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Introduction 

Over the last few decades, combining advanced of petrological and geochemical 

observations has greatly improved our understanding of the development of entire magma 

plumbing systems, allowing the identification of zones of melt accumulation, crystal mush 

development, and magma migration. Thus, the study of active volcanoes provides a lot of data 

that must be interpreted in light of understand pre-eruptive dynamics (e.g., fractional 

crystallization, magma mixing, assimilation of host rock by magma, degassing and ascent 

processes). Models concerning the internal structure and magma evolution of active volcanoes 

are important to establish reliable monitoring strategies and to forecast volcanic eruptions. 

Following this line of reasoning, the microanalysis of major/trace elements, as well as the 

characterization of intensive variables can be used to estimate the depth and temperature in 

which crystallization took place in polybaric magmatic chambers and to reconstruct the 

evolution of plumbing systems.  

In this study, I have determined the magmatic variables (e.g., pressure, temperature, 

volatile content, and oxygen fugacity) governing the plumbing system evolution at Vulcano 

Island and how such variables change with time. In the first part of this PhD thesis, I present 

new mineralogical and petrological data on olivine, clinopyroxene, plagioclase, and 

titanomagnetite phenocrysts from fifteen eruptive products (scoriae, lava flows, lava domes, 

and lava dykes) over a long period of time, from 54 to 8 ka. The intensive variables driving the 

crystallization path of magmas were reconstructed through mineral-melt equilibrium and 

thermodynamic models, as well as barometers, thermometers, hygrometers and oxygen 

barometers. The resulting P-T-H2O-fO2 constraints have been also integrated with 

thermodynamic simulations reproducing the liquid line of descent of magma and major/trace 

element modeling, in order to better understand the differentiation processes operating at 

Vulcano Island and to reconstruct the plumbing system architecture.  
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In the second part of this PhD thesis, the compositional information recorded in 

chemically zoned clinopyroxene phenocrysts from the last ~54 ka of eruptive activity have 

been used to unravel the most effective pre-eruptive volcanic processes driving the 

geochemical evolution of the plumbing system. Although clinopyroxene is an important 

recorder of differentiation mechanisms and its complex texture may help to reconstruct the 

recharge dynamics of magma reservoirs, no studies have yet investigated the zoning patterns 

of clinopyroxene at Vulcano Island. For this reason, microanalytical data and trace element 

modeling of clinopyroxene phenocrysts from twenty-one basaltic-to-rhyolitic products have 

been combined. The textural and compositional changes of phenocrysts shed light on the 

physico-chemical changes of magma under the effects of closed- and open-system processes. 

Temporal informations of magmatic processes are also locked within the chemical zoning 

profiles of clinopyroxene. Constraining the timescales of pre-eruptive magmatic processes 

allowed to understand magma dynamics and the potential triggers for volcanic eruptions.  
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Abstract  

In this study, we present new mineralogical and petrological data from fifteen eruptive 

products erupted at Vulcano Island (Aeolian Arc, Italy) over a period of time from 54 to 8 ka 

and representative of the Eruptive Epochs from 5 to 8 of this volcanic system. These rocks 

show shoshonitic (SHO) to high-K calc-alkaline (HKCA) affinity, with compositions changing 

from primitive basalts-shoshonites (Mg#35-60) to intermediate latites (Mg#32-54) to evolved 

trachytes-rhyolites (Mg#23-40). The intensive variables driving the crystallization path of 

magmas were reconstructed through mineral-melt equilibrium and thermodynamic models, as 

well as barometers, thermometers, hygrometers and oxygen barometers. The stability of olivine 

(Fo59-91), as first phase on the liquidus, is more favored at low-P (100-300 MPa) and high-H2O 

(4 wt.%) contents dissolved in the melt. Afterwards, the melt is co-saturated with 

clinopyroxene (Mg#92, diopside), whose composition progressively evolves (Mg#71, augite) as 

the temperature decreases to 1100 °C. The crystallization pressure recorded by clinopyroxene 

decreases from basalts (550-750 MPa) to shoshonites-latites-trachytes (100-450 MPa) to 

rhyolites (~50 MPa). The melt-H2O content (0.5-4.2 wt.%) is sensitive to either pressure or 

melt composition, thereby controlling the plagioclase stability and chemistry (An13-77) within 

a thermal path of ~860-1100 °C. Titanomagnetite (Usp11-39) equilibrates with progressively 

more oxidized melts as the magma composition changes from basalt (ΔQFM+1.5) to rhyolite 

(ΔQFM+3). Mass balance calculations and trace element modeling indicate that basaltic to 

trachytic magmas are prevalently controlled by fractional crystallization processes, in concert 

with variable degrees of assimilation of crustal rocks. Conversely, rhyolitic and highly 

differentiated trachytic magmas are generated by extraction of interstitial melts from shallow 

mush zones dominated by feldspar and titanomagnetite saturation. We conclude that the 

architecture of the plumbing system at Vulcano Island is characterized by multiple reservoirs 
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in which compositionally distinct magmas pond and undergo polybaric-polythermal 

differentiation, before erupting to the surface. 

 

1. Introduction 

Vulcano Island is an active volcano of the Aeolian Archipelago (Southern Tyrrhenian 

Sea, Italy) characterized by high-K calc-alkaline (HKCA), shoshonitic (SHO), and potassic 

(KS) rocks, with variable degree of evolution from basalt to rhyolite (Keller, 1980; De Astis, 

1997a).  

In the last decades, the geochemical and petrological evolution of Vulcano Island has 

been associated with complex magma differentiation processes, frequently controlled by open 

system phenomena due to either magma mixing and contamination within the crust (De Astis 

et al. 1997a, 2013; Gioncada et al., 1998, 2003; Frezzotti et al., 2004, Perugini et al., 2007; 

Piochi et al., 2009; Forni et al., 2015; Nicotra et al., 2018; Bullock et al., 2019) or partial 

melting and metasomatism of a heterogeneous mantle source (Ellam and Harmon, 1990; De 

Astis et al., 2000; Pinarelli et al., 2019). One important outcome from these studies is that the 

degree of chemical evolution of magmas increases over time, although with some exceptions 

within the lifespan of the volcanic system (De Astis et al., 2013). Generally, the eruptive 

products are characterized by potassium and incompatible trace element enrichments from the 

older mafic (basaltic) activity of Primordial Vulcano to the younger silicic (rhyolitic) eruptions 

which occurred at 1888-90 CE. This time-related compositional shift has been attributed to the 

uprising of distinct magmatic reservoirs towards shallower crustal levels, in which resident 

magmas tend to differentiate, as the intensity and efficacy of mafic recharges decreases (De 

Astis et al. 1997a; Zanon et al. 2003; Frezzotti and Peccerillo 2004). 
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The most recent petrological studies focus on the last 1000 years of activity at Vulcano 

Island, accounting for the crystallization conditions of rhyolitic magmas at La Fossa cone and 

the genetic relationships between more or less differentiated products with marked potassium 

enrichments (Vetere et al., 2015; Nicotra et al., 2018; Bullock et al., 2019; Rossi et al., 2019). 

The physical and chemical characterization of these historic silicic eruptions has attracted 

particular attention because of the importance of defining the most likely scenario for a future 

eruption (cf. Costa et al., 2020). However, there is no detailed and systematic knowledge on 

the polybaric and polythermal evolution of earlier magmatic reservoirs feeding mafic-to-silicic 

eruptions with both HCKCA and SHO affinities. To remedy this paucity of information, we 

have examined mineral and bulk rock compositions of scoriae, lava flows, lava domes, and 

lava dykes outpoured at Vulcano Island over an eruptive period of time from 54 ka to 8 ka. 

These rock samples were selected on the basis of their dissimilar volcanological and 

petrological attributes, as they represent the most important modifications of magma during 

the volcanic system evolution. Through the application of mineral-melt equilibrium models, 

barometers, thermometers, hygrometers, and oxygen barometers, we have obtained new and 

more accurate indications on the pre-eruptive crystallization conditions of the studied products. 

The resulting P-T-H2O-fO2 constraints have been also integrated with thermodynamic 

simulations, reproducing the liquid line of descent of magma and bulk rock major and trace 

element modeling in order to elucidate better the differentiation processes operating in distinct 

sub-volcanic magma reservoirs and to ultimately reconstruct the plumbing system architecture 

of Vulcano Island. 
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2. Geological background 

Vulcano Island is an active volcanic system located in the southernmost sector of the 

Aeolian Archipelago (Fig. 1), a Quaternary volcanic archipelago consisting of seven islands 

and nine seamounts forming a ring-like structure, whose northwestern sector lies on the oceanic 

crust of the Tyrrhenian abyssal plain and eastern and southern sectors on ~18-25 km thick 

continental crust of the Calabro-Peloritano basement. Lipari, Salina and Vulcano have 

developed inside a graben-like structure controlled by the NNW-SSE strike-slip Tindari-

Letojanni fault system (Gioncada et al., 2003) and they form a NNW-SSE-oriented volcanic 

belt that cross-cuts the archipelago in its central sector (De Astis et al., 1997a). Vulcano Island 

has a total surface area of ~22 km2, its base lies at an average depth of ~1 km b.s.l. and the 

maximum height is ~499 m a.s.l. at Monte Aria (De Astis et al., 2013 and references therein). 

Magmatism of Aeolian Volcanoes is related to the subduction of the Ionian plate under 

the Calabro-Peloritan Arc, with typical calc-alkaline eruptive products. Seismic data reveals 

the presence of a NW-dipping Benioff-Wadati zone (Ellam and Harmon, 1990), presently in 

the eastern sector. Vulcano Island started its activity 127 ka ago with the early Primordial 

Vulcano structure (Fig. 1), whereas its last eruption occurred from August 1888 to March 1890 

at La Fossa cone (Keller, 1980). This is a 391-m-high tuff cone mainly formed through 

phreatomagmatic eruptions and minor lava flow effusions (Dellino et al., 2011). The peninsula 

of Vulcanello (Fig. 1) has been formed as a new islet which began to form Roman Times. It 

represents a northernmost structure located along the northern border of La Fossa caldera, 

consisting of a lava platform and three nested, ENE-WSW-aligned scoria cones (De Astis et 

al., 1997a, 2013; Davì et al., 2009). 

The most recent and complete geologic study on Vulcano geology was published by De 

Astis et al. (2013), together with a 1:10000 scale geological map that can be accessed online at 

http://www.geolsoc.org.uk/Memoir37-electronic. In order to fully associate the products 
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studied in this work to the whole chrono-stratigraphy of Vulcano Island (Fig. 1), we 

conveniently refer to this geological map, where eight Eruptive Epochs characterize the whole 

Vulcano eruptive history. The Eruptive Epochs (Fig. 1) represent the principal building stages 

of the volcanic edifice interrupted by periods of quiescence sometimes associated with 

volcano-tectonic collapses. The products that we have studied occur between the final part of 

Eruptive Epoch 5 (~54-40 ka) and part of the Eruptive Epoch 8 (until ~8 ka), which includes 

several types of volcanic eruptions. Detailed lithological and age-related features of the studied 

rocks are reported in the next section, as well as a summary of the main volcanic and volcano-

tectonic events. 

 

3. Sample selection 

A total of fifteen rock samples, compositionally from basalt to rhyolite, were collected 

from several strategic sectors and formations outcropping along Vulcano Island, in which the 

eruptive units were identified on the basis of their different litostratigraphic and compositional 

characteristics (Fig. 1). More specifically, the rock samples represent, as much as possible, the 

last Eruptive Epochs 5, 6, 7, and 8 (<53.7±2.6 ka and pre-8 ka; De Astis et al., 2013) of the 

plumbing system (Fig. 1). The rock samples have been divided in three distinct groups for 

primitive, intermediate and evolved bulk rock compositions (see below for further details): 1) 

basalt-shoshonites (VL168/2, VL194/1, VL168/12, VL230/7, VL209A/2, and VL180), 2) 

latites (VL175B/1, VL144/2, and VL213B/2), and 3) trachyte-rhyolites (VL229/6, VL175C/3, 

VL183/10, VL181, VL182/1, and VL17811A). Three rocks, corresponding to Eruptive Epoch 

5 (from 53.7±2.6 to ~40 ka), are from the Strombolian fallout deposit of La Sommata 

Formation (VL194/1, VL168/2, and VL168/12), which consists of black basaltic scoria (De 

Astis et al., 2013; see Fig. 1). Five rocks related to Eruptive Epoch 6 (from ~27 to 21.3±3.4 ka) 
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were sampled from: Punta di Mastro Minico Formation (VL175B/1, latitic lava flow; 27.9±6.6 

ka), Punta del Monaco Formation (VL175C/3, trachytic lava flow; 26.5±2.0 ka), Spiaggia 

Lunga Formation (VL230/7, shoshonitic scoria; 24.0±5.0 ka), Cala del Formaggio Formation 

(VL182/1, rhyolitic lava flow; 25.8±2.5 ka), and Quadrara - Faro Vecchio Formation 

(VL229/6, trachytic scoria; 21.33.4 ka). Punta di Mastro Minico Formation corresponds to 

the earliest scoria and lava flows of Eruptive Epoch 6 exposed in the lower part of the coastal 

cliff of the northernmost part of Vulcano Island (Fig.1; De Astis et al., 2013). Punta del Monaco 

e Cala del Formaggio Formation represent scoria and lava coulees of the lower portion of the 

Monte Lentia dome-field, constructed above the older Punta di Mastro Minico products (De 

Astis et al., 2013). Spiaggia Lunga and Quadrara - Faro Vecchio Formation are scoria blankets 

along the western and southern flanks of Primordial Vulcano (Fig. 1; De Astis et al., 2013). 

Spiaggia Lunga Formation corresponds to Spiaggia Lunga scoria in De Rosa et al. (1988). 

Three rocks, corresponding to Eruptive Epoch 7 (from 15.5±1.0 to 13.0±3.0 ka), were sampled 

from Cugni di Molinello Formation (VL144/2, latitic scoria), Monte Lentia Formation 

(VL17811A, rhyolitic lava; 15.5±1.0 ka) and Casa Lentia Formation (VL183/10, trachytic lava 

flow; 15.5±1.3 ka). Cugni di Molinello latitic scoriaceous lapilli are interlayered within the 

Piano Grotte dei Rossi Formation in several outcrops within the area of Il Piano caldera (De 

Astis et al., 2013). Monte Lentia and Casa Lentia Formations represent lava domes and coulees 

(De Astis et al., 2013) emplaced in the area of Monte Lentia dome-field (i.e., the Lentia group 

in Keller, 1980 and Lentia complex in De Astis et al., 1997a). Four rocks related to Eruptive 

Epoch 8 (<8.5±3.3 ka to Present) were sampled, one from the Carabinieri Formation (VL181, 

rhyolitic lava dyke; 8.5±3.3 ka) and three from Monte Saraceno Formation (VL209A/2, 

VL180, and VL213B/2, shoshonitic scoria, shoshonitic lava, and latitic lava, respectively; 

8.3±1.6 ka). The Carabinieri Formation consists of three rhyolitic lava domes N-S aligned (De 

Astis et al., 2013). Monte Saraceno Formation comprises blankets of scoriae and various lava 
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flows outcropping at the junction between the Il Piano caldera and La Fossa caldera on both 

sides of the hill (Fig.1; De Astis et al., 2013).  

 

4. Analytical methods 

Microchemical analyses on minerals were carried out with an electron probe micro-

analyzer (EPMA) installed at the High Pressure - High Temperature (HP-HT) Laboratory of 

Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) in Rome (Italy), whereas bulk rock analyses for major and trace elements 

were conducted with inductively coupled plasma optical emission spectrometry (ICP-OES) and 

inductively coupled plasma mass spectrometry (ICP-MS) at Actlabs (Activation Laboratories 

Ltd.) in Ancaster (Canada). A detailed description of the analytical equipments and conditions 

used is reported in the SM1. 

 

5. Results 

5.1. Petrography 

Lavas and pyroclastic products of the last Eruptive Epochs 5, 6, 7, and 8 of Vulcano 

exhibit Porphyritic Index (PI = the total phenocrysts content) ranging from 3% to 30%, in 

agreement with the phenocryst content reported in previous works (De Astis et al., 2013; 

Mandarano et al., 2016). The mineral assemblage (phenocryst and microphenocryst) consists 

of olivine (0-5 vol%), clinopyroxene (40-70 vol%), feldspar (30-50 vol%) and titanomagnetite 

(<5 vol%). Generally, the groundmass consists of the same mineral assemblage, but it varies 

from microcrystalline (VL168/2, VL194/1, VL168/12, VL230/7, VL209A/2, VL180, 

VL175B/1, VL213B/2, VL183/1, VL182/1, and VL17811A) to cryptocrystalline (VL144/2, 
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VL229/6, VL175C/3, and VL181) with large vesicles in more evolved products. Glomerocrysts 

of clinopyroxene and plagioclase are also frequent, as crystal aggregates with sizes larger than 

1-2 mm. In terms of maximum abundance and crystal size, clinopyroxene dominates the 

mineral association of glomerocrysts.  

 

5.2. Mineral chemistry  

Representative chemical analyses of minerals from the studied rock samples are 

reported in the SM2. 

Olivine generally occurs as subhedral to anhedral phenocrysts with sizes varying from 

0.5 to 1.5 mm. In terms of Mg-number [Mg# = 100 × molecular MgO / (FeOtot + MgO)], crystal 

compositions are Mg#59-91. The olivine composition has been classified through the end-

members (SM2): forsterite (Fo; Mg2SiO4), fayalite (Fa; Fe2SiO4), monticellite (Mtc; 

CaMgSiO4), and kirschsteinite (Kir; CaFeSiO4). Mtc and Kir contents are very low in olivine 

and do not substantially change within the rock samples. Olivine does not show appreciable 

core to rim zoning, and its composition ranges from Fo59-67 for primitive VL194/1 and VL230/7 

samples to Fo65-72 for more evolved VL144/2 and VL175C/3 samples (SM2). The most 

primitive (Fo87-91) olivine phenocrysts are found in sample VL168/12 from La Sommata 

Formation. 

Clinopyroxene is the dominant mineral phase in all the investigated samples, showing 

euhedral to sub-euhedral habit and crystal size ranging from 0.5 to 3 mm. Most of the 

clinopyroxene phenocrysts are characterized by normal zonation, with cores (Mg#75-92) more 

primitive than rims (Mg#71-83). According to Morimoto (1988), clinopyroxene cores are 

classified as diopside-augite, whereas clinopyroxene rims are prevalently augite and 

subordinately diopside (SM3). According to the wollastonite (Wo; Ca2Si2O6), enstatite (En; 
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Mg2Si2O6) and ferrosilite (Fs; Fe2Si2O6) end-members, clinopyroxenes compositions in 

primitive samples (VL168/2, VL194/1, VL168/12, VL230/7, and VL180) grade from En43-49-

Fs4-14-Wo41-47 (core) to En34-47-Fs8-22-Wo40-50 (rim). In intermediate samples (VL175B/1, 

VL144/2, and VL213B/2), the composition of clinopyroxene becomes slightly enriched in En 

and Fs, with En41-50-Fs5-15-Wo40-48 (core) and En40-47-Fs11-16-Wo40-50 (rim). This compositional 

change is exacerbated for clinopyroxene phenocrysts from more evolved samples (VL175C/3, 

VL183/10, VL181, VL182/1, and VL17811A), with En43-50-Fs6-14-Wo43-50 (core) and En34-47-

Fs8-22-Wo34-47 (rim). 

Feldspar is the second most abundant mineral phase, showing euhedral tabular habit 

and crystal size ranging from 0.3 to 2 mm. Plagioclase is the most abundant feldspar, whereas 

the formation of sanidine is restricted to trachytic (VL182/1 and VL175C/3) and rhyolitic 

(VL181 and VL17811A) products. Plagioclase is normally zoned with more basic cores 

classified as bytownite, labradorite, and andesine, and more acid rims classified as labradorite, 

andesine, and rarely oligoclase to anorthoclase (SM4). Resorption and zonation are evident in 

a large number of phenocrysts. The anorthite (An; CaAl2Si2O8), albite (Ab; NaAlSi3O8), and 

orthoclase (Or; KAlSi3O8) end-members change as follows: 1) from An50-77-Ab21-46-Or2-7 

(core) to An27-60-Ab35-65-Or4-10 (rim) in primitive rock samples (VL194/1, VL168/12, VL230/7, 

and VL180), 2) from An51-63-Ab34-43-Or3-8 (core) to An47-62-Ab34-45-Or4-12 (rim) in intermediate 

rock samples (VL175B/1 and VL144/2), and 3) from An39-62-Ab35-57-Or2-5 (core) to An13-59-

Ab37-71-Or3-16 (rim) in evolved rock samples (VL183/10, VL181, VL182/1, and VL17811A). 

Sanidine shows crystal size much lower than plagioclase and composition in the range of An4-

8-Ab24-54-Or38-72. 

Titanomagnetite is the only Ti-Fe oxide found in the studied rock samples (SM5). The 

crystal habit is generally anhedral with maximum size of 0.3 mm. The ulvospinel (Usp; 

TiFe2O4) changes as Usp11-39, Usp12-18, and Usp11-34 for primitive (VL194/1, VL230/7, and 
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VL180), intermediate (VL175B/1, VL144/2, and VL213B/2) and evolved rock samples 

(VL175C/3, VL183/10, VL181, VL182/1, and VL17811A), respectively. The Fe3+/Fe2+ ratio 

(on the basis of 4 oxygen atoms and 3 cations per formula unit) in titanomagnetite increases 

from primitive (0.9-1.6) to intermediate and evolved samples (1.0-1.8). The compositions of 

crystals show appreciable changes in Al2O3, MgO, CaO, and Cr2O3, with 1.2-7.5 wt.%, 0.7-5.5 

wt.%, 0-0.4 wt.%, 0-1.8 wt.%, respectively, for primitive and intermediate samples and 1.6-4.6 

wt.%, 0.3-1.9 wt.%, 0-0.2 wt.%, 0.1-0.6 wt.%, respectively, for more evolved samples. 

Apatite is also present in a few traces in the most silicic products (VL182/1, VL175C/3, 

VL181, and VL17811A). 

 

5.3. Bulk rock composition 

Bulk rock major and trace element analyses of the studied sample are reported in the 

SM6. 

As documented by previous authors (Keller, 1980; De Astis, 1995; De Astis et al., 

1997a; De Astis et al., 2013), the products erupted at Vulcano Island display a wide spectrum 

of compositions (SM6), ranging from basalt to rhyolite in the total alkali vs. silica (TAS) 

diagram (Le Bas et al., 1986). Primitive basalts-shoshonites (VL168/2, VL194/1, VL168/12, 

VL230/7, VL209A/2, and VL180), intermediate latites (VL175B/1, VL144/2, and VL213B/2), 

and evolved trachytes-rhyolites (VL229/6, VL175C/3, VL183/10, VL181, VL182/1, and 

VL17811A) from this study have Mg#35-60, Mg#32-54, and Mg#23-40, respectively. The SiO2 vs. 

K2O (SM6) diagram (Peccerillo and Taylor, 1976) shows that most of these products have SHO 

and HKCA affinities. In particular, VL168/2, VL168/12, and VL230/7 (i.e., Eruptive Epochs 

5 and 6) straddle the boundary between the HKCA and SHO series. VL175B/1, VL229/6, 

VL144/2, VL183/10, VL209A/2, and VL213B/2 (i.e., Eruptive Epochs 6, 7, and 8) are more 
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openly SHO, whereas VL194/1, VL175C/3, VL182/1, VL17811A, VL181, and VL180 

(Eruptive Epochs 5, 6, 7 and 8) are HKCA. In general, for primitive and intermediate bulk rock 

compositions, Na2O (2-5 wt.%) and K2O (2-5 wt.%) progressively increase with increasing 

SiO2 (49-57 wt.%). For the evolved products, the total alkali content (8-10 wt.%) remains 

constrained in a narrow range as the amount of silica further increases (> 62 wt.%) during 

magma differentiation. 

The chondrite-normalized patterns (Sun and McDonough, 1989) of REE (rare earth 

elements; SM6) exhibits sub-parallel trends, shifting towards progressive REE enrichments 

from primitive to intermediate to evolved bulk rock compositions. Enrichments in LREE (light 

rare earth elements) relative to HREE (heavy rare earth elements) are also observed. Bulk rocks 

are characterized by weak (Eu/Eu* = 0.83-0.92 for VL168/12, VL194/1, VL168/2, VL230/7, 

and VL180) to strongly (Eu/Eu* = 0.21-0.29 for VL182/1, VL181, and VL178/11a) negative 

Eu anomalies, in concert with high (LaN/YbN = 13.4-18.8) to low (LaN/YbN = 10.3-10.7) values 

of normalized La/Yb ratios. The primordial mantle-normalized pattern (Sun and McDonough, 

1989) of trace elements (SM6) shows typical features of arc magmas, with LILE (large ion 

lithophile elements) to HFSE (high field strength elements) ratios higher than the primitive 

mantle values. Consistently with this petrogenetic signature, all the products display troughs at 

Ta, Nb, P, and Ti, as well as lower LILE/HFSE (e.g., Ba/Ta from 1843 to 84) and LREE/HFSE 

(e.g., La/Ta from 69 to 23) ratios with progressing melt differentiation. The content of 

incompatible elements (e.g., Rb, La and Nb) increases systematically with SiO2. The most 

silicic eruptions from Eruptive Epoch 8 are also considerably enriched in Rb, Nb, Th, U, and 

Ta. Negative spikes of Ba, Sr, P, and Ti are more marked for the trachytic (VL182/1, 

VL175C/3, and VL229/6) and rhyolitic (VL17811A and VL181) products, testifying to late-

stage crystallization of feldspar + oxide  apatite. Generally, the concentrations of compatible 

TE (transition elements), such as Ni (20-180 ppm) and Cr (14-970), decrease from basalt to 
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rhyolite, in accordance with lower MgO contents. Comparatively, the studied products show 

an increase in the degree of chemical evolution and incompatible trace element inventory from 

older to younger eruptions. 

 

6. Discussion 

6.1 Magma crystallization conditions 

In volcanic rocks, the compositions of phenocrysts and residual melts feeding the 

crystal growth, change systematically along the differentiation path of magma and under the 

effect of magma dynamics triggering the late-stage crystallization of matrix minerals at both 

syn- and post-eruptive conditions. The chemical correspondence between a certain zoned 

mineral and the hosting melt (i.e., bulk rock composition) is important to correctly model the 

intensive and extensive variables of the plumbing system (Putirka, 2008). Because of the 

absence of residual glass, we have verified the attainment of (near-)equilibrium between crystal 

and bulk rock analyses using different equilibrium models for olivine, clinopyroxene, 

plagioclase, and titanomagnetite. These models were integrated with thermometers, 

barometers, hygrometers, and oxygen barometers from the literature, in order to minimize any 

potential uncertainty in P-T-H2O-fO2 estimates and to track the crystallization conditions of the 

bulk system (i.e., crystal + melt). A detailed description of this approach is reported in the SM7. 

 

6.1.1. Olivine thermometry  

Fo59-72 olivines are in equilibrium with magma compositions of Mg#26-37 for VL194/1, 

VL230/7, VL144/2, and VL175C/3, over buffering conditions relative to QFM (quartz-

fayalite-magnetite) between +1.2 and +2.2 (SM7). In the thermal range of 1036-1110 °C, the 

crystallization temperature progressively increases with increasing Fo in olivine. These 



16 
 

estimates correlate well with the homogenization temperatures (Thom) of melt inclusions in 

olivine phenocrysts (Fo56-82) reported in Gioncada et al. (1998) and calculated for shoshonites 

(1040-1190 °C) and latites-trachytes (1040-1090 °C) representative of the eruptive activity of 

Vulcano Island in the past 50 ka. Fo87-91 olivines in the most primitive VL168/12 from La 

Sommata Formation are found to be in equilibrium with melt inclusion compositions (Mg#66) 

previously published for the same eruption (see Table 3a in Gioncada et al., 1998). The 

estimated crystallization temperatures are in the range of 1186-1207 °C (Fig. 2) and are 

comparable to Thom = 1190-1250 °C calculated for Fo87-91 olivines (Gioncada et al., 1998). The 

much higher temperature range calculated for VL168/12 is also consistent with major and trace 

element analyses of olivine-hosted melt inclusions, suggesting that La Sommata magma is 

nearly in equilibrium at mantle depths (Gioncada et al., 1998) via partial melting of a depleted 

peridotitic source veined by metasomatic, clinopyroxene-rich regions (Kamenetsky and 

Clocchiatti, 1996). Vulcano Island is emplaced on several kilometers thick metamorphic 

basement belonging to the Calabrian arc and consisting of metapelitic, granulitic (upper crust) 

and mafic granulitic (lower crust) successions (De Astis et al., 2013 and references therein). 

The Moho depth has been estimated at ~21-25 km (Peccerillo et al., 2006 and references 

therein) and, rationally, mantle-derived olivine phenocrysts from VL168/12 (Gioncada et al., 

1998) may have equilibrated at P = 620-740 MPa, presuming a continental crust density of 2.7 

g/cm3.  

 

6.1.2. Clinopyroxene thermobarometry and hygrometry 

Fig. 3 shows the Gaussian distribution plots resulting from probability density functions 

calculated at (near-)equilibrium condition for each P, T, and H2O variable (SM7). As the 

composition of magma evolves from basalt (Mg#92) to rhyolite (Mg#71), the crystallization of 

clinopyroxene takes place at decreasing P and T conditions, as well as the amount of H2O in 
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equilibrium with clinopyroxene decreases. Basaltic samples (VL168/2, VL194/1, and 

VL168/12) are characterized by probability peaks for P, T, and melt-H2O contents, in the 

ranges of ~550-750 MPa, ~1190-1220 °C, and ~1.6-2.0 wt.% H2O, respectively (Fig. 3). A 

Pmax of 825±80 MPa (~28 km of depth) has been estimated by Bullock et al. (2019) for 

glomerocrysts-hosted clinopyroxenes in mafic cumulates from the Pietre Cotte lava flow (1739 

CE) extruded on the northern slope of the active La Fossa cone. Petrological and geophysical 

data retrieved on historic products from La Fossa cone and Vulcanello support the idea of a 

unique deep level of basaltic magma storage at 620-740 MPa (~18.5-21 km of depth; cf. Zanon 

et al., 2003), corresponding to the Moho depth (Gioncada et al., 1998; Zanon et al., 2003; De 

Ritis et al., 2013). For the most recent Pietre Cotte lava flow, consisting of multiple mingling 

events of compositionally distinct magmas, P and T conditions of 707±80 MPa (above the 

Moho) and 1089-1149 °C, respectively, have been derived for the shoshonitic-latitic 

components (Bullock et al., 2019). On the other hand, probability peaks for the much older 

(from 27.9±6.6 to 8.3±1.6 ka) shoshonitic (VL230/7 and VL180), latitic (VL175B/1, VL144/2, 

and VL213B/2) and trachytic (VL183/10 and VL175C/3) samples from Eruptive Epochs 6, 7, 

and 8 indicate clinopyroxene saturation at intermediate crystallization conditions of ~100-450 

MPa, ~1100-1180 °C, and ~0.5-1.6 wt.% H2O (Fig. 3). A zoned shoshonitic-latitic reservoir is 

located between 12.5 and 16.8 km of depth during the last 1000 years of activity (De Astis et 

al., 2013). Nicotra et al. (2018) suggested mingling with latitic and trachytic magmas at 3.6-

5.5 km depth under La Fossa cone. Rhyolites (VL181 and VL182/1) samples reflect shallower, 

colder and more degassed magmatic environments, with probability distributions bounded at 

~50 MPa, ~1100 °C, and ~0.7 wt.% H2O (Fig. 3). The concurrent decrease of P and H2O 

observed in this study is consistent with basaltic melt inclusion data from Clocchiatti et al. 

(1994) and Gioncada et al. (1998), documenting maximum H2O contents of 1.8-3.8 wt.% in 

equilibrium with primitive Fo88-91 olivine phenocrysts. The same authors highlight that, in the 
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pre-15 ka period of volcanic activity, the magmatic reservoirs underwent an open-system 

differentiation with loss of the volatile species (H2O, Cl and S) at shallow crustal levels. This 

period of activity is related to a collapse phase which occurred in the northern sector of Vulcano 

Island and the consequent ascent of more degassed (0.3-1.9 wt.% H2O) magmas feeding the 

explosive (shoshonitic scoriae) and effusive (shoshonitic/latitic lavas) eruptions of Monte 

Saraceno (VL180, VL213B/2 and VL209A/2 dated at ~8.3 ka; De Astis et al., 1989), as well 

as the rhyolitic domes of the Carabinieri Formation (VL181 dated at ~8.5 ka; Soligo et al. 

