles, circles and crosses
are used to label samples belonging to PaleoLipari, Monte S. Angelo, Valle Muria and
Vallone Fiume Bianco periods, respectively. Oxide concentrations are expressed in wt.
%. The sample with a filled square symbol does not belong to Lipari (see main text for
details). Inset shows literature data (Tranne et al., 2002).
of the island, while rhyolites are mainly located in South and
Central-Northern portions.

Fig. 4 shows the 232Th vs. the 238U content of samples. The
evident proportionality between this two radioisotopes highlights
that samples have undergone a negligible chemical and/or physical
fractionation (Minty, 1997). Moreover this figure makes evident the
common geochemical behaviour of these elements (large-ion lith-
ophile elements or LILE) during magmatic crystallization (Bao and
Zhang, 1998). The correlation coefficient r for the two data series
(with n¼ 28 degrees of freedom) is found to bez0.997. Its reliability
has been assessed by a t-test (with t0 ¼ jrj

ffiffiffiffiffiffiffiffiffiffiffi
n� 2

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2

p
z64:7)

with a 0.05 a-level (tc¼ 2.06) (Miller and Miller, 2005). Data lie on
a straight line, with a slope practically equal to 1. The slope would
have been equal to 3 if ppm units, rather than Bq kg�1, had been used
(see ratios in Table 1).

The 238U vs. K2O plot is shown in Fig. 5. The dashed lines help to
highlight the two main alignments. Here we can see two well
differentiated series of magmas. The first, to which the pre-42 ka
LKCA products belong (PaleoLipari and Monte S. Angelo periods,
diamonds and triangles respectively), shows an increase of 238U
relatively small if compared to the second one (post-42 ka products,
Fig. 4. 232Th vs. the 238U specific activities of samples, showing the strong correlation
between these two radionuclides.



Fig. 7. Total alkali vs. the calculated absorbed dose rates in air. Filled diamonds, circles,
triangles, squares and stars are used to label samples belonging to different lithologies
(basalts, andesites, dacites, rhyolites, basaltic andesites).

Fig. 5. 238U vs. the K2O content of samples. The dashed lines are just eye guides to
identify pre-erosive (lower) and post-erosive (higher) products. Symbols as in Fig. 2.
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mainly HKCA, Valle Muria and Vallone Fiume Bianco Periods, circles
and crosses respectively). The latter trend corresponds to a substan-
tial change both in eruptive style (from strombolian to phreato-
magmatic) and from mafic/intermediate to acid products. Our data
suggest that amajor role could have been played by alternating tensil
and compressive phases along themajor tectonic line (NNW-SSE and
TindarieLetojanni fault systems).

Fig. 6 shows 238U vs. SiO2. It can be seen that 238U generally
increases with SiO2 content. Here we can observe how the change in
chemism is accompanied by other processes which develop into at
least three different trends. In the PaleoLipari period (diamonds), the
trend is belonging to LKCA series and characterized bymafic (i.e. less
evolved and with lower SiO2) products. In Monte S. Angelo period
(triangles) a predominantly compressive tectonic style probably
favored the emplacement of small and shallow magma chambers
halting the arrival of more basic magma from the deeper reservoirs.
This also increased the crustal assimilation, witnessed by the occur-
rence of crustal enclaves (Barker, 1987; Rotolo, 2000) and by typical
crustal 87Sr/86Sr ratios (Esperança et al., 1992). The magmas
belonging to this stage are scattered between LKCA and HKCA series.
In the post-42 ka (Valle Muria and Vallone Fiume Bianco Periods,
circles and crosses respectively) the progressive NeS extensional
phase in TindarieLetojanni fault system favours vertically set bodies
with the subsequent eruption of the most evolved products (rhyo-
lites) from the shallowmagma chambers that, at the beginning (Valle
Muria Period), are characterized by differentiation processes. More-
over, although some mafic bodies can affect the volcanism of Valle
Fig. 6. 238U vs. SiO2. The dashed lines show the three different alignments for the
different periods. From bottom to top: PaleoLipari, Monte S. Angelo and Valle Muria.
Symbols as in Fig. 2.
Muria period (Brown Tuffs, see De Rosa et al. (2003a)), the Vallone
FiumeBiancovolcanic complexdoesnot seemtohavebeen fedby the
pre-42 ka deep magmatic system.

Chemical elements can be divided into compatible and incom-
patible ones, based on their different ionic radii. Primordial radio-
nuclides (U, Th and K) are, from this point of view, lithophile
incompatible elements, according to Goldschmidt’s classification
(see, for instance, (White, 2007, ch. 7)). Incompatible elements tend
to be more present in the residual melts, i.e. in the last magmatic
stages.

In Fig. 7 we show the total alkali as a function of the calculated
absorbed dose rate of Eq. (1), which summarizes the role of the
primordial radionuclides. This plot is used here as an additional
tool, besides the well known TAS diagram, in order to highlight the
main petrographic sample features.

Different symbols have been used for samples belonging to
different lithologies, according to the TAS diagram. Filled diamonds,
circles, triangles, squares and stars label basalts, andesites, dacites,
rhyolites and basaltic-andesites. It’s clearly evident that each
lithology is characterized (with some exceptions) by a well defined
dose rate range. The lowest contributions to radiation dose rate
come from products (from basalt to andesites) appeared during the
pre-erosive stage (PaleoLipari andMonte S. Angelo). The dosimetric
contribution from rhyolitic products appeared during the post-
erosive stage (Valle Muria and Vallone Fiume Bianco) is much
higher. Andesite samples (circles) are frommore than onemagmatic
series (see Fig. 3). As a consequence, the dose rate range for this
lithology is broader than for basaltic andesites (stars) and rhyolites
Fig. 8. Biplot of data in the plane of the new factors F1 and F2 after Principal
Component Analysis. Sample symbols as in Fig. 7.



Fig. 9. Cluster analysis (dendrogram) of observations. Three main clusters are clearly
visible: from basalts to andesites, andesites and dacites, rhyolites.
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(squares). Highest values of dose rates are found for obsidian and
pumice rhyolitic samples. Since pumices arewidely used in building
materials, this can be important from the health physics point of
view, in terms of the indoor dose rates due to natural radioactivity.
The quite large dose rate range (80e180 nGy h�) for some of the
andesite (circles) samples having nearly constant alkali content, is
due to their different U and Th contents, since they belong to
different periods.Monte S. Angelo samples yield lower values, while
Valle Muria (Brown Tuffs) samples yield higher values.

PCA results are shown in Fig. 8. The biplot is in the plane spanned
by the first two factors. These two factors account for 83.3% and 7.2%
of the total variability, respectively. Also in this case, different
symbols highlight the information on lithologies, obtained fromTAS
diagram. From the point of view of the variables, their loadings (not
shown here) on the first two factors can be divided into two main
groups with Si, K, Na, U and Th in the first one and the remaining
components in the second, well separated group.

Fig. 9 shows the dendrogram obtained from the HCA, using
Ward’s formulation and Euclidian distance between samples.
Additional labels have been used to better identify the petrographic
features of the samples: b (basalts), s (basaltic-andesites),
a (andesites), d (dacites) and r (rhyolites). Three main groups are
clearly visible: from basalts to andesites (L00eL24), from andesites
to dacites (L10eL08), rhyolites (L01eL27). Andesites appear in both
the first and the second cluster, due to the presence of samples
belonging to different magmatic series, as already said above.

Both PCA and HCA show that the datawill group into threemain
clusters (geochemical groups), coherently with the classification
shown in petrographic plots (Figs. 2 and 3).

The position of the two dacite samples (L08 and L21) in Figs. 7, 8
and 9, cannot be associatedwith any of themain groups, suggesting
that they may represent altered tuffs, although they are coherent
with the trends they belong to in Figs. 5 and 6.

4. Conclusions

In this work we have studied the petrographic and radiometric
features of volcanic products from the island of Lipari (Aeolian
Islands, Italy). XRF and gamma-ray spectrometry have allowed to
determine geochemical major element and primordial radionu-
clide composition. Petrographic (TAS and K2O vs. SiO2), radio-
metric (40K vs. the 238U and 238U vs. SiO2) and statistical (PCA and
HCA) classification have been used in order to obtain information
on product differentiation.
Gamma-ray spectrometry results have underlined how high
concentrations of primordial radionuclides in Lipari magmas can
contribute to a better understanding of the complex evolutionary
processes that characterize the chemism of its eruptive products.

Experimental data have allowed to highlight the typical features
of orogenic volcanism. Potassium and silica enrichment progres-
sively occur from the older products (basalts, andesitic basalts and
andesites) to the younger ones (rhyolites), showing a compositional
gap in the dacitic field (i.e. SiO2 in the range 63e68 wt. %). The same
trend is followed by large-ion elements, such as uranium and
thorium, highlighting the step by step onset of typical geochemical
processes of magma differentiation.

Multivariate analysis, besides acting as an independent check of
geochemical classification tools, has pointed out how some of the
lithologies will exhibit peculiar behaviour. As a result of the different
volcanic processes, some of them will show a lower affinity (i.e.
cluster aggregation) with the main geochemical groups.

The values of the calculated dose rates are generally higher than
those found in Stromboli and Ustica, areas already taken into
consideration in previous works by our group (Bellia et al., 1997; Brai
et al., 2002). This is a primary consequence of the abundance of
rhyolitic lithologies in Lipari, almost entirely absent at Stromboli
(Hornig-Kjarsgaard et al., 1993). Analogously, the Ustica smaller
value can be explained by the abundance of less evolved basal-
ticehawaiite lithologies and the alkaline-sodium nature of its
volcanic products.
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