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INTRODUCTION 

 

Volcanic eruptions are triggered by magmatic processes occurring in subvolcanic plumbing 

systems, thus a better understanding of magma evolution rates and processes has implications for 

volcanic hazard forecasting (Blundy and Cashman, 2008; Saunders et al., 2012a; Kahl et al., 2013; 

Cashman and Giordano, 2014; Petrone et al., 2016; Sparks and Cashman, 2017; Astbury et al., 

2018, Cooper, 2019). Petrology has long been used to study the evolution of magmatic systems. 

Over the past few decades, petrologic techniques have been increasingly applied to questions of 

pre-eruption magma storage, particularly those that may lead to eruptions (e.g. Cashman and 

Sparks, 2013). Combined mineralogical, textural and compositional characterization of rocks 

provides direct critical information for understanding differentiation processes in magmatic systems 

(e.g., Streck, 2008). Geochemical analysis of igneous rocks and their constituent minerals 

represents a powerful tool to investigate magma chamber processes and their timescales. A first-

order observation relates to the complex growth histories and diverse origins of minerals. 

Importantly, widespread disequilibrium textures and diverse crystal compositions can record mixing 

of different magmas, disruption of mush, entrainment of refractory plutonic materials, and 

xenocrysts incorporated from surrounding country rock (e.g. Davidson et al., 2007). Many 

petrological and geochemical characteristics of volcanic products have been explained by processes 

within a magma chamber that as itself is at least transiently connected to a magma supply at depth. 

For example, replenishment by new magmas is widely postulated to trigger eruptions and explain 

various petrological characteristics of volcanic materials (Sparks and Cashman, 2017 and reference 

therein). Nowadays, the role of magma mingling/mixing as a mechanism for triggering volcanic 

eruptions is well known (Sparks et al. 1977; Folch and Martì 1998; Don Snyder 2000; Druitt et al. 

2012). The presence of mafic enclaves showing isotopic/textural disequilibrium with the host 

intermediate/evolved lava in volcanic deposits from different tectonic settings provides strong 



support to this model (Bacon 1986; Leonard et al. 2002; Martin et al. 2006; Zellmer and Turner 

2007; Andrews and Manga 2014). However, the petrogenetic relationship between mafic enclaves 

and their host lavas as well as the specific role of these ―mafic inclusions‖ in triggering an eruption 

still remains unclear.  

Analyses of whole-rocks, melt inclusions, residual glass matrix, and the isotopic composition of 

separated minerals and matrix allow the reconstruction of the pre-eruptive condition of the magma 

chamber and the definition of syn-eruptive mixing processes and their relationship with eruption 

dynamics (e.g. Sigurdsson, 2000). In this context, analysis of textures and chemical zoning in 

minerals is one of the most efficient tools aiming at the investigation of such kinds of plumbing 

system dynamics (e.g. Humphreys et al., 2006; Morgan and Blake, 2006; Davidson et al., 2007; 

Ginibre et al., 2007; Streck, 2008). Minerals can be highly sensitive to gradual or sudden changes in 

the volcanic system, and, for this reason, they are employed as archives of magmatic processes. As 

minerals respond texturally and compositionally to changing magmatic environments, they preserve 

in crystal growth stratigraphy a wealth of information regarding their past history of magmatic 

processes and compositions (e.g. Ginibre et al. 2007). In fact, since the mineral composition in a 

magma depends on crystallization conditions, crystals preserve evidence of parameters (e.g. 

pressure, temperature, oxygen fugacity and volatile content) of the environments where they 

formed. Thus, associating a set of conditions to a magmatic environment, it is possible to 

investigate the temporal change of magmatic environments over the lifetime of the crystal, from 

initial nucleation to final quenching upon eruption. In particular, investigations of mineral textures 

and zoning as evidence for open system processes during magmatic evolution have always been a 

centerpiece of petrological studies and have provided some of the best evidence for magma mixing 

and crustal contamination for many decades (e.g., Milch 1905; Kuno 1936; Eichelberger 1975; 

Anderson, 1984; Streck, 2008). In recent years, mineral studies are invigorated by the development 

of high-precision, high-resolution analytical instruments and techniques through which textural 

information and compositional data are combined (e.g., Ginibre et al. 2007; Jerram and Davidson 



2007). Mineral microanalysis consists of high-precision, high spatial resolution analysis of major 

and trace elements of chemically zoned minerals and represents a powerful tool for investigating the 

magma chamber processes that preceded explosive eruptions of variable energy and their 

timescales. In fact, compositional data on various portions of chemically heterogeneous minerals 

have provided information both on pre-eruptive processes such as magma rising, recharge of a 

reservoir, differentiation and mingling/mixing or on the time the magma spent in the plumbing 

system before an eruption (residence time) and even on the timescales over which the processes that 

created the zoning occurred (e.g.Zellmer et al., 1999,2003; Costa and Chakraborty, 2004; 

Humphreys et al., 2006; Turner and Costa, 2007; Charlier et al., 2005; Alves et al., 2009; Kahl et 

al., 2011, 2013,2015,2017;Chamberlain et al., 2014; Ubide et al., 2015, 2019; Ubide and Kamber, 

2018; Astbury et al., 2018, Cooper, 2019). 

Estimating the timescales of magmatic processes is crucial for volcanic hazard assessment and risk 

mitigation at active volcanoes. In particular, for a dormant, though active and restless volcano, an 

estimate of the time required for magma to become eruptible, either by coalescence of separate 

shallow batches or mixing caused by deeper magma recharge, is of paramount importance (e.g. 

Iovine et al., 2017a).  

Examples of such volcanoes, which are the subject of this thesis, are the Neapolitan volcanoes, in 

south Italy. The Neapolitan area, including the city of Naples, has a population of about four million 

people and has been growing over the past few millennia around, above and within three active 

volcanoes: Somma-Vesuvius, Campi Flegrei and Ischia (e.g. Orsi et al., 2003). Therefore, this area 

is prone to severe volcanic hazards if renewal of volcanism occurs at any of the three active 

volcanoes. In particular, this thesis focuses on two different size eruptions occurred at Campi 

Flegrei caldera (CFc) and Ischia island.  

The CFc is the result of two highly explosive volcanic episodes (Campanian Ignimbrite: ca. 40 ka; 

Giaccio et al., 2017 and reference therein; Neapolitan Yellow Tuff: ca 15 ka; Deino et al., 2004) 



associated with minor eruptions from monogenic vents. Recently, explosive activity has been 

recognized between the Campanian Ignimbrite and Neapolitan Yellow Tuff (Masseria del Monte 

Tuff: 29 ± 0.7 ka; Albert et al., 2019).  Explosive eruptions of the past 15 ka have been grouped into 

three size classes: low-, medium- and high-magnitude events (Orsi et al. 2004, 2007). Violent 

Strombolian, sub-Plinian and Plinian type eruptions correspond to the defined low-, medium-, and 

high-magnitude size classes. The CFc is currently in a persistent state of activity, as testified by the 

last eruption of Monte Nuovo, the recent unrest episodes, and the intense fumarolic activity (Orsi et 

al. 2004 and references therein). This current state of activity and the explosive character of the 

system make the potential for volcanic hazards very high. The expected resuming of explosive 

activity joined to the high population density makes the Campi Flegrei caldera one of the most 

hazardous and vulnerable volcanic areas on Earth (Orsi et al., 2004, 2009; Bevilacqua et al., 2015; 

Mastrolorenzo et al., 2017). 

Ischia is an active volcanic island located in the Neapolitan area (south Italy) and is part of the 

Phlegraean Volcanic District (PVD) with the Campi Flegrei caldera and the Procida islet. Due to the 

mainly explosive character of its recent volcanism and the large population living or at least 

spending holidays at Ischia, the risk is extremely high. Currently, although expected to resume 

explosive activity in the next future, Ischia is the only active volcano in the Neapolitan area that still 

lacks a risk mitigation plan. Nevertheless, due to the large number of eruptive episodes (at least 47), 

the change in chemical and isotopic composition of magma with respect to the previous periods of 

activity (Civetta et al. 1991; Casalini et al. 2017), the concomitance of resurgence and explosive 

activity (e.g. de Vita et al. 2006), the last 10 ka is the reference time window for probabilistic 

volcanic hazard assessment (Selva et al. 2019).  

Therefore, improving the knowledge of recent and different size complex volcanic events in the 

PVD could help refining the hazard framework for this area, supplying more information for risk 

mitigation. 



Several attempts at assessing timescales of pre-eruptive processes for the PVD volcanic activity 

have been made through different approaches. Estimates of timescales of magma differentiation, 

transfer, recharge, accumulation and mixing have been obtained through isotope analyses (Arienzo 

et al., 2011), zircon geochronology (Gebauer et al., 2014; Wu et al., 2015), diffusion chronometry 

(Iovine et al., 2017a) and experimental petrology (Perugini et al., 2015). Timescale information 

based on textural analysis (e.g. Crystal Size Distribution – CSD - Piochi et al., 2005; Mastrolorenzo 

and Pappalardo, 2006; Pappalardo and Mastrolorenzo, 2012; Arzilli et al., 2016), historical, 

archaeological, geological and long-term geodetic record (Di Vito et al., 2016 and reference 

therein), numerical simulations (Montagna et al., 2015) and crystals growth rates (Astbury et al., 

2018) have been already acquired. However, a precise reconstruction of pre-eruptive magma 

dynamics controlling the onset, evolution and magnitude of eruptions is still far from being attained. 

Moreover, mineral microanalysis on zoned crystals aimed at investigating chemical and physical 

changes of the Campi Flegrei and Ischia magmas is uncommon.    

In this thesis, the volcanic products of two different size eruptions occurred in recent volcanic 

activity of the Phlegraean District have been investigated. The proposed case studies are the Plinian 

Agnano-Monte Spina (A-MS) eruption, at Campi Flegrei caldera, and the low-magnitude mainly 

effusive Zaro eruption, at Ischia island. This thesis presents a detailed study of the mineralogy and 

geochemistry of the A-MS and Zaro volcanic products, including petrographic observations, major 

and trace element compositions, mineral microanalysis on clinopyroxene crystals and Sr and Nd 

isotope ratio determinations, with the aim to understand the main pre-eruptive processes and 

timescale of magma storage in the plumbing system before the eruptions.  

The A-MS eruption (4482-4625 cal. years BP; Smith et al., 2011) was the highest magnitude event 

occurring over the last 5 ka of the Campi Flegrei caldera volcanic history and it was characterized 

by complex eruptive dynamics with alternating plinian/subplinian purely magmatic and 

phreatomagmatic activity (Dellino et al., 2004). Furthermore, it can be considered as the the 



reference event for a future large-scale explosive eruption in the case of renewal of volcanism in 

short- to mid-terms at Campi Flegrei (Orsi et al., 2002). Previous studies (e.g. de Vita et al., 1999; 

Arienzo et al., 2010) established that the A-MS eruption was fed by two isotopically and chemically 

distinct magmas that mixed prior/during the eruption.  

The Zaro eruption occurred less than 7 ka at Ischia (Vezzoli et al., 2009), when the island was 

already inhabited by Neolithic people, as testified by the findings of archaeological artefacts dated 

to the 4
th

 millennium B.C. (Buchner, 1969). The eruption was characterized by an earlier, short 

explosive phase (Sbrana et al., 2011, 2018) and a later effusive phase that emplaced a 1 km long 

lava complex extruded from a NE–SW-striking eruptive fissure in the north-western part of the 

island (Vezzoli et al., 2009). Therefore, notwithstanding the relatively low energy, the mixed 

explosive-effusive character and the seismic activity that presumably accompanied the eruption 

might have caused casualties in the population of the age and damages to their settlements. 

Interestingly, the products of the Zaro eruption are characterized by enclaves of mafic to felsic 

composition in a main felsic lava body, that suggest refilling of a preexisting magma reservoir and 

mingling/mixing processes occurred prior to the eruption. For both A-MS and Zaro eruptions, the 

chemical and isotopic compositions of whole rocks and minerals suggest the injection of mafic 

magmas in evolved reservoirs. In addition to the chemical and isotopic variability, the investigation 

of the complex zoning patterns of the A-MS and Zaro clinopyroxene crystals, carried out through 

mineral microanalysis, corroborates such hypothesis. Particularly, the measured zoning patterns of 

Fe–Mg and selected minor elements (e.g. Al, Ti) often consist of two or more compositional plateau 

with both sharp and/or slightly diffuse boundaries between them. The plateau composition has been 

interpreted to represent the growth of clinopyroxene under a constant set of intensive 

thermodynamic variables as pressure, temperature, composition, fugacity of volatile species, each 

characterizing a single magmatic environment. A systematic characterization of the chemical 

information recorded in such zoning patterns, performed through the quantification and the nature 



of connectivities among different magmatic environments, allowed to reconstruct the evolutionary 

history of crystals and to precisely recognize the magmatic components involved in the 

mixing/mingling processes occurred in the A-MS and Zaro plumbing systems. 

The study of diffusive modifications detected in the chemical compositions of zoned minerals 

allows deciphering processes which create complex compositional relationship found in hybrid 

rocks and their minerals. The application of modeling of the kinetic modifications (diffusion 

modeling) can help to constrain the timescales of the several magmatic processes that are 

potentially able to lead to an eruption.  

Therefore, after recognizing the number and the frequency of occurrence of magmatic environments 

in the whole A-MS and Zaro clinopyroxene compositional set, their connections were quantified in 

order to reconstruct the evolutionary history of crystals. Finally, diffusion modeling of the zoning 

patterns in clinopyroxene was used to constrain timescales of the processes that were identified 

from the previous analysis. 

The whole dataset supports the injection of mafic magmas into reservoirs containing magma(s) of 

evolved composition that preceded the eruptions in monthly to decadal time span. This information 

is of crucial importance for volcanic hazard assessment in case of renewed volcanic activity and can 

be connected to monitoring data. In fact, the magmatic processes occurring in Campi Flegrei and 

Ischia deep reservoirs could have effects on the shallow magmatic and hydrothermal systems (e.g. 

Moretti et al., 2018) where the processes (e.g. fluid migration at shallow depths or sills/dykes 

intrusions; D‘Auria et al., 2011; Woo and Kilburn, 2010) leading to ground deformation and 

seismicity take place. 

 

 

 



1. MAGMATIC SYSTEMS AND MAGMATIC PROCESSES LEADING TO 

ERUPTIONS 

 

The core questions of volcanology focus on how volcanoes work, that are, how magma forms and 

moves to the surface, and how the specific properties of the magma, and the lithosphere through 

which it moves, control eruptive activity. A critical control on eruption style is the pre-eruptive 

history of shallow magma storage in magma chambers (Cashmann and Sparks, 2013). The 

magmatic architecture and physicochemical processes inside volcanoes influence the style and 

timescale of eruptions (e.g. Cooper, 2019). A long-standing challenge in volcanology is to establish 

the rates and depths of magma storage and the events that trigger eruption. Magma feeder systems 

are remarkably crystal-rich, and the growth stratigraphy (the chemical sequence recorded in the 

zoning pattern during growth) of minerals sampled by erupted magmas can reveal a wealth of 

information on pre-eruptive processes (e.g. Ginibre et al., 2007; Streck, 2008; Kahl et al., 2011, 

2013,2015; Ubide et al., 2015; Ubide and Kamber, 2018). Detailed textural and chemical data 

acquired on volcanic products and their minerals allow the investigation of the plumbing system 

prior to the onset of activity (e.g. Ubide et al., 2019).  

1.1 Transcrustal magmatic system: magma reservoirs and magma chambers 

 

Magma systems that supply volcanoes can extend throughout the crust and consist of mush (melt 

within a crystalline framework; Fig. 1) together with ephemeral magma accumulations.  



 

Fig. 1 Diagram depicting physical and rheological properties of major domains within magmatic systems (from Spark et al., 2019). 

 

Within a crystal-rich mush, slow processes of melt segregation and heat loss alternate with fast 

processes of destabilization and magma transport. Within an active magmatic system, there can be 

multiple regions of mush and magma at different levels (Fig. 2; Sparks and Cashman, 2017).  



 

Fig. 2 Depiction of a thermally mature transcrustal magmatic system, where melt processing in a volumetrically dominant mush 

domain leads to the formation of multiple magma chambers in the middle and upper crust (from Spark et al., 2019). 

The term ―magma reservoir‖ was originally synonymous with the term ―magma chamber‖, but it is 

increasingly used to describe the entire transcrustal magmatic system (Sparks and Cashman, 2017). 

A magma reservoir may be defined as a region of partially or wholly molten rock with varying 

proportions of melt, crystals and exsolved volatiles (Bachmann & Bergantz, 2008). The knowledge 

of magma reservoirs is based on a range of experimental, observational and theoretical approaches. 

The study of magma reservoirs has wide implications not only for understanding geothermal and 



magmatic systems, but also for natural oil and gas reservoirs and for ore deposit formation 

(Edmonds et al., 2019). Magma chambers are regions of magma embedded within mush and, 

commonly, fully solidified plutons (Sparks and Cashman, 2017). Magma chambers can supply 

volcanic eruptions. Phenomena associated with volcanic unrest and eruptions, such as shallow 

earthquakes, ground deformation and gas emissions can be attributed to the internal processes 

within a magma chamber (Fig. 3).  

 

Fig. 3 Depiction of a classic magma chamber beneath a volcano in which the chamber is envisaged as a melt-dominated body 

recharged from below by new magma from depth and supplying volcanic eruptions (from Spark et al., 2019). 

 

 

1.2 Magmatic processes 

 



Within transcrustal magma systems, three types of igneous processes can be distinguished: vertical 

(upward) transport of magma; stalling in the crust (intrusion); internal (super-solidus) magma and 

mush processes (e.g. Sparks and Cashman, 2017). Vertical magma transport, which can occur by 

means of fast or slow mechanisms, consists of flow of magma and magmatic fluids along fractures 

and can be manifested in active volcanic systems as earthquakes, tremor and deformation. 

Interruption of magma ascent is necessary to form igneous intrusions and magma chambers. The 

geometry and location of magma accumulation depends on geological structures, strain, strain rate, 

causative stress systems and rheological properties (Menand, 2008). Once a magma chamber has 

formed, it determines both the nature of magmas that can erupt and the fate of new melt inputs. 

Internal magma and mush processes refer to igneous processes occurring in magma reservoirs. 

Processes active within central (and open) magma chambers can be complex, including magma 

compositional stratification, disruption of cumulates, assimilation of wall rock and 

mingling/mixing. When magma reaches crustal reservoirs it can change its chemical composition 

through different routes. The whole gamut of mechanisms for differentiation has been referred to as 

the FARM process (Grove and Brown, 2018), which stands for Fractional crystallization, 

Assimilation, Replenishment and magma Mixing (Fig. 4). 



 

Fig. 4 Schematic sketch showing various magma chamber processes (not to scale; modified after Troll, 2001). 

 

 Magma body may cool through inward solidification, generating a progressive layering (from 

mafic to more evolved bulk compositions) by efficient separation of crystals from the remaining 

liquid (Wager et al., 1960; Marsh, 1989; Naslund and McBirney, 1996). There is no doubt 

whatsoever that chemical differentiation in igneous systems results from the physical separation of 

crystals and melt. Numerous mass balance calculations involving reasonable solid phases and 

derived melts show the great feasibility of crystal fractionation as a means of efficient chemical 

differentiation (Sigurdsson et al., 2000). While a simple fractional crystallization process, consisting 

of a mechanical separation of mineral phases (cumulitic assemblage) from a melt (residue liquid), is 

a closed-system process, the others processes occur in open-system conditions. However, fractional 

crystallization can be combined with one or more open-system processes (AFC: Assimilation and 

Fractional Crystallization, RAFC: Recharge, Assimilation and Fractional Crystallization etc.). Other 



mechanisms for magma differentiation concern expulsion of melt from the mush pile during 

compaction (McKenzie, 1985) or gas-driven filter pressing (Sisson and Bacon, 1999) and may be 

enhanced by partial melting of the mush during recharge by hotter magmas (Bachmann  and 

Bergantz, 2006; Ruprecht et al., 2008; Huber et al., 2011). These processes can be responsible for 

the activation of eruptions. Several studies have proposed that magma reservoirs crystallized to near 

rigid crystal-mush can be partially remelted by diffusion of hot fluids and some volcanic eruptions 

have been interpreted as induced by this mechanism (e.g., Couch et al., 2001). Moreover, recent 

studies outlined that remelting can occur without a significant increase of the magma temperature, 

but simply by diffusion of H2O by the magmatic gases feeding the system (Triglia et al., 2008). 

Assimilation refers to processes in which magma reacts with country rocks. Crustal assimilation is 

inextricably linked to the fractional crystallization: an important source of heat for melting wallrock 

is the latent heat of crystallization (resulting in cumulate formation; e.g. Taylor et al., 1979; Spera 

and Bohrson, 2001). Magma recharge events and subsequent mixing/mingling have been widely 

recognized in different tectonic setting. Nowadays, evidence of magma recharge (intrusion of new 

magma into a preexisting magma chamber) is commonplace and this process is considered able to 

trigger volcanic eruption. During/after replenishment by a new magma influx, a process of 

interaction between magmas can occur. It has become an accepted practice to apply the term 

magma mingling to indicate the process of acting to disperse physically (no chemical exchanges are 

involved) one or more magmas within a host magma, whereas the term magma mixing indicates 

that the mingling process is also accompanied by chemical exchanges (e.g. Flinders and Clemens, 

1996). Rocks formed by mingling of magmas retaining their contrasting identity are evident on 

scales ranging from a thin section to large outcrops. After mingling, magmas may become mixed on 

an atomic scale by diffusion, if sufficient time and thermal energy are available, forming an 

essentially homogeneous melt. Magma mixing processes can occur potentially in any geological 

environment, from deep crustal magma chambers to volcanic conduits (Perugini and Poli, 2012).  

Homogenization and equilibration of crystals from the two batches of magma take a longer time.  