2000). Notably, the differentiation of magmas from Eruptive Epochs 6, 7, and 8 is accompanied 

by a decreasing crystallization temperature (from 1180 to 1100 °C), in close agreement with 

that reconstructed by Gioncada et al. (1998) for the pre-15 ka period (from 1180±20 to 1080±10 

°C). Conversely, clinopyroxene-based thermobarometric estimates conducted on the historic 

Pietre Cotte lava flow, illustrate a different scenario in which the trachytic mineral assemblage 

yields deep clinopyroxene crystallization conditions of ~640±74 MPa and 1000-1130 °C 

(Bullock et al., 2019). Over the most recent volcanic history of La Fossa and Vulcanello, 

shallower shoshonitic and latitic reservoirs have been also identified by De Astis et al. (2013) 

at ~350-470 MPa and further corroborated by thermodynamic calculations of Nicotra et al. 

(2018) on the stability field of An62-68 plagioclase phenocrysts. The geochemical signature of 

these reservoirs has been envisaged by Mandarano et al. (2016) as the main source of intense 

fumarolic emissions from the summit of La Fossa cone, together with additional fumarolic 

fluids originated by shallower degassing of latitic and trachytic magmas potentially stored at 

100-160 MPa (Zanon et al., 2003; Vetere et al., 2015; Nicotra et al., 2018). This pressure range 

conforms to probability distributions retrieved for latitic (VL213B/2) and trachytic (VL175C/3 

and VL183/10) magmas from Eruptive Epochs 6, 7, and 8 (Fig. 3). Probability peaks 

corresponding to Pmin of ~50 MPa are also observed for rhyolitic (VL181 and VL182/1) 

products of Eruptive Epochs 6 and 8, in parallel with the knowledge of small volume rhyolitic 
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reservoirs (e.g., Commenda, Pietre Cotte, and 1888–90 CE magmas) stored at P of 30-60 MPa 

and T of 940-965 °C (Clocchiatti et al., 1998; Paonita et al., 2013; Nicotra et al., 2018; Bullock 

et al., 2019). Overall, barometric (Zanon et al., 2003; Frezzotti et al., 2004) and petrological 

data (De Astis et al., 1997a) constrain the shallower magma ponding system to depths of 3-4 

km. 

 

6.1.3. Plagioclase thermometry and hygrometry 

The melt-H2O content progressively increases from ~0.5 to ~4.2 wt.% with increasing 

magma differentiation and the progressive decrease of the temperature (~860-1100 °C) at 

which the melt is saturated with plagioclase (SM7). Basaltic (VL168/12) and shoshonitic 

(VL230/7 and VL180) samples yield H2O contents (~0.5-2.5 wt.%) in equilibrium with 

plagioclase (Fig. 4). Conversely, for intermediate (VL175B/1 and VL144/2) and evolved 

(VL183/10, VL181, VL182/1, and VL17811A) samples, the amount of H2O in equilibrium 

with plagioclase (~1.0-4.2 wt.% H2O; Fig. 4) is markedly higher than that estimated either for 

clinopyroxene-saturated magmas (~0.8-1.7 wt.% H2O; Fig. 3) or for melt inclusions in mafic 

minerals from compositionally similar historic products (0.3-1.9 wt.% H2O; Clocchiatti et al., 

1994; Gioncada et al., 1998). The different H2O estimates obtained by comparing mafic and 

felsic minerals has been explained by previous studies focusing on the crystallization paths of 

alkaline magmas at Mt. Etna (Mollo et al., 2015) and Stromboli (Di Stefano et al., 2020). 

Regarding the early formation of olivine and clinopyroxene, the degree of crystallization may 

increase up to ~50% during titanomagnetite and plagioclase growth, as these mineral phases 

crystallize at the late stage of cooling and differentiation of alkaline magmas (cf. Vetere et al., 

2015). Owing to the abundant segregation of anhydrous minerals, the original H2O content 

recorded by early-formed mafic phenocrysts inevitably increases in the residual and more 

silicic melt (Mollo et al., 2015; Di Stefano et al., 2020). Cooling and decompression of magmas 
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during ascent towards the surface contribute also to expand the stability field of titanomagnetite 

and plagioclase (Mandarano et al., 2016). The combined effects of magma uprising and 

crystallization of anhydrous minerals leads to H2O saturation in shallow magmatic reservoirs 

(i.e., second boiling and generation of volatile overpressure; Stock et al., 2016), with the 

consequent outgassing of great amounts of volatile components at Vulcano Island (Mandarano 

et al., 2016). The solubility model of Papale et al. (2006) confirms that, at shallow conditions 

of 50-100 MPa, the maximum amount of H2O dissolved in more evolved trachytic and rhyolitic 

magmas is ~2.5-4.0 wt.%. The value of plg–meltKdCa–Na is also a good proxy for the concentration 

of H2O in the melt phase (Sisson and Grove, 1993; Ushioda et al., 2014; Scarlato et al., 2017) 

and trachytic-rhyolitic products show Ca-Na exchange of ~2.0-4.0 (SM7), which correspond 

to melt-H2O contents of ~2.0-5.0 wt.% (cf. Sisson and Grove, 1993). Through the iterative 

solution of plagioclase- and clinopyroxene-based hygrometers and thermobarometers, Costa et 

al. (2020) have calculated similar H2O concentrations (~2.0-3.5 wt.%) for silicic magmas 

erupted at La Fossa cone in the last 1000 years. Dissolved hydroxyl groups preferentially bond 

with Na rather than Ca, thus lowering the activity of Na2O relative to CaO in the melt (Crabtree 

and Lange, 2011) and favoring the growth of a more calcic plagioclase with increasing H2O in 

the melt phase (Masotta and Mollo, 2019). However, as SiO2 and Na2O+K2O increase in more 

differentiated and crystal-rich magmas, the composition of plagioclase becomes more sodic 

(Blundy and Wood, 1991) and the solubility of H2O systematically increases from basalt to 

rhyolite (Papale et al., 2006). For H2O-rich silicic magmas, the hypothetical Ab-An binary 

diagram is characterized by a plagioclase loop at low temperature because of the high volatile 

content (Kuritani, 1999). The convex upward liquidus curve is also shifted towards very low 

temperatures due to the silicic bulk composition of the system and the incipient titanomagnetite 

and plagioclase saturation. For example, phase equilibrium experiments conducted on rhyolitic 

compositions by Waters et al. (2015) show that An50 plagioclases saturate the melt at 100 MPa, 
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850 °C and melt-H2O content of ~4.0 wt.%, as calculated for several phenocryst populations 

from rhyolitic samples VL181, VL182/1, and VL17811A (Fig. 4). In this scenario, the growth 

of more sodic (An30-62) plagioclases in trachytes and rhyolites at Vulcano Island can be 

attributed to a late stage crystallization process accompanied by H2O concentration in excess 

of 2.5-4.0 wt.% at 50-100 MPa (Papale et al. 2006). For similar rhyolites erupted at Lipari 

between 22 and 42 ka, Gioncada et al. (2003) estimated a H2O saturation of ~4.6 wt.% at ~150 

MPa. Additionally, the degree of undercooling is expected to be very high when H2O exsolves 

(Kuritani, 1999) and a rapid gas loss leads to a kinetic delay in crystallization followed by a 

high plagioclase nucleation rate. These cooling conditions typically produce abundant 

groundmass crystallization, together with a drop in An content of newly formed plagioclase 

microlites (Hammer and Rutherford, 2002). According to Guilbaud et al. (2007), core-to-rim 

compositional gradients in plagioclase phenocrysts and the formation An-poor microlites at 

Vulcano Island indicate that the crystal growth continued during degassing and progressive 

H2O exsolution (see the thermodynamic simulations discussed below). 

 

6.1.4. Spinel thermometry and oxygen barometry 

In general, trachytic and rhyolitic products depict a thermal path (~900-950 °C) lower 

than that (up to ~1080 °C) measured for more primitive compositions. Under such 

circumstances, titanomagnetite (Usp11-29) equilibrates with progressively more evolved and 

oxidized melts, with fO2 between ΔQFM+1.5 and ΔQFM+3 (Fig. 5). Notably, when magmas 

approach to H2O saturation at shallower depths (Fig. 4), the value of fO2 increases with 

increasing H2O in excess, as observed in several experimental studies (e.g., Moore et al., 1995). 

For different alkaline volcanic systems in Italy (Mollo et al., 2015), the oxygen fugacity has 

been showed to increase by 1 to 2 log units by H2O exsolution and degassing. The state of the 

magmatic system changes from H2O-undersaturated to H2O-saturated regimes, thus controlling 
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the compositional evolution of magma and the incorporation of cations sensitive to melt-redox 

conditions (i.e., Fe3+-Ti4+ exchange) in titanomagnetite (SM7). To better constrain such 

variation, the experimental calibration of Fe2O3/FeO in the melt proposed by Kress and 

Carmichael (1991) has been applied to bulk rock compositions over a T interval varying from 

1100 to 1250 °C, as derived by olivine- and clinopyroxene-based thermometry. Resulting fO2 

values increase from ΔQFM+1.2 to ΔQFM+2.7, in agreement with those measured using 

titanomagnetite and confirming that the oxidation state of the system effectively increases as a 

function of magma differentiation. 

 

6.2. Thermodynamic constraints on the liquid line of descent  

The rhyolite-MELTS code (v.1.2.0; Gualda et al., 2012) has been employed to perform 

thermodynamic simulations based on the detection of phase saturation and energy convergence 

by Gibbs free energy minimization. The rhyolite-MELTS runs started at Tliquidus > 1160 °C and 

continued along a crystallization path terminated at T  900 °C. In order to guarantee a stable 

phase assemblage consistent with that observed in the natural products, the fractional 

crystallization process was simulated at 100, 300, and 600 MPa, initial melt-H2O contents of 2 

and 4 wt.%, and initial buffering conditions of ΔQFM+1.5 (SM8). As starting parental 

compositions, we selected two of the most primitive basaltic lavas from La Sommata 

Formation (cf. De Astis et al., 2013), showing either SHO (49.49 wt.% SiO2 and 8.62 wt.% 

MgO) or HKCA (51.80 wt.% SiO2 and 7.89 wt.% MgO) affinities (SM6). Therefore, each 

thermodynamic simulation was replicated for two distinct parental magmas, according to the 

following geochemical considerations: 1) the modeling of changes in trace elements and 

radiogenic isotope ratios fails to reproduce the transition from HKCA to SHO and KS 

magmatism by simple crustal processes (De Astis et al., 2000; Frezzotti et al., 2004), 2) a 

general agreement exists on the hypothesis that mafic rocks, with different degrees of 
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enrichment in incompatible trace elements and potassium, represent distinct magma types 

generated from heterogeneous mantle sources (Ellam and Harmon, 1990; Gioncada et al., 1998, 

2003; De Astis et al., 2000, 2013), and 3) mafic products are the expression of geochemically 

distinct primary melts originated by both MORB- and OIB-type mantle sources which undergo 

variable degrees of metasomatism by subducted sediments (Pinarelli et al., 2019).  

Fig. 6 shows the stability and proportion of minerals obtained by the best case set of 

rhyolite-MELTS runs (see the SM8 for the whole data set). For the SHO series, olivine (Fo70-

83) is the first phase on the liquidus at 100 MPa and its crystallization increases with increasing 

H2O dissolved in the melt phase (Fig. 6). In contrast, clinopyroxene is the liquidus phase at 600 

MPa in close correspondence with thermobarometric probability density curves yielding early 

crystallization at ~1190-1230 °C and ~500-800 MPa. Additionally, the thermodynamically-

derived composition (Mg#73-82) of clinopyroxene approximates to that observed for 

phenocrysts from natural rock samples. Notably, natural Fo87-91 olivines found in the most 

primitive VL168/12 from La Sommata Formation are never obtained by thermodynamic 

simulations, in agreement with a mantle-derived origin as suggested by Gioncada et al. (1998). 

The segregation of spinel (i.e., titanomagnetite with Usp10-24) and plagioclase (An52-83) is low, 

due to the late crystallization of plagioclase at 900 °C and crystal content >50% (Fig. 6). For 

the HKCA series, the modeled mineral compositions do not substantially change with respect 

to those derived for the SHO composition, but olivine appears as the liquidus phase at both 100 

MPa and 600 MPa with initial H2O content of 4 wt.% (Fig. 6). As the amount of H2O increases 

from 2 to 4 wt.%, the effect of pressure is inhibited and the stability field of olivine expands at 

the expense of clinopyroxene (Metrich and Rutherford, 1998). The saturation of plagioclase 

from the HKCA magma is more favored at 100 MPa and 1000-1050 °C (Fig. 6), but its degree 

of crystallization remains much lower than that observed for the natural modal content. This 

finding suggests that most of the plagioclase growth is driven by a dynamic crystallization 
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regime related to abundant H2O exsolution and degassing (cf. Mandarano et al., 2016), rather 

than simple equilibrium crystallization under closed-system conditions. The crystallization 

path and composition of clinopyroxene from rhyolite-MELTS runs conducted at 100 MPa 

(1080-1150 °C) and 600 MPa (1140-1220 °C) are comparable to those obtained by 

thermobarometric calculations based on natural phenocrysts (Fig. 3). Such a good convergence 

reinforces the plumbing system constraints found for the pre-8 ka magmas, especially if we 

consider that rhyolite-MELTS and thermobarometers rely on very different parameterization 

procedures, accounting for free energy change reactions solved by thermochemical data and 

multiple linear regression analysis of experimentally-derived compositions, respectively.  

The liquid lines of descent modeled by rhyolite-MELTS simulations track the 

differentiation path for both SHO and HKCA parental compositions (Fig. 7). For the sake of 

completeness, these thermodynamically-derived data are also compared with the overall 

natural compositional variability of natural products plotted in the TAS diagram, as well as in 

the SiO2 v s. CaO and MgO diagrams. The modeled liquids resemble the differentiation paths 

of both SHO and HKCA magmas, evolving from basalts to latites to relatively undifferentiated 

trachytes (Fig. 7). Following the evolutionary trajectories, we observe that 1) SiO2 and Na2O 

+ K2O increase up to ~61 (SHO) and ~64 (HKCA) wt.% and ~10 (SHO) and ~9 (HKCA) wt.%, 

respectively, whereas 2) CaO and MgO decrease down to ~5 (SHO) and ~3 (HKCA) wt.% and 

~1.5 (SHO) and ~1.2 (HKCA) wt.%, respectively. As P increases from 100 to 600 MPa or 

melt-H2O content decreases from 4 to 2 wt.%, the stability field of clinopyroxene increases, 

thus favoring to alkali enrichments and CaO + MgO depletions with respect to SiO2 (Fig. 7). 

It is worth stressing that Rhyolite-MELTS simulations fail to reproduce trachytic and 

rhyolitic residual melt compositions with SiO2 >64 wt.%, corresponding to a threshold of 50% 

of solid fractionated. For this reason, we have performed least-square balance calculations 

starting from the most differentiated SHO (~61 wt.% SiO2, ~10 wt.% Na2O + K2O, ~5 wt.% 
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CaO, and ~1.5 wt.% MgO) and HKCA (~64 wt.% SiO2, ~9 wt.% Na2O + K2O, ~3 wt.% CaO, 

and ~1.2 wt.% MgO) trachytic compositions attained by MELTS thermodynamic simulations 

(SM8). The fractionated solid assemblage consists of the average analyses of clinopyroxene, 

feldspar (plagioclase + sanidine) and titanomagnetite. Results from calculations yield reliable 

residual sum of squares (Σr2 = 0.02-0.32), accounting for the dominant fractionation of feldspar 

(7-23%) relative to clinopyroxene (1-6%) and titanomagnetite (1-5%) (see the SM9 for further 

details). Four representative residual melts modeled for either shoshonitic (SHO1-4) or high-

K calc-alkaline (HKCA1-4) affinities are plotted in Fig. 7. These melts reproduce very well the 

most silicic differentiation of trachytic and rhyolitic magmas, as the degree of feldspar 

fractionation increases. Considering that the differentiation of basalts to trachytes takes place 

at crystal content of 50-55% (Fig. 7), the formation of rhyolitic melts requires a magmatic 

system with total crystallinity of 59-84%, in which the main paragenetic sequence shifts from 

olivine + clinopyroxene for basaltic-latitic magmas to feldspar for more silicic compositions 

(Fig. 6). Models of interstitial melt extraction based on compaction and hindered settling 

equations applied to highly crystalline magma reservoirs (i.e., crystal mushes) suggest that the 

most favorable window for crystal-melt separation occurs at a crystallinity of ~50-70% (Dufek 

and Bachmann, 2010). This process is likely to proceed throughout the compositional spectrum 

from basalt to rhyolite, when mantle-derived magmas differentiate within the crust to form 

crystal mushes (Dufek and Bachmann, 2010). According to Bachmann and Bergantz (2004), 

more evolved melts can be produced by a process of melt extraction from homogeneous silicic 

mushes when a connected crystal framework develops. The authors found also that, at 

crystallinity >70%, crystal-liquid separation is primarily caused by low melt fraction 

compaction, despite a reduced permeability of the system that may inhibit the extraction of 

melt. As an alternative to compaction, the upward extraction of interstitial melts formed in the 

mush region can be explained by the failure and detachment of the growing crystal network at 
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the roof of the solidification front (Marsh, 2002; Masotta et al., 2016; Di Stefano et al., 2020). 

The interstitial liquid phase extracted is chemically very similar to crystal-poor silicic magmas 

(Cashman and Blundy, 2000), making the crystal mush a natural source and storage region for 

high-SiO2 melts in the upper crust (Bachmann and Bergantz, 2004). The development of a 

crystal-rich region may also account for the compositional gap observed at SiO2 contents 

between ~65 and ~66 wt.%, corresponding to the transition between more evolved trachytes 

and rhyolites (see the TAS diagrams in Fig. 7 and SM6). Magmatic compositional gaps can be 

generated by melt-crystal dynamics responsible for the formation of a solidification front at the 

top of the magmatic reservoir and further extraction of silicic melts (Marsh, 2000; Bachmann 

and Bergantz, 2004; Dufek and Bachmann, 2010; Masotta et al., 2016). Consistently with 

results from our least-square mass balance calculations, Costa et al. (2020) have recently 

observed that the role of shallow crystal mushes is important at Vulcano Island for the 

production of small volumes of silicic magmas through repeated episodes of melt extraction. 

By integrating thermobarometric calculations and temperature gradient experiments, these 

authors found that both trachytic and rhyolitic compositions at Vulcano Island can be 

effectively derived through differentiation of a common latitic magma by varying the 

proportions of the mineral assemblage within the mush region. 

 

6.3. Major and trace element modeling  

Open-system contamination phenomena have been widely documented at Vulcano 

Island during interaction between more or less evolved magmas and metamorphic rocks 

belonging to the Calabro-Peloritano basement (Clocchiatti et al., 1994; De Astis et al., 1997a; 

Gioncada et al., 1998; Del Moro et al., 1998; Frezzotti et al., 2004). This latter consists of a 18-

25 km thick continental crust whose structure can be inferred from deep seismic sounding data 

(Peccerillo et al., 2006): 1) a uppermost crustal layer and representative of the sedimentary and 
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volcanic cover (depth of ~2 km and Vp of 3.2 km/s), 2) the Calabrian Arc metapelites (depth 

of ~2-5 km and Vp of 5.2 km/s), 3) an upper crust of granitoids or felsic granulites (depth of 

5-15 km and ~Vp of 5.5-6.0 km/s), and 4) a lower crust of mafic granulites (depth of ~15-25 

km and Vp of 6.6 km/s). Mafic magmas erupted during the early activity of Vulcano Island are 

characterized by variable enrichments in incompatible trace elements (i.e., Nb, Zr, Rb, Ta, and 

Yb; De Astis et al., 1997a; Del Moro et al., 1998) and isotopic signatures (i.e., 87Sr/86Sr, 

143Nd/144Nd, and 207Pb/204Pb; De Astis et al., 1997a, 2000, 2003; Del Moro et al., 1998) 

indicative of significant wall-rock assimilation. At the early stage of magmatic evolution, 

continuous arrival of magmas from mantle depths inhibited the geochemical differentiation of 

the original plumbing system towards more evolved compositions. In contrast, younger 

magmas from Eruptive Epoch 8 were dominated by abundant fractional crystallization of felsic 

minerals with minor crustal assimilation, thus generating trachytic and rhyolitic products with 

variable isotopic signatures (De Astis et al., 1997a, 2003; Peccerillo et al., 2006; Bullock et al., 

2019). Rhyolites display a higher 87Sr/86Sr, a lower 143Nd/144Nd and a slightly lower 206Pb/204Pb 

than the latites, denoting a fractional crystallization process plus low degrees of crustal 

assimilation (De Astis et al., 2000; Gioncada et al., 2003). 

In this context, we have modeled the geochemical behavior of some selected major 

(TiO2 and K2O) and trace (Nb, Zr, and Sr) elements that were most frequently analyzed by 

previous authors and reported in literature for either magmatic or crustal materials. Fractional 

crystallization (FC), and assimilation and fractional crystallization (AFC) processes have been 

simulated using the equations and input parameters reported in the SM10. Starting from the 

Eruptive Epoch 6, mixing phenomena between mafic and felsic end-members have been 

documented at Vulcano Island, especially to interpret the origin of trachytic magmas by 

injection of latitic melts into rhyolitic reservoirs (Clocchiatti et al. 1994; De Astis et al. 1997a; 

Gioncada et al., 1998, 2003; Del Moro et al., 1998) or the genetic relationship between latitic-
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to-rhyolitic enclaves and their host rhyolitic magmas (Frezzotti et al., 2004; Perugini et al., 

2007; Piochi et al., 2009; Forni et al., 2015; Vetere et al., 2015; Bullock et al., 2019; Rossi et 

al., 2019). One important outcome from previous studies is that rectilinear trends from binary 

mixing modeling do not capture in full the variation of trace elements for several natural bulk 

rocks (see for example Fig. 8 in De Astis et al., 1997a). Furthermore, Rb, Sr, and Ni inventory 

in silicic products from Eruptive Epochs 6 and 7 depict hyperbolic trajectories that preclude a 

pure binary mixing process. The petrogenesis of rhyolitic products with a pronounced negative 

Eu anomaly (Eu/Eu* = 0.1-0.2) has been recently attributed to feldspar-liquid separation 

processes in a plagioclase-dominated mush located at shallow depths (Nicotra et al., 2018). 

The formation of crystal-poor rhyolites is also better explained by segregation of the interstitial 

melt from latitic-trachytic crystal mushes, possibly favored by the second boiling of the melt 

and consequent exsolution of a fluid phase (Costa et al., 2020). In an attempt to model these 

conditions, the in-situ crystallization (ISC) equation has been also employed in this study to 

reproduce the contribution of silica-rich residual melts trapped/extracted from the crystal mush 

(see the SM10 for further details). Bearing in mind that simple rhyolite-MELTS 

thermodynamic simulations fail to reproduce the more silicic trachytic and rhyolitic products 

from Eruptive Epochs 6, 7, and 8 (SiO2 > 64 wt.% and Na2O + K2O > 10 wt.%; Fig. 7), the 

ISC trajectory is modeled starting from a putative poorly differentiated trachytic composition 

with ~0.6 wt.% TiO2, ~7 wt.% K2O, ~18 ppm Nb, ~150 ppm Zr, and ~ 900 ppm Sr. 

Results from the application of FC-AFC and ISC equations are presented for simplicity 

by bi-plot Nd vs. K2O (Fig. 8a), Zr (Fig. 8b), TiO2 (Fig. 8c) and Sr (Fig. 8d) diagrams. Most of 

the primitive (VL168/2, VL194/1, VL168/12, VL230/7, VL209A/2 and VL180), intermediate 

(VL175B/1, VL144/2, and VL213B/2) and evolved (VL229/6 and VL183/10) bulk rock 

compositions are constrained by FC-AFC trajectories, in which F is always kept below the 

threshold value of 0.5, comparable to previous MELTS calculations (Fig. 6). Such a melt 



29 
 

fraction makes more reliable the differentiation path of magma, thus preventing crystal-melt 

separation effects typical of mush systems and documented at a crystallinity between ~50% 

and 70% (Dufek and Bachmann, 2010). The FC-AFC trajectories depict an increase of major 

(TiO2 and K2O) and trace (Nb, Zr, and Sr) element concentrations, as the result of prevalent 

fractionation of olivine + clinopyroxene phenocrysts from basaltic (VL168/2, VL194/1, and 

VL168/12) to shoshonitic (VL230/7, VL209A/2, and VL180) to poorly evolved latitic 

(VL175B/1, VL144/2, and VL213B/2) magmas. The degrees of crustal assimilation (r = 0.2-

0.4) are consistent with previous AFC models reported in literature (De Astis et al., 1997a; 

Gioncada et al., 2003; Bullock et al., 2019). Under these open-system conditions, most of the 

trace element systematics referring to Eruptive Epochs 6 (VL175B/1), 7 (VL144/2), and 8 

(VL180, VL213B/2, and VL209A/2) are faithfully reproduced. However, the assimilation of 

crustal material is also accompanied by significant inputs of hot, mafic, and water-rich magmas 

from depth that inhibit abundant feldspar fractionation over time (De Astis et al., 1997a, 2013). 

Therefore, the evolutionary process of older products (VL194/1, VL168/2, and VL168/12) is 

effectively explained by AFC in a deep, continuously refilled and tapped magma chamber (i.e., 

RAFC process as originally proposed by De Astis et al., 1997a). On the other hand, at the 

beginning of Eruptive Epoch 6, there is an abrupt compositional shift of the magma towards 

highly differentiated trachytes (VL175C/3) and rhyolites (VL182/1) (De Astis et al., 2013). 

These magmas are generally associated with minor mafic-intermediate eruptions due to the 

activation of new vents in the northern and north-western sectors. In this scenario, the ISC 

trajectory may shift downward (or upward) with increasing (or decreasing) f, thus capturing 

very well both major and trace element inventory of the most silicic products from Eruptive 

Epochs 6, 7, and 8, with particular regard to the compositions of rhyolites (Fig. 8). Melt-crystal 

dynamics play an important role during the magmatic evolution, particularly for the abrupt 

decrease of TiO2 (Fig. 8c) and Sr (Fig. 8d) concentrations, as these cations are more easily 
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incorporated in a felsic (feldspar + oxide) paragenesis. Most of the evolutionary path is 

controlled by incipient late-stage plagioclase crystallization (De Astis et al., 2013; Nicotra et 

al., 2018), corroborated by the strong Eu anomaly of highly differentiated trachytes and 

rhyolites (Eu/Eu* = 0.21-0.29) and the Ca-Na exchange between plagioclase and melt (SM7). 

The ISC trajectory is also supported by the increasing concentration of incompatible trace 

elements (Nb vs. Zr; Fig. 8b), as the proportion of interstitial melt migrating from the 

solidification front increases from 20% to 60% (i.e., f = 0.2-0.6; Fig. 8b). This compositional 

change pairs with the substantial enrichments in Rb, Nb, Th, U, and Ta of all the rhyolitic 

samples from Eruptive Epoch 8, resembling the compositions of silicic magmas extracted from 

a shallow crustal mush and/or distinct magma-mush pockets within the volcanic plumbing 

system (Dufek and Bachmann, 2010). Furthermore, De Astis et al. (2013) have documented a 

weak variation of 87Sr/86Sr for silicic products from Eruptive Epoch 6, denoting very low 

degrees of interaction with the continental crust. The increase in the proportions of silicic vs. 

mafic magmas over time has been attributed to an overall migration of the magmatic reservoirs 

towards shallow levels (De Astis et al. 1997a; Zanon et al. 2003; Frezzotti and Peccerillo 2004), 

as attested by the decrease of clinopyroxene saturation pressure (from ~600-800 to ~50 MPa; 

Fig. 3) and the change of magma redox state from ΔQFM+1.5 to ΔQFM+3 (Fig. 5) for more 

differentiated bulk systems. In this context, the interplay between magma differentiation and 

crystal-melt separation may be an effective mechanism to control the eruption dynamics of 

rhyolites. As for the younger products outpoured at La Fossa caldera, the development of 

shallow crystal mushes starting from Eruptive Epoch 6 is important for the production of silicic 

magmas by repeated episodes of melt extraction (Costa et al., 2020). The inability to reproduce 

natural bulk rock compositions by FC-AFC equations (Fig. 8) and results from temperature 

gradient experiments presented by Costa et al. (2020) lead to the conclusion that open-system 

phenomena at Vulcano Island are intimately related to mush dynamics, in which silicic 
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interstitial melts are produced by ISC processes (Fig. 8). We also do not exclude that silicic 

melts can be extracted from a crystal-rich region and subsequently mixed with the free magmas 

hosted in interconnected shallow reservoirs (cf. Bachmann and Bergantz, 2004; Dufek and 

Bachmann, 2010; Cashman and Blundy, 2003), thereby providing local evidences of magma 

mixing (De Astis et al., 1997a, 2013). 

 

6.4. Sub-volcanic plumbing system architecture 

Several studies have provided inferences on the configuration of different magma 

storage zones beneath Vulcano Island on the basis of petrological, geochemical, fluid inclusion, 

and geophysical constraints (e.g., Zanon et al., 2003; De Astis et al., 2013; Nicotra et al., 2018; 

Bullock et al., 2019; Costa et al., 2020). Here, we put forward an integrated model for the 

magma plumbing system architecture at Vulcano island for the period 54-8 ka (Fig. 9). Through 

interpolation of thermobarometric and hygrometric data with thermodynamic modeling results, 

we provide evidence that the deepest level of basaltic magma storage (VL168/2, VL194/1, and 

VL168/12 from La Sommata Formation) is located at depth  19 km (and close to the Moho 

transition zone; Peccerillo et al., 2006 and references therein), where more primitive magmas 

crystallize a mafic assemblage at relative high-T (~1190-1250 °C), low-fO2 (ΔQFM+1.5) and 

H2O undersaturated (~1.6-2.0 wt.%) conditions (Fig. 9). Coherently, Nicotra et al. (2018) and 

Bullock et al. (2019) support the idea of a unique deep level of magma storage for La Fossa 

and Vulcanello during the last 1000 years of activity, located between 18.5 and 21 km of depth, 

where a basaltic magma is present (Zanon et al., 2003). The basaltic reservoirs proposed in the 

present work are dominated by crystallization of prevalent olivine + clinopyroxene 

phenocrysts. At the early stage of magmatic evolution, some of these magmas can reach the 

surface directly (e.g., La Sommata Formation), while other magmas can evolve stalling at 

intermediate to shallower levels. The deeper to shallower crystallization path of basaltic 
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magmas is related to the tectonic control exerted by regional fault systems in the area, a feature 

widely invoked in literature (cf. Ruch et al., 2016). In the crust below Vulcano Island, there is 

a wide multi-level storage between 5.5 and 16 km (i.e., ~100-450 MPa and ~1100-1180 °C), 

related to magmatic reservoirs with shoshonitic-latitic-trachytic compositions (Fig. 9). 

Regarding to the most recent shoshonites and latites from this study, the volcanological and 

petrological features of rock samples from Monte Saraceno Formation (VL209A/2, VL180, 

and VL213B/2) document the complex interplay between the previous, repeated episodes of 

volcano-tectonic collapse (the last of which involving the western sector of La Fossa caldera) 

and volcanism rejuvenation. Strombolian products and lavas of Monte Saraceno were emitted 

along the edge of La Fossa caldera, due to the formation of fractures and dykes bypassing the 

central portion of the caldera structure. This pattern is similar to that observed for Vulcanello 

magmas in more recent years and related to the opening of vents along the caldera edge, outside 

the system of La Fossa cone. In both cases the system was fed by the ascent of less viscous 

shoshonitic magmas (De Astis et al., 2013). The differentiation proceeds by continuous 

fractional crystallization and crustal assimilation processes. Moreover, starting from the 

Eruptive Epoch 6, the abundant segregation of feldspar phenocrysts from latitic-trachytic 

magmas favored the development of crystal mushes. Comparatively to the most recent La 

Fossa feeding system, intermediate (12.5-16.8 km of depth) and shallow (3.6-5.5 km of depth) 

crustal storage regions have been proposed for shoshonitic-latitic and latitic-trachytic magmas, 

respectively (De Astis et al., 2013; Nicotra et al., 2018; Costa et al., 2020). Regarding to the 

1739 CE Pietre Cotte lava flow, fractional crystallization of shoshonitic-latitic magma to a 

trachytic magma has been also suggested to occur at ~16-24 km of depth and ~1000-1130 °C 

(Bullock et al., 2019). On the other hand, thermobarometric, mass balance, and in-situ 

crystallization calculations from this study suggest that the uppermost rhyolitic magmas are 

located at depth of ~2 km (Fig. 9) and, likely, in association with highly differentiated trachytic 
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magmas (cf. Paonita et al., 2013). These silicic reservoirs are generated by the extraction of 

interstitial melts from mush zones dominated by feldspar and titanomagnetite saturation at 

~860-1100 °C, more oxidized crystallization conditions (ΔQFM+3), and H2O concentrations 

in excess of 2.5-4.0 wt.% (cf. Gioncada et al., 2003). In this context, the plumbing system 

model proposed for the older rhyolites from Eruptive Epoch 6 accounts for the remobilization 

of the crystal mush via multiple injections of hotter shoshonitic-latitic magmas from depth. 

Part of these magmas are erupted, and the remaining part interact with the mush system. 

 

7. Concluding remarks  

By investigating mineral and bulk rock compositional changes at Vulcano Island, we 

have provided new petrological constraints on the crystallization conditions (i.e., P-T-H2O-

fO2) that have controlled the differentiation of both SHO and HKCA magmas erupted in the 

period 54-8 ka. The most important outcomes from this study can be summarized as follows: 

1) mafic magmas are characterized by Tliquidus > 1160 °C, in which olivine occurs as 

liquidus phase preferentially at low-P (300 MPa) and/or high melt-H2O contents (> 

2wt.%). Olivine phenocrysts saturate the melt at progressively lower T, as the 

composition of the system changes from shoshonite (1040-1190 °C) to latite-trachyte 

(1040-1090 °C); 

2) the crystallization of clinopyroxene delineates very well the presence of polybaric-

polythermal magmatic reservoirs within the plumbing system. Probability density 

functions show that primitive basaltic magmas equilibrate with clinopyroxene at high 

P (~550-750 MPa) and T (~1190-1220 °C) conditions. The P-T array changes 

significantly as the magma migrates towards shallower and colder storage regions 

characterized by either shoshonitic-latitic-trachytic (~100-450 MPa and ~1100-1180 
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°C) compositions or highly differentiated trachytic-rhyolitic (≤50 MPa and ≤1100 °C) 

compositions; 

3) the saturation of clinopyroxene takes place at the early stage of magma differentiation 

and relative low melt-H2O contents (0.5-2.0 wt.%), whereas plagioclase crystallizes 

from residual, more evolved, colder (~860-1100 °C), and H2O-rich (~1.0-4.2 wt.%) 

melts. The combined effects of magma uprising and the late stage crystallization of 

anhydrous minerals lead to H2O saturation in shallower magmatic reservoirs. Cooling, 

decompression, and degassing phenomena also enhance the stability field of 

titanomagnetite and plagioclase. As the amount of H2O increases towards the saturation 

state of the melt, the Fe-Ti exchange in titanomagnetite tracks the formation of more 

oxidized (up to ΔQFM+3) magmas; 

4) the liquid line of descent of both SHO and HKCA magmas can be modeled by 

thermodynamic simulations, starting from a putative parental basalt and terminating to 

a less differentiated trachyte. Silicic magmas with openly trachytic and rhyolitic 

compositions are derived only through mass balance calculations, in which the 

fractionation of plagioclase dominates over that of clinopyroxene. At this advanced 

stage of evolution, the total crystallinity (59-84%) of the system matches with that 

required for the extraction of interstitial melts from silicic mush regions; 

5) FC and AFC processes based on major and trace element concentrations reproduce the 

majority of magmas erupted at Vulcano Island, in which crustal contamination accounts 

for the contribution of metamorphic rocks from the Calabro-Peloritano basement. On 

the other hand, enrichments (K, Rb, and Zr) and depletions (Eu, Sr, and Ti) in 

incompatible trace elements typical of highly differentiated trachytic and rhyolitic 

eruptions are better modeled by in-situ crystallization processes, due to upward 

migration of buoyant interstitial melts from a crystal mush; 
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6) the architecture of the plumbing system is characterized by multiple reservoirs in which 

compositionally distinct magmas pond and undergo polybaric-polythermal 

differentiation, before erupting to the surface. 
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Figure captions 

Figure 1. Schematic map of Vulcano Island. The map legend refers to the eight Eruptive 

Epochs as reported in De Astis et al. (2013). The rock samples object of this study have been 

divided in three groups according to their bulk rock compositions.  

 

Figure 2. Olivine thermometric calculations (see SM7 for further details).  
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Figure 3. Probability densities for pressure, temperature and melt-H2O content obtained by 

clinopyroxene-based barometry, thermometry, and hygrometry (see SM7 for further details).  

 

Figure 4. Plagioclase-based melt-H2O contents derived by hygrometric estimates (see SM7 for 

further details).  

 

Figure 5. Titanomagnetite-based oxygen barometric estimates (see SM7 for further details).  

 

Figure 6. Stability and proportion of minerals obtained by rhyolite-MELTS simulations. Ol, 

olivine. Cpx, clinopyroxene. Plg, plagioclase. Sp, spinel. 

 

Figure 7. Liquid lines of descent calculated using rhyolite-MELTS simulations have been 

integrated with results from least-square mass balance calculations derived for trachytic and 

rhyolitic compositions. 

 

Figure 8. Results from the application of fractional crystallization (FC), assimilation and 

fractional crystallization (AFC) and in-situ crystallization (ISC) models. Data are presented for 

simplicity as Nd vs. K2O (a), Zr (b), TiO2 (c) and Sr (d) diagrams. F is the melt fraction, r is 

the mass ratio of assimilated to crystallized material, and f is the fraction of residual melt 

returned from the solidification front to the magmatic reservoir (see SM10 for further details).  
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Figure 9. Plumbing system architecture of Vulcano Island in the period 54-8 ka. A deep level 

of magma storage is located at depth  19 km and close to the Moho transition zone, hosting 

hot (1190-1250 °C), H2O undersaturated (1.6-2.0 wt.%) basaltic melts. Shallower shoshonitic-

latitic reservoirs and latitic-trachytic crystal mushes are located between 5.5 and 16 km of 

depth, crystallizing at temperature between 1100 and 1180 °C. Rhyolitic reservoirs, at about 2 

km of depth, are prevalently generated by extraction of evolved melts from crystal mushes. 

Rhyolitic melts stall at temperatures lower than 1100 °C and close to H2O (2.5-4.0 wt.%) 

saturation. 
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Abstract 

Here we document how the different growth features and intracrystalline distributions of 

both major and trace cations in clinopyroxene phenocrysts are important recorders of the 

intricate magma dynamics at Vulcano Island (Aeolian Arc, Italy). The compositions of 

clinopyroxene phenocrysts from products erupted over the last 54 ka cluster at different 

degrees of evolution, paralleling the polybaric-polythermal differentiation of mantle-derived 

mafic magmas into more evolved silicic melts. The hotter lower crust is the most favorable 

location for the storage of mafic magmas and the early crystallization of diopsidic (Mg#91) 

clinopyroxene (Pmax  750 MPa and Tmax  1,220 °C). Diopsidic phenocrysts are depleted in 

both rare earth elements (REE) and high field strength elements (HFSE) but are enriched in 

transition elements (TE). The transfer and accumulation of primitive magmas in the colder 

upper crustal regions lead to the formation of an interconnected series of more differentiated 

magmatic reservoirs (P  100-450 MPa and T  1,100-1,180 °C) hosting discrete populations 

of clinopyroxene (Mg#84-85) with a broad spectrum of zonations and dissolution features. 

Recharge bands in clinopyroxene are markers of multiple inputs of primitive REE-HFSE-poor, 

TE-rich magmas from depth. Augitic phenocrysts (Mg#82) with strong negative Eu anomaly 

and REE + HFSE enrichments crystallizes from highly differentiated trachytic and rhyolitic 

melts stored at very shallow crustal conditions (P ≤ 50 MPa and T ≤ 1,100 °C). These silicic 

reservoirs represent residual melts trapped-extracted from crystal-dominated mush regions in 

the uppermost part of the plumbing system. The residence time of clinopyroxene increases 

from ∼0.1 to ∼44 years from basalt to rhyolite, together with an increasing number of recharge 

bands. The mineral assemblage in more silicic and viscous mush melts is sufficiently resilient 

to record numerous mafic injections and high degrees of magma mixing, hybridization, and 

crystallization before eruption. Overall, the compositional zoning pattern of clinopyroxene 

presents a picture of plumbing system that extends through the crust and is characterized by 
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distributions of melts and crystals which are progressively more evolved and heterogeneous in 

both space and time. 

 

1. Introduction 

 Vulcano Island (Aeolian Arc, Italy) is characterized by a broad spectrum of 

clinopyroxene-bearing eruptive products, with a general temporal variation in compositions 

from basalt to rhyolite (e.g., Keller, 1980; Ellam et al., 1988; De Astis et al., 1997, 2013). The 

volcanic history is controlled by the continuous supply of mafic magma from mantle depths 

into shallow crustal levels, where high degrees of mixing and fractional crystallization lead to 

the formation of more differentiated reservoirs, together with occasional assimilation of small 

amounts of crustal materials (Bullock et al., 2019; Costa et al., 2020, 2021; De Astis et al., 

1997; Gioncada et al., 1998, 2003; Forni et al., 2015; Nicotra et al., 2018; Palummo et al., 

2020; Peccerillo et al., 2006; Piochi et al., 2009; Zanon et al., 2003).  

The picture emerging from geophysical, volcanological, and petrological 

considerations is entirely consistent with a plumbing system that extends vertically through the 

crust and is characterized by a multi-faceted geometry (Clocchiatti et al., 1994; De Astis et al., 

1997, 2013; Peccerillo et al., 2006; Zanon et al., 2003; Costa et al., 2020, 2021; Nicotra et al., 

2018; Palummo et al., 2020). Considering this articulated architecture, we infer that complex 

zoning patterns in clinopyroxene phenocrysts have the potential to integrate a broad range of 

spatio-temporal information, providing an important record of the physico-chemical changes 

of magmas (Forni et al., 2016; Mollo et al., 2015, 2020a; Szymanowski et al., 2016; Ubide et 

al., 2019a; Welsch et al., 2016;). Clinopyroxene is an important recorder of mixing, 

hybridization, and differentiation mechanisms that control the dynamics of magma within the 

crust and, ultimately, preserves a detailed record of the magma recharge history (Di Stefano et 
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al., 2020; Dunworth et al., 2001; Gioncada et al., 2005; Mangler et al., 2020; Tecchiato et al., 

2018; Ubide et al., 2019b). Deconvolution of systematic zoning patterns in clinopyroxene may 

help to reconstruct the recharge dynamics of magma reservoirs, as well as the time and length 

scales required to mobilize magmas before eruptions (e.g., Petrone et al., 2016, 2018; Ubide 

and Kamber, 2018). Additionally, the stability field of clinopyroxene encompasses a broad 

range of P-T-X conditions, from mantle depths to very shallow crustal levels, and its 

crystallization may strictly control the geochemical evolution of solidifying melts in terms of 

major and trace element contents (e.g., Beard et al., 2019; Masotta et al., 2013; Mollo and 

Masotta, 2014; Mollo et al., 2015; Putirka et al., 2008; Perinelli et al., 2016; Sun and Liang, 

2012, 2017).  

Although the investigation of clinopyroxene complexity and diversity can be a powerful 

tool to gain information on the dynamics of multi-stage plumbing systems, no studies have yet 

categorized and decoded the complex zoning patterns of clinopyroxene at Vulcano Island. For 

this purpose, we present a broad compositional data set for major and trace elements analyzed 

in clinopyroxene phenocrysts from twenty-one basaltic-to-rhyolitic products representative of 

the volcanism occurred from 54 ka to historical times. A detailed petrological description, 

geochemical modeling, and petrogenetic significance of fifteen products with ages in the range 

of 8-54 ka can be found in Palummo et al. (2020). Here the data set has been integrated with 

six latitic and trachytic rock samples, which extend the eruptive period to the youngest product 

of La Fossa cone dated at 1739 CE on the basis of contemporary historical chronicles (see De 

Astis et al., 2013 and references therein). Interrogation of the textural and compositional 

changes of clinopyroxene reveals that zonations are intrinsic to the process of magma 

solidification, thus providing a more comprehensive view of the geochemical evolution of 

multiple magma batches undergoing polybaric-polythermal crystallization under open-system 

conditions. The interpretation and modeling of major and trace cation distributions in 
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clinopyroxene affords considerable insight into the mechanisms and timescales by which 

multiple magma storage regions developed at variable depths and then interacted with each 

other, before feeding volcanic eruptions. 

 

 

2. Vulcanological background 

Vulcano Island is an active volcanic system located in the southernmost sector of the 

Aeolian Archipelago (Fig. 1a), a Quaternary volcanic arc generated by subduction of the 

oceanic Ionian plate underneath the Calabrian arc (Ventura, 2013). The Aeolian Archipelago 

consists of seven islands and nine seamounts forming a ring-like structure, whose northwestern 

sector lies on the oceanic crust of the Tyrrhenian abyssal plain and eastern and southern sectors 

on ~18-25 km thick continental crust of the Calabro-Peloritano basement (De Astis et al., 

1997). The three islands of Vulcano, Lipari, and Salina are part of a volcanic complex that 

developed within a graben-like structure controlled by the NNW-SSE strike-slip Tindari–

Letojanni fault system (Gioncada et al., 2003; Ventura, 2013). Accordingly, the structural 

pattern of Vulcano Island is dominated by major NW–SE- to NNW–SSE-striking fault system 

(De Astis et al., 2013). The island has a total surface area of ~22 km2, its base lies at an average 

depth of ~1 km b.s.l. and the maximum height is ~499 m a.s.l. at Monte Aria (De Astis et al., 

2013 and references therein). The calc-alkaline affinity of the erupted products is related to 

subduction processes due to the presence of a NW-dipping Benioff-Wadati zone (Davì et al., 

2009). The subaerial volcanic activity at Vulcano Island started 127 ka in the southern sector 

of the island with the building of Primordial Vulcano stratocone (Fig. 1a; Mandarano et al., 

2016). Afterwards, the volcanic edifice was affected by volcano-tectonic collapses occurring 

at 100, 80, and 50 ka. The first two collapses were related to the formation of Il Piano caldera, 

whereas the third collapse was associated to the early phases of La Fossa caldera (Fig. 1a; Davì 
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et al., 2009). The last eruption occurred from August 1888 to March 1890 at La Fossa cone 

(Keller, 1980). This is a 391-m-high tuff cone mainly developed through phreatomagmatic 

eruptions and minor lava effusions (Dellino et al., 2011). The peninsula of Vulcanello (Fig. 1a) 

formed as a new islet in Roman times. This peninsula represents the northernmost structure 

located along the northern border of La Fossa caldera, consisting of a lava platform and three 

nested scoria cones with alignment ENE-WSW (Davì et al., 2009; De Astis et al., 1997, 2013). 

According to De Astis et al. (2013), the overall eruptive history of Vulcano Island can be 

divided in eight Eruptive Epochs (Fig. 1a) that represent the principal building stages of the 

volcanic edifice interrupted by periods of quiescence, sometimes also associated with volcano-

tectonic collapses (e.g., Il Piano Caldera, La Fossa Caldera).  

 

3. Sampling and analytical methods 

3.1. Sample selection 

The magmatic activity of the last ~54 ka at Vulcano Island has been investigated through 

textural and chemical (major and trace elements) analyses of clinopyroxene phenocrysts (i.e., 

crystals with longest size dimensions >0.3 mm; Lanzafame et al., 2013 and references therein) 

from various volcanic rocks, mainly lavas and scoriae, erupted during the considered timespan.  

A total of twenty-one rock samples, were collected from several strategic sectors and 

formations, in which the eruptive units were identified on the basis of their different 

lithostratigraphic and compositional characteristics (Table 1). The rock samples represent the 

last Eruptive Epochs 5, 6, 7, and 8 (i.e., between ~54 ka and 1739 CE; De Astis et al., 2013) of 

Vulcano Island (Fig. 1a). According to the TAS diagram (Total Alkali vs. Silica; Le Bas et al., 

1986; Fig. 1b), samples are classified as five distinct groups: 1) basalts (SiO2  48.9-51.4 wt.%; 

Na2O + K2O  4.3-4.6 wt.%), 2) basaltic trachyandesites (i.e., shoshonites; SiO2  52.2-54.4 
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wt.%; Na2O + K2O  7.3-7.9 wt.%), 3) trachyandesites (i.e., latites; SiO2  54.2-57.5 wt.%; 

Na2O + K2O  7.1-9.2 wt.%), 4) trachytes (SiO2  62.4-68.4 wt.%; Na2O + K2O  8.3-9.1 

wt.%) and 5) rhyolites (SiO2  71.0-73.7 wt.%; Na2O + K2O  8.5-8.7 wt.%). Bulk rock 

analyses of rock samples and a detailed description of their eruptive epochs are reported in 

Supplementary Material 1. 

 

3.2. Analytical methods 

Textural and chemical microanalyses on clinopyroxene phenocrysts were carried out with 

a field emission gun-scanning electron microscope (FE-SEM) and an electron microprobe 

(EMP), respectively, installed at the High Pressure - High Temperature (HP-HT) Laboratory 

of Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e 

Vulcanologia (INGV) in Rome (Italy). Trace element analyses of clinopyroxene phenocrysts 

were determined by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-

MS) at the Institute of Geochemistry and Petrology, ETH Zürich (Switzerland). Conditions 

used for analyses are reported in Supplementary Material 1. 

 

4. Results 

4.1. Clinopyroxene textural and chemical zonation 

Clinopyroxene is the ubiquitous mineral phase in all the investigated samples and usually 

the length of its longest axis is comprised between 0.3 and 1 mm. Distinctive and complex 

textural changes are observed for clinopyroxene by combining grey level distribution of high-

contrast BSE (backscattered electron) images (Fig. 2) and X-ray microprobe maps in false 

colors (Fig. 3). On this basis, five main clinopyroxene populations have been identified (Table 

1): 
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- Type 1: unzoned phenocrysts. Euhedral phenocrysts with homogeneous compositions 

are extremely rare in the erupted products (Fig. 2). Unzoned phenocrysts are prevalently 

found in basalts and some primitive shoshonites, whereas they are absent in latites, 

trachytes and rhyolites (Table 1); 

- Type 2: cores/resorbed cores. Several phenocryst cores are heralds of an early stage of 

crystallization and one or more resorbed cores preserve evidence of dissolution. In BSE 

photomicrographs, subhedral-to-anhedral dark grey (low mean atomic number) crystal 

portions are surrounded by light grey (high mean atomic number) mantles + rims (Figs. 

2 and 3). The innermost parts of resorbed cores are unaffected by dissolution features, 

showing compositions identical to those of the homogeneous cores. Accordingly, 

resorbed cores represent early-formed cognate clinopyroxenes that crystallized in 

equilibrium with the resident magma before partial dissolution and recrystallization 

caused by injections of hotter recharge melts; 

- Type 3: recharge bands. Dark grey concentric growth zones developed within the 

clinopyroxene light grey mantle (Figs. 2 and 3). These recharge bands show sharp 

interfaces and are composed of continuous, planar segments, each of which responds 

to growth under a certain crystal face. Within any given concentrically zoned 

overgrowth, the BSE intensity changes across the growth crystal boundary in the same 

sense, denoting that recharge bands are time-equivalent growth surfaces forming by 

supply of new magma to the advancing crystalline layer (Fig. 2 and 3). The darker BSE 

intensity of clinopyroxene cores, resorbed cores, and recharge bands is ascribed to 

higher contents of MgO and Cr2O3 and lower contents of Al2O3 and FeO compared to 

phenocryst mantles + rims (Fig. 3). Phenocrysts with recharge bands are more common 

in trachyte and rhyolite samples than in other rock types (Table 1); 
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- Type 4: mottled phenocrysts. Aggregation and/or conjoining of mutually touching 

resorbed crystals (Fig. 2), with indistinct boundaries due to the effect of dissolution 

(Dunworth et al., 2001). Mottled crystals are found from shoshonitic-to-rhyolitic 

products and their frequency increases with increasing degree of melt differentiation 

(Table 1). Irregular crystal portions show contrasting compositions, with both dark grey 

and light grey domains that are similar to those of resorbed cores and testify to 

dissolution and recrystallization of crystal aggregates during magma mixing; 

- Type 5: sector-zoned phenocrysts. Sector zoning in clinopyroxene consists of hourglass 

(or basal) forms {-1 1 1} and prism forms {h k 0}, including {1 0 0}, {1 1 0}, and {0 1 

0} faces. Sectors are identified by changes in BSE intensity from darker hourglass to 

lighter prism (Fig. 2) and are found only in shoshonites and latites (Table 1). Hourglass 

sectors grow faster along the c-axis, whereas prism sectors grow slower perpendicular 

to the c crystallographic axis (e.g., Ubide et al., 2020 and references therein). A growth 

sector boundary marks the interface between adjacent {-1 1 1} and {h k 0} forms, 

showing shapes either straight or slightly curved due to local variations in growth rates 

on the two faces (Fig. 2). Hourglass sectors are enriched in SiO2 + MgO and depleted 

in Al2O3 + FeOtot compared to prism sectors (Fig. 3). Both these sectors are sometimes 

crossed by concentric banding with sharp interfaces subparallel to the growing sector 

boundary (Fig. 2). 

 

4.2. Clinopyroxene major elements 

The whole data set derived for clinopyroxene major and trace element analyses is 

reported in Supplementary Material 1, together with variation diagrams where all the 

compositions of clinopyroxene cores, mantles + rims, and recharge bands are displayed on 

single plots.  
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Using the classification scheme reported in the review of Mollo et al. (2020b), we have 

calculated clinopyroxene cation fractions (X) and components (i.e., diopside, Di, CaMgSi2O6; 

hedenbergite, Hd, CaFeSi2O6; enstatite, En, Mg2Si2O6; ferrosilite, Fs, Fe2Si2O6), for each 

crystal population. Clinopyroxene cores are classified as diopside to diopside-augite (Di66-83-

Hd9-19-En7-11-Fs1-3), whereas recharge bands and mantles + rims can be classified as augite 

(Di64-73-Hd13-20-En11-12-Fs2-4 and Di65-61-Hd19-21-En13-16-Fs4-5, respectively). 

Fig. 4 shows the Mg-number [Mg# = XMg / (XMg + XFe2+), where X is the cation fraction 

and all iron is expressed as Fe2+] of clinopyroxene plotted against the sum of Di + Hd 

components (i.e., DiHd) and the concentration of TiO2 in phenocryst cores and phenocryst 

mantles + rims compared with recharge bands. The most relevant crystal chemical changes are 

presented here as average compositions of single samples. This comparison highlights that 

ƩDiHd decreases from clinopyroxene cores + recharge bands (0.80-0.88 on average) to 

clinopyroxene mantles + rims (0.76-0.79 on average). Conversely, the concentration of TiO2 

increases from 0.2 to 0.6 wt.% on average, as the growth of clinopyroxene takes place in more 

differentiated melt compositions (Fig. 4).  

The Mg# of phenocryst cores abruptly decreases from basalts (Mg#91 on average) to 

shoshonites + latites (Mg#84-85 on average) to trachytes (Mg#82 on average) to rhyolites (Mg#78 

on average), resembling the geochemical evolution of the host rocks (compare Figs. 1 and 4). 

Importantly, clinopyroxene is an early liquidus phase and its core is in equilibrium with the 

bulk rock composition as previously determined by Palummo et al. (2020). The equilibrium 

condition between clinopyroxene core and bulk rock compositions has been tested by the Fe-

Mg exchange (0.28 ± 0.08) of Putirka (2008), in conjunction with models based on the 

difference (∆) between measured vs. predicted ƩDiHd components (Mollo et al., 2013; Mollo 

and Masotta, 2014) and thermodynamically-predicted partition coefficients for Na (Blundy et 

al., 1995) and Ti (Mollo et al., 2018, 2020). Due to the effects of magma mixing and 
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hybridization phenomena, the equilibrium partitioning of Fe, Mg, Ti, and Na cations between 

the early-formed core and host magma has been restored by adding/subtracting to the bulk rock 

minimum amounts of minerals along the olivine-clinopyroxene-plagioclase cotectic (see 

supplementary data in Appendix A of Palummo et al., 2020). DiHd decreases with proceeding 

magma differentiation from basalts (0.88  0.01 on average) to latites + shoshonites + less 

differentiated trachytes (0.83  0.01 on average) to more differentiated trachytes + rhyolites 

(0.80-0.82  0.01 on average). The amount of TiO2 in clinopyroxene remains almost identical 

from shoshonite to rhyolite (0.3-0.4 wt.%  0.04 on average). Conversely, diopsidic 

phenocrysts from mantle-derived basaltic rocks are characterized by lower TiO2 concentrations 

(0.2  0.04 wt.% on average; Fig. 4). 

The entire compositional range of recharge bands is between Mg#80 and Mg#88, with an 

average of Mg#82 (Fig. 4). Recharge bands are more differentiated than diopsidic cores found 

in mantle-derived basalts and mimic the chemistry of clinopyroxene cores from shoshonites, 

latites, and trachytes. This compositional feature supports the idea of a polybaric-polythermal 

magmatic differentiation within the crust that proceeds in cooperation with recurrent mixing 

and hybridization processes (Gioncada et al., 2003). A small population of recharge bands from 

rhyolites (13% of the whole data set) exhibits low TiO2 abundances (0.2 wt.%; Fig. 4) 

resulting from the increased stability of titanomagnetite in the upper crust (Palummo et al., 

2020). 

Clinopyroxene mantles + rims from basalts to rhyolites depict a narrower and more 

evolved compositional range of Mg#75-78 relative to phenocryst cores + recharge bands (Fig. 

4). The amount of DiHd significantly decreases in clinopyroxene mantles + rims, especially 

due to strong CaO depletion caused by the incipient late-stage crystallization of feldspar 

(plagioclase + sanidine) during magma cooling and decompression (De Astis et al., 2013). 
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Clinopyroxene mantles + rims from basalts (Mg#78 on average) remain systematically less 

differentiated than those (Mg#76 on average) from other rocks. Most of the compositions of 

mantles + rims from shoshonites to rhyolites overlap, without displaying any clear evolutionary 

trend neither for DiHd or TiO2 (Fig. 4). Clinopyroxene mantles + rims from latites (Mg#75 on 

average) are slightly more evolved than those from rhyolites (Mg#76 on average), in agreement 

with the increased number of recharge bands observed in phenocrysts from silicic host rocks 

and suggesting recurrent inputs of fresh and more primitive magmas from depth (Table 1). 

 

4.3. Clinopyroxene trace elements 

The chondrite-normalized patterns (Sun and McDonough, 1989) of rare earth elements 

(REE) in clinopyroxenes exhibit sub-parallel trends, shifting towards progressive trace element 

enrichments from basalt to rhyolite according to the more differentiated character of magma 

(Fig. 5). The concentration of light REE (LREE) is typically higher than that of heavy REE 

(HREE). Clinopyroxene mantles + rims exhibit lower LREE/HREE ratios (i.e., the normalized 

La/Yb ratio; LaN/YbN) and more pronounced negative Eu anomalies (i.e., Eu/Eu* = EuN /(SmN 

 GdN)0.5) than clinopyroxene cores and recharge bands (Fig. 5). From basalts to rhyolites, both 

Eu/Eu* and LaN/YbN measured in clinopyroxene cores decrease from 0.92  0.06 to 0.61  

0.06 on average and from 2.8  0.2 to 2.3  0.2 on average, respectively. In clinopyroxene 

mantles + rims, the values of Eu/Eu* and LaN/YbN further decrease to 0.5 and 2.0, 

respectively, responding to the abundant crystallization of feldspar at the late stage of melt 

differentiation.  

The primordial mantle-normalized patterns (Sun and McDonough, 1989) of trace 

elements in clinopyroxenes show typical features of arc magmas, with enrichments in large ion 

lithophile element (LILE) to high field strength element (HFSE) ratios (Fig. 5). Both 
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clinopyroxene cores, recharge bands, and mantles + rims display troughs at Ba, K, Nb, P, Zr, 

and Ti in (Fig. 5). The concentration of incompatible elements in clinopyroxene cores shows a 

marked increase from basalts to rhyolites, while the incompatible element concentrations partly 

overlap in clinopyroxene mantles + rims from trachytes to rhyolites (Fig. 5). Negative spikes 

of K, Sr, P, and Ti are more marked in clinopyroxene cores from trachytes and rhyolites, in 

agreement with the phase assemblage (i.e., feldspar + oxide ± apatite) that characterizes the 

more differentiated eruptions.  

From clinopyroxene cores to recharge bands to mantles + rims, the amount of 

compatible transition elements (TE) decreases from 1,005 to 242 ppm and from 99 to 89 ppm 

for Cr and Ni, respectively. In particular, Cr is extremely high in phenocrysts from basalts 

(2,131  102 ppm on average) relative to those from rhyolites (440  107 ppm on average) and 

is well correlated with the Mg# of clinopyroxene. Conversely, V, Co, and Zn behave like 

incompatible elements and their average concentration increases with the host rock 

differentiation from 126 to 209 ppm, from 41 to 54 ppm, and from 40 to 76 ppm, respectively 

(Supplementary Material 1). 

Scandium is highly compatible in clinopyroxene (cf. Mollo et al., 2020a) and its 

concentration decreases from clinopyroxene cores (87  4 ppm on average) to mantles + rims 

(76  2 ppm on average), resembling the progressive melt depletion with proceeding 

crystallization (Supplementary Material 1). 
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5. Discussion 

5.1. The geochemical evolution of clinopyroxene 

Fig. 6 shows that the differentiation path of magmas is faithfully recorded by major and 

trace element contents of clinopyroxene cores from products with different degrees of 

evolution. Diopsidic cores (Mg#91) from mantle-derived basalts support the idea of a unique 

deep level of magma, whose bulk composition is characterized by low incompatible LREE 

(i.e., Ce) and HFSE (i.e., Zr) concentrations, in conjunction with high TE/HREE ratios (i.e., 

Cr/Yb and V/Yb ratios; Fig. 6). Forsteritic (Fo87–91) olivines are in equilibrium with diopsidic 

cores and the homogenization temperature of olivine-hosted melt inclusions indicates 

crystallization at T   1,190–1,250 °C (Gioncada et al., 1998). Thermobarometric constraints 

and thermodynamic calculations based on the equilibrium between clinopyroxene core and 

bulk rock compositions (see above), confirm that diopsidic phenocrysts equilibrated with 

primitive basaltic magmas at Pmax  750 MPa and Tmax  1,220 °C (Fig. 7). Primitive basaltic 

magmas are inferred to originate at mantle depths via partial melting of a depleted peridotitic 

source veined by metasomatic, clinopyroxene-rich regions (Kamenetsky and Clocchiatti, 

1996). The occurrence of a mafic mineral assemblage in equilibrium with deep-seated magmas 

is in accordance with a Moho depth estimated at ~21–25 km, corresponding to P  620–740 

MPa for a continental crust density of 2.7 g/cm3 (Peccerillo et al., 2006 and references therein).  

The P-T array traced by the crystallization of clinopyroxene changes significantly as the 

basaltic magmas migrate and differentiate towards two shallower and colder storage regions 

hosting 1) shoshonitic, latitic, and less differentiated trachytic melts at P  100-450 MPa and 

T  1,100-1,180 °C and 2) highly differentiated trachytic and rhyolitic melts at P ≤ 50 MPa and 

T ≤ 1,100 °C (Fig. 7). As P decreases, the stability field of clinopyroxene decreases in favor of 

olivine crystallization (Palummo et al., 2020) and the clinopyroxene composition shifts from 
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diopside-augite (Mg#84-85) to augite (Mg#82-77). More evolved magmas residing at shallower 

crustal conditions are saturated with feldspar and titanomagnetite at T < 1,100 °C (Fig. 7). The 

abundant formation of plagioclase is also promoted by cooling-decompression regimes related 

to H2O exsolution and degassing (cf. Mandarano et al., 2016 and references therein). Ce and 

Zr enrichments in clinopyroxene cores from basalts to rhyolites are in accord with the 

progressive differentiation of magma (Fig. 6). The Mg# of clinopyroxene plotted against the 

TE/HREE ratio highlights that basalts, shoshonites + latites, and trachytes + rhyolites cluster 

at different degrees of evolution (Fig. 6). In particular, the abrupt decrease of Cr/Yb ratio from 

basalts (9,500-12,500) to shoshonites + latites (500-2,500) to trachytes + rhyolites (100-500; 

Fig. 6) confirms the early and extensive crystallization of mafic minerals (olivine + 

clinopyroxene), in which Cr is prevalently incorporated (e.g., Tecchiato et al., 2018). As the 

composition of magma evolves, the concentration of incompatible Ce and Zr elements 

progressively increases in clinopyroxene cores. At the same time, the increasing stability of 

plagioclase leads to stronger negative Eu anomalies (Eu/Eu*) and lower LILE/HREE ratios 

(i.e., Sr/Yb ratios), especially for trachytes and rhyolites (Fig. 6). Silicic magmas are stored in 

upper and colder crustal environments located at P ≤ 50 MPa (Fig. 7) and, likely, are generated 

by the extraction of interstitial melts from crystal-rich (mushy) reservoirs. Abundant 

segregation of feldspar phenocrysts is inferred to be responsible for the development of distinct 

magma-mush pockets (Palummo et al., 2020; Nicotra et al., 2018). Feldspar-liquid separation 

processes can be also favored by second boiling of the melt and consequent volatile exsolution 

of a fluid phase at T  860–1,100 °C and H2O concentrations in excess of ~2.5–4.0 wt.% 

(Gioncada et al., 2003; Costa et al., 2020; Palummo et al., 2020).  

Intracrystalline heterogeneities in clinopyroxene are recorders of recurrent magma 

recharge and mixing events (Type 3 recharge bands; Figs. 2 and 3), generally accompanied by 

multi-stage crystal dissolution phenomena (Type 2 resorbed cores and Type 4 mottled 
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aggregates; Figs. 2 and 3). Resorbed cores are interpreted as evidence of corrosion by thermal 

and/or chemical disequilibrium with the melt. This open-system behavior is caused by the 

injection of hotter and more mafic magmas into compositionally distinct reservoirs within the 

crust (Bullock et al., 2019; Costa et al., 2020; De Astis et al., 2013; Nicotra et al., 2018). 

Concentric Cr zonation in clinopyroxene indicates subtle modulations in the history of melt 

composition involved in clinopyroxene growth (Fig. 3). Several clinopyroxene phenocrysts 

contain Cr-rich resorbed cores that likely formed by replenishment of the crystallizing 

reservoir. These cores were partially dissolved during protracted storage at magmatic 

temperature and finally incorporated into the new recharge melt (Ubide and Kamber, 2018; 

Mollo et al., 2020a). Owing to the broad compositional range of clinopyroxene-bearing 

magmas (Fig. 1a), the destabilization-dissolution of clinopyroxene cores is probably controlled 

by mutual thermal and chemical effects caused by the transport of crystals through the upper 

crust (e.g., Mollo and Masotta, 2014; Forni et al., 2016, 2018). In a similar fashion, the 

formation of Type 3 concentrically zoned phenocrysts can be ascribed to repeated recharge 

events that are inferred to be drivers of convective dynamics in crustal storage regions 

(Bergantz et al., 2015). Given that some Cr-rich bands developed at the clinopyroxene rim (Fig. 

3), it is plausible that the eruption was triggered by the injection of mafic magma (Ubide and 

Kamber, 2018; Petrone et al., 2018). Magma mixing is frequently suggested as an effective 

eruption trigger (Sparks et al., 1977; Druitt et al., 2012) and is sometimes associated with 

volatile exsolution during magma ascent from depth towards the surface (Cashman et al., 

2017). 

Fig. 8 shows that recharge bands (Mg#81-85) are markers of primitive REE-HFSE-poor, 

TE-rich magmas injecting into more differentiated REE-HFSE-rich, TE-poor domains, where 

clinopyroxene mantles + rims (Mg#75-78) developed at the late stage of magma mixing-

hybridization. The abrupt decrease of averaged Sr/Yb ratio from 89 (recharge bands) to 42 
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(mantles + rims) and the strong negative Eu anomaly (Fig. 8) confirm that most of the 

evolutionary path is controlled by incipient plagioclase crystallization (De Astis et al., 2013; 

Nicotra et al., 2018). In view of this magma compositional shift, the concentration of Zr 

markedly increases up to 52 ppm in clinopyroxene mantles + rims, whereas the Cr/Yb ratio 

reaches a minimum of 0.5 (Fig. 8). It is also interesting to note that clinopyroxene mantles + 

rims from trachytes and rhyolites appear less differentiated than expected for silicic magmas, 

mostly showing major and trace element contents similar to the crystal cargo of basaltic and 

shoshonitic products (Fig. 8). This compositional observation matches with the numerous 

recharge bands enclosed within clinopyroxenes from trachytes and rhyolites (Table 1), attesting 

to continuous replenishment of the shallow plumbing system and consequent magma 

hybridization within the crystal mush (e.g., Forni et al., 2016). 

Type 5 sector-zoned clinopyroxene phenocrysts are sporadically found in shoshonites 

and latites (Figs. 2 and 3). Si-Mg-rich hourglass forms {-1 1 1} are depleted in REE (e.g., Ce 

= 14  1.2 and Yb = 1  0.01 ppm on average) and HFSE (e.g., Hf = 1  0.01 ppm and Zr = 19 

 1.3 ppm on average) relative to Al-Fe-rich prism forms {h k 0} (e.g., Ce = 31  3.1 ppm, Yb 

= 3  0.02 ppm, Zr = 36  3.4 ppm, and Hf = 2  0.02 ppm on average). The intracrystalline 

distribution of major cations among the different sectors agrees with that observed for sector-

zoned augites at Mt. Etna (Downes, 1974; Ubide et al., 2019a) and Stromboli (Ubide el al., 

2019b). Sectoral partitioning of REE and HFSE cations is strictly controlled by both charge-

balanced and -imbalanced configurations taking place in the structural sites of {-1 1 1} and {h 

k 0} sectors as the number of Al cations in tetrahedral coordination increases (Ubide et al., 

2019a). The magnitude of sectoral partitioning at Vulcano Island is very similar to that 

measured at Stromboli, whereas the compositional difference between {-1 1 1} and {h k 0} 

sectors is much more marked for the clinopyroxene populations at Mt. Etna. For example, the 

Al2O3{-1 1 1}/Al2O3{h k 0} ratios in phenocrysts at Vulcano Island, Stromboli, and Mt. Etna are on 
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the order of 0.88, 0.81, and 0.58, respectively. According to literature, the differential 

partitioning of cations between {-1 1 1} and {h k 0} faces is proportional to the degree of 

undercooling that, in turn, governs the growth of clinopyroxene under different magmatic 

conditions (Kouchi et al. 1983; Welsch et al., 2016; Ubide el al., 2019b; Giuliani et al., 2020; 

Masotta et al., 2020). Ubide el al. (2019b) compared the stronger sector zonation of 

clinopyroxenes from Mt. Etna with the weaker sector zonation of crystals from Stromboli. The 

authors concluded that the slow growth of clinopyroxene at Stromboli was generated by 

magmas undergoing very low degrees of undercooling comprised between 10 and 20 °C. 

Building on constraints from clinopyroxene growth experiments carried out by Kouchi et al. 

(1983), we observe that Al2O3{-1 1 1}/Al2O3{h k 0} ratios for phenocrysts from Vulcano Island and 

Stromboli are generated by a degree of undercooling of ~13 °C. On the other hand, Masotta et 

al. (2020) have experimentally documented that sectoral partitioning of natural phenocrysts 

from Mt. Etna is caused by higher degrees of undercooling, mostly comprised between 23 and 

32 °C. In this regard, magma dynamics driving the eruption of shoshonites-latites at Vulcano 

Island can be interpreted as the effect of sluggish crystallization kinetics under growth-

dominated regimes during very slow magma ascents (Ubide el al., 2019b). It is also plausible 

that sector-zoned clinopyroxenes originated by small-scale convective transport of crystals 

through thermally heterogeneous magma reservoirs (cf. Welsch et al., 2009) that are located 

within the plumbing system at 10-17 km of depth (De Astis et al., 2013; Palummo et al., 

2020). 

 

5.2. Timescales record of pre-eruptive processes  

As discussed above, high-Mg# and Cr2O3-rich recharge bands of Type 3 clinopyroxene 

phenocrysts (Figs. 2 and 3) indicate crystallization from 1) a high-T, mafic magma that is 

recorded by the recharge band and 2) a low-T, resident magma which is homogenized by 
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mixing and hybridization after the mafic injection. Fe-Mg compositional zoning profiles in 

clinopyroxene phenocrysts have been examined to quantify the crystal residence time (Δt) via 

elemental diffusion chronometry using the NIDIS (Non-Isothermal Diffusion Incremental 

Step) model of Petrone et al. (2016). BSE microphotographs and greyscale profiles are used as 

proxies for Fe-Mg compositional zoning boundary layers along transects normal to the 

recharge band-rim interface (see Supplementary Material 2). The crystallization temperatures 

of clinopyroxene recharge bands and rims in equilibrium with different melt components have 

been calculated by using thermobarometric models based on exchange equilibria (cf. Palummo 

et al., 2020; see also temperature histograms in Supplementary Material 1): 1) 1,200-1,220 °C 

(high-Mg# recharge band) and 1,190-1,200 °C (low-Mg# rim) for basalts, 2) 1,130-1,180 °C 

(high-Mg# recharge band) and 1,100-1,160 °C (low-Mg# rim) for shoshonites, latites, and 

trachytes, and 3) 1,090-1,100 °C (high-Mg# recharge band) and 1,080-1,090 °C (low-Mg# rim) 

for rhyolites. The error of estimate has been minimized by probability density function analysis 

and corresponds to 15 °C. We adapted the NIDIS model to evaluate the diffusive timescale 

(Δt) in the low-T resident magma (i.e., recharge band-rim interface) which represents the time 

spent in the last magmatic environment prior to eruption (Petrone et al., 2016).  

Smoother recharge band-rim profiles are generally observed in clinopyroxenes from silicic 

rocks, in agreement with longer temporal intervals after mafic injection in the reservoir and 

prior to eruption (Fig. 9a). Conversely, steeper diffusion profiles are measured for recharge 

band-rim boundaries analyzed in clinopyroxene phenocrysts from more primitive products, as 

the result of diffusive re-equilibration of compositional zoning for shorter time periods (Fig. 

9a). All timescales are summarized in Fig. 9b. Shorter timescales of ∼0.1-9 years are quantified 

for clinopyroxenes from basalts, shoshonites, and latites, whereas longer timescales on the 

order of ∼7-18 years and ∼16-44 years are calculated for clinopyroxenes from trachytes and 

rhyolites, respectively (Fig. 9b). The longer crystal residence times measured for the more 
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differentiated eruptive products are in agreement with the general increase over time of the 

degree of chemical evolution of magmas and the enrichment in incompatible trace elements 

(e.g., De Astis et al., 2013). This time-related compositional shift from basalts to rhyolites is 

also confirmed by the geochemical evolution of clinopyroxene core from Eruptive Epoch 5 to 

8 (Fig. 6). 

Mixing phenomena between high-T mafic and low-T felsic end-members are intimately 

related to magma dynamics recorded by the recurrent concentric zonation and dissolution 

texture of clinopyroxene phenocrysts, which tend to be slightly more abundant in trachyte and 

rhyolite (Figs. 2 and 3; Table 1). More silicic trachytes and rhyolites represent residual melts 

trapped-extracted from crystal mushes that are approximatively located between 5 and 10 km 

depth (Palummo et al., 2020). The most favorable window for crystal-melt separation occurs 

at a crystallinity of ~50–70% (Dufek and Bachmann, 2010), such that eruptible silicic melts 

can be extracted from the crystal mush, without bulk melting or remobilization of its crystalline 

framework (Stelten et al., 2015). Coherently, the differentiation of basalts to trachytes at 

Vulcano Island takes place at crystal content of 52%, whereas the formation of highly 

differentiated trachytes and rhyolitic melts requires a mush system with crystallinity comprised 

between 59% and 84% (Palummo et al., 2020). 

The compositional similarity between clinopyroxene cores and mantles + rims from 

trachytes and rhyolites (compare Figs. 6 and 8) suggests mutual crystallization in a colder and 

shallower mush region over prolonged crystal residence times (Fig. 9). The great number of 

recharge bands observed in silicic products, alongside resorbed cores and mottled crystals 

(Table 1) indicates that phenocrysts remained trapped in the mush for a prolonged period of 

time, thereby recording sustained injections of less differentiated magmas. Longer diffusion 

timescales are typically measured for phenocrysts hosted in silicic melts extracted from crystal-

rich regions (Cooper, 2019). By interpolating 1) the empirical viscosity equation of Giordano 



72 
 

et al. (2008), 2) the bulk rock analyses of products erupted at Vulcano Island (Fig. 1a), and 3) 

the P-T-H2O crystallization paths of clinopyroxene-bearing magmas (Palummo et al., 2020), 

we found that the geochemical evolution of clinopyroxene is accompanied by an average melt 

viscosity increase, on the order of 1.2 (basalt), 2.3 (shoshonite), 2.5 (latite), 3.8 (trachyte), 

4.6 (rhyolite) log Pa s. In the lower crust, low viscosity basaltic magmas remain above the 

solidus state due to the effect of high temperature conditions. These thermal and rheological 

regimes allow extensive magma segregation and migration. During ascent, however, basaltic 

magmas cool and crystallize to develop more differentiated melts leading to the growth of 

clinopyroxene phenocrysts progressively more enriched in REE and HFSE (Figs. 5 and 6). In 

the uppermost crust, the formation of non-eruptible crystal-rich mush regions takes place by 

strong cooling-induced crystallization phenomena and high viscosity rhyolitic lenses develop 

by percolative melt transfer (Bachmann and Bergantz, 2004; Dufek and Bachmann, 2010; 

Masotta et al., 2016). Protracted residence times recorded by clinopyroxene phenocrysts (Fig. 

9) are consistent with the tendency for phenocrysts to remain suspended in more silicic melts 

with a higher viscosity, as the temperature of the solidifying system decreases and the degree 

of crystallization increases (e.g., Hawkesworth et al., 2000 and references therein). As outlined 

by thermobarometric constraints (Fig. 7), after extraction of melt from the crystal mush, small-

volume rhyolitic magmas stall temporarily at very shallower levels of the reservoir. Therefore, 

resorbed cores (Type 2), recharge bands (Type 3), and mottled resorption textures (Type 4) 

found in clinopyroxene phenocrysts (Figs. 2 and 3) may be also interpreted as the result of 

mixing between low-T rhyolitic magmas extracted from the crystal-rich region and fresh inputs 

of high-T free magmas rising from shoshonitic and latitic reservoirs located at moderate depths 

of 10-17 km (De Astis et al., 2013; Palummo et al., 2020). 
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5.3. Modeling magma recharge and mixing dynamics 

Cr/Yb ratios measured for clinopyroxene cores, recharge bands, and mantles + rims are 

comparatively plotted in Fig. 10a in order to place constrain on the recharge processes and 

mixing dynamics governing the evolutionary history of magmas at Vulcano Island. An 

important aspect emerging from this comparison is the compositional diversity of 

clinopyroxene, characterized by decreasing Cr/Yb ratios as the geochemical evolution of 

magma proceeds from basalt to rhyolite (Fig. 10a). Differently from the more homogeneous 

chemistry of basalts erupted during the Eruptive Epoch 5, younger rhyolitic melts from 

Eruptive Epoch 8 were dominated by abundant crystallization of felsic minerals plus low 

degrees of crustal assimilation (Bullock et al., 2019; De Astis et al., 1997, 2000, 2003; 

Gioncada et at., 2003; Peccerillo et al., 2006). Clinopyroxene zoning patterns with highly 

variable Cr/Yb ratios reflect substantial chemical modifications in more silicic reservoirs due 

to open-system processes associated with the input of fresh magma into distinct crustal regions 

and related mixing and hybridization phenomena (Forni et al., 2016; Gioncada et al., 1998; 

Nicotra et al., 2018; Peccerillo et al., 2006; Piochi et al., 2009). Moreover, Cr/Yb ratios in 

clinopyroxene decrease with the sequential growth of phenocryst, from core to mantle + rim 

(Fig. 10a). This change validates the idea that magma mixing was likely accompanied by 

cooling-degassing processes, especially during the storage of magma in shallower and colder 

crustal regions (Mandarano et al., 2016), where the most evolved chemistry of clinopyroxene 

rims reflects the latest residual melt composition, immediately preceding the eruption.  

With the only exception represented by the diopsidic clinopyroxene cores from basalts, 

there is always some degree of overlap between the trace element inventory of clinopyroxene 

cores, recharge bands, and mantle + rims (Fig. 10a). As schematically illustrated in Fig. 10b, 

the compositional heterogeneity of clinopyroxene results from the transfer of magma between 

different storage regions that are interconnected with each other (cf. Palummo et al., 2020). 
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The isolated compositional group of clinopyroxene cores from basalts with extremely high 

Cr/Yb ratios (Fig. 10a) represent early crystal-melt equilibration in the lower crust (Fig. 10b). 

Conversely, the Cr/Yb ratio in clinopyroxene cores from shoshonites to rhyolites progressively 

decreases (Fig. 10a), in accord with the formation of more differentiated reservoirs that, 

however, explore continuous physico-chemical changes due to interaction between 

compositionally distinct magma batches (Fig. 10b). 

Recharge bands in clinopyroxene phenocrysts from basalts show Cr/Yb ratios that are 

intermediate between those measured for clinopyroxene cores from shoshonites + latites and 

trachytes + rhyolites (Fig. 10a). This suggests that an early-formed crystal cargo residing in the 

deeper parts of the crust was remobilized and transported by mafic melts (e.g., Petrone et al., 

2018; Cooper, 2019) passing through an interconnected series of differentiated magma storage 

regions (Fig. 10b). In a similar fashion, the occurrence of Type 4 mottled phenocrysts (i.e., 

aggregates of partially dissolved clinopyroxenes; Fig, 2) suggests that crystals were assembled 

from different parts of the crust (Fig. 10b), in agreement with analogous dynamic processes 

documented for clinopyroxenes erupted at Mt. Etna (Armienti et al., 2007) and Stromboli (Di 

Stefano et al., 2020). In this scenario, intracrystalline heterogeneities indicate a multi-stage 

history of magma that is characterized by mixing and hybridization phenomena operating 

within an articulated plumbing system (Fig. 10b), where recharge inputs encounter partially or 

wholly crystallized reservoirs generated by different prior magma batches. The broad 

compositional interval recorded by recharge bands from rhyolites (Fig. 10a) testifies to multiple 

inputs of mafic magma from depth, abundant cooling-induced crystallization, and protracted 

crystal residence times in a highly crystalline storage region.  

The bulk (crystal + melt) chemical evolution of magmas points towards a unified view of 

cogenetic differentiation processes operating in two main magma storage regions within the 

crust (cf. Bachmann and Huber, 2016). The first storage region is located in lower crust near 
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the crust-mantle boundary and is fed by primitive basalts that represent the most mafic 

endmembers of the differentiation series (Fig. 10b). A high-pressure crystallization assemblage 

develops within this lower crustal storage region (see for example Ozdemir et al., 2011). The 

second main storage region is located at shallower depths in the upper crust (typically between 

250 and 150 MPa; see Huber et al., 2019), where magmas pond at the apex of a series of 

interconnected magma transfer zones (Fig. 10b). Magma dynamics at Vulcano Island are 

controlled by the interplay between lower and upper crust storage regions and only transient 

magma bodies are generated at intermediate depths (Fig. 10b), partly by mixing of magmas 

from these two main storage regions (Bachmann and Huber, 2016; Huber et al., 2019).  

To better elucidate the clinopyroxene-related geochemical changes characterizing the 

eruptive history of Vulcano Island, we have investigated the evolutionary path of LREE (i.e., 

La) and HREE (i.e., Yb) in magmas through the partitioning model of Mollo et al. (2018, 

2020b). Different equations describing the excess of strain energy (Wood and Blundy, 1997) 

and electrostatic energy (Wood and Blundy, 2001) are integrated in this model, in order to 

calculate the partitioning energetics controlling heterovalent REE cation substitutions in 

clinopyroxene. This makes it possible to quantify the role of clinopyroxene crystallization on 

the REE pattern of a magma through the estimate of a different clinopyroxene-melt partition 

coefficient (i.e., DREE = cpxREE / meltREE on a weight basis) for each stage of crystallization. 

The P-T-H2O saturation conditions of clinopyroxene phenocrysts (i.e., P = 20-750 MPa, T = 

1,000-1,220 °C, and H2O = 1.6-4.0 wt.%) that are required as input data for the partitioning 

modeling come from the petrological work of Palummo et al. (2020). REE cations were chosen 

for the modeling because of 1) the diverse but systematic zoning patterns in clinopyroxene 

phenocrysts, 2) the complete thermodynamic description of partitioning behavior as a function 

of intensive-extensive parameters, and 3) the preferential control of clinopyroxene 

crystallization on REE contents in the residual melt relative to other mineral phases (i.e., 
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according to the relation between mineral weight fractions and the bulk partition coefficient; 

Mollo et al., 2018, 2020b). A spectrum of partition coefficients has been determined for 

clinopyroxene cores and recharge bands (Supplementary Material 1). Recalling the free energy 

exchange of the fusion reaction cpxREEMgSiO2O6   meltREEMgSiO2O6 (Wood and Blundy, 

1997), the estimated values of DLa and DYb were used to invert the concentrations of REE in 

the melts from clinopyroxene cores and recharge bands (i.e., meltREE = cpxREE / DREE).  

Results from calculations are plotted in Fig. 10c and compared with the bulk rock analyses 

of the eruptive products. Different compositional vectors (i.e., colored arrows in Fig. 10c) 

represent the putative REE contents of end-member magmas in equilibrium with the more 

homogeneous clinopyroxene cores, as calculated by the partitioning equations of Mollo et al. 

(2018, 2020b). These vectors are almost aligned along a common differentiation path involving 

the progressive increase of La-Yb contents from basalt to rhyolite. The La-Yb array resulting 

from partitioning modeling is divided in three distinct groups for basalts, shoshonites + latites, 

and trachytes + rhyolites (Fig. 10c) that roughly reflect the plumbing system architecture of 

Vulcano Island (Fig. 10b). The grey dashed symbols represent the putative REE contents of 

magmatic injections recorded by the more heterogeneous recharge bands (Fig. 10c). While 

most of recharge bands from basalts converge in a narrow range that is close to the 

compositional vector, recharge bands from trachytes and rhyolites show the largest 

compositional variability. This implies that the number of recharge bands and their chemical 

diversity axiomatically increase with increasing the silicic character of magma, thereby 

depicting a fan-like array indicative of open-system processes (Fig. 10c). Importantly, our 

modelled data set reproduce very well the bulk rock analyses of natural eruptions and their fan-

like pattern (Fig. 10c). This correspondence reflects a plumbing system evolution that is 

persistently controlled by crystal-melt dynamics due to the interaction between different 
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crystallizing reservoirs in which the supply of fresh magma modulates the final texture and 

composition of the erupted product.  

We conclude that the lower crust is the most favorable location for the origin of 

compositionally homogeneous basaltic magmas (i.e., melt-dominated domains) and their initial 

stages of crystallization during transfer at intermediate depths (Fig. 10b). However, magma 

percolation and accumulation in the upper crustal regions lead to the formation of an 

interconnected series of magmatic reservoirs (i.e., crystal-dominated domains), many of which 

may be composed of crystal-rich mush systems (Fig. 10b). According to this conceptual model, 

the physical (e.g., crystallinity and melt viscosity) and chemical (e.g., degree of evolution of 

crystals and melts) state of magma changes dramatically in the shallowest parts of the feeding 

system. The discrete populations, complex compositional zoning patterns, and different 

residence times of clinopyroxene phenocrysts reflect the intricate crystallization history of 

magma. The mineral assemblage in silicic mush melts is sufficiently resilient to record 

numerous mafic injections and high degrees of magma mixing, hybridization, and 

crystallization before eruption. Taken together, the textural and compositional changes of 

clinopyroxene phenocrysts present a picture of a plumbing system that extends through the 

crust and is characterized by distributions of melts and crystals which are progressively more 

evolved and heterogeneous in both space and time (Fig. 10b). 

 

6. Concluding remarks 

This study illustrates the textural and compositional changes of clinopyroxene phenocrysts 

from basaltic to rhyolitic products erupted at Vulcano Island over a period of time from 54 ka 

to 1739 CE. Phenocrysts have been categorized on the presence or absence of complex zoning 

patters and five distinct populations have been recognized (i.e., Type 1 homogeneous crystals, 
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Type 2 core/resorbed cores, Type 3 recharge bands, Type 4 mottled crystals, and Type 5 sector-

zoned crystals). The different growth features and intracrystalline distributions of major and 

trace cations in clinopyroxene closely reflect the physico-chemical changes of magma under 

the effects of closed- and open-system processes. By combining microanalytical data and trace 

element modeling, we gained useful insights into the plumbing system architecture and the 

intricate magmatic history of Vulcano Island. According to this approach, the following 

conclusions can be drawn:  

1) the compositional evolution of clinopyroxene highlights that basaltic magmas are 

characterized by Types 1 and 2 populations, in which diopsidic cores are heralds of 

crystallization in the lower crust. The compositional change of clinopyroxene proceeds 

from diopside-augite to augite, following the polybaric-polythermal differentiation of 

basalts towards more differentiated melts residing in the upper crust; 

2)  the number of chemical heterogeneities in clinopyroxene increases in silicic eruptive 

products, in accord with the more frequent observation of Types 3 and 4 populations in 

trachytes and rhyolites. This chemical diversity reflects an open-system behavior due 

to injection of hotter and more primitive magmas into compositionally distinct colder 

and shallower reservoirs. Open-system processes are testified by multi-stage 

clinopyroxene dissolution phenomena that results from thermal and/or chemical 

disequilibrium with the recharge melt; 

3) Type 5 sector-zoned crystals are typically found in shoshonites and latites. The weak 

sector zonation between {-1 1 1} hourglass and {h k 0} basal prism forms suggests 

sluggish crystallization kinetics during very slow magma ascents and/or small-scale 

convective transport of crystals through thermally heterogeneous magma reservoirs; 

4) shorter timescales (∼0.1-9 years) are quantified for clinopyroxenes from basaltic, 

shoshonitic, and latitic magmas, whereas longer timescales are measured for 
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phenocrysts crystallizing in trachytic (∼7-18 years) and rhyolitic (∼16-44 years) 

reservoirs. Protracted residence times are consistent with the tendency for 

clinopyroxene to remain suspended in more silicic and viscous melts extracted from 

shallow crystal-rich regions; 

5) results from partitioning modeling based on the concentrations of rare earth elements 

(REE) in clinopyroxene confirm the cogenetic origin for the eruptive products along a 

common differentiation path. Magma percolation and accumulation in the upper crustal 

regions lead to the formation of an interconnected series of magmatic reservoirs with 

different degrees of REE concentrations. Both the compositional diversity of melt and 

the intracrystalline heterogeneity of clinopyroxene are exacerbated in crystal-

dominated mush zones, responding to the stronger diversification of REE via intense 

magma mixing, hybridization, and crystallization phenomena.  
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Figure captions 

Figure 1. Schematic map of Vulcano Island showing the locations of rock samples that are the 

subject of the present study (a). The map legend refers to Eruptive Epochs from 1 to 8, as 

reported in De Astis et al. (2013). Total alkali vs. silica (TAS) diagram after Le Bas et al. (1986) 

(b). The rock samples are classified as basalts, basaltic trachyandesites (shoshonites), 

trachyandesites (latites), trachytes, and rhyolites. 

 

Figure 2. Back-scattered electron (BSE) photomicrographs showing the most important 

textural features of clinopyroxene phenocrysts: Type 1 homogeneous crystals, Type 2 

core/resorbed cores, Type 3 recharge bands, Type 4 mottled crystals, and Type 5 sector-zoned 

crystals. 

 

Figure 3. Electron microprobe intensity maps showing chemical zonation patterns of Type 2 

core/resorbed cores, Type 3 recharge bands, and Type 5 sector-zoned crystals. For Type 3 

recharge bands, note the development of Cr-rich concentric growth zones on early-formed 

clinopyroxene cores, within the clinopyroxene mantle, and at the clinopyroxene rim.  

 

Figure 4. Compositional ranges of clinopyroxene cores and mantles + rims are compared with 

the recharge bands. The Mg-number [Mg# = XMg / (XMg + XFe2+), where X is the cation fraction 



91 
 

and all iron is expressed as Fe2+] of clinopyroxene is plotted against the sum of diopside + 

hedenbergite components (i.e., ƩDiHd) and the concentration of TiO2. 

 

Figure 5. Chondrite- (a) and primordial mantle- (b) normalized patterns of trace elements in 

clinopyroxene cores and mantles + rims. Normalization data are from Sun and McDonough 

(1989). 

 

Figure 6. Trace element patterns in clinopyroxene cores are compared with those from 

recharge bands. Elements have been selected in order to represent different geochemical 

groups: 1) light rare earth elements (LREE; Ce and Eu), 2) heavy rare earth elements (HREE; 

Yb), 3) high field strength elements (HFSE; Zr), and 4) transition elements (TE; Cr and V). 

The Eu anomaly has been calculated as Eu/Eu* = EuN / (SmN   GdN)0.5, where the subscript 

N indicates element concentrations normalized to the chondrite analysis reported in Sun and 

McDonough (1989). 

 

Figure 7. P and T histograms obtained by clinopyroxene-based barometric and thermometric 

calculations performed by equilibrating clinopyroxene core and bulk rock compositions as 

described in Palummo et al. (2020).  

 

Figure 8. Trace element patterns in clinopyroxene mantles + rims are compared with those 

from recharge bands. Elements have been selected in order to represent different geochemical 

groups: 1) light rare earth elements (LREE; Ce and Eu), 2) heavy rare earth elements (HREE; 

Yb), 3) high field strength elements (HFSE; Zr), and 4) transition elements (TE; Cr and V). 
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The Eu anomaly has been calculated as Eu/Eu* = EuN / (SmN   GdN)0.5, where the subscript 

N indicates element concentrations normalized to the chondrite analysis reported in Sun and 

McDonough (1989). 

 

Figure 9. Grey value diffusion profiles of two representative clinopyroxene crystals from 

shoshonite and rhyolite products (a). The diffusion profiles were calculated inside the blue area 

in the red box of the associated back-scattered electron (BSE) microphotograph. The analytical 

data set was modelled using the NIDIS code of Petrone et al. (2016) to quantify the time (Δt) 

elapsed between recharge band and the onset of eruption. Summary of all the time scales 

estimated through the application of NIDIS to clinopyroxene phenocrysts (b). Error bars 

represent minimum and maximum Δt uncertainties from NIDIS modeling. 

 

Figure 10. Cr/Yb ratios measured for clinopyroxene cores, recharge bands, and mantles + rims 

are comparatively displayed in order to place constraints on the recharge processes and mixing 

dynamics governing the evolutionary history of magmas (a). Working model for the extended 

plumbing system at Vulcano Island and the dynamic growth of clinopyroxene from magmas 

exploring continuous physico-chemical changes due to the presence of interconnected 

reservoirs (b). Results from calculations based on the partitioning model of Mollo et al. (2018, 

2020b) (c). The estimated values of La and Yb partitioning were used to invert the 

concentrations of REE in the melts from clinopyroxene cores and recharge bands. Different 

compositional vectors (i.e., colored arrows) represent the putative REE contents of end-

member magmas in equilibrium with the more homogeneous clinopyroxene cores. The grey 

dashed symbols represent the putative REE contents of magmatic injections recorded by the 

more heterogeneous recharge bands. 
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Figure 10 

 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.lithos.2021.106517. 
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Conclusions 

During the last decades, technological and methodological improvements have 

supported the progresses of geochemistry and petrology, as well as our knowledge about 

magma chamber processes. The picture emerging from these new considerations is consistent 

with a dynamic concept of interconnected ponding zones forming a plumbing system that 

extends vertically through the crust. This system is characterized by a multi-faceted geometry 

and comprises melt, crystals, and dissolved/exsolved volatiles that are heterogeneously 

distributed in space and time. This is accompanied by an increased knowledge on what 

petrology can provide about the determination of the intensive variables and timescales of 

processes governing the magmatic evolution. 

In this PhD study, I have reconstructed the physico-chemical conditions driving the 

crystallization path of magmas erupted at Vulcano Island over a period of time from 54 to 8 

ka. Mineral-melt equilibrium and thermodynamic models show that olivine appears as liquidus 

phase in mafic magmas, preferentially at high P and high melt-H2O contents. Afterwards, the 

melt is cosaturated with clinopyroxene and, lastly, plagioclase. As the composition of magma 

evolves from basalt to rhyolite, the crystallization of clinopyroxene takes place at decreasing 

P and T conditions, delineating very well the presence of polybaric-polythermal magmatic 

reservoirs within the plumbing system. H2O saturation in shallower magmatic reservoirs is a 

combined effect of magma uprising and late stage crystallization of anhydrous minerals. 

Titanomagnetite equilibrates with progressively more oxidized melts as the magma 

composition evolves. Mass balance calculations and major/trace element modeling indicate 

that basaltic to trachytic magmas are prevalently controlled by fractional crystallization 

processes and a variable degree of assimilation of crustal rocks. Conversely, rhyolitic and 

highly differentiated trachytic magmas are generated by extraction of interstitial melts from 

silicic mush zones.  
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Chemically zoned clinopyroxene phenocrysts cluster at different degrees of evolution. 

On the basis of textural and compositional changes, five distinct populations of clinopyroxene 

have been recognized (homogeneous crystals, core/resorbed cores, recharge bands, mottled 

crystals, and sector-zoned crystals). The hotter, lower crust is the most favorable location for 

the crystallization of diopsidic clinopyroxene cores. The compositional change of 

clinopyroxene proceeds from diopside-augite to augite, following the differentiation of basalts 

towards more differentiated melts residing in the upper crust. Augitic phenocrysts crystallize 

from highly differentiated trachytic and rhyolitic melts stored at very shallow crustal 

conditions. Recharge bands in clinopyroxene are markers of mafic, high-T magma injections 

into the shallow reservoirs, whereas resorbed cores are caused by partial dissolution and 

recrystallization via injections of hotter recharge melts. The number of chemical 

heterogeneities in clinopyroxene increases in trachytes and rhyolites. Fe-Mg diffusion 

chronology indicates that the residence time of clinopyroxene increases from ∼0.1 to ∼44 years 

from basalt to rhyolite, together with an increasing number of recharge bands. Protracted 

residence times are consistent with the tendency for clinopyroxene to remain suspended in 

more silicic and viscous melts extracted from shallow crystal-rich regions. Overall, the 

compositional zoning pattern of clinopyroxene presents a picture of plumbing system that 

characterized by distributions of melts and crystals which are progressively more evolved and 

heterogeneous in both space and time. 
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