Hybridizing magmas can be derived from different sources, such as basaltic magma from the upper 

mantle and silicic magma from the deep continental crust, or they may have a common parent 

magma but have followed different evolutionary tracks (Best, 2003), so differing by as little as a 

few weight percentages in major elements. Compositionally dissimilar magmas are usually also 

dissimilar in temperature and physical properties, particularly viscosity. Such contrasts are involved 

in many mechanisms of hybridization. It has been widely documented that magmas can mix 

efficiently only when their rheology is similar (e.g. Sparks and Marshall, 1986; Bateman, 1995). 

1.3 Mixing processes as eruption trigger 

 

There are many possible mechanisms of triggering explosive volcanic eruptions, most of which 

involve factors which ultimately lead to supersaturation of the melt with respect to volatiles. The 

eruption trigger may take place in response to a tipping point caused by the long-term processes of 

fractionation, settling, compaction, reactive flow and second boiling (Tait et al., 1989); or it may be 

due to recharge of the reservoir by mafic magmas from the lower parts of the crust, or from the 

mantle (e.g. Edmonds et al., 2010; Ruprecht and Bachmann, 2010; Bergantz et al., 2015). The 

instabilities generated from the interaction of chemically and thermally different magmas may give 

rise to scenarios whereby the reservoir may re-organize (Christopher et al., 2015) or overturn 

(Ruprecht et al., 2008; Woods and Cowan, 2009) on short timescales prior to, or during, eruption. A 

typical scenario is that of a primitive, hot magma rising from depth and intercepting on its way 

upwards an already established, more evolved batch of stalling magma.  



 

Fig. 5 a) Cartoon showing the flow and mixing of two magmas during their rise (from Blake and Campbell, 1986)  b) Conceptual 

model for main control of effusive-explosive transition of volcanic eruptions (from Ruprecht and Bachmann, 2010). 

Indeed, the two magmas typically can differ also in terms of volatile content. Such general scenario 

can have a variety of declinations: depending on the specific setting and physicochemical 

characteristics of the magmatic mixtures involved, on the timescales of the process and on the 

thermal conditions of the magmatic system, the two magmas can interact on a purely physical basis, 

so that a mingling (mechanical mixing) process occurs, or they can experience a chemical 

exchange, by which their original compositions are modified. Hence, the intrusion of mafic magma 

into a more evolved magma chamber has been recognized as one of the main processes responsible 

for triggering of highly explosive volcanic eruptions (Sparks et al. 1977; Folch and Martì 1998; 

Don Snyder 2000; Murphy et al., 2000; Leonard et al., 2002; Druitt et al. 2012). Injection of the 

more mafic magma into the felsic magma triggers convection dynamics and widespread mixing 

(Sparks et al., 1977). This process increases the volumetric stress in the chamber and may drive 

volatile transfer from the mafic to the felsic magma which, when coupled to the additional thermal 

input from the mafic magma, destabilizes the magmatic system and triggers rapid volatile 

exsolution and eruption (Kent et al., 2010; Mariño et al., 2017). Vesiculation induced by convection 

increases magma pressure and may fracture the volcanic edifice triggering an explosive eruption. 



Moreover, recently new mechanisms to explain how this magmatic interaction at depth triggered 

rapid heterogeneous bubble nucleation and growth and could have enhanced eruption explosivity 

have been proposed (e.g. Mariño et al., 2017). The most violent and catastrophic volcanic eruptions 

on Earth have been triggered by the refilling of a felsic volcanic magma chamber by a hottest and 

more mafic magma (Murphy et al., 1998; Kent et al., 2010). Examples include Vesuvius 79 AD 

(Cioni et al., 1995), Krakatau 1883 (Self, 1992), Pinatubo 1991 (Kress, 1997), the Campanian 

Ignimbrite (Arienzo et al., 2009) and Eyjafjallajökull 2010 (Sigmundsson et al., 2010). Since 

magma mixing/mingling can be a key process during highly explosive eruptions, this has 

implications for hazard assessment for those volcanoes in which evidence of these processes exists. 

The hypotheses of a mixing/mingling process, due to input of new mafic magma into a more 

evolved magma chamber, able to destabilize the magmatic system and trigger the Agnano-Monte 

Spina and the Zaro eruptions lays the groundwork of the thesis. For both case studies evidences of 

mixing/mingling have relatively been investigated in previous works (Di Girolamo et al., 1995, de 

Vita et al., 1999; Arienzo et al., 2010, Moretti et al., 2019).  

 

1.4 Evidence of mixing 

 

1.4.1 Textural evidence: flow structures, banded pumices, magmatic enclaves 

 

Evidence for mixing of distinct magmas is observed macroscopically and also at the crystal-scale 

with phenocryst heterogeneities and zoning (Eichelberger, 1980). Magma mixing processes can 

generate products with visible different structural features (texture, mineralogy, abundance of 

mineral phases etc.). If, in the initially stages of mixing, the magma were erupted, then we might 

expect to find rocks that show a "marble cake" appearance, with dark mafic rock intermingled with 

lighter colored sialic rock. From a structural point of view, several kinds of products can be 

recognized. For example, flow structures (Fig. 6) can be formed: the term refers to portions of a 



magma having a wide spatial continuity dispersed within a compositionally different host magma. 

Generally, these structures can be readily recognized in field outcrops as they show alternating light 

and dark colored bands constituted by magmas with different compositions (Perugini and Poli, 2012 

and reference therein; Morgavi et al., 2017). Flow structures generated by interaction occur in lava 

flows outcropping on the island of Lesbos (North-Eastern Greece; Perugini et al., 2003), on the 

island of Salina and Vulcano (Aeolian islands, Southern Italy; Perugini et al., 2003), at Grizzly 

Lake (Yellowstone National Park; USA; Morgavi et al., 2016) and at Soufrière Hills volcano 

(Island of Montserrat, UK; Plail et al. 2014).  

 

Fig. 6 Magma mixing structures in lava flows from the island of Lesbos. The dark flow structures consist of B magmas dispersed 

through light colored A magmas (from Perugini et al., 2003) 

Similarly, another evidence of mixing is the occurrence, in some deposits of explosive eruptions, of 

the so-called banded pumices (Fig. 7). The bands in banded pumice are commonly of either silicic 



or mafic end-member composition, but a complete series of hybrid bands can also occur 

(Macdonald and Katsura, 1965).  

 

Fig. 7 Banded pumice from Lassen Peak shows fluid mixing of andesite and dacite magmas shortly before eruption. Scale at the base 

of photograph is in centimeter (from Andrews and Manga, 2014). 

Freudt and Tait (1986) proposed, based on their experimental set-up, a model of banded pumice 

formation, in which mafic clasts represent uncontaminated inner portions of the central flow while 

banded pumice is formed at the margins by shear mixing with the silicic magma entrained into the  

central flow. However, banded texture is only preserved for a limited time, and eventually a 

homogeneous hydrid is formed (Kouchi and Sunagawa, 1985). Rapid hybridization may account for 

the formation of hybrid bands in banded pumice where viscosity and temperature contrasts were 

small (Andrews and Manga, 2014).  

1.4.1.1 Magmatic enclaves 

 

The structural evidence that probably, according to common thinking, mostly characterizes magma 

mixing processes is the occurrence of magmatic enclaves (Fig. 8): the term is used to identify a 



discrete portion of a magma occurring within a host magma with a different composition (e.g., 

Wilcox, 1944; Bacon, 1986, Didier and Barbarin, 1991).  

 

Fig. 8 Mafic enclaves (dark) in rhyodacite host lava from Chaos Crags Dome C record brittle mixing of two magmas (from Andrews 

and Manga, 2014). 

 

These solidified ‗blobs‘ of injected magma are evidence of magma mixing, but the petrological and 

mechanical conditions during their formation are debated. Generally, enclaves display quite sharp 

contacts with the host rock, although it is not rare to observe that some enclaves display engulfment 

and disruption of their boundaries due to infiltration of the host magma (Morgavi et al., 2017). It is 

a common belief that magmatic enclaves represent regions where chemical exchange is less 

efficient (e.g. Poli and Perugini, 2012). Hence, they can play a crucial role as messengers of the 

initial composition of the mafic magma(s) that took part in the mixing process. However, as time 

passes  during mixing, enclaves loose progressively their initial composition because: i) in the long 



term, chemical diffusion can represent a process that may alter their composition, in particular along 

the boundaries; ii) crystals belonging to the host magma are frequently observed within enclaves.   

Enclave characteristics such as their physical appearance, petrographic texture, vesicularity, bulk 

composition, mineral heterogeneities, and groundmass textures can help constrain the magmatic 

properties during mixing. The physical properties of enclaves such as shape and size distributions 

provide evidence for mixing styles, or degree of mixing (Turner and Campbell, 1986; Ventura et al., 

2006; Paterson et al., 2004). Enclave abundance provides insight into the volume of recharge 

magma present or able to mix with the host magma (Barclay et al., 2010). Enclaves that are 

compositionally and mineralogically similar to their respective host lavas suggest that variations in 

viscosity to form the enclaves must be driven by temperature, density, or crystallinity differences 

rather than compositional contrasts. 

Textural evidence and petrologic analysis of chemical zoning within individual crystals assist in 

understanding whether crystal exchange occurred during mixing (Eichelberger, 1980; Tepley et al., 

1999; Kent et al., 2010). The presence of enclaves either signifies mingling between the intruded 

and host magmas with no crystal exchange or represents partially mixed magma that did not reach 

complete hybridization. Therefore, investigating whether crystal exchange occurred between the 

host and intruding magmas to produce enclaves at Zaro lava complex is one of the purposes of this 

study. In cases where mechanical mixing dominates with little to no crystal exchange, the processes 

of enclave formation can be further distinguished according to whether the enclave magma cooled 

and crystallized before or after being entrained within the host magma (Marsh, 1981; Coombs et al., 

2000). Essentially, enclave quenching is related to changes in temperature between the intruding 

magma and the preexisting magma. Enclave cooling may occur at the interface between a cooled 

host magma or country rock within a conduit or when the enclave cools once entrained within the 

host magma. Additionally, the intruding magma may cool in response to decompression-induced 

crystallization during rapid ascent from recharge events (Mollo and Hammer, 2017). Exsolved 



volatiles during crystallization may also play an important role in enclave formation, as bubbles 

may increase the viscosity while simultaneously decreasing the density of the intruding magma 

(Coombs et al., 2000; Browne et al., 2006). Textural indicators for enclave cooling, either after 

entrainment and dispersal within the host magma or prior to incorporation within the host magma, 

include degree of vesicularity, abundance of phenocrysts (>450 μm), groundmass crystals (450-200 

μm), and microlites (<200 μm), presence of quenched margins, quenched glass, and signs of 

undercooling within the groundmass crystals and microlites. Therefore, not only the chemical 

identity and rheology of the intruding and host magmas is essential in deciphering enclave 

formation, but detailed analyses to determine timing of enclave cooling are also necessary. 

The presence of mafic enclaves showing isotopic/textural disequilibrium with the host 

intermediate/evolved lava from different tectonic settings, provides strong support to processes of 

replenishment and subsequent mingling/mixing prior to the eruption (Bacon 1986; Leonard et al. 

2002; Martin et al. 2006; Zellmer and Turner 2007; Andrews and Manga, 2014). There are several 

known examples worldwide of felsic volcanic rocks characterized by the occurrence of mafic 

enclaves. They include but aren‘t limited to: Santa Barbara eruption at Sete Cidades volcano, São 

Miguel, Azores (Mariño et al. 2017); Pietre Cotte eruption at Vulcano, South Italy (Perugini et al. 

2007); Kaharoa eruption at the Tarawera Volcanic Complex, New Zealand (Leonard et al. 2002); 

1997-2007 lava flows eruptions at Soufriere Hills, Montserrat (Barclay et al., 2010): 1570–1573, 

1925–1928, 1940–1941 and 1950 eruptions at the Kameni islands, Santorini, Greece (Martin et al. 

2006); the 1991–1995 lava eruptions of Unzen volcano, Japan (Browne et al., 2006); Chaos Crags 

eruption at the Lassen Volcanic National Park, California (Andrews and Manga, 2014). 

1.4.2 Geochemical evidences: chemical and isotopic composition 

 

 Flow structures, banded pumices and magmatic enclaves preserved in the volcanic products 

indicate a process of mixing/mingling presumably frozen at the moment (or shortly before) the 

eruption occurs. Nevertheless, if the interaction process proceeds to the point where any other 



evidence is erased (the physical identity of the two magmas is not preserved), evidence for mixing 

can still be detected in the chemical and/or isotopic composition of the mixed magmas. Combined 

with petrographic investigations and mineral chemistry, chemical and isotopic analyses on volcanic 

rocks have revealed compositional variations at different length scales pointing to a complex 

interplay of fractional crystallization, mixing/mingling and crustal assimilation during the evolution 

of several magmatic systems (e.g., De Paolo, 1979; James, 1982; Wörner et al., 1985; Thirlwall et 

al., 1996; Tepley et al, 1999; Hawkesworth et al., 2000; Maier et al., 2000; Waight et al., 2001; 

Peccerillo et al., 2004; Yang et al., 2004; Arienzo et al., 2009; Freymuth et al., 2015; Morgavi et al., 

2017). In fact, structural and textural features are tightly connected with the modulation of 

geochemical composition of the mixing system. From the geochemical point of view, when two 

chemically different components mix in varying proportions, the chemical compositions of the 

resulting mixtures vary systematically depending on the relative abundances of the end members. It 

is a common belief that magma mixing processes must produce linear trends in inter-elemental 

binary plots for any couple of major or trace elements (Fig. 9; e.g. Fourcade and Allegre, 1981, 

Rollinson, 1993, Schiano et al., 2010). 



 

Fig. 9 Variation diagrams showing major (CaO) element and compatible trace element (Co and V) data for about 700 lavas from 16 

Ecuadorian volcanic centres (from Schiano et al., 2010).  

The mixing process is thus modeled using a simple linear equation relating the mass fraction of 

interacting end-member magmas and element concentrations. In this way, changing melt 

compositions (liquid lines of descent) during crystal-melt fractionation and proportions of two 

mixed magmas can be determined. Nevertheless, in some volcanic complexes the majority of the 

erupted products are chemically rather homogeneous, displaying a dominant composition. Despite 

the roughly homogenous composition, the isotopic features suggest that complex open system 

processes occurred and superposed upon the main fractional crystallization trend. In fact, isotopic 

analyses (e.g., Sr, Nd, Pd, B) have been proven to be an important tool for discriminating between 

closed-system fractional crystallization and open-system magma mixing/mingling or crustal 

contamination (e.g., James, 1982; Knesel et al., 1999; Turner and Foden, 2001). As well as for 

major and trace elements, the isotope compositions of the elements in a suite of binary mixtures 

vary progressively depending on the isotope compositions of the end members and on the 



proportions of mixing. The isotopic composition of two-component mixtures is related to their end 

members by characteristic hyperbolic patterns formed by their isotopic composition (Faure, 1992).  

 

Fig. 10 Modelling of the Sr-Nd isotopic features of some of the Campi Flegrei volcanics of the past 5 ka, by assuming mixing among 

the Astroni 6 (Ast-6)-, Neapolitan Yellow Tuff (NYT)- and Minopoli 2 (Min 2)-like magmatic components. The green, yellow and 

black boxes represent the range of Sr and Nd isotopes of the products erupted during the Astroni 6, Neapolitan Yellow Tuff and the 

Minopoli 2 eruptions, respectively. Symbols inside the plot represent volcanic products belonging to the listed eruptions. The vertical 

error bar is the uncertainty in 143Nd/144Nd determination at the 2r level of confidence; that for 87Sr/86Sr is included in the symbols. 

Modified after Arienzo et al. (2016) 

 

An alternative yet complementary approach is the determination of the isotopic compositions of 

individual mineral grains: the crystal isotope data provide fresh insights into the dynamics of open-

system (e.g. Knesel et al., 1999). Isotopic disequilibrium between minerals and their host rocks 

suggests mixing between chemically and isotopically distinct batches of magma and/or crystal 

cargo from an earlier magmatic phase. In this context, combined with the chemical composition, the 

isotopic analysis of individual crystals belonging to the different lithotypes (chemically different 

enclaves and their host lava) of the Zaro lava complex has been very useful for the interpretation of 



their origin (Pelullo et al., 2020). Moreover, as consistently demonstrated by recent studies 

(Davidson & Tepley, 1997; Waight et al., 2000, 2001; Davidson et al., 2001; Gagnevin et al., 2005), 

isotope heterogeneity at the mineral scale is very common in volcanic and plutonic rocks of varied 

compositions. This allows for open-system processes to be identified and quantified in terms of 

end-members and products; in favorable cases, the timescale of the process can also be estimated 

(e.g.  Davidson et al., 2007; Costa et al., 2008; Alves et al., 2009).  

1.4.3 Disequilibrium textures of crystals 

 

Besides the over mentioned macroscopic evidence, crystals involved in magma mixing can be 

affected by disequilibrium textures: the injection of a hot mafic magma into a felsic magma 

produces dramatic thermal and compositional disequilibria (e.g. Bateman, 1995, Sparks and 

Marshall, 1986) and minerals already present in the magmatic mass necessarily react to these 

disequilibria. Disequilibrium phases, such as coexisting quartz and Mg-olivine in a rock are often 

interpreted to be the result of interaction between different crystal-bearing magmas. Moreover, 

multiple lines of independent evidence can strengthen the mixing interpretation but are never 

sufficient to prove this process occurred. Disequilibrium textures in a rock that appears to be 

homogeneous but was produced by mixing of felsic and mafic magmas might still be preserved if 

the crystals present in one of the magmas does not completely dissolve or react. For instance, 

minerals occurring in the low-temperature felsic magma are expected to undergo a 

remelting/resorption process because of the increase in temperature (Poli and Perugini, 2012). 

Resorbing reaction relations are common in magmas, consuming, to varying degrees, previously 

precipitated phases. Examples are complex resorption and overgrowths in phenocrysts, such as 

spongy zones within plagioclase and rapakivi overgrowth of plagioclase on alkali feldspar (Fig. 11; 

e.g. Pearce, 1994; Renjith et al., 2013; O‘Brien et al., 2019). 



 

Fig. 11 a) Petrographic thin section of a plagioclase crystal with spongy core and clear plagioclase rim (under extinction; from 

Renjith et al., 2013); b) Gray-scale X-ray-element maps (K Kα) of rapakivi feldspar (from O‘Brien et al., 2019) 

However, overgrowth textures can possibly be produced also simply by changes in pressure or 

water fugacity in the magma system. Dissolution of crystals occurs during mixing of dissimilar 

crystal-bearing magmas that are striving to reach a state of internal equilibrium. Resorption 

processes lead to removal of previously crystallized material and they occur in different forms. In 

one case, resorption leads to dissolution of crystal material progressively from the exterior of 

euhedral crystals leading to various degrees of rounded, anhedral appearances (Edwards and 

Russell, 1996). Pervasive resorption may affect the entire crystal leading to an open, cellular 

mineral structure (e.g. sieve texture; Stewart and Pearce, 2004). Cellular textures can have a boxy or 

a spongy appearance that are typically related to rapid growth and to pervasive dissolution, 

respectively (Lofgren, 1980; Nakamura and Shimakita, 1998).  

Disequilibrium textures are typically considered as good indicators of magma mixing processes but, 

as pointed out above, caution should be exerted to interpret them as a univocal evidence of magma 

mixing. Mineral disequilibria are extraordinary probes for magma mixing and helpful petrological 

tools only when additional features can be recognized in the rocks. For example, the association 

with mafic enclaves and/or flow structures makes mineral disequilibria excellent tools to investigate 



the small length-scale propagation of compositional heterogeneity in the igneous system during 

mixing (e.g. Ginibre et al., 2002).  

 

1.5 Zoned minerals as a tool for detecting magmatic processes and magmas 

physical conditions: zoning pattern, magmatic environments and 

thermobarometry 

 

1.5.1 Crystal zoning 

 

Another expression of disequilibrium in crystals is represented by crystal zoning. Crystal zoning is 

a systematic pattern of chemical variation within a solid solution mineral (Streck, 2008). It is a 

record of incomplete continuous reaction relations between a melt and the crystallizing solid 

solution as intensive parameters were changing in the magma system faster than kinetic rates could 

maintain equilibrium (Best, 2003). To maintain a constant state of equilibrium between crystals and 

melt there is an exchange reaction between coupled ions. Exchange must occur by migration 

(diffusion) of these ions across the interface between the melt and already formed crystals as 

intensive variables change. If there is a change in the environment in which the crystal is growing, it 

can lead to different growth bands in the crystal having different color tones (Fig. 12; that are a 

reflection of different compositions in the mineral).  



 

Fig. 12 Backscattered electron image of a vesuvianite sample showing the fine-scale chemical zoning. The white bar is in microns. 

(from Bellatreccia et al., 2006) 

Zoning can be of several types. In normal or continuous zoning the outer portions of the crystal 

have a lower-temperature composition than the core.  Normal zoning usually reflects continuing re-

equilibration of a crystal to progressive changing melt composition as the host magma cools and 

evolves during the growth history of the phenocryst in a magma chamber.  In reverse zoning the 

outer portions of the crystal have a higher temperature composition than the core. Reverse zoning 

indicates disequilibrium conditions and a return to less evolved compositions. Usually it reflects 

mixing between host magma and a more primitive magma during crystal growth. Oscillatory zoning 

is a repetitive, more or less periodic variation in mineral composition, resulting in concentric growth 

zones usually from a few to tens of microns in width. Oscillatory zoning can be explained as a 

crystal‘s response to fluctuating external conditions. For example, it can be attributed to recycling 

of phenocrysts through zones of cooler, more evolved melt and hotter, more primitive melt in a 

convecting magma chamber. It can otherwise record a crystal‘s reaction to repeated influxes of 

fresh magma and its mixing with a more evolved resident magma. Oscillatory zoning can be 

explained also in terms of local effects. Patchy zoning is characterized by irregular areas of 

contrasting composition. Usually patchy zoning consists of irregular corroded portions having been 



filled and surrounded in crystallographic continuity by a different mineral composition. 

Morphologies of crystals and growth zones reflect the kinetics of growth (Lofgren, 1974) or 

dissolution (Tsuchiyama, 1985).  

 

Fig. 13 Backscattered electron image of rutile crystals showing irregular or patchy zoning (from Rabbia and Hernandèz, 2012) 

 

1.5.2 Zoning patterns and magmatic environments 

 

The study of the zoning patterns, by the investigation of the relations among compositional 

populations, can provide details on the evolution of magma(s) and growth history of crystals. As the 

zoning pattern can be well preserved in minerals, these latter become messengers of information 

about physical conditions operating in the magmatic system during the development of magmatic 

processes (e.g. Eichelberger, 1980). As the change in composition is due to change of intensive 

variables, spatial compositional variations in magmatic minerals record chemical and physical 

changes in the magma from which they grew (Anderson, 1984; Helz, 1987; Hibbard, 1981; 

Humphreys et al., 2006; Singer et al., 1995; Wallace & Bergantz, 2002, 2004, 2005; Ginibre et al., 

2007; Streck, 2008).. As an example, using experimentally determined phase relationships, e.g. 

compositions of minerals in equilibrium with a melt as a function of pressure, temperature and 



water content, the chemical composition of mineral assemblages allows the reconstruction of the 

conditions of crystallization. Conversely, crystal populations out of equilibrium can be identified. In 

this way, zoned crystals can provide a record of the processes (such as crystallization, recharge of a 

magma chamber, crustal assimilation, convection in the magma chamber) and conditions (pressure, 

temperature and volatile content) in the magma chamber and may also contain clues about the 

mechanisms triggering eruption (e.g. Ginibre et al., 2007). The use of compositionally zoned 

minerals, including plagioclase (Vance, 1962, 1965; Pearce and Kolisnik, 1990; Ginibre et al., 

2002), olivine (Clark et al., 1986; Kohn et al., 1989; Kahl et al., 2011, 2013, 2015) and 

clinopyroxene (Downes, 1974; Clark et al., 1986; Streck et al., 2002) to unravel the sequence of 

events that occurred in a magmatic system is well established. Investigations of mineral textures 

and zoning have provided evidence for open system processes during magmatic evolution (Streck, 

2008). Magma mixing often leaves a marked record in the texture and zoning of single minerals and 

in the observed mineral populations of the resident magmas as crystals and melts are added from 

recharging magma. Multiple subsets of crystal populations, and multiple zones inside crystals, may 

allow the reconstruction of complex series of mixing events that involve different populations of 

crystals (e.g. Martin et al., 2008; Kahl et al., 2013, 2015).  

The zoning patterns of major and/or trace elements of a mineral which experienced open system 

processes often consists of two or more compositional plateaux with diffuse or sharp boundaries 

between them. Progressive changes, such as cooling or differentiation, would produce continuous 

variations in composition rather than plateaux separated by sudden jumps. Instead, the occurrence 

of several compositional plateau between the core and the rim of crystals indicates that the 

compositional zonings were not produced by simple fractionation during growth (e.g. Costa et al., 

2008). In case the zoning patterns of elements consist of two or more compositional plateau, the 

composition of the latter likely represents growth of the crystal under a constant set of intensive 

thermodynamic variables (pressure, temperature, composition, fugacities of volatile species). A set 

of such variables characterizes a magmatic environment (ME; Kahl et al., 2015), which may also 



represent a physical reservoir (e.g. a sill) or be a part of a larger physical reservoir (e.g. a portion of 

a zoned magma reservoir). The chemical record preserved within a crystal allows an ME to be 

identified; the nature of the physical reservoir can sometimes also be inferred, but this is a matter of 

interpretation. The compositional variation from core to rim in a crystal can be assumed to represent 

a sort of chemical stratigraphy; that is, the ME recorded by the core of a crystal is interpreted to be 

an environment experienced by the crystal earlier than the ME recorded by compositions closer to 

the rim (Kahl et al., 2015). The change in zoning pattern from one plateau composition to another is 

then equivalent to the transfer of the crystal from one magmatic environment to another. This can 

be accomplished either by the crystal physically moving (with some melt) from one environment to 

another, or by the environment itself changing around the crystal (e.g. by cooling or degassing). The 

successive superimposition of two plateau compositions therefore can represent the mixing of 

magmas from two different MEs, either by the magma containing the crystal entering a new ME or 

by magma with different characteristics entering the environment of the crystal and modifying the 

ME. In this way, associating a set of conditions to a magmatic environment, it is possible to 

investigate the change of magmatic environments over the lifetime of the crystal, from initial 

nucleation to final quenching upon eruption.  

The zoning patterns of clinopyroxene crystals belonging to the volcanic products of the Zaro and 

the Agnano-Monte Spina eruptions have been characterized from this point of view. A population-

based approach has been used in order to investigate the different magmatic environments in which 

clinopyroxenes grew. The chemical composition of the crystals, combined with the determination of 

intensive variables (temperature, pressure) experienced by crystals, allowed to identify the number 

of magmatic environments recorded in such zoning patterns. The chemical information recorded in 

the zoning patterns has been systematically organized in order to quantify the number of 

connectivity between different magmatic environments. This allowed to reconstruct the 

evolutionary history of the clinopyroxene crystals. 



Moreover, recently, the study of compositional zoning in minerals in volcanic systems characterized 

by magma mixing has been successfully utilized as a proxy to estimate the residence time of magma 

in subvolcanic reservoirs prior to eruption (e.g. Martin et al., 2008; Costa and Morgan, 2011), 

further highlighting the importance of disequilibrium in crystals and providing information about 

volcanic systems that would be otherwise inaccessible. 

1.5.3 Geothermometry and geobarometry 

 

As already mentioned, since the crystal composition in a magma depends on crystallization 

conditions, crystals can provide details of the physical conditions (temperature, pressure) during 

storage and prior to eruption of the magmatic system (e.g. Eichelberger, 1980).  

Determination of intensive parameters in magma systems using equilibrium assemblages of 

coexisting minerals is a major endeavor of modern petrology. Geothermobarometry allows to 

estimate crystallization pressure and temperature by applying calibrated equations to geochemical 

data of various mineral phases, glasses, melt inclusions and whole rock compositions, or a 

combination thereof. The fundamental premise of geothermobarometry is that mineral assemblage 

of a rock and mineral compositions are sensitive to pressure and temperature conditions of 

formation and that the events subsequent to mineral equilibration have not significantly modified 

these rock properties. The theoretical basis for most geothermobarometers involves determining the 

equilibrium constant for a reaction and estimating the conditions of sample equilibration based on 

that value (Mihaljevic, 1999; Putirka, 2008). Reactions that have been used as geothermometers and 

geobarometers include, but are not restricted to, univariant equilibria, multivariant or net transfer 

equilibria, exchange reactions, and solvus equilibria (Bohlen and Lindsley, 1987).  

Calculated pressures in combination with bedrock density provide a means of calculating depths of 

crystallisation and hence estimate potential magma storage depth. Determining magma storage 

depths is essential for various reasons. For example, understanding the distribution of magma 



storage depths within the lithosphere provides information about crustal formation mechanisms in 

both oceanic and continental settings (Henstock et al., 1993; Kelemen et al., 1997; Annen et al., 

2006). Estimating pre-eruptive magma storage depths is also essential for integrating petrological 

records of magmatism with expressions of ongoing unrest such as seismicity, ground deformation 

and gas emission in volcanically active regions (Edmonds, 2008; Sigmundsson et al., 2010; 

Tarasewicz et al., 2014). 

Many quantitative mineral geothermometers and geobarometers have been calibrated by 

experiments and thermodynamic models. Commonly these models either make use of exchange 

reactions between minerals and co-existing melt (Putirka et al., 1996, 2003; Putirka, 2005, 2008; 

Masotta et al., 2013; Neave and Putirka, 2017), cation content in minerals and co-existing melt 

(Johnson and Rutherford, 1989; Henry et al., 2005), pressure-sensitive variations in crystal lattice 

structure (Nimis 1995, 1999; Nimis and Ulmer 1998), or phase relations of a set of minerals (Yang 

et al. 1996; Benisek et al., 2004).  

The choice of a thermobarometric model is dependent on the mineral content and the geochemical 

composition of the analyzed magmatic products as the models are calibrated for certain mineral 

phases and restricted magma compositional ranges. For mafic magmas, for example, ‗OPAM‘ 

(Olivine-Plagioclase-Augite-Melt) barometry uses the melt composition that is in equilibrium with 

plagioclase, clinopyroxene and olivine to estimate a pressure of ‗last equilibration‘ (Yang et a., 

1996; Bali et al., 2018). It is therefore possible to determine the pressure at which the melt was last 

in equilibrium with olivine, plagioclase and augite. Current barometric methods range from 

exploiting volatile solubility laws (e.g., Newman and Lowenstern, 2002; Moore et al., 2008) or 

equations of state (Hansteen and Klügel, 2008) to determine melt and fluid inclusion entrapment 

pressures, through to calibrating pressure-sensitive phase equilibria relations using experimental 

data (e.g., Putirka 2008). A geobarometer for determination of pressure during crystallization of 

some felsic magma systems relies on the equilibrium concentration of Al in hornblende and 



calibration is sensitive to temperature, oxygen fugacity, and the crystalline phases coexisting with a 

water-saturated melt (Anderson and Smith, 1995). A commonly used geobarometer uses 

clinopyroxene components: since the incorporation of jadeite (NaAlSi2O6; Jd) into clinopyroxene is 

strongly pressure dependent, Putirka et al. (1996) presented a series of equations describing the 

pressure-dependent Jd-liquid (liq) reaction, as well as the strongly temperature-dependent Jd into 

diopside-hedenbergite (Ca(Mg,Fe)Si2O6; Di-Hd) and calcium Tschermak‘s component 

(CaAlAlSiO6; Ca-Ts) into Di-Hd exchange reactions. These thermobarometric equations were 

subsequently reformulated in 2003 to extend their applicability to felsic and hydrous systems 

(Putirka et al., 2003), before being reviewed further five years later (Putirka, 2008). However, these 

various barometric methods are subject to numerous assumptions and unavoidably return pressure 

estimates with considerable uncertainties. Oxygen fugacity and temperature can be determined from 

equilibrium coexisting magnetite and ilmenite solid solutions (Carmichael, 1967; Powell and 

Powell, 1977; Spencer and Lindsley, 1981; Anderson and Lindsley, 1985; Rao et al., 1991). 

Temperature can be determined from coexisting alkali feldspar and plagioclase (Kroll et al., 1993; 

Benisek et al., 2004) and from clino- and orthopyroxene solid solutions (Lindsley and Andersen, 

1983).  

Most of the commonly used current geo-thermometers are based on the modeling of entropy and 

volume changes occurring in equilibrium reactions between melts and crystals (Putirka, 2018). 

Clinopyroxene-melt (Putirka, 2003) and plagioclase-melt (Putirka, 2005) geothermobarometers are 

well known and commonly used by petrologists. The typical calibration procedure for thermometers 

and barometers consists in five main steps: i) to identify chemical equilibria associated with large 

variations of entropy and volume, respectively (Putirka, 2005, 2008); ii) to retrieve a consistent 

experimental dataset with known temperature and pressure; iii) to calculate the mineral components 

from chemical analyses; iv) to define a regression strategy; v) model validation (Putirka, 2005, 

2008).  



Clinopyroxene-liquid equilibria have also been used to specific cases, such as to define transcrustal 

magma plumbing systems under Mt. Etna amongst other locations (Giacomoni et al., 2016). 

Moreover, to improve the suitability of clinopyroxene-liquid thermobarometers for evolved alkaline 

systems, a series of recalibrated thermobarometric expressions has been developed and applied to 

Nemrut in Turkey (Macdonald et al., 2015) , as well as to Mt. Vesuvius and Campi Flegrei in Italy 

(Masotta et al., 2013). When applicable, multiple thermobarometric models can be employed in 

order to provide independent tests. 

In this thesis, the geaothermobarometers of Putirka (2008) and Masotta et al. (2013) have been used 

to detect pressure and temperature of crystallization of clinopyroxenes crystals belonging to 

volcanic products of Zaro and Agnano-Monte Spina. Moreover, the determination of temperature is 

essential into apply diffusion modelling, which allows to obtain information on timescales (see 

Chapter 2). In particular, the obtained duration is exponentially dependent on the temperature value.  

1.5.3.1 Mineral-melt thermobarometers: equilibrium conditions 

 

In order to produce robust pressure and temperature estimates, equilibrium of mineral-melt pairs is 

of crucial importance for most thermobarometric models. Generally, before applying 

thermobarometric models, it is necessary to verify the equilibrium conditions through the 

compositional dependence between a melt and a coexisting mineral phase. The ―tests for 

equilibrium‖ are predictive models obtained via regression analysis of crystal-melt pairs in 

equilibrium conditions, by using both experimental and natural datasets. These predictive models 

show the theoretical equilibrium field of a melt and a coexisting mineral, through the Kd (defined as 

the molar ratio between selected elements of the liquid divided by the molar ratio between the same 

elements of coexisting minerals). Hence, for clinopyroxene- and olivine-melt thermobarometry, the 

recommended procedure of assessing equilibrium, at the time of crystallization, between 

clinpyroxene/olivine and a possible nominal melt is evaluation of the Kd (Fe-Mg) exchange 

coefficient. This practice has a long history for both olivine and clinopyroxene; authors have indeed 



suggested that, at the equilibrium condition, 
(ol–melt)

 Kd (Fe–Mg) and 
(cpx–melt)

 Kd (Fe–Mg) yield constant 

values of 0.30 ± 0.02 (Roeder and Emslie, 1970; Matzen et al., 2011) and 0.27 ± 0.03 (Grove and 

Bryan, 1983; Sisson and Grove, 1993; Putirka et al., 2003), respectively. In case of plagioclase-melt 

thermobarometry, suitable plagioclase-melt pairs were chosen through the KD(An-Ab) equilibrium 

test (Putirka, 2005). These equilibrium test approaches ensure that only equilibrium mineral-melt 

pairs are considered for further thermobarometric calculations.  

However, it has also long been known that Fe–Mg exchange has certain limitations. For example, 

Gee and Sack (1988) highlighted that 
(ol–melt)

 Kd (Fe–Mg) is sensitive to melt composition, which 

implies that fixed values for such coefficients cannot be applied. Similarly, Putirka (2008) showed 

that 
(cpx–melt)

 Kd (Fe–Mg)  is not a reliable indicator of clinopyroxene–liquid equilibrium for a wide 

range of compositions. Therefore, the best test for assessing whether or not a mineral and co-

existing melts were in equilibrium at the time of crystallization is based on the deviation of  mineral 

components, i.e., for clinopyroxene, Di, Hd, En, Fs, CaTs, CaTiTs, CaCrTs and Jd, between crystal 

and melt from equilibrium values. The degree of disequilibrium is determined through the 

comparison between components ―predicted‖ for a mineral phase via regression analyses of 

mineral–liquid pairs in equilibrium conditions, with those ―measured‖ in the analyzed crystals. 

Using this model, Putirka (2008) and Mollo et al. (2010) suggested that the difference between 

―predicted‖ and ―observed‖ components provides a more robust test for equilibrium than the Kd. 

 

 

 

 

 

 



2. TIMESCALES OF MAGMATIC PROCESSES 

 

Important questions about the behavior of magma reservoirs concern the timescales of various 

processes. These timescales are important in evaluating volcanic hazards, interpreting volcano 

monitoring data and, on longer time spans, developing models of likely repose periods for large 

volcanic systems. The timescales of magma supply, fractionation, mixing and recharge events also 

have relevance for broader questions relating to the timescale of crustal growth and of the creation 

of ore deposits in the crust (Edmonds et al., 2019). One might ask: on what timescale are magmas 

remobilized and ‗assembled‘ prior to eruptions? How fast are melts extracted from mushy regions 

to form eruptible volumes? Progress in developing methods and models to generate timescale data 

in magmatic petrology, is reviewed, along with their limitations, in several papers (e.g. 

Hawkesworth et al., 2000; Morgan and Blake, 2006; Dohmen et al., 2017; Cooper, 2019).  

Magmatic timescales can be constrained primarily by three methods: observational, radiometric and 

diffusive (e.g. Dohmen et al., 2017). Other methods (e.g. CSD; crystal size distribution), based on 

textural and kinetics approaches, have been recently employed to generally infer magma ascent 

rates shortly before eruption. Observational methods are limited to active magmatic systems, such 

as volcanoes that are erupting or degassing. For example, the growth of lava domes or inter-

eruption gas discharge have been documented with unprecedented detail over the course of more 

than two decades. These observations provide precise timescales that can be used to refine physical 

understanding of sub-volcanic processes (e.g. Melnik and Sparks, 2005; Pistolesi et al., 2011; 

Christopher et al., 2015) and are nowadays supplemented by geodesy, tiltmeters, seismology and 

measurements of gas chemistry. The drawback of quantitative observational timescales is that they 

are limited to the modern era and to extend the observational timescale further back in time requires 

the availability of historical records.  

As for the other two main methods, generally, radiometric ages allow quantification of 

crystallization ages whereas diffusion modelling constrains storage durations within the magma 



reservoir, and collectively they can capture processes such as long-term magma storage, mixing, 

and assembly of erupted magma bodies (Edmonds et al., 2019).  The  timescales  obtained through 

these approaches range  from  minutes  to  hours  for  syn-eruptive magma ascent to years to 

centuries for magma mixing within the upper crust, to tens of thousands to hundreds of thousands of 

years of crystal storage and recycling in a long-lived magma  reservoir (Cooper, 2019). This diverse 

sampling of timescales records different aspects of the system.  

 

2.1 Textural and kinetics methods 

 

Some methods use textural observation and growth rates of crystals (Cashman and Marsh, 1988; 

Eberl et al., 2002; Brugger and Hammer, 2010) in order to obtain information on magmatic 

processes and their timescales. The occurrence of microlites in pumice and scoria provides potential 

information on the timescale of magma migration within the crust, specifically from the magma 

chamber to the fragmentation level (Cashman and Marsh 1988; Marsh, 1998). This information may 

be unraveled by studying the size distribution of microlites pre- and syn-eruptively crystallized and 

quenched in the matrix of juvenile magma fragments (Fig. 14).  



 

Fig. 14 Examples of BSE and binary images from decompression experiments. Two dimensional width/length distributions for each 

sample are shown along with their best fit crystal habit as determined by CSD Slice (Morgan and Jerram, 2006). (a) Sample 

decompressed at 0.5 MPa h−1 and quenched at 87 MPa. (b) Sample decompressed at 0.5 MPa h−1 and quenched at 5 MPa. (c) Sample 

decompressed at 2 MPa h−1 and quenched at 5 MPa (from Brugger and Hammer, 2010). 

The observed variations in both composition and texture of crystals from igneous rocks reflect the 

integrated pressure–temperature–composition–time history of the magma from which they formed. 

As a result, it is possible to link textural observations on rocks with experimentally derived data for 

rates of crystal growth and crystal number density for specific mineral phases to the undercooling 

values of the parental melt. Crystal size and number density are intricately linked to the rates of 

crystal growth and nucleation, which change in response to variations in magma temperature, vapor 

pressure, and melt composition (e.g. Marsh, 1998). Thus, temporally-constrained studies of crystal 

textures provide insight into magma crystallization kinetics under changing thermobarometric 

conditions such as those imposed during magma transport, ascent, and eruption. The most 

commonly used quantitative measure of crystal textures is the crystal size distribution (CSD) 



technique, initially developed to study industrial crystallization in chemical engineering by 

Randolph and Larson (1971), and subsequently employed in the study of magmatic systems by 

Cashman and Marsh (1988) and Marsh (1988). Although it is possible to adopt any of a variety of 

models describing the time-, crystal size- or even melt composition-dependence of crystal growth 

rate (e.g., Jancic and Garside, 1976; Janse and deJong, 1976; Marsh, 1998; Eberl et al., 2002;) in 

order to extract kinetic information from a CSD, the vast majority of practitioners (e.g., Cashman, 

1988, 1992; Hammer et al., 1999; Cashman and McConnell, 2005; Piochi et al., 2005; Armienti, 

2008; Bindeman, 2003; Blundy and Cashman, 2008; Salisbury et al., 2008) assume constant crystal 

growth rate. This simplifying assumption allows nucleation rate and characteristic crystal size to be 

extracted directly from the y-intercept and slope, respectively, of a plot of the natural log of the 

population density versus crystal size (Fig. 15). 

 

Fig. 15 Crystal size distributions calculated using CSD Corrections (from Brugger and Hammer, 2010). 

Additionally, when magma residence time is independently known, CSDs may be used to determine 

crystal growth rates. Volcanological applications of CSDs include determining crystal growth 

mechanisms (Kile and Eberl, 2003; Kile et al., 2000), magma cooling rates (Cashman, 1993; 

Garrido et al., 2001; Lentz and McSween, 2000), and the timing of magma mixing events (Higgins, 

1996b), and to calculate magma ascent time and/or residence time in a magma chamber (Mangan, 

1990; Higgins, 1996a; Turner et al., 2003; Piochi et al., 2005; Noguchi et al., 2006; Salisbury et al., 



2008). CSDs have also been used as evidence to support models of magmatic processes such as 

polybaric crystallization (Armienti et al., 1994), crystal settling (Bindeman, 2003), textural 

coarsening (Higgins, 1998, 1999; Higgins and Roberge, 2003) and mixing of distinct crystal 

populations in a batch of magma (Bindeman, 2003; Higgins, 1996b).  

Anyway, CSD theory relies on many assumptions that are often clearly not fulfilled in natural 

systems: crystal growth rates are assumed to be constant. Experimental growth rates are not very 

well calibrated and depend, for example, on the degree of undercooling. Therefore, caution should 

be exerted into applying this approach, for example, to crystals showing complex zoning patters.   

 

2.2 Radiometric methods 

 

Radiometric dating systems, such as U-Pb and U-series of accessory minerals such as zircon and 

titanite (Hawkesworth et al., 2000; Cooper and Reid, 2008; Cooper, 2015), record long ages, 

corresponding to the time the mineral fractionated parent isotopes and became closed. The 

radiometric chronometers commonly applied to volcanic crystals are the U-Pb and
238

U-
230

Th-
226

Ra 

systems. The so-called uranium-series (U-series) nuclides provide unique timescale information on 

magmatic processes ranging from melt production, differentiation and ascent to magmatic 

degassing prior to eruption (e.g., Bennett et al., 1982, Gill and Williams, 1990, Turner et al., 2000, 

Condomines et al., 2003, Peate and Hawkesworth, 2005, Bourdon et al., 2006, Reagan et al., 2006, 

Handley et al., 2008, Reagan et al., 2008, Berlo and Turner, 2010, Sims et al., 2013, Bragagnia et 

al., 2014) as the nuclides have varied geochemical properties that cause them to be fractionated in 

distinct ways by different magmatic processes (see Peate and Hawkesworth, 2005 for a review). At 

secular equilibrium the activities of the nuclides are equal, for example, (
230

Th/
238

U) = 1. If the 

decay chain is affected by chemical fractionation of a parent/daughter elemental ratio, restoration of 

equilibrium by radioactive decay is determined by the half-life of the daughter nuclide involved. 
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Excess 
238

U (
238

U/
230

Th > 1) and 
226

Ra (
226

Ra/
230

Th > 1) values in volcanic rocks  from subduction 

zone are typically attributed to fluid addition from the subduction slab on timescales of less than 

∼380,000 years and less than ∼8000 years, respectively (e.g.,  Gill and Williams, 1990, 

Hawkesworth et al., 1997) although there may be some modification of ratios by crustal-level 

processes (e.g., Handley et al., 2008, Reubi et al., 2014, Huang et al., 2016). The U-series dating 

method (e.g., Cooper and Reid 2008) has also proven especially valuable in constraining magmatic 

timescales of processes occurring shortly before or during an eruption. For example, radon is a gas 

whose loss from the decay chain can provide valuable insights into degassing processes (e.g., 

Gauthier and Condomines, 1999; Berlo et al., 2006; Kayzar et al., 2009). The short-lived 
210

Pb 

nuclide is produced by decay of the gas 
222

Rn (half-life = 3.8 days), which readily enters the volatile 

phase in magmas (Lambert et al., 1985, Gill et al., 1985). Persistent loss or gain of 
222

Rn via 

magmatic degassing or volatile accumulation will therefore result, in an open, degassing system 

(where 
222

Rn is efficiently lost in the gas phase) in a deficit of 
210

Pb. Thus, 
210

Pb deficits can 

constrain the duration of degassing (e.g., Gauthier and Condomines, 1999). Alternatively, if gas is 

supplied from underlying fresh (and probably more mafic) magma, it is possible to create a 
210

Pb 

excess (e.g., Kayzar et al., 2009, Condomines et al., 2010). Other daughter isotopes are 

preferentially sequestered by specific minerals, thereby constraining the onset of crystallization of 

those minerals in an evolving magmatic system. The uptake of radium by plagioclase is a case in 

point (e.g., Cooper and Reid, 2003; Turner et al., 2003).  

The wide variety of half-lives of U-series radionuclides means that, in principle, a wealth of 

timescales from seconds to millennia can be recovered. However, once secular equilibrium between 

parent decay and daughter in growth is established, typically after about 5 daughter half-lives, all 

chronometric information is lost. Thus, what is dated is a time of decoupling (or cessation of secular 

equilibrium). A further limitation of the U-series approach is that the analytical techniques used do 

not lend themselves to high spatial resolution. Consequently, it may be difficult to disentangle 
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multiple timescales from zoned crystals, especially where crystal cores and rims differ greatly in 

age (e.g., Cooper and Reid, 2003; Dohmen et al., 2017). 

 

2.3 Diffusion chronometry 

 

A family of geochronometers relies on the time-dependent flux (diffusion) of elements in response 

to chemical potential gradients established during magmatic processes. These gradients are most 

readily manifest in zoned crystals of common minerals in magmatic systems (e.g., Costa et al. 2008; 

Kahl et al., 2011). As a crystal grows, it takes up major and trace elements in response to changes in 

the melt with which it is bathed. Perturbations to the melt chemistry or the physical parameters that 

control uptake, such as pressure, temperature and redox, result in chemical changes between one 

layer (zone) and the next in the growing crystal. At the instant of growth, each layer has some 

simple relationship to the melt from which it grew, but no such relationship to the previous layer. 

The relationship between each layer and the melt may be one of chemical equilibrium or, if growth 

is relatively rapid, kinetic factors may dominate (e.g., Watson and Liang, 1995; Watson, 1996). 

Foremost amongst these is the rate at which chemical components can be supplied diffusively to the 

boundary layer around the growing crystal (Albarède and Bottinga, 1972) and the relative 

preference of trace species for the surface of growing crystals relative to their interior (Pinilla et al., 

2012). What is important is that the growth of zoned magmatic crystals sets up chemical potential 

gradients between successive zones. Diffusion strives to eliminate such gradients by moving 

chemical components from one layer to another (Fig. 16).  



 

Fig. 16 Illustration of the concept to reconstruct the growth history and residence times in different magmatic environments of a 

phenocryst by sequential diffusion modelling. (a)–(f) illustrate concentration profiles (x denotes distance) induced sequentially by 

magmatic events during time line (g): (a) At some time t0 a homogeneous crystal with composition C0 was formed; (b) After the 

crystal came into contact with a different magmatic environment at time tA (e.g., a new batch of melt arrived) a new rim with 

composition C1 was formed; (c) After the formation of the rim, a diffusive flux starts to smooth the initial step profile; (d) At time tB 

a second magmatic event (intrusion, magma mixing) changes the local thermodynamic conditions and a second rim is formed with 

composition C2; (e) Concentration gradients between C0, C1 and C2 tend to homogenize the entire concentration profile by chemical 

diffusion. (f) The eruption cools the magma quickly and freezes the concentration profile, which is eventually a product of growth 

and  diffusion zoning (black solid line). The black dashed line represents the concentration profile produced only by growth without 



diffusion (the initial profile used for diffusion modelling). The duration of diffusion at different stages before eruption, here ΔtA and 

ΔtB, are the quantities that can be obtained by simulating the observed concentration profiles (from Kahl et al. 2011). 

The rate at which this happens, the chemical diffusivity, is a complex function of the diffusion 

mechanism, the point defect chemistry of the crystal, the temperature at which diffusion occurs and 

the geometry of the interface across which diffusion takes place. The significance of these various 

parameters is relatively well established through experiment and theory for a range of both crystals 

and melts, and the diffusivity of many trace species has been determined experimentally. Diffusion 

is, ultimately, a thermally mediated process; such that it occurs most rapidly at high (magmatic) 

temperatures and is effectively quenched once a system cools below a characteristic closure 

temperature (e.g., Dodson, 1986; Kohn and Penniston-Dorland, 2017). Consequently, diffusion 

chronometry is a very effective means to constrain the timescale between the event that caused the 

chemical perturbation responsible for a zone to form in a crystal and the moment at which this 

system cooled below some closure temperature when diffusion was effectively arrested. For 

explosive volcanic systems closure occurs upon eruption such that diffusion chronometry is a 

valuable tool for recovering the timescales of pre-eruptive processes that are responsible for 

modifying the chemistry of volcanic crystals.  

 

2.3.1 The theory of diffusion 

 

Mass is transported in magmatic systems by bulk flow (advection) and by diffusion. Diffusion 

(from the Latin word ―diffundere‖ which means to pour out or spread out) can be defined as the 

relative motion of one or more particles of a system relative to other particles of the same system 

(Onsager, 1945). Diffusion arises from random motions of particles in a fluid or solid. Here the 

particles can be neutral molecules or atoms, or charged cations or anions. Random motions result 

from the thermal energy contained in a system, and they occur in all materials at all times at 

temperatures above the absolute zero. Hence, the existence of a concentration gradient or driving 



force of any kind is not necessary for diffusion. In order to describe diffusion in gases, liquids and 

solids, through a quantitative law, it is necessary to consider the quantity called flux. It is defined as 

the amount of material (expressed as the number of moles, mass of a substance, volume of a 

substance, and so forth) that crosses a plane of unitary surface area in a given direction per unit 

time. To obtain a net flux or directed motion due to diffusion, a driving force that coaxes particles to 

preferentially move in one direction is required. In transport of matter, the commonly applicable 

driving force is a chemical potential gradient-matter flow in the direction of decreasing chemical 

potential. Chemical potential is directly related to concentration in most cases, and diffusion can be 

considered usually as a process related to concentration gradients. In geochemistry, diffusion is 

defined as the process by which, under the influence of a chemical potential gradient, atoms, 

molecules, ions or lattice vacancies move from one position to another in a solvent phase. 

The theory of diffusion was first developed for the description of energy transfer in the theory of 

heat conduction (Fourier, 1822). Several solutions of the heat conduction equation, also known as 

Fourier's law, have been provided by Carslaw and Jaeger (1959) and have been widely used for the 

modeling of thermal processes in the Earth's crust. The analogy of Fourier's theory to the diffusion 

of matter was first recognized by Fick (1855) and, accordingly, Fourier's principles applied to mass 

diffusion are called Fick's law. Fick's law has been widely accepted as a description for many 

geomorphological and petrochemical processes (e.g. Beaumont et al., 1992; Chakraborty and 

Ganguly, 1991). Solutions of Fick's law for a large number of boundary and initial conditions have 

been provided by Crank (1975).   

Onsager (1945) assumed that the flux, Ji, of a diffusing component i, is proportional to the gradient 

of the corresponding chemical potential, ∂μi/∂x (diffusion in one dimension), and the two are related 

to each other via a proportionality constant, Li: 

 



Chemical potentials can be related to measurable concentrations by the definition of a reference 

state and its associated reference chemical potential, μ°: μi = μ° + RT ln(γiCi), where γi is the  

activity coefficient. In the case of an ideal solution or a diluted component, where the derivative 

∂ln(γi)/∂x is zero, this relationship can be shown to be equivalent (e.g., Schmalzried, 1981; 

Ganguly, 2002) to the empirical relationship observed by A. Fick about 100 years earlier (Fick, 

1855). It connects the flux, Ji, to the concentration gradient of the species, (∂Ci/∂x): 

 

In this equation, Di is the diffusion coefficient or diffusivity of component i, Ci is the concentration 

of component i and ∂Ci/∂x is the concentration gradient of component i along the x direction. 

The units of the diffusive flux are mass per unit area per unit time (such as mol·m
−2

·s
−1

). The 

concentration has the units of mass per unit volume. The diffusion coefficient has the units of 

length-squared per unit time (for example, m
2
·s

−1
). The diffusive flux is a vector (along x direction 

in this case) and the negative sign is to ensure that material diffuses from regions of high 

concentration to low concentration, that is, along the direction of decreasing concentration gradient. 

Fick's first law states that the diffusional flux of matter, J, is proportional to the spatial 

concentration gradient. In other words, flow by diffusion is driven by a spatial change in 

concentration, C. This relationship, often referred to as Fick‘s first law, is analogous to other laws 

relating fluxes of different kinds to relevant driving forces (e.g., electrical current to electrical 

potential gradient: Ohm‘s Law; heat flux to the gradient of temperature: Fourier‘s Law) and is of 

practical use because concentration is an easily measurable quantity. The connection to the 

chemical potential gradient is the reason why Fick‘s law is applicable to diffusion in gases, liquids, 

and solids, even though the mechanisms of diffusion in these media are entirely different. The 

homogenization of a concentration gradient is usually the result of a directed flux and not just 

random diffusion. Diffusion is ubiquitous, directed flux occurs only in the presence of a suitable 



driving force. Fick‘s first law has been used to define the diffusion coefficient and to study steady-

state diffusion along a concentration gradient. The variable time does not appear explicitly in any of 

the equations shown above. Time is introduced by employing one of two universal constraints that 

any process must follow—the requirement of mass balance (the second being the requirement that 

total entropy must increase in any natural process). In terms of fluxes, this is stated most simply as: 

when a specified system is observed over any given length of time, the difference between what 

comes in and what goes out is the net change in the amount contained in that system. Fick‘s second 

law of diffusion is a statement of mass conservation for diffusive mass transfer in a medium. In one 

dimension, the diffusion equation can be written as:  

 

where t is the diffusion time. When the diffusion coefficient is independent of concentration or 

spatial coordinate (such as in the case of minerals and melts), the combination of a constitutive 

equation related to fluxes with the continuity equation leads to the following equation: 

 

which relates the change of concentrations in time to the concentration gradients in the form of a 

partial differential equation: this is often described as the diffusion equation, or Fick‘s second law. 

This equation describes the evolution of concentration, C, as a function of time, t, at different spatial 

coordinates, C(x,t), in one dimension. To obtain the specific concentration distribution (= 

concentration profile), C(x), at any time after the initiation of diffusion, we need to define initial and 

boundary conditions for each medium (e.g., crystal, melt) in which diffusion occurs. Firstly, a 

diffusion model needs to be defined by describing the element fluxes and geometry for the real 

system. The model has to be translated to partial differential equations that must be solved for the 



given initial conditions (the concentration distributions at some defined point in time) and boundary 

conditions (the element fluxes at the geometric boundaries of the system). The boundary conditions 

define the interaction of the system (typically a chemically zoned crystal) with the exterior, 

thermodynamic environment (e.g., a silicate melt). Once the initial and boundary conditions have 

been specified, if the diffusion coefficient is known, the concentration at any position (x) and time 

(t) can be calculated.  

For diffusion in three-dimensional isotropic media, the diffusion equation takes on the more general 

form in a Cartesian coordinate: 

 

For diffusion in an axisymmetric sphere, the diffusion equation takes on the special form: 

 

where r is the radial coordinate. This equation can be used to model diffusion in and around mineral 

grains and fluid or melt inclusions. These laws are directly applicable to diffusion in isotropic media 

such as melts, glasses, and minerals of isometric crystal system.  

It is possible to obtain other kinds of mathematical relationships between directed flux and the 

concentration. Some examples are:  

(i) diffusion in an anisotropic medium (e.g., a non-cubic crystal): 

 



Total flux, Ji
x
, along a direction x is not just proportional to the concentration gradient along this 

direction. These principal axes may coincide with the crystallographic symmetry axes in some 

crystal classes, as is the case for orthorhombic olivine; 

(ii) diffusion accompanied by growth or dissolution: 

 

Here the total flux, Ji, is the result of flux due to diffusion plus another flux due to the net growth or 

dissolution of a crystal in the surrounding medium (e.g., melt) at a rate, . This equation describes 

flux of matter in a growing/dissolving crystal if the x-axis is defined to be such that the origin (x = 

0) is always at the surface of the growing/dissolving crystal. 

2.3.1.1 Type of diffusion 

 

Depending on the chemical state of the system, the nature of the diffusants, the initial and boundary 

conditions, and simplifications involved, several types of diffusion can be identified: self-diffusion, 

chemical diffusion, multicomponent diffusion, effective binary diffusion, thermal diffusion and 

grain boundary diffusion (Ganguly, 2002; Chakraborty, 2008). Self-diffusion or tracer diffusion 

takes place when the system of interest is at chemical, but not isotopic, equilibrium. There is no 

concentration or chemical potential gradient of any elements in the system. This would be related to 

the random motions of atoms. Chemical diffusion or multicomponent diffusion takes place when 

the system of interest is out of chemical equilibrium. Many geological systems are made of two or 

more components. A silicate magma, for example, typically has seven or more major oxide 

components. During chemical diffusion, the concentration gradient of one component may affect 

the diffusive flux of another component. An alternative and much simplified approach is to treat 

chemical diffusion in magmas as an effective binary process. This is possible when chiefly the 

component of interest varies in concentration relative to all other components in the system. Here 



the multicomponent system is treated as a pseudo-binary system in which the component of interest 

is taken as the independent variable and all other components are taken together as the dependent 

variable (Cooper, 1968). Thermal diffusion is a general case of chemical diffusion in that the flow 

of heat drives a flow of matter. This transport phenomenon is often referred to as the ―Soret effect‖. 

The driving force for thermal diffusion involves temperature gradient. Grain boundary diffusion is a 

general case of diffusion in crystalline solids in which the boundaries between neighboring grains 

and dislocation pipes within the crystals serve as fast-pathways or short-circuits for the spreading of 

diffusant. Diffusion in polycrystalline materials is multipath and consists of both lattice diffusion 

(also called volume diffusion) and grain boundary diffusion. The mathematical treatment of 

diffusion in polycrystalline materials generally requires two independent diffusivities, one for 

diffusion in the crystal lattice and the other for diffusion along grain boundaries or dislocation pipes 

(Fisher, 1951; Le Claire, 1963). The structure of grain boundaries is relatively open compared to the 

structure of the crystal lattice. Diffusion along grain boundaries is typically orders of magnitude 

faster than diffusion within the crystal lattice. 

2.3.1.2 Diffusion coefficient 

 

The diffusion coefficient, D, is an example of material constant. The mathematical form of these 

equations describes the nature of the process; the values of the material constants are the causes of 

different behavior in different systems. The diffusion coefficients are expressed as a function of 

time, D(t), through their dependence on temperature, T. This is accomplished via an Arrhenius-type 

equation with activation energy, Q (e.g. Chakraborty, 2008), i.e.: 

 

where D0 is related to the vibration frequency and jumping distance of the diffusing species in the 

medium. This equation describes diffusion that occurs in any thermal event, i.e., along any 



temperature–time path, T(t). As already seen, this time-dependent diffusion coefficient is used in the 

diffusion equation, which lets to describe how concentration gradients (i.e., concentration profiles) 

evolve as a function of time. In general, both self-diffusion and chemical diffusion coefficients in a 

substance or medium vary systematically with temperature, pressure, and composition. Pressure, 

water fugacity, oxygen fugacity, composition and crystallographic direction also play a role, 

depending on their values and the mineral and elements of interest. The effects of oxygen or water 

fugacity, the composition or crystallographic orientation, are typically incorporated in the pre-

exponential factor D0, although they may also have an effect in the activation energy (Costa et al., 

2008). The crystallographic orientation influences the diffusion coefficient: in an isotropic medium 

it is independent of direction or orientation and can be treated as a scalar. For diffusion in 

anisotropic media, such as minerals of crystal systems other than isometric, the diffusion coefficient 

will depend on the direction of diffusion in the crystals. Diffusivities measured along different 

directions in the crystal may be different depending on the symmetry of the crystal (e.g., for Fe–Mg 

interdiffusion in olivine, where the D along c axis is 6 times greater than D along a and b axes, in 

the T range 700–1250 °C; diffusion anisotropy changes at higher temperatures; Tachibana et al., 

2013). 

Diffusion coefficients for earth and planetary materials reported in the literature are mostly obtained 

from laboratory experiments. The methods for measuring diffusivities vary considerably, depending 

on physical state of the matter (fluid, melt, glass, or solid) and availability of analytical methods. 

Regardless of experimental complexity and sophistication, the basic idea of all diffusion 

experiments remains the same: given an initial perturbation in concentration or isotopic ratio on the 

surface or in part of the specimen of interest, to monitor the spread of the diffusant in the specimen 

as a function of diffusion time by measuring concentration and/or isotopic ratio profile(s) in the 

experimental charge using a suitable analytical instrument, and to retrieve diffusion coefficient(s) 

from the measured concentration profiles using solutions to diffusion equations pertinent to the 

experimental setup. 



 

2.3.1.3 The power of diffusion chronometers: general strengths and advantages 

 

Empirical equations combining nucleation and growth have been used to determine timescales. 

Examples include crystal size distribution (CSD) analysis. For these kinetic approaches, many 

assumptions occur, that are often clearly not fulfilled in natural systems: crystal growth rates are 

assumed to be constant. Moreover, nucleation and crystal growth can occur through different 

mechanisms and, consequently, the first step of modeling these processes is to identify the law (i.e., 

the equation) they obey in a given case. The radiometric dating method (e.g. U-series) has proven 

especially valuable in constraining many magmatic timescales (e.g. Turner and Costa, 2007). 

Nevertheless, the central problem of radiometric dating persists; the parent and daughter isotopes 

can become decoupled, such that what is dated is a time of decoupling (or cessation of secular 

equilibrium). A further limitation of the U-series approach is that the analytical techniques used do 

not lend themselves to high spatial resolution. Consequently, it may be difficult to disentangle 

multiple timescales from zoned crystals, especially where crystal cores and rims differ greatly in 

age (e.g., Cooper and Reid, 2003). Within this context, Chakraborty (2006) has discussed why 

diffusion is a powerful tool for determining durations or timescales: 

(a) It is a ubiquitous process. Natural minerals are typically solid solutions and so thermodynamics 

requires that the composition of the reactant and the product in an elementary step of any chemical 

transformation is different. Obtaining a product with a different chemical composition from that of 

the reactant requires diffusion of atoms to occur on some scale somewhere. 

(b) The process is governed by one well-defined, quantitative law. A combination of conventional 

petrographic skills (to identify suitable initial and boundary conditions) combined with modern 

numerical methods for solution of differential equations is necessary for usefully applying this law. 



(c) Under favorable circumstances, the durations/timescales are determined by modeling diffusion 

of the same elements that are also used to determine the pressure/temperature/dates of various 

events affecting the rocks. This allows the durations to be related to specific processes. 

(d) Diffusion modeling yields durations directly. Radiogenic isotopes date events accurately, but it 

is by combining several such dates, with some consideration of closure of a system (typically 

dependent on consideration of diffusion), that one can conclude anything about durations or rates. 

By using diffusion chronometry we can determine a timescale of the respective process (duration) 

that is independent of the absolute age of the crystal. Thus, the same methodology can be applied to 

crystals in volcanic rocks from any age, i.e., Archean to the present day. 

(e) There is no limit on the timescale that can be investigated, from seconds up to billions of years. 

Short-lived processes can be determined in old crystals. For example, with diffusion modelling the 

cooling rate of refractory high temperature condensates in the solar nebula or the peak temperature 

of metamorphism were determined for chondrite parent bodies at the onset of our solar system 

(Simon et al., 2011; Schwinger et al., 2016). 

(f) Diffusion rates of different elements in the various minerals are spread over many orders of 

magnitudes at any given condition. In this connection, the rapidly increasing capability of 

measuring trace element and isotopic concentration gradients with increasing spatial resolution is of 

immense importance. 

(g) The increased speed and resolution of analytical equipment means that it is possible to measure 

multiple compositional profiles/maps from the same sample. This affords the possibility of 

numerous cross checks between information obtained from the diffusion modeling of the same 

elements in different grains (including the use of effects resulting from anisotropy of diffusion), 

different elements in the same mineral, and different elements in different minerals. This ability to 

obtain multiple measurements allows statistics to outweigh uncertainties that stem from lack of 



knowledge of initial or boundary conditions during diffusion. The same procedure helps to identify 

compositional gradients that have been produced by processes other than diffusion. 

 

2.3.2 Diffusion modelling 

 

Compositional zoning in a crystal may be used to obtain time if: (i) one or more of the magmatic 

environmental variables such as temperature, pressure, volatile fugacities, or the composition of the 

liquid change (creating zoning) are known, and (ii) the diffusion of the elements of interest in the 

mineral is fast enough to partially erase the zoning, but slow enough for the crystal to not fully 

equilibrate to the new set of conditions. Once a zoning pattern is established in a crystal it is 

possible, under certain conditions, to obtain a time constraint and correlate this directly to the 

process that is recorded in the crystal (e.g. Chakraborty, 2008; Costa et al., 2008; Kahl et al., 2011, 

2013, 2015). The first thing is to consider what magmatic processes the crystals are recording. The 

same type of zoning in different samples can be modeled in different ways, depending on the 

geological context. This means that a detailed petrological study must be conducted before to 

launch into the models. For example, diffusion modelling of compositional steps in volcanic 

crystals has emerged as a critical method to establish the age of ‗young‘ (10
−1

–10
3
 years) mixing 

events in magmas (e.g. Costa and Morgan, 2011), made possible by advances in microanalysis as 

well as in modelling diffusional processes. 

With the diffusion equation, to obtain robust timescales of magmatic processes, we need to consider 

the following points: (i) how well the values of the diffusion coefficient are know; (ii) how well the 

concentration gradients have been characterized, paying special attention to the precision and 

spatial resolution of the analytical technique that is used. 

The initial and boundary conditions are crucial aspects. The initial condition refers to how to 

determine or infer the initial shape of the profile used to start the calculation (e.g. homogenous, 



ladder type, oscillatory). The boundary conditions refer to the type of boundary between the crystal 

and the surrounding media (e.g. at the crystal rim). This means it is necessary an appropriate 

diffusion model, which includes geometry (e.g., simplified geometry vs. real crystal shape; 1D vs. 

2D vs. 3D models), initial condition (e.g., homogenous concentration vs. step-like zoning vs. 

complex zoning), and boundary condition (e.g., fixed rim composition vs. variable rim composition 

as controlled by a temperature-dependent exchange reaction, a geothermometer, or by variable 

element fluxes from the environment; open system vs. closed system; Chakraborty and Ganguly, 

1991). This is not always straightforward and, depending on the crystal growth and diffusion rates 

of the elements of interest, the observed profile is a combination of both growth and diffusion. 

Different initial profiles would yield different timescales as a result, although a detailed analysis of 

the most common end-member possibilities shows that the effects on absolute times are not so large 

as we would anticipate (Costa et al., 2008). There have been different approaches to assessing the 

initial conditions; these fall mainly into three categories: (i) use the profile shapes of the slow-

diffusing elements, combined with a consideration of melt chemistry and partitioning, as a proxy for 

the initial profile shape of faster-diffusing elements. A perfect candidate for this approach is 

plagioclase, where the slow diffusivities of the anorthite component involving coupled diffusion of 

NaSi-CaAl (Grove et al., 1984) are a good indicator of the profiles created during magmatic 

processes and thus can be used to model the initial condition for the faster diffusing elements such 

as Mg or Sr (Costa et al., 2003. 2010). In clinopyroxene crystals from the Agnano-Monte Spina 

eruption, used to infer timescales estimation in this thesis, the Al (slow diffusive element) has been 

used to model the initial condition for Fe-Mg interdiffusion (faster diffusing elements); (ii) assume 

a very sharp profile as the initial condition, in which case the time obtained is a maximum. This has 

been shown to be useful for modeling Fe-Mg in clinopyroxene (Morgan et al., 2004) or Ti diffusion 

in quartz (Wark et al., 2007); (iii) use a homogenous initial profile and prove a posteriori that this is 

a good assumption by the consistency of the results obtained by modeling multiple elements and 

multiple traverses along different orientations. Olivine has been a good candidate for such an 



approach because of the diffusion anisotropy of many elements (Costa & Chakraborty, 2004; Costa 

and Dungan, 2005). The other important decision is the type of boundary that is applicable to the 

problem that we want to model. The boundary conditions arise from the nature of exchange of the 

elements of interest at the boundary of the crystal with its surrounding matrix. Two end-member 

cases are an isolating boundary where the crystal does not exchange matter or equilibrate with its 

surroundings (e.g. liquid), and an open boundary where re-equilibration of the crystal with its host 

liquid occurs. In the case of magmatic rocks and crystals that are freely set in a liquid of a much 

larger mass than the crystals, it is likely that the boundary of the crystal will be open to exchange 

with the liquid. Open boundaries are expected to be far more common in magmatic systems where 

minerals are in diffusive communication via melts. This open boundary condition has been applied 

in many studies and is mainly of two types: the concentration is constant along time, or the 

concentration at the boundary changes because of crystallization, mixing or changes in temperature 

and the partition coefficients. These considerations allow isothermal diffusion models to be 

evaluated, and these are often adequate for volcanic systems. Such models yield the duration of 

time that a heterogeneous crystal experienced high temperatures; i.e., prior to quenching by 

eruption: this is the case of clinopyroxene crystals studied in this thesis.   

Once the initial and boundary conditions have been adequately chosen for the specific diffusion 

model, the key parameter in such model is the diffusion coefficient. The value of the diffusion 

coefficient strongly depends on temperature (D exponentially increases with temperature), which is 

the main parameter affecting the diffusion process, other than on pressure, water fugacity, oxygen 

fugacity, composition and crystallographic direction which also play a role. Anyway, the 

advancements in experimental and analytical equipment based on thin film technology and 

nanometer-sized diffusion zones allow the determination of diffusion coefficients in many cases 

directly at the relevant P, T, and other environmental variables (e.g., Dohmen et al., 2002). 

Moreover, the number and the quality (e.g., exploring the full range of environmental variables) of 



diffusion coefficients has increased dramatically, and it is possible to better understand the 

mechanisms of diffusion. 

Once the form of the constitutive equation appropriate for modeling the relevant continuity equation 

(the initial and boundary conditions and the diffusion coefficient have been defined) has been 

identified the diffusion equations may be solved numerically or analytically. For the analytical 

solution, where concentration is given as an analytical function of space and time, two methods are 

used: solution by integration and solution by Fourier transform. Integrated solutions, namely those 

of infinite half-space and step function type problems, often contain x and t inside a term of the 

form: 

 

where erf is the error function (Crank, 1975; Carslaw and Jaeger, 1959). The error function is the 

name given to the unsolvable integral: 

 

for which tabular listings and numerical solutions are provided by many software packages (e.g. 

Costa et al., 2008) and textbooks (e.g. Crank, 1975). The error function is used to model the 

variation of concentration as a function of time. Analytical solutions are typically in the form of an 

error function, Bessel function or exponentials and it is necessary to have a different solution for 

given initial conditions, boundary conditions and geometry (plane sheet, cylinder or sphere). The 

analytical solutions for many different initial and boundary conditions for different geometries can 

be found in Crank (1975) and Carslaw and Jaeger (1959). An alternative to analytical solutions is to 

discretize the continuity equations using numerical methods. Numerical solution to the diffusion 

equation can be found using the techniques of finite differences (Crank, 1975; Press et al., 2007). 



The technique uses an approximate solution to the partial derivatives with a Taylor series 

approximation and algebraic manipulations (e.g. Costa et al., 2008). Numerical solutions have the 

disadvantage that the algorithms need to be written and that depending on the scale of the problems 

and the desired resolution, a significant amount of computer time could be necessary. 

For both analytical and numerical solutions, a forward model is used to infer the solution of the 

equation: the measured distributions of concentration are fitted by this solution, where time (or the 

temperature–time path) is the only unknown. In such model, the time term of the diffusion equation 

is varied until the shapes of calculated profiles closely match those of the measured profiles. The 

difference between the initial and the final (measured) concentration distribution (or, more 

correctly, the chemical potential distribution) of the element/isotope of interest is the measure of the 

total extent of diffusion, which basically contains the time information. These steps need to be 

applied to multiple crystals from single and multiple thin sections in order to obtain a suitable 

statistics and confidence in the retrieved timescales. In fact, the validity of the resulting timescales 

is invigorated by the use of multiple profiles in a crystal and by the use of multiple crystals yielding 

similar time estimates. If these conditions are satisfied, it is possible to consider reliable the 

obtained time span.  If two profiles of the same crystal yield different time estimates, the crystal can 

be considered to be affected by processes other than diffusive modifications (e.g. Costa et al., 

2008). 

2.3.2.1 Applications of diffusion modelling in natural crystals 

 

Diffusion chronometry can be applied to different elements/isotopes in different mineral phases, in 

order to investigate time of magma assimilation, metasomatism, magma mixing or mingling, and 

mafic intrusion into a reservoir and the subsequent eruption. The relatively large number of 

modeling studies devoted to this subject probably reflects the importance of such processes for 

understanding magma differentiation (e.g., Eichelberger, 1978) and their potential for eruption 

triggering and volcanic hazards (e.g., Sparks et al., 1977). 



Many studies have used Fe-Ti zoning in magnetite (e.g., Nakamura, 1995; Venezky and Rutherford 

1999; Coombs et al. 2000; Chertkoff and Gardner 2004). Other studies have used major (e.g. Fe-

Mg) and minor (e.g. P) element zoning in olivine (e.g. Coombs et al. 2000; Pan and Batiza 2002; 

Costa and Chakraborty 2004; Costa and Dungan, 2005). Diffusion in olivine is well constrained 

(e.g. Chakrabory and Ganguly, 1991; Costa et al., 2008) and diffusion data for many elements, 

including the effects of different environmental variables are known. Fe-Mg zoning in 

clinopyroxene has been used for determining the time between magma intrusion and eruption (e.g., 

Costa and Streck, 2004; Morgan et al. 2004). Zoning of trace elements (Sr, Mg, Ba) in plagioclase 

has also been applied (e.g., Costa et al. 2003, 2008) and there exists a number of recent 

determinations of diffusion coefficients which have been reported for a large range of 

thermodynamic variables and numbers of elements. Morgan and Blake (2006) and Zellmer and 

Clavero (2006) have used Sr and Ba zoning in sanidine. Morgan and Blake (2006) modeled magma 

residence and differentiation times for a large silicic magma to be ca. 100 ka. There is significant 

diffusion data on sanidine (e.g., Cherniak 1996, 2002), but the difficulty is to model a suitable 

differentiation history. This requires a model that considers changing composition at the crystal 

boundary with time, as well as growth during diffusion. Morgan and Blake (2006) exploited the 

different diffusion rates of Sr and Ba to partly overcome such complexities. Wolff et al. (2002) and 

Bindeman et al. (2006) used the disequilibrium between oxygen isotope composition of feldspars 

and quartz or olivines to obtain timescales for assimilation. A recent development is the use of Ti 

zoning in quartz (Wark et al., 2007), which is also based on new determinations of Ti diffusion 

coefficients (Cherniak et al., 2007), and the development of a new geothermometer (Wark and 

Watson, 2006). This should open new pathways for understanding the time-temperature histories of 

silica-rich magmas. A recent new finding is that H is zoned in mantle olivines (Demouchy et al., 

2006; Peslier and Luhr, 2006). Such crystals also have been used to infer mantle-to-surface 

transport rates of several hours to days. Timescale for the generation of silica-rich magmas by 

partial melting or remobilization of crustal rocks have also been estimated with oxygen isotopes in 



quartz and zircon (Bindeman and Valley, 2001), and Sr and Ba zoning in plagioclase (Zellmer et al. 

1999, 2003). 

2.3.2.2 Diffusion modelling in pyroxene 

 

For nearly one century pyroxenes have been used as geological archives of magmatic processes 

(Larsen et al., 1938; Tomkeieff, 1939) and due to the relatively low diffusivity, the interpretation of 

compositional zoning patterns enables the quantification of the duration of igneous processes 

(Müller et al., 2013) such as the residence time of crystals by measuring the width of the diffused 

rims (Morgan et al., 2004). In the last decades a wide range of cations were subject to diffusion 

studies in Ca-rich clinopyroxene mainly focusing on the self-diffusion and interdiffusion (Freer et 

al., 1982; Brady and McCallister, 1983; Sautter et al., 1988; Béjina and Jaoul, 1996; Dimanov and 

Jaoul, 1998; Zhang et al., 2010; Müller et al., 2013). Pyroxenes have been generally used to 

constrain timescales of processes in silicic systems that lack olivine (Dohmen et al., 2017). BSE 

imaging (for Fe–Mg, e.g., Morgan et al. 2004, Saunders et al. 2012a) or other higher resolution 

methods have been used (TOF-SIMS: Saunders et al. 2012b; NanoSIMS: Saunders et al. 2014) to 

resolve in detail the chemical zoning. Fast processes can be determined using Li diffusion in 

clinopyroxene. For example, concentration profiles of Li in clinopyroxene from Martian meteorites 

(nakhlites) were modelled to determine cooling rates of the respective magmatic system (Beck et al. 

2006).  

Pyroxenes in silicic volcanic rocks typically show a diversity of zoning styles, with normal, 

reversed, multiple, or patchy zoning. However, it is quite common that a final, outermost rim with a 

thickness of 10–100 μm is formed at some point before the magma erupts. The compositional jump 

at the interface between the outermost rim and the interior of the crystal is typically very sharp and 

hardly can be resolved using electron microprobe analysis without convolution effects (Ganguly et 

al., 1988; Morgan et al., 2004). Therefore, Morgan et al. (2004) inferred variations in the Fe content 

using the grey scale of BSE images of clinopyroxene, since the contribution to the changes in the 



grey scale by variations of other elements, Al or Si, are minor. For clinopyroxene it must also be 

assumed that the variation of Ca was small enough to not affect the grey scale at all. The linear 

correlation of the grey scale with the Mg# = Mg / (Fe + Mg) was demonstrated by Allan et al. 

(2013). BSE imaging allows for a spatial resolution down to 100 nm or less (e.g., Saunders et al. 

2012b) and is a very time efficient way to map Fe in pyroxene crystals. The appropriate diffusion 

coefficient depends on the magmatic temperature, which Morgan et al. (2004) determined based on 

the composition of melt inclusions in clinopyroxene using the geothermometer of Cioni et al. 

(1999). Using the diffusion data of Dimanov and Sautter (2000) to calculate the diffusion 

coefficient for Fe-Mg in clinopyroxene, Morgan et al. (2004) determined residence times in 

multiple clinopyroxene crystals (following growth of the final rim) from the 1944 eruption of 

Vesuvius and obtained a range from 0.4 to 9 yr with a distribution skewed to young ages. Instead, 

the diffusion coefficient used in this thesis, to calculate timescales of magmatic processes, by 

modelling diffusional profiles in clinpyroxene crystals from the Zaro and Agnano-Monte Spina 

eruptions, is that (more recent) of Müller et al. (2013).  

 

 

 

 



 

3. GEOLOGICAL AND VOLCANOLOGICAL BACKGROUND OF THE 

PHLEGRAEAN VOLCANIC DISTRICT: A FOCUS ON TWO DIFFERENT SIZE 

ERUPTIONS OF THE MOST RECENT PERIOD OF ACTIVITY: AGNANO-

MONTE SPINA, IN THE CAMPI FLEGREI CALDERA, AND ZARO, AT ISCHIA 

ISLAND 

3.1 Regional geologic setting: the Campania Plain and the volcanoes of the 

Neapolitan district 

 

Among the active volcanic areas worldwide the volcanic hazard posed by the Phlegraean Volcanic 

District (PVD) is extremely high, due to its explosive character. Both the high volcanic hazard and 

the intense urbanization result in an extreme volcanic risk in this area (e.g. Orsi et al., 2004, 2009; 

Selva et al., 2012, 2019; Bevilacqua et al., 2015,2017; Mastrolorenzo et al., 2017), leading to a 

considerable interest in understanding which processes might contribute to trigger eruptions and 

control eruptive dynamics. 

The PVD, located within the Campania Plain (southern Italy; Fig. 17), is constituted by the Campi 

Flegrei caldera and the islands of Ischia and Procida (Orsi et al., 1996a). Except for Procida, whose 

activity ended ca 22 ka (Morabito et al., 2014), Ischia island and Campi Flegrei volcanic field are 

still active and pose a very high potential volcanic hazard. Together with the still active Somma-

Vesuvius strato-volcano, these volcanic complexes make up the Neapolitan district (e.g. Conticelli 

et al., 2010).   



 

Fig. 17 Geological and structural sketch map of the Southern Campania Plain (modified after Orsi et al., 2003) showing the location 

of the Neapolitan volcanoes and the main tectonic features. 

The PVD formed in response to the Pliocene-Quaternary extensional processes that generated the 

Campania Plain graben, along the Tyrrhenian margin of the Apennine thrust belt (Acocella and 

Funiciello, 2006). The latter results from the deformation of the African continental margin: 

Southern Apennines consist of a number of thrusts, locally covered by Plio-Quaternary 

autochthonous shallow marine and continental sediments. The crust, beneath the Apennine chain, is 

about 25-30 km thick (e.g. Locardi and Nicolich, 1988; Piromallo and Morelli, 2003) and the pile of 

tectonic thrusts overlies a crystalline-metamorphic basement. The Apennine thrust belt is composed 

of a variety of Mesozoic and Palaeogenic palaeogeographic domains (e.g. D‘Argenio et al., 1973). 

Tectonic units (Sicilide, Liguride, Alburno-Cervati, Lagonegro, etc.; Ippolito et al., 1975; Grasso, 

2001; Vitale and Ciarcia, 2013) consist of a wide variety of rock types (e.g. limestones, dolostones, 

flysch sequences, sandstones, marls, ophiolitic rocks, in order of abundance) ranging in age from 



Upper Triassic to Miocene. They mostly represent basinal sequences formed on the border of the 

African plate, which were delaminated and superimposed over the Apulia foreland. The latter is 

located east of the Apennine chain and consists of Mesozoic to Tertiary platform carbonates (e.g. 

Grasso 2001; Patacca and Scandone 2001; Vai and Martini 2001). The geodynamic evolution of the 

whole area is controlled by the interaction among two major plates, the European Plate and the 

African Plate. The extensional tectonics, linked to the opening of the Tyrrhenian basin during the 

Upper Tortonian and the compressional tectonics leading to the chain development are consequent 

to the subduction and roll-back of the Adriatic plate under the Sardinia-Corsica plate (e.g. Patacca 

and Scandone, 2007). Overthrusting of tectonic units occurred during Upper Oligocene to Lower 

Pleistocene compressional phases. These were followed by intensive extensional tectonic phases, in 

turn due to the complex stress field produced by the great collision between African and Tyrrhenian 

plates in the Mediterranean area (e.g. Mantovani et al., 1990; Mazzoli and Helman, 1994; Mazzoli 

et al., 2001, 2008; Handy et al., 2010). These extensional tectonic phases generated fault systems 

(both parallel and normal to the Apennine chain) which have downthrown the western Apennines at 

least during Quaternary times (Brancaccio et al., 1991; Cello and Mazzoli, 1999). The activation of 

NW-SE normal and NE-SW normal to strike-slip transfer fault systems have generated the present 

setting of the Campania Plain (e.g. Acocella and Funiciello, 2006), in which the active volcanoes 

lie. The middle-southern part of the Plain is featured by two principal orographic elements: Campi 

Flegrei volcanic field, west of Napoli, and Somma-Vesuvius strato-volcano, east of Napoli (Fig. 

17). 

The Campania Plain is ca 3000 km
2
 wide and it is composed of  ca 3.000 m thick sequences of Plio-

Quaternary continental, deltaic, and marine sediments, intercalated with volcanic deposits. The 

nearly rectangular flat plain is elongated in a NW-SE direction for about 100 km, and occupies a 

wide, graben-like structural depression. The regional stress regime, which has determined the 

formation of the plain, has also favoured generation of volcanism (along all the Tyrrhenian margin 

of the Italian peninsula) because the NW-SE and NE-SW trending normal faults represent a 



preferential structure for magma upwelling and fluids emissions (Acocella et al., 1999; Brocchini et 

al., 2001; Piochi et al., 2005a; Acocella and Funiciello, 2006).  

The geological evolution of the Campanian plain and the relationships with volcanic activity have 

been studied in detail by several authors (Ippolito et al., 1973; Cinque et al., 1987, 1993; Albore 

Livadie et al., 1989; Brancaccio et al., 1991; Romano, 1992; Acocella et al., 1999; Acocella and 

Funiciello, 2006; Torrente et al., 2010). The volcanic complexes are made up mainly of pyroclastic 

rocks with subordinate lava flows but their structures and morphological appearance vary widely. 

The volcanic rocks cover an area as large as the entire Campanian plain, and some tephra levels 

originated from the largest eruptions of the Campi Flegrei and Ischia can be found throughout the 

Mediterranean basin and over (e.g. Munno and Petrosino, 2004; Engwell et al., 2014; Giaccio et al., 

2017; Sevink et al., 2020).  

Most of the volcanoes of the Neapolitan district developed during the Upper Pleistocene but with an 

intense volcanic activity piercing the Pleistocene-Holocene boundary (Brocchini et al., 2001; De 

Vivo et al., 2001; Deino et al., 2004). A wealth of data regarding the recent phases of activity of 

these volcanoes is available, but little is known about the Middle Pleistocene history of Neapolitan 

volcanoes, because most of these products are buried by Holocene volcanic activity, or just beneath 

the sea level. The absence of Pliocene marine sediments in the drills of the Campanian Plain, 

indicates that the southern part of the plain was above sea level during the Middle Pleistocene 

(Brancaccio et al., 1991; Cinque et al., 1993), the period to which date back the older potassic and 

ultrapotassic rocks of the district (ca 330 ka; Brocchini et al., 2001). 

During the last 50 ka, an intense explosive activity, with recurrent intervals, dispersed both primary 

and secondary pyroclastic products over an area as wide as 10.000 km
2
, which includes the entire 

plain and the surroundings. Stratigraphic studies reveal that from prehistory to the present time, 

both the Campi Flegrei and Somma-Vesuvius areas, including the area of Napoli and the mountain 

reliefs, have been affected by volcano-tectonic events (subsidence, bradyseism, and rapid caldera 



collapse), as well as the coupled primary deposition of volcanic products and secondary deposition 

of volcanically induced mass flows. 

 

3.2 Campi Flegrei volcanic field 

 

The Campi Flegrei volcanic field, the main feature of the PVD, together with the Somma–Vesuvius 

strato-volcano and Ischia volcanic island, is one of the three active volcanoes of the Neapolitan 

area. Campi Flegrei includes a continental and a submerged part. The Campi Flegrei volcanic field 

(Fig. 18) is dominated by a quaternary 12 km wide caldera depression, outlined on land by a 

discontinuous ring-shaped hilly morphology with inward-facing scarps enclosing the volcanic field.  

 



Fig. 18 Simplified geological map of Campi Flegrei caldera showing the traces of regional faults and main morphological structures 

such as caldera and crater rims and faults derived from deep sea seismic profiles (modified after Vitale and Isaia, 2014). 

The caldera results by multiple collapses occurred during two highly explosive volcanic eruptions: 

the Campanian Ignimbrite (CI) occurred ca 40 ka (Gebauer et al., 2014; Giaccio et al., 2017) and 

the Neapolitan Yellow Tuff (NYT) occurred ca 15 ka (Deino et al., 2004). The Campanian 

Ignimbrite eruption and caldera collapse was the earliest event to profoundly influence the present 

geological setting of the area. The Neapolitan Yellow Tuff eruption and caldera collapse was the 

last dramatic event in the history of the caldera. The geometry and dynamics of both large calderas, 

as well as of smaller volcano-tectonic collapses, were deeply influenced by both local and regional 

stress regimes (Orsi et al., 1996a, 2003). Each large collapse affected the structural conditions of the 

system, and constrained the foci of later volcanism (Orsi et al., 2009). The caldera rim ranges in 

elevation between about 450 meters and a few tens of meters, and one third of it continues below 

sea level, forming Pozzuoli Bay. A few submerged volcanic relicts represent the submerged part of 

the volcanic field (Fig. 18). The southern limits of the caldera are poorly known and mainly inferred 

by the geophysical investigations. A vertical fault system defines the geometry of the central 

depression, which characterizes the nearly perfect circular caldera structure. The intracalderic area 

of Campi Flegrei shows the typical features of a volcanic field characterized by different land 

forms. It includes closely-grouped volcanic hills, coalesced craters, depressions bordered by steep, 

eroded volcano flanks, and fault scarp faces, crater-filling lakes, and relicts of ancient marine 

terraces (Fig. 18). The few major intracalderic plains of Fuorigrotta, Soccavo, Pianura, S.Vito, 

Quarto, and La Starza, are associated with localized subsidence areas, due to local ground 

movement following eruptive episodes (De Natale et al., 2006). The present, intracalderic landform 

of Campi Flegrei is dominated by a closely grouped assortment of pyroclastic cones, tuff rings and 

tuff cones spanning the entire range of hydromagmatic activity at shallow depth, and occurred after 

the emplacement of the Neapolitan Yellow Tuff. Apart from scoria cones and spatter cones, which 

were formed through Strombolian activity, cinder cones, tuff cones, and tuff rings result from the 



increasing efficiency of magma/water interaction (Di Girolamo et al, 1984; Di Vito et al, 1985; Rosi 

and Sbrana, 1987; Mastrolorenzo, 1994; Mastrolorenzo et al. 2001). The surface distribution of the 

monogenetic volcanoes reflects the tectonic and volcano-tectonic evolution of the caldera that, in 

turn, controlled the magma conduit position and the main ground collapses (Rosi et al, 1996).   

Volcanic products of the Campi Flegrei caldera (CFc) are mostly pyroclastic rocks and subordinate 

lava flows and domes, and volcanic activity has been dominantly explosive through time, with 

several minor volcano-tectonic collapse episodes. The volcanic history of Campi Flegrei has been 

extensively investigated in scientific studies in the past decades (e.g. Rittman et al., 1950; Rosi and 

Sbrana, 1987; Orsi et al., 1996a; Di Vito et al., 1999, 2016; Isaia et al., 2004, 2009; Smith et al., 

2011; Scarpati et al., 2013; Mastrolorenzo et al., 2017). The age of the beginning of volcanism in 

the area is not known.  Many authors recognized early volcanism (e.g., Di Girolamo et al., 1984; 

Orsi et al., 1996a; Pappalardo et al., 1999) prior to the CI eruption. Barbieri et al. (1979) describe 

calc-alkaline lavas below 1550 m from the Parete 2 well, 20 km northwest of Napoli, that were 

dated at 2.0 ± 0.4 Ma. Old ignimbrites, even if highly altered, at Durazzano (116.1 ka), Moschiano 

(184.7 ka), Seiano Valley (245.9 and 289.6 ka), and Taurano — Acqua Feconia (157.4, 183.8, 

205.6, and 210.4 ka) localities, in the north-eastern Campania Plain, have been recently 

characterized by Belkin et al. (2016). A deep borehole at Camaldoli della Torre (Somma-Vesuvius) 

penetrated 10 pre-CI units whose eruption ages fall between the CI event and Marine Isotope Stage 

5  - ca.126 ka (Di Renzo et al., 2007). Lithified pre-caldera pyroclastic deposits, named the Ancient 

Tuffs, have been ascribed to the volcanic activity (ca 80-50 ka) which predates the CI eruption. 

These deposits were generated by monogenic vents (San Martino, Parco Margherita, Parco Grifeo, 

Funicolare di Chiaia, San Sepolcro) mostly located in the west part of the city of Napoli (Scarpati et 

al., 2013). At least twelve pre-CI units are recognized at the Trefola Quarry (Orsi et al., 1996a) 

spanning the 59–39 ka period (Pappalardo et al., 1999). Volcanics older than the CI also include the 

lava domes of Punta Marmolite (47 ka; Cassignol and Gillot, 1982; 62.4+3.9 ka, Wu et al., 2015) 



and Cuma (37 ka; Cassignol and Gillot, 1982, 41 ka in Lirer et al., 2011; 45.9+3.6 ka, Wu et al., 

2015) and the Tufi di Torre Franco pyroclastic deposits  (> 42 ka; Alessio et al., 1973).  

The ca 40 ka Campanian Ignimbrite (CI; Gebauer et al., 2014), emplaced during a catastrophic 

explosive event having a magnitude of 7.2 (Scarpati et al., 2014), is considered the most powerful 

eruption ever occurred in the Neapolitan area. The CI plinian eruption emplaced a large volume of 

pyroclastic fall and pyroclastic density current (PDC) products, which resulted in a very complex 

sequence in proximal, medial and distal outcrops (Barberi et al., 1978; Di Girolamo et al., 1984; 

Rosi and Sbrana 1987; Fisher et al., 1993; Perrotta and Scarpati 1994, 2003; Civetta et al., 1997; 

Orsi et al., 1996a; Rosi et al., 1996, 1999; Cappelletti et al., 2003; Perrotta et al., 2006; Fedele et al., 

2008; Scarpati and Perrotta 2012, 2016; Engwell et al., 2014; Scarpati et al., 2015a, 2015b, 2016). 

Stratigraphic data suggest that the eruption began with phreatomagmatic explosions, followed by 

the formation of a sustained Plinian eruption column that was fed by simultaneous emission of both 

trachytic and phonolitic magmas (Pappalardo et al. 2002a, 2008). With the onset of a sustained 

plinian plume, up to 39-50 km high, the eruption produced a stratified pumice lapilli fall deposit 

dispersed toward the east (Martì et al., 2016; Scarpati and Perrotta, 2016). The plinian phase was 

followed by a collapsing column phase during which impressive PDCs were generated, spreading 

over an area of more than 30000 km
2
 and able to surmount mountain ridges up to 1000 m high 

(Fisher et al., 1993). This phase produced a massive, mostly welded, grey ignimbrite sheet in medial 

areas (e.g., Barberi et al., 1978; Fisher et al., 1993; Scarpati and Perrotta, 2012; Scarpati et al., 

2015a) and a proximal accumulation of lithic breccias, welded horizons and unconsolidated 

pumiceous deposits along the caldera rim (the Breccia Museo; e.g., Rosi et al., 1993; Perrotta and 

Scarpati, 1994; Melluso et al., 1995; Fedele et al., 2008).  Reported estimates for the total volume of 

erupted magma have historically oscillated from ca 80 up to 300 km
3
 DRE (dense rock equivalent; 

Keller et al., 1973; Thunnel et al., 1979; Cornell et al., 1983; Fisher et al., 1993; Civetta et al., 1997; 

Fedele et al., 2008, 2016; Scarpati et al., 2014; Silleni et al., 2020). About 16 km
3
 of co-plinian ash 

and 100 km
3
 of cogenetic co-ignimbrite ash fall (Perrotta and Scarpati, 2003) were dispersed and 



emplaced in the eastern Mediterranean Sea and eastern Europe (e.g., Keller et al., 1973; Thunnel et 

al., 1979; Cornell et al., 1983; Perrotta and Scarpati, 2003; Pyle et al., 2006; Costa et al., 2012; 

Engwell et al., 2014). The lithology and depositional characteristics (lithofacies) of the CI change 

both laterally and vertically, especially due to variations in emplacement mechanisms, degree of 

welding and post-depositional processes, i.e. glass recrystallization and zeolitization (Cappelletti et 

al., 2003; Langella et al., 2013). This gives origin to the superposition of different units, with 

different areal distribution and large variability from proximal to distal sites. Along and close to the 

caldera rims, the CI deposits occur in scattered outcrops mainly representing the proximal facies of 

this formation.  

The post-CI, pre-NYT volcanic activity is characterized by a thick succession of pyroclastic 

deposits. This activity was confined inside the CI caldera and the majority of the rocks were 

produced by explosive, mostly hydromagmatic eruptions (Orsi et al., 1996a). Their deposits occur 

in scattered outcrops across the central part of the city of Napoli, and along the northwestern and 

southwestern scarps of the Posillipo hill (Monte di Procida, Cuma, Punta Marmolite, Trefola, 

Masseria del Monte, Vallone del Verdolino, Moiariello, Ponti Rossi, Sant‘Arpino, Monte Echia, 

San Martino hill, Villanova, Coroglio, and Trentaremi; Orsi et al., 1996a, Pappalardo et al., 1999). 

40
Ar/

39
Ar dated eruptions range in age from 30.3 ka  to 14.6 ka (Pappalardo et al., 1999). These pre-

NYT units are known collectively as Tufi Biancastri (Rittman et al., 1950). The stratigraphic 

relationships between these deposits are not well constrained owing to their limited distribution. At 

least 10 pre-NYT tephra layers are also recorded in the Lago Grande di Monticchio core (Wulf et 

al., 2004). Moreover, recently, Albert et al. (2019), based on tephrostratigraphic studies revealed the 

high magnitude (M 6.6 or VEI 6) of one of the Pre-NYT deposit: the Masseria del Monte Tuff, 

otherwise known as Y-3 tephra in the tephrostratigraphic record of the Mediterranean area (dated at 

29.3 ± 0.7 ka); the authors concluded that during this event ca17 km
3
 (DRE) of magma were 

erupted, based largely on the distal ash fall covering an area >150000 km
2
. 



The NYT was produced during one of the largest eruptions of the CFc, and it is by far the largest 

trachytic phreatoplinian deposit known. The NYT outcrops in scattered localities over an area of 

ca1000 km
2
, with a conservatively estimated volume of ca 40 km

3
 (DRE; Orsi et al., 1992b, 1995; 

Scarpati et al. 1993). In the caldera depression, the thickness varies between a few meters to more 

than 100 m, and is mostly covered by younger pyroclastic deposits. The NYT pyroclastic sequence 

consists of two main units called Lower and Upper Member according to the nomenclature of Orsi 

et al. (1992b, 1995). The Lower Member consists of a sequence of pumice-and-ash fallout deposits 

and dilute PDC deposits which extend up to a distance of ca 35 km from the vent and make ca 1/3 

of the total erupted volume (Orsi et al., 1992b). The Upper Member comprises both massive and 

thick pumice-and-ash deposits from highly concentrated PDCs and stratified ash beds from dilute 

PDCs which were recognized up to a distance of ca 14 km from the vent (Wohletz et al., 1995). A 

coarse lithic breccia corresponding to the onset of the caldera collapse phase was identified at the 

base of the Upper Member in the proximal areas (Scarpati et al., 1993). No paleosoils have been 

recognized between the two members in the field and 
40

Ar/
39

Ar dating confirms that the two units 

have the same age (14.9 ka; Deino et al., 2004). The NYT formation consists of two main 

diagenetic facies; a yellow, lithified, unwelded facies rich in zeolite, and a gray, non-lithified facies 

called ―Pozzolana‖ (Scherillo, 1955). The NYT deposits show lateral and vertical variations of the 

degree of lithification and zeolitization, which mostly depend upon the thermal conditions of 

deposition and the amount of phreatomagmatic water involved during eruption. The most lithified 

and zeolitized rocks are concentrated in the inner portions of the pyroclastic sequence in the 

proximal areas where the ignimbrite shows its maximum thickness. Here, relatively high 

temperatures within the wet deposits were maintained long enough to trigger the hydration-

dissolution processes in the volcanic glass (de‘ Gennaro et al., 2000).  

During the last 15 ka, the caldera has been the site of intense volcanism and deformation, 

characterized by about 70 eruptions grouped into three epochs of activity: epoch 1: ca 15-10.6 ka; 



epoch 2: ca 9.6-9.1 ka; and epoch 3: ca 5.5-3.5 ka (Smith et al., 2011) during which eruptions have 

followed one another at mean time intervals of a few tens of years. 

During the epoch 1, at least 32 explosive eruptions took place, with a mean frequency of one 

eruption every 70 years (Di Vito et al., 1999). All the eruptions of this epoch were explosive, 

varying from magmatic to phreatomagmatic. Most of the eruptive vents were located along the 

structural margin of the caldera (Lirer et al, 1987; Orsi et al., 1996a). Near the end of this phase, the 

activity migrated toward the center of the caldera and the Plinian deposit of the Pomici Principali 

was erupted from the Agnano area (11.9-12.1 ka; Smith et al., 2011). During the last 15 ka only the 

Pomici Principali and the Agnano-Monte Spina, occurred during the epochs 1 and 3 of activity, 

respectively, were Plinian eruptions. 

The epoch 2 of activity began with the Fondi di Baia eruption (9.5-9.5 ka; Smith et al., 2011). 

During this epoch, six explosive eruptions, all low magnitude, took place with a mean frequency of 

65 years (Di Vito et al., 1999). All the eruption vents were located along the northeastern sector of 

the structural boundary of the NYT caldera (Fig. 18). Only the Fondi di Baia eruption took place 

along its western segment. The magmatic and phreatomagmatic eruptions produced deposits mostly 

distributed over the emerged part of the caldera floor (Di Vito et al. 1999; Orsi et al. 2004).  

Epoch 3 was characterized by numerous eruptions in a short time interval. 28 low-to medium-

magnitude eruptions occurred from vents mostly located in the NE part of the NYT caldera in the 

12-km
2
 Agnano-San Vito area (Fig. 18; Smith et al., 2011; Bevilacqua et al., 2017). This includes 

the Astroni, Solfatara, and Agnano craters, and is considered to be one of the sites of highest 

probability of vent opening in the case of future eruptions (Orsi et al., 2004; Selva et al., 2012; 

Bevilacqua et al., 2016, 2017). This portion of the NYT caldera has been subjected to extensional 

tectonics since at least ca 5 ka (Capuano et al., 2013) through NW-SE- and NE-SW-trending 

regional faults, favoring the ascent of the trachytic and latitic magmas which fed the eruptions. 

During this epoch an intense monogenetic explosive and subordinate effusive activity took place 



from vents located within the central part of the caldera: Solfatara (4.1-4.3 ka; Smith et al., 2011), 

Astroni (4.1-3.8 ka; Tonarini et al., 2009; Smith et al., 2011), Averno (5.4-4.1 ka; Di Vito et al., 

2011; Smith et al., 2011; Fourmentraux et al., 2012), and Monte Nuovo (1538 AD; Piochi et al., 

2005b; Guidoboni and Ciuccarelli, 2011; Di Vito et al., 2016; Liedl et al., 2019 ) pyroclastic cones, 

Agnano Monte Spina (4.4-4.6 ka; deVita et al., 1999; Dellino et al., 2001, 2004; Arienzo et al., 

2010; Smith et al., 2011; Romano et al., 2020) Plinian to phreatomagmatic eruption, and Monte 

Olibano and Accademia lava domes (4.36+1.13 ka, Wu et al., 2015) are the principal events that 

modified the inner part of the volcanic field (Fig. 18). Isaia et al. (2009) noted there was significant 

ground deformation (associated with hydrothermal activity) between the Santa Maria della Grazie 

(4.3-4.5 ka; Smith et al., 2011) and Agnano-Monte Spina eruptions, and separated the epoch into 

two subgroups (3a and 3b). The explosive eruptions before the largest Agnano-Monte Spina event 

varied from magmatic to phreatomagmatic and produced pyroclastic-fall and -flow deposits mostly 

distributed in the northeastern part of the CFc and over an area which extends few kilometers from 

the caldera boundary (Di Vito et al., 1999). After Agnano-Monte Spina there were many small 

events, including the emission of a lava domes and the occurrence of strombolian activity. The last 

event took place in 1538 AD with the formation of Monte Nuovo scoria cone (Guidoboni and 

Ciuccarelli, 2011; Di Vito et al., 2016). 

The intense fumarolic activity and the unrest episodes that occurred in recent decades (Del Gaudio 

et al., 2010) testify to the persistent activity of the CFc system. The caldera was affected by two 

main uplift phases in 1970–1972 and 1982–1984, events which were accompanied by seismicity 

and increase in heat fluxes and fumarolic activity (Del Gaudio et al., 2010). The current occurrence 

of long lasting fumarolic activity, widespread manifestations of hydrothermal springs, and ongoing 

ground deformation, started in 2005, suggests that the CFc magmatic system remains in a state of 

unrest (Vilardo et al. 2010; Chiodini et al. 2012, 2015, 2016). The Pozzuoli district has been the 

main epicentral region for local seismicity, especially during the uplift phases (e.g., De Natale et al., 

2001; Troise et al., 2008, 2019), as well as an area of degassing, including the emission of as much 



as 1500 tons of CO2 per day (Chiodini et al., 2001). The presence of 350000 inhabitants in the 

central part of the caldera raises the risk level to very high (Neri et al., 2015; Mastrolorenzo et al., 

2017; Charlton et al., 2020). 

3.3 The Agnano-Monte Spina eruption 

 

The Agnano-Monte Spina (A-MS) eruption, dated 4482-4625 cal. years BP (Smith et al., 2011), is 

the highest-magnitude eruption in the CFc during its last epoch of activity (Orsi et al. 2004, 2009) 

and it is considered as the reference event for a future medium-size explosive eruption (Mele et al., 

2015). The eruption was characterized by a magmatic/phreatomagmatic activity (de Vita et al., 

1999; Dellino et al., 2001) that lead to the emplacement of alternating fall and PDC deposits, 

distributed over an area of about 1000 km
2
 (Fig. 19a). Thickness of the tephra varies from a 

maximum estimated value of about 70 m in the Agnano plain, the inferred vent area for the 

eruption, to a few centimeters over a distance of about 50 km. Estimations based on distribution and 

thickness of A-MS products yield a volume of ejected magma of about 0.9 km
3
 (DRE; Orsi et al., 

2009). 



 

Fig. 19 a) Areal distribution of the Agnano–Monte Spina volcanic deposits (redrawn from de Vita et al., 1999);  b) Detail of the 

Agnano-San Vito area (modified after Iovine et al., 2017a); c) Schematic stratigraphic column of  the A-MS members (modified after 

Iovine et al., 2017a). 



 

The Agnano-Monte Spina unit was first defined by Rosi et al. (1983) and later described by Di 

Girolamo et al. (1984), Rosi and Santacroce (1984) and Rosi and Sbrana (1987). Di Girolamo et al. 

(1984) described the products of this eruption as a sequence of pumice- and scoria-flows confined 

inside the Agnano plain, underlain by an associated lag–breccia deposit, and characterized by the 

presence of a welded scoria deposit in the upper part. Rosi and Santacroce (1984) and Rosi and 

Sbrana (1987), based on 15 sections measured over an area of about 400 km
2
, identified four main 

phases in the A-MS eruption. The authors, on the basis of the areal distribution of the basal breccia 

deposit, suggested that the area of Monte Spina hill, in the Agnano plain (Fig. 19b), was the vent 

area for this eruption. Later, the A-MS deposits and stratigraphy were characterized in detail by de 

Vita et al. (1999). On the base of the sedimentological features of the A-MS deposits, these authors 

suggested that the eruption was characterized by five phases with variable dynamics and dispersal 

of the pyroclastic products. The authors were able to characterize the type of magma withdrawal 

and fragmentation (for example if magma-water interaction occurred) in each phase. De Vita et al. 

(1999) measured stratigraphic sequences of the A-MS tephra in 80 sections over an area of about 

1000 km
2
. The most distal studied exposure is 44 km northeasterly of the eruption vent. The 

distribution of the unit inside the caldera has also been investigated by interpreting the logs of 67 

boreholes drilled in variable morphological settings. The unit has been recognized in 43 of the 67 

examined logs. The borehole data allowed to define the thickness variations of the A-MS deposit 

and the vertical movements of the Agnano plain. Variations of sedimentological characteristics and 

presence of a significant erosional unconformity have allowed the subdivision of the A-MS deposit 

in six members, named A through F, from base up section (Fig. 19c). Many of the members have 

been subdivided in layers due to the occurrence of second-order sedimentological variations. 

Analysis of lateral facies variations and vertical facies associations of correlated layers reveals that 

during some eruptive phases (e.g. during the emplacement of layers B2, D2 and E2) the contrasting 

eruptive dynamics were almost contemporaneous (Dellino et al., 2004). Dellino et al. (2001), based 



on deposit structures and grain size have recognized six main lithofacies, which allowed to infer the 

transportation and deposition dynamics of the various members, also elucidating the magmatic and 

phreatomagmatic fragmentation mechanisms operating during the various explosive events. Based 

on these stratigraphic and sedimentological investigations (de Vita et al., 1999; Dellino et al., 2001, 

2004) it is possible to precisely reconstruct the phases and dynamics of the A-MS eruption as 

follow. The eruption began with phreatomagmatic explosions that produced a highly expanded ash 

cloud (basal part of A1). Member A, subdivided in two layers, named A1and A2, is exposed over an 

area of about 800 km
2
 which covers almost the entire outcrop area of the A-MS tephra. The upper 

fallout bed of A1 was deposited from a relatively low eruption column (about 5 km) produced by a 

magmatic explosion. Isopleths of the maximum lithic clasts show an easterly directed dispersal axis, 

but they are elliptical in the distal areas, while distorted and widened in the proximal areas. This 

member is interpreted as the product of an initial phase of the eruption, during which an efficient 

water–magma interaction caused extreme magma fragmentation, formation of an expanded cloud, 

formation and collapse of a low eruption column with a high particle concentration. Sub-member 

A2 is a sequence of ash to lapilli surge and fallout beds generated by eruption column collapse and 

phreatomagmatic explosions. Within the CFc, layer A2 represents mainly the product of deposition 

of pyroclastic currents; outside the CFc, in those sites where they were channeled along 

morphological saddles, it is the product of simultaneous deposition of pyroclastic surges and fallout. 

Member B is subdivided in two layers, named B1 and B2. Layer B1 is a pumice fallout deposit, 

which covered an area larger than 500 km
2
 with a dispersal axis oriented toward the east–north-east. 

This pumice fallout bed spread up to about 45 km eastward from the vent area. It was deposited 

from an unsteady column, which reached a maximum height of about 23 km, and was generated by 

magmatic explosions. Partial collapses of the column generated the basal pyroclastic surge deposits 

of B2. Pyroclastic flow and surge deposits were distributed over an area of about 100 km
2
, while 

fallout deposits blanketed an area larger than 600 km
2
. Layer B2 is interpreted to be generated by 

two interplaying phenomena: collapse of the eruption column and the intermittent water–magma 



interaction that generated base-surges, strombolian scoria-fallout and pumice- and scoria-flows. 

This phase was followed by a pause in the eruption and it is inferred to record the initiation of a 

volcano-tectonic collapse. Heavy rains caused erosion along steep slopes and ash suspended in the 

atmosphere was deposited to form member C: a fine-ash bed with abundant accretionary lapilli. 

This member represents fallout of particles suspended in the atmosphere after the emplacement of 

member B. Consisting mainly of east-to-northeast dispersed ash beds, this member occurs in all 

distal exposures, but it is missing in proximal areas. It covered an area larger than 600 km
2
.
 
The A-

MS eruption was accompanied and followed by a volcano-tectonic collapse that affected the area of 

Agnano. The Agnano plain (Fig. 19b) has an elongated polygonal shape and is bordered by 

rectilinear high-angle scarps trending northwest–southeast and northeast–southwest. The volcano-

tectonic collapse affected an area of about 6 km
2
 and was of about 60 m. Therefore, the volume of 

the collapsed area is of about 0.4 km
3
 (de Vita et al., 1999). During the initial phase of the collapse, 

fracturing of the roof rocks of the magma reservoir, which was related to re-activation of faults 

within the Agnano area, caused lowering of the lithostatic pressure with consequent volatile 

exsolution and magma migration toward the surface. Interaction of the rising magma with the 

geothermal system caused resumption of the eruption, recorded by the pyroclastic surge beds at the 

base of member D (D0). Member D has been subdivided in three layers, named D0, D1, and D2. 

Layer D0 is exposed only in few sections in proximal areas. The following event involved 

magmatic explosions and the formation of a Plinian eruption column that reached a maximum 

height of 27 km. This explosive phase generated a fallout deposit (D1) dispersed toward the north-

east up to a distance of 45 km from the vent. Layer D1 is a pumice fallout deposit with a 

northeastward oriented dispersal axis. Isopachs are quite regular elliptical curves. Layer D1 covered 

an area of at least 700 km
2
. The main episode of volcano-tectonic collapse took place during this 

phase. D2 is made up of discontinuous pumice lapilli and fine-ash beds probably generated by 

intermittent magma/water interaction and/or collapse of the eruption column that formed D1. Layer 

D2 usually thickens in preexisting valleys of the Campi Flegrei morphologic allow and thins toward 



the slopes that border the Agnano, Fuorigrotta, Soccavo and Pianura lowlands. Member E is made 

up of pyroclastic surge deposits with minor fallout beds mainly dispersed northward. Layer E1 

represents the product of a phreatomagmatic phase, which produced an expanded cloud, 

accompanied by base surges. Layer E2 is punctuated by the presence of a magmatic pumice fallout 

bed, mainly dispersed northward, that was generated by a short-lived eruption column. Sub-member 

E3 is the product of a series of phreatomagmatic explosions that generated PDCs and minor fallout 

deposits. The final phase of the eruption was also phreatomagmatic, producing ash deposits 

(member F). Settling of particles suspended in the atmosphere, favored also by rainfall, marked the 

end of the eruption.  

The lithofacies investigation (Dellino et al., 2001) helped to define the end-member involved in the 

dynamic of fallout events and PDCs of the A-MS eruption. The presence of highly vesiculated 

pumice lapilli in some deposits (e.g. sub-members A1, D1) suggests, on one hand, that exsolution 

of magmatic gas played a significant role in fragmentation during the eruption. On the other hand, 

the occurrence in other deposits (e.g. members C, E and F) of  conspicuous amounts of fine ash and 

accretionary lapilli suggests the importance of phreatomagmatic processes and the formation of 

surge deposits (e.g. sub-member B2), at least during some phases of the eruption. For other 

deposits, which show variable proportions of highly vesiculated pumice lapilli and fine ash, the 

fragmentation processes were probably more complex. Also the study of ash particles using SEM 

(Dellino et al., 2001) elucidated the mechanism of magmatic and phreatomagmatic fragmentation 

processes. 

The AMS juvenile fragments are potassic alkaline rocks, ranging in composition from trachyte to 

phonolite. Glass in pumice and scoria fragments is trachytic (de Vita et al., 1999) according to the 

TAS (Le Bas et al., 1986). Pumice and scoria fragments are porphyritic, with phenocrysts of 

plagioclase and alkali–feldspar, clinopyroxene, black mica, apatite and opaques in order of 

decreasing abundance (de Vita et al., 1999; Arienzo et al., 2010). SiO2, Na2O, Zr, Nb, Rb, and to a 



lesser extent Y contents show positive correlation with degree of chemical evolution (e.g. 

increasing differentiation index; D.I. = normative Ab+Or+Ne), whereas MgO, FeOtot, CaO, P2O5, 

TiO2, Sr, Ni and Cr contents show negative correlation. K2O content increases in trachytes, at D.I. 

values  from 74 to 79, then decreases in alkali–trachytes; Al2O3 and MnO contents are constant, 

although  scattered (de Vita et al., 1999). The Sr-isotopic composition of whole-rock samples 

ranges from 0.70746 to 0.70756 showing a slightly negative correlation with degree of chemical 

evolution.. The alkali–trachytic products of the lower and middle portions of the stratigraphic 

sequence have a Sr-isotopic ratio of about 0.70748 (de Vita et al., 1999). The trachytic products of 

the upper portion of the sequence have a larger variability with 
87

Sr/
86

Sr ratio ranging from 0.70750 

to 0.70756. De Vita et al. (1999) reported a general decreasing differentiation from bottom to top of 

A-MS sequence. They also noticed that the total range of variation for several trace elements is 

large despite the limited variation of major oxide contents and found evidence for Sr-isotopic 

disequilibria among whole rocks and minerals. The authors concluded that the A-MS eruption was 

fed by two isotopically and chemically distinct magma batches that mixed during the eruption. The 

first erupted alkali–trachyte is characterized by 
87

Sr/
86

Sr of 0.70750 and the last erupted trachyte 

characterized by 
87

Sr/
86

Sr of 0.70755. The occurrence of mixing between a trachytic and a 

phonolitic magma was suggested by Roach (2005) and Arienzo et al. (2010), on the bases of melt 

inclusions (MI) studies. MI data highlight the pre-eruption storage conditions of two magmatic end-

members. By examining degassing trends and providing geobarometry estimation, Arienzo et al. 

(2010) depichted a scenario of the A-MS feeding system: the magma feeding the A–MS eruption 

was stored in a vertically extended plumbing system, that was continuously subject to volatile 

addition of a CO2-dominated gas. This allowed the magmatic system to switch progressively from 

the relatively H2O-rich background conditions of the system to the relatively dehydrated and CO2-

enriched ones, typical of a gas-buffered system which becomes nearly insensitive to gas–melt 

chemical exchanges. Under these gas-rich conditions more primitive magmas rose from depths ≥ 8 

km and mixed with the evolved trachy-phonolite that fed the B phase of eruption. Moreover, 



Moretti et al. (2019) and Romano et al. (2020) also supported the mixing hypothesis of the previous 

authors and investigated the role of the volatile phases (H2O, CO2) involved prior to/during the 

eruption, linking them to the magmatic components and to the eruption dynamics. 

3.4 Ischia island volcanic complex 

 

The island of Ischia, part of the PVD, is the emerged part of an extensive volcanic system, which 

rises over 1000 m from the sea level, in the north-western sector of the Gulf of Napoli (Orsi et al., 

1999; Bruno et al., 2002; Paoletti et al., 2013) and is located about 9 km from Campi Flegrei (Fig. 

18). Ischia covers an area of 46.4 km
2
 and is morphologically dominated by the central high of Mt. 

Epomeo (787 m above sea level), and by the NE-SW Mt. Vezzi–Mt. Cotto alignment of peaks in 

the southeastern corner (Fig. 20). The coastline is characterized by steep cliffs with interposed 

promontories on the southern side, and by slopes gently dipping towards the sea elsewhere. 

Volcanism develops through the building of a volcanic field mainly made up of monogenic 

volcanoes (tuff cones, scoria cones, spatter cones and spatter ramparts, lava domes and lava flows) 

spread over an area of 250 km
2
 (e.g. Sbrana et al., 2018). The geology of Ischia has attracted the 

attention of many scientists since the end of the eighteenth century (e.g. Breislak, 1798, 1801; von 

Buch, 1809; Fonseca, 1847, 1870; Scacchi, 1841; Johnston-Lavis, 1885; Deecke, 1901; De 

Lorenzo, 1904; Rittmann, 1930). More recent studies have contributed to a better definition of the 

behavior of the magmatic system through time (Poli et al., 1987; Poli and Civetta, 1987; Crisci et 

al., 1989; Poli et al., 1989; Civetta et al., 1991b; Piochi, 1994; Di Girolamo et al., 1995; Piochi et 

al., 1999; D‘Antonio et al., 2013; Moretti et al., 2013; Brown et al., 2014; Melluso et al., 2014; 

Iovine et al., 2017b), the complex stratigraphic and structural setting (Chiesa et al., 1985a, 1985b, 

1986, 1987; Orsi and Chiesa, 1988; Vezzoli, 1988; Fusi et al., 1990; Orsi et al., 1991, 1992a, 1994; 

Luongo et al., 1995; Tibaldi and Vezzoli, 1998, 2000, 2004; Acocella and Funiciello, 1999; Carlino 

et al., 2006; Brown et al., 2008; de Vita et al., 2010, Sbrana, 2018), the characteristics of seismicity, 

short-term ground deformation, and magnetic and gravimetric field (e.g. Cubellis, 1985; Del Gaudio 



and Sepe, 1998; Nunziata and Rapolla, 1987; Alessio et al., 1996; Paoletti et al., 2013; Troise et al., 

2019; Trasatti et al., 2020) of the island, and the age of recent eruptions (Orsi et al., 1996b; Vezzoli 

et al., 2009; de Vita et al., 2010),. The results of archaeological investigations of the past 6 ka 

(Friedlander, 1927; Buchner, 1943, 1954, 1986; Buchner and Rittmann, 1948; Monti, 1980; 

Gialanella, 1994; Vezzoli et al., 2009) have been used to precisely date volcanic events that were 

too closely spaced to be discriminated with radiometric dating methods. 

 

Fig. 20 Geological sketch map of Ischia (modified after D‘Antonio et al., 2013). 

The onset of the activity at Ischia dates back at least to about 150 ka, even though the oldest rocks 

are not exposed: these derive from a volcanic complex, formed by pyroclastic deposits, lava flows 

and trachytic and phonolithic lava domes, mostly located in the southeastern part of the island and 



which has been partially eroded and/or covered by more recent products (Fig. 20; Vezzoli, 1988); 

among these, the most studied is the Mt. Epomeo Green Tuff. 

During its activity, several volcanic phenomena and/or volcanic related events affected the island: 

formation of calderas, Plinian or sub-Plinian eruptions, phreatomagmatic activity, PDCs, soil 

deformations (e.g. caldera resurgence) and landslides. The island has always exhibited 

discontinuous activity over time, alternating phases of explosive and effusive volcanism with long 

periods of quiescence (Gillot et al., 1982; Vezzoli 1988; Orsi et al., 1996b; de Vita et al. 2006, 

2010). 

The evolutionary history of the island is divided into different main phases (e.g. Vezzoli et al., 

1988; Sbrana et al., 2018).  

The volcanic products belonging to the first cycle mostly outcrop along the south-eastern coasts 

(between P.ta della Signora and Carta Romana); these outcrops in few localities on the south-

western coasts (Caponegro, P.ta Chiarito and P.ta Imperatore) and in other areas (Mt. Vico and 

Castello d‘Ischia; Fig. 20).This  first phase of activity (> 150 ka) is mainly represented by large 

pyroclastic eruptions: the Scarrupata di Barano sequence shows PDCs and fall deposits interspersed 

with lava flows (Carrozza Formation and Scarrupata di Barano Formation) showing an overall 

thickness of about 100 m (Vezzoli et al., 1988). The Carrozza Formation, which formed a 

pyroclastic deposit due to Plinian eruptions, represents the bottom of the stratigraphic sequence of 

Ischia and emerges only at S. Pancrazio. The deposits are covered by thick lava fountains deposits, 

related to eruptive fractures (Torone, Monte di Vezzi, 130 ka; Fig. 20; Sbrana et al., 2018). Around 

117 and 100 ka ago, lava flows and lava domes were emplaced (Sbrana et al., 2018). 

The second phase occurred between ca 150 and 75 ka with mainly trachytic and trachyphonolitic 

lava flows and domes, along with minor pyroclastic rocks (e.g., Gillot et al. 1982; Vezzoli 1988; 

Crisci et al. 1989; Brown et al. 2014; Melluso et al. 2014): these deposits outcrop at P.ta Imperatore, 



Caponegro, P.ta Chiarito, Sant'Angelo, P.ta della Signora, Capo Grosso, La Guardiola, Monte di 

Vezzi, Monte Vico and Castello d'Ischia (Fig. 20). 

Only recently an activity between ca 75 and 50 ka has been discovered (Brown et al., 2008), 

through the recognition of some pyroclastic layers that had previously been included within more 

recent deposits. Among these, the Sant'Angelo, Mago, Olummo, Tischiello and Porticello tephra 

were previously included in the activity associated with the Pignatiello Formation (ca 60 ka; 

Vezzoli, 1988; Sbrana et al., 2018). This phase was marked by a change of the eruptive style from 

mainly effusive to highly explosive eruptions with emplacement of complex successions of 

trachytic pumice falls interlayered with PDCs and breccias (Orsi et al. 1991; Brown et al. 2008). 

The volcanic rocks of this phase outcrop continuously along the southeastern sector of the island 

overlaying the rocks of the second phase. Around 60 ka, several layers of pumice-rich deposits 

intercalated to paleosoils, the Pignatiello Formation (Rosi et al., 1988) blanketed the southern and 

eastern sectors of Ischia, Vivara, and Procida islands and reached the continental Campi Flegrei 

volcanic field. 

The Pignatiello Formation was followed by high magnitude explosive eruptions that formed an 

ignimbrite plateau: among these, the Mt. Epomeo Green Tuff paroxysmal eruption that marks the 

beginning of the third cycle of activity lasted between .ca 55 and 33 ka. The Mt. Epomeo Green 

Tuff eruption formed a ca 10 × 7 km large caldera and erupted ca 40 km
3
 of pyroclastic products 

(e.g., Vezzoli, 1988; Tibaldi and Vezzoli, 1998; Tomlinson et al., 2014). The Mt. Epomeo Green 

Tuff consists of trachytic ignimbrites that partially filled a submerged depression, which now makes 

up the central part of the island. The Mt. Epomeo Green Tuff outcrops, with its maximum thickness, 

at the base of the western flank of the horst of Mt. Epomeo. The deposits show a welded ignimbritic 

facies, deposited in an underwater environment, with dense pumices, lithic clasts and crystals, in a 

green matrix (due to the alteration of sea water; Di Napoli et al., 2013) and a non-welded facies, 

yellowish-white in color, with vesiculated pumice and less lithics and crystals, in a fine matrix. 



The caldera collapse was followed by the Mt. Epomeo block resurgence, in the central portion of 

the caldera (Acocella & Funiciello, 1999; Tibaldi and Vezzoli, 2004; Carlino et al., 2006; Orsi et 

al., 1991; Sbrana et al., 2009 and references therein). The resurgence determined a net uplift of 

about 900 m (Orsi et al., 1991). SW of Mt Epomeo the resurgent block, tilted southward and 

fragmented in smaller blocks, is delimited by conjugate systems of faults. The resurgence deeply 

influenced the morphology and geology of the volcanic field also with the formation of an epiclastic 

and volcanic apron all around Mt Epomeo. Several authors (Rittmann, 1930; Carlino et al., 2006; 

Sbrana et al., 2009) link the resurgence of Mt Epomeo and the volcanic activity around the block to 

a laccolith-shaped shallow magma body. Other authors explain the structure of the resurgence by an 

increase in pressure in a shallow magma chamber using a trapdoor model (Acocella & Funiciello, 

1999) or a simple shear model (Orsi et al., 1991). 

Resumption of volcanism after the caldera collapse occurred around 45 ka with the Citara tuff cone 

located in the western offshore area of the volcanic field after about 11 ka of stasis in volcanism 

(Sbrana et al., 2018). Minor trachytic hydromagmatic to magmatic eruptions from small vents along 

the southwestern and northwestern sectors of the island prolonged this phase up to 33 ka (de Vita et 

al. 2010). 

The following phase (ca 28-13 ka) started after 5 ka of quiescence, with the arrival of shoshonitic 

magma into the main reservoir, which triggered the Mt. Epomeo caldera resurgence of ca. 900 m 

(Poli et al. 1989; Civetta et al. 1991b; Orsi et al. 1991; de Vita et al. 2006). Around 28 ka (Vezzoli, 

1988) the eruption of Grotta di Terra, along the southeastern coastline, marked the beginning of this 

period of activity, which continued with sporadic eruptions until 18 ka. The dike (neck) of Grotta di 

Terra, exposed on the homonymous promontory, is formed by trachibasaltic/shoshonitic lava. Later, 

phreatomagmatic and magmatic explosive eruptions mostly emitted alkalitrachytic magmas, while 

effusive eruptions generated trachytic lava flows. The activity was mainly concentrated in the 

south-western sector of Ischia (Panza area); a few eruptive vents were located in the eastern sector 



(e.g. Scogli di S. Anna lava). The products of this period have been originated mostly by monogenic 

vents. Predominantly, this phase has been characterized by effusive activity: at the Pilaro 

promontory, the sequence is formed by the lava domes of Grotta del Mavone covered by the flows 

of the volcanic center of Pilaro, which overlaps pumice and slag levels of the Scarrupo di Panza 

Formation. In the south-eastern sector, the pyroclastic cones of Monte Cotto and Monte Vezzi lie on 

the Mt Epomeo Green Tuff. The activity of this phase was fairly constant, without prolonged 

periods of inactivity, as evidenced by the lack of paleosoils or erosion surfaces (e.g. Sbrana et al., 

2018).  

The last phase of activity started about 10 ka and is still in progress, with the last historic lava flow 

recorded at Arso in 1302 AD (de Vita et al. 2010 and references therein). This period has been 

characterized by extrusion of trachytic and subordinately latitic magmas through effusive eruptions 

and magmatic and phreatomagmatic explosive eruptions, mostly sourcing in the eastern sector of 

the island (Vezzoli 1988; de Vita et al., 2010). Many of them (11 out of 24) were characterized by 

both magmatic and phreatomagmatic explosions, whereas some were purely magmatic (6 out of 24) 

or phreatomagmatic (7 out of 24; Vezzoli et al. 2009). The effusive activity was characterized by 

lava domes and high aspect ratio lava flows, whereas magmatic and phreatomagmatic explosive 

eruptions generated tuff-cones, tuff-rings, and variably dispersed pyroclastic fall and pyroclastic 

current deposits (de Vita et al. 2010, and references therein). Most of the eruptive vents were 

located within the morphological depression to the east of Monte Epomeo. Lava domes and lava 

flows formed at east, north-east: Selva del Napolitano, Fundera, and Zaro complex. Only a few 

occurred in the northwestern corner, and at Punta Chiarito promontory, in the southwestern corner 

of the island. Tuff cone activity occurred at Casamicciola, Cava del Puzzillo, and Villa Arbusto, 

where explosive hydromagmatic centers, tuff cones, are activated. The Piano Liguori phreatoplinian 

eruption (5.6 ka) caused the emplacement of a thick cover of ashy layers (Sbrana et al., 2018) which 

mantle all the southeastern reliefs of the island. 



This phase is also characterized by ongoing Mt. Epomeo caldera resurgence (e.g., Orsi et al. 1991, 

1996b; Buchner et al., 1996; de Vita et al. 2006, 2010). Caldera resurgence restricted eruptions to 

the eastern sector of the island with only a few vents located outside this sector, along regional fault 

systems. The volcanism at Ischia volcanic field was very intense in Greek and Roman times, up to 

the Middle Ages; at least 15 volcanic edifices located mainly in the eastern sector of the island were 

identified (Sbrana et al., 2018). They are represented by complexes of lava domes and flows 

(Rotaro and Montagnone) with associated pyroclastics, scoria and spatter cones of Vateliero, 

Molara, Cava Nocelle, Punta della Cannuccia, Ischia Porto, and Spiaggia degli Inglesi (Fig. 20). 

Other mapped pyroclastic units are not referable to a well-identified volcanic edifice. This is the 

case of the pumice sheet of Cretaio sub-Plinian eruption deposits that were dated to 150 A.D. 

(Sbrana et al., 2018 and reference therein). The last volcanic episode of Ischia is represented by the 

Arso spatter and lava flow (1302 AD; Vezzoli, 1988; Piochi et al., 1999; Iovine et al., 2017b). This 

originated from the eastern side of Monte Epomeo, starting from a N-S directed fracture. It shows a 

scoriaceous blocky-shaped surface and is rich in centimeter-sized sanidine phenocrysts engulfed in 

a black to reddish groundmass (Vezzoli et al., 1988). 

Archaeological findings reveal that Ischia has been discontinuously inhabited since Neolithic time 

(Buchner, 1986). Nowadays, the island is characterized by an active hydrothermal system (Chiodini 

et al. 2004; Di Napoli et al. 2011) that, along with its favourable position within the Neapolitan gulf 

and its beaches, makes it one of Italy‘s major touristic hubs (Selva et al., 2019). The island is 

densely populated, with more than 60,000 inhabitants distributed in less than 50 km
2
. In touristic 

seasons this population increases substantially. This makes the volcanic and related risks at Ischia 

very high (Selva et al., 2019), also for relatively small events, as demonstrated by the recent 3.9 

magnitude volcano-tectonic earthquake occurred at Casamicciola in late August 2017 (De Novellis 

et al., 2018) that caused 2 fatalities, several tens of injured, and severe damages mainly to the 

village of Casamicciola Terme, located in the northern part of the island.   



 

3.5 The Zaro eruption 

 

During the last 10 ka volcanism on Ischia island has generated several effusive and explosive 

eruptions (magmatic and phreatomagmatic), mostly in the eastern sector of the island (Vezzoli et 

al., 1988; de Vita et al., 2010). Among these, the Zaro lava complex (<7 ka) was extruded from a 

NE-SW-striking eruptive fissure in the north-western part (Fig. 20) of the caldera floor and it 

represents the largest volume of lava (0.12 km
3
) erupted during the post-caldera volcanism on 

Ischia (Vezzoli et al., 2009).  

The Zaro peninsula, in the northwestern corner of the island, is characterized by the superposition 

of several lava domes and flows, likely emplaced in a short time span, along a complex network of 

N–S, NE–SW, and NW–SE trending faults (Fig. 21a; de Vita et al. 2010). 



 

Fig. 21a) Geologic map of the Zaro volcanic complex at the north-western edge of the Ischia Caldera, showing the location of the 

sampled sites (modified after Vezzoli et al., 2009). Exact locality of samples is listed in Table 1-Supplementary Material 2. See 

Chapter 3 for a detailed description of the lava facies; Field photographs of b) Zaro pyroclastic deposit; c) Felsic and mafic enclaves 

hosted in Zaro lava; d) Zaro lava blob hosted in felsic enclave in Zaro lava; e) Mafic inclusion with cuspate borders. 

 The lava complex overlies an heterogeneous and heterometric undefined pyroclastic sequence. This 

deposit is a ca 25 m-thick massive to roughly stratified, poorly sorted, breccia-like deposit, 

containing juvenile elements and heterogeneous lithic clasts in a coarse-grained matrix (Fig. 21b). 

The juvenile elements are represented by poorly vesicular to very dense, feldspar-rich pumiceous 

clasts (up to 15 cm in size). The lithic clasts are heterogeneous and heterometric fragments: 

yellowish to green lapilli tuff, cm- to dm-sized, highly porphyritic to aphyric, angular to strongly 

flattened and rounded lava blocks, cm-sized vesicular scoriae and shallow-origin crystalline clasts 



(Pelullo et al., 2020). This sequence was interpreted as the initial explosive activity of the Zaro 

eruptive center (Vezzoli et al., 2009; Sbrana et al., 2011, 2018), whereas de Vita et al. (2010) 

attribute this deposit to an older activity (> 10 ka). Below the lava complex, in the Mezzavia 

locality, there is a bed of coastal sand with marine fauna: two different species of shells from this 

deposit yielded a radiocarbon ages of 5970±260 and 5750± 220 years BC. Zaro lava flows are 

locally covered by a debris-flow deposit that partially buried the remnants of a Bronze Age village, 

dated to the 14th century BC (Vezzoli et al., 2009 and reference therein). Those deposits allow to 

constrain the emplacement of Zaro lavas between 4100 and 3740 years BC. In some cases, the 

extrusion occurred along the sides of pre-existing hills, producing asymmetric domes and very 

viscous, low-mobility and high-aspect ratio lava flows.  

The lavas are trachytic in composition and show a very high crystal content (with a porphyricity 

index of 50%), of mainly (85%) sanidine phenocrysts, up to 15 mm in size. Lava domes (Mt. 

Marecocco and Mt. Caccaviello) have similar petrographic and textural features compared to the 

lavas. The flow surface is very irregular with extruded spines, domal structures of thickening flow, 

concentric transversal ridges (ogives), and longitudinal scarps and lineaments (interpreted as 

volcanic strike-slip faults; Vezzoli et al. 2009). A fingered flow front, with folded and brecciated 

internal structures, radiates from a 50 m high sub-vertical lava front scarp. The vent area is a 

prominent crease (500 m long, 50–100 m wide and 50 m deep), from which the lava outpoured and 

spread laterally, accumulated near the vent area in domes, and developed volcanic reverse faults 

(Tibaldi, 1996; Vezzoli et al. 2009). The petrographic texture, high aspect ratio (1/13), surface 

morphologies, internal structure, and strike-slip and reverse volcanic faulting indicate that the Zaro 

lavas were extremely viscous and had very high yield strengths at their emission (Vezzoli et al. 

2009). The ogives formed during the first stages of lava cooling in response to compression parallel 

to flow. The longitudinal shear zones formed due to differential flow velocity of different lava 

sectors (Tibaldi, 1996). 



NE trending faults, perpendicular to the flow direction, and SW trending tectonic features dominate 

the morphology of the lava complex, followed, in order of abundance, by NNW- (in the 

northwestern part of the flow face) and ENE- (in the northeastern part of the front) trending tectonic 

lineaments (Fig. 20). The NW trending faults dislocate the NNW and ENE trending faults, along the 

termination of the lava complex towards the sea (Tibaldi, 1996). The two sets of ancient faults 

border two hills (ca 90 m high) that are higher than the central lava body and therefore indicate 

local thickening areas of the lavas flow. Other NW trending fault planes in the vent area have been 

interpreted as reverse faults. Some faults coincide with brecciated areas. Some NE trending 

lineaments, which also cut the deposits above the lava complex, have been recognized as tectonic 

lines not due to the emplacement of the lavas, but associated with Quaternary regional deformation 

(Tibaldi, 1996). 

The main lava body (hereafter referred to as Zaro lava) hosts several kinds of enclaves, from mafic 

to felsic in composition (Fig. 21c-e). In this thesis, different lithotypes have been collected and 

analyzed from both the pyroclastic sequence and the lava complex.  

 

3.6 Magma genesis, magmatic evolution and architecture of the Campi Flegrei and 

Ischia feeding system 

 

The knowledge of the magmatic system beneath the PVD, where magmas stagnate and rise to 

surface, is important for a better understanding of both magmatic and volcanic processes which 

occurred in the past, for inferring the present state of the magmatic feeding system, and assessing 

volcanic hazards. The scientific interest and the civil protection concern, due to the hazard in such a 

populated area, have stimulated multi-disciplinary researches, which allowed to investigate the 

architecture of the Campi Flegrei and Ischia magmatic system. In past decades, geochemical and 

geophysical investigation allowed a better understanding of the PVD magmatic system. Petrological 



and geochemical characterization of the erupted products provided direct critical information for 

understanding differentiation processes of magmas deriving from heterogeneous mantle sources and 

feeding the Ischia and Campi Flegrei plumbing systems. 

The Campania volcanic rocks belong to the potassic series (KS) of Appleton (1972), whereas at 

Somma-Vesuvius, mildly to highly undersaturated rocks belonging to high-potassium series (HKS) 

also occur. The magmas erupted at Campi Flegrei range in composition from trachybasalt to phono-

trachyte, with a predominance of trachyte (D‘Antonio et al., 1999b; Pappalardo et al., 1999; 

Melluso et al., 2012). Minor less differentiated magmas (trachybasalt and latite) were erupted at 

Campi Flegrei at the end of the first epoch of the last period of activity, along NE-SW regional 

tectonic structures (Orsi et al., 1996a). The Campi Flegrei magmas exhibit a wide range of 
87

Sr/
86

Sr 

(0.7068-07086), but limited ranges of 
143

Nd/
144

Nd (0.51240-0.51266) and Pb-isotope ratios (e.g. 

206
Pb/

204
Pb: 18.85-19.25; Civetta et al., 1991a; Pappalardo et al., 2002b; D‘Antonio et al., 2007; 

Arienzo et al., 2010, 2015, 2016). Ischia volcanic rocks belong to the low-K-series, showing 

affinities with sodic series and peralkaline conditions and range in composition from trachybasalt to 

latite, trachyte, alkali-trachyte and phonolite, the latter two being the most abundant rock types 

(Vezzoli, 1988; Crisci et al. 1989; Civetta et al. 1991b; Orsi et al. 1992a; Di Girolamo et al., 1995; 

Piochi et al. 1999; D‘Antonio et al. 2007; Brown et al. 2008, 2014; Melluso et al., 2014). The 

Ischian rocks never reach typical phonolitic compositions, as in the Campi Flegrei (Melluso et al., 

2014). At Ischia, such as at Campi Flegrei, slightly differentiated magmas, i.e., shoshonite and 

latite, have been erupted mostly by vents located along faults of the NE–SW system during the last 

period of activity (e.g. Arso, Vateliero and Cava Nocelle eruptions; D‘antonio et al., 2013 and 

reference therein). The magmas erupted at Ischia have a wide range of isotopic values: 
87

Sr/
86

Sr 

ratio varies between 0.7050 and 07073, while 
143

Nd/
144

Nd ratio varies between 0.51246 and 

0.51268 (Civetta et al., 1991b; D‘Antonio et al., 2013; Iovine et al., 2017b; Pelullo et al., 2020); 

206
Pb/

204
Pb ratio varies between 18.88 and 19.05 (D‘Antonio et al., 2007). The Sr isotopic ratios are 

generally less radiogenic than those of Somma-Vesuvius and Campi Flegrei, while the Nd, Pb and 



B isotopic ratios are similar (Tonarini et al., 2004, 2009; D‘Antonio et al., 2007). The geochemical 

variability of Campi Flegrei and Ischia magmas results from mantle source heterogeneity, fractional 

crystallization and open-system processes (e.g., Civetta et al., 1991a, 1991b; D‘Antonio et al., 

1999b, 2007, 2013; Pappalardo et al., 1999, 2002b; 2008; Tonarini et al., 2004, 2009; Di Renzo et 

al., 2007, 2011; Fedele et al. 2008; Mangiacapra et al., 2008; Arienzo et al. 2009, 2015, 2016; 

D‘Antonio, 2011; Melluso et al., 2012, 2014; Tomlinson et al., 2012; Pappalardo and 

Mastrolorenzo, 2012; Brown et al., 2014; Forni et al., 2018b). 

The source of the magmatism in the Neapolitan area has been located in a mantle, variably enriched 

in incompatible elements, radiogenic Sr and unradiogenic Nd (e.g. D‘Antonio et al., 2007). The 

composition of the pre-enrichment mantle sector underlying the Neapolitan volcanic area is still 

poorly known. Actually, many are the hypotheses about magma genesis of the Italian volcanic rocks 

(e.g., Peccerillo and Lustrino, 2005), but most of the Italian orogenic magmatism might reasonably 

be the result of partial melting of mantle sources modified by slab materials during and/or after 

subduction event(s). This hypothesis is supported by a considerable amount of studies that highlight 

its post-collisional character (e.g., Peccerillo, 1999; Beccaluva et al., 1991; Conticelli et al., 2002, 

2004, 2007, 2009; D‘Antonio et al., 1996, 1999a, 2007, 2013; Francalanci et al., 2004, 2007; 

Tonarini et al., 2004; Duggen et al., 2005; Harangi et al., 2006; Avanzinelli et al., 2008, 2009; 

Prélevic et al., 2008; Nikogosian and van Bergen, 2010; Lustrino et al., 2011; Moretti et al., 2013). 

Furthermore, the Italian magmatism has been related to the subduction of the Ionian oceanic 

lithosphere, being part of the wider Tethys Ocean (Gvirtzman and Nur, 1999; Faccenna et al., 

2007). Indeed, all the rocks from the Neapolitan district show island-arc geochemical signatures: it 

is known that worldwide subduction-related mafic volcanic rocks have distinctive incompatible 

elements patterns, such as strong enrichment in LILE (Large Ion Lithofile Elements) and Pb with 

respect to HFSE (High Field Strenght Elements), and REE. In fact, the mafic rocks of the 

Neapolitan volcanoes show negative anomalies of HFSE (noticeable the Nb, Ta and Ti), in their 

incompatible element patterns, and high LILE/HFSE ratios. Moreover, volcanic rocks from the 



Neapolitan volcanoes show variable enrichment in radiogenic Sr and Pb and unradiogenic Nd. All 

these characteristics are reconducted to sediment recycling within the upper mantle via subduction. 

Experimental petrology constraints indicate that an amphibole-bearing spinel peridotite is the best 

candidate to generate mildly potassic arc magmas (e.g., Foley, 1992; Melzer and Foley, 2000; 

Conceição and Green, 2004) such as those of Campi Flegrei and Ischia. However, the nature of the 

pre-enrichment mantle source in Central-Southern Italy, including the Neapolitan area, is strongly 

debated. On the basis of isotopic and geochemical features of mafic volcanic rocks, some authors 

have proposed an OIB-like mantle (e.g., Ellam et al., 1989; Peccerillo and Panza, 1999; Peccerillo 

et al., 2008), others a MORB-like mantle (e.g., Serri, 1990; D‘Antonio et al., 1999a, 2007; 

Conticelli et al., 2004; Schiano et al., 2004; Paone, 2006; Francalanci et al., 2007; Mazzeo et al., 

2014), or a MORB-OIB mixture (Beccaluva et al., 1991; Gasperini et al., 2002; De Astis et al., 

2006). Anyway, it is postulated that the original mantle has been modified by subduction-derived 

components. Debate also exists about the time of the enrichment (e.g. Avanzinelli et al., 2008; 

Mazzeo et al., 2014).  

Thus, petrographic observations, as well as geochemical and isotopic data on large datasets of PVD 

volcanic rocks of variable age suggest that the magmas feeding the Ischia and Campi Flegrei 

magmatic systems originated from mantle-derived, K-basaltic parent melts. However, both at CFc 

and Ischia, very few rocks are possibly representative of near-primary melts (Beccaluva et al., 1991; 

Di Girolamo et al., 1995; D‘Antonio et al., 1999a; Melluso et al., 2014) and most of the erupted 

magmas are chemically evolved. K-basaltic melts produced by partial melting of the mantle sources 

beneath the Neapolitan area have thus evolved through prolonged fractional crystallization 

processes which occurred in the crust (e.g., D'Antonio et al., 2007, and references therein). Hence, 

the occurrence of crustal storage region(s) within which the magmas evolve to trachyte and 

phonolite is necessary to explain their chemical composition. It is now well known that the magma 

feeding system of the Neapolitan volcanoes consists of a permanent, large molten body in the form 

of a wide (> 200 km
2
) and thin (about 1 km) sill, located in the 7–10 km depth range and extending 



below the whole Neapolitan volcanic area, which includes Vesuvius, Campi Flegrei and, probably, 

Ischia volcanoes (Zollo et al., 1996, 2008). The extent of such layers at 7-10 km depth suggests 

some lateral continuity between the magma storage systems within the Neapolitan volcanic area 

(Pappalardo and Mastrolorenzo, 2012; Moretti et al., 2013).This reservoir is recharged by mantle 

derived magmas, that at this level stagnate, differentiate and eventually are contaminated by 

continental crust (Pappalardo et al., 2002b; Pappalardo et al., 2008; Pappalardo and Mastrolorenzo, 

2010, 2012). From this long-lasting main reservoir, magmas can rise to shallow depth, where, 

occasionally magma accumulation can occur.  However, there is no consensus on the structure of 

the plumbing system at shallower level (<7 km). In fact, some authors hypothesized the presence of 

permanent smaller magma chambers feeding the last 5000 years of activity including the last Monte 

Nuovo event (e.g. Di Vito et al., 2016, Asbury et al., 2018; Stock et al., 2018); while other authors 

suggested the development of ephemeral localized storage zone during magma ascent, where 

magma shortly resides until erupting or cooling (so called failed eruptions) (e.g. Liedl et al., 2019). 

The presence of deep magma reservoirs of regional extension, fed by mantle-derived fluids and 

magmas infiltrating from mantle depths is consistent with previous geochemical-petrologic 

hypotheses (e.g., Pappalardo and Mastrolorenzo, 2012; Moretti et al., 2013) and with strong 

geophysical evidences of a low-velocity crustal layer at around 7–10 km of depth (Zollo et al., 

1996, 2008; De Natale et al., 2001, 2006; Guidarelli et al., 2006; Nunziata et al., 2006). At Campi 

Flegrei, the distribution of 3D gravimetric anomalies confirms the recurrent occurrence of small and 

shallow high-density bodies consistent with intrusions along faults periphery and the main 

structural lineaments, which have been preferential pathways for migration of aqueous fluids, gases, 

and magmas (Capuano et al., 2013). The distribution of anomalous bodies agrees well with previous 

and independent results from surface wave tomography that found a low shear velocity layer at a 

depth around 10 km (crustal reservoir), fed by a deeper mantle reservoir (Guidarelli et al., 2002, 

2006). Melt inclusion data in Campi Flegrei minerals indicate crystallization between ∼9 and ∼3–5 

km (e.g., Marianelli et al., 2006; Mangiacapra et al. 2008; Arienzo et al. 2010, 2016). However it is 



largely demonstrated that glass inclusions data can be affected by post-entrapment modification as 

well as the inclusion-bearing crystals can have a wide range of origins and ages, further 

complicating the interpretation of magmatic processes (Ruth et al., 2018). Thus melt inclusions 

volatile content does not univocally record pre-eruptive storage depth but can follow syn-eruption 

degassing paths. The deep structure of the Ischia caldera is poorly constrained from a geophysical 

point of view. Modeling of magnetic data (Orsi et al., 1999) points to a large magma body at ca. 7 

km depth. However, in the absence of seismic data, the role of petrology in assessing the 

characteristics of the deep magma storage system and magma crystallization depth is of 

fundamental importance. Eruption of shoshonitic to latitic magmas at the margin of the caldera and 

of differentiated magmas within it testifies to the ascent of weakly differentiated, CO2-rich magmas 

of deep provenance along regional faults and the occurrence of a shallow magma storage region 

beneath the caldera, in which the magmas evolve to trachyte and phonolite. Phenocryst-hosted melt 

inclusions studies from the Ischia volcanic products suggest that the trachyte and phonolite storage 

region is relatively shallow with respect to the reservoir from which the shoshonitic and latitic 

magmas come (Sbrana et al., 2009; Moretti et al., 2013). This deep reservoir is volatile-rich and acts 

as a valve controlling the upward transfer of magmas and fluids, giving rise to shallower magma 

chambers that feed both hydrothermal systems and surface eruptions (Moretti et al., 2013). Below 

Ischia and Campi Flegrei ascent and emplacement of magmas at shallower depth, where they 

evolve to trachyte and phonolite, could be controlled by the intersection of NE–SW transverse and 

NW–SE normal regional fault systems (Acocella and Funiciello, 2006). The structural conditions 

generated by the intersection of the NW-SE normal faults and NE-SW transfer faults are suitable 

for the formation of large magma chambers and large residual crystal mushes (e.g. De Natale et al., 

2006; D‘Antonio, 2011) in which interaction with deep fluid and new magma batches can explain 

why the Ischia and Campi Flegrei products record strong mineralogical and isotopic disequilibria 

(Civetta et al., 1991a, 1991b; Di Renzo et al., 2011).  



Detailed geochemical analysis on Campi Flegrei and Ischia volcanic products allowed to investigate 

magmatic processes acting in the PVD magmatic system and its evolution through time.  

At CFc, trachytic magmas were predominantly erupted in the last 100 ka (e.g. Civetta et al., 1997; 

Pappalardo et al., 2002b; Di Renzo et al., 2007). During the initial 100-44 ka period, trachytic 

magmas were erupted preferentially from vents located along NE-SW tectonic lineaments, and this 

first magmatic stage culminated in the formation of the caldera at ca 39 ka, with the catastrophic 

eruption of the voluminous trachytic Campanian Ignimbrite deposits (Civetta et al., 1991a; 

Pappalardo et al., 2002a, 2002b). Following this eruption, volcanism continued inside the caldera 

rim, with emplacement of trachytic and subordinately latitic products. Trachybasaltic magmas were 

erupted only during the last period of activity, through vents located on a NE-SW regional fault 

system that probably tapped the deeper least-evolved reservoir (e.g. D‘Antonio et al., 1999; Moretti 

et al., 2013). A ciclicity in the Campi Flegrei magmatic system has been observed by Forni et al., 

2018b. According to this theory, during the caldera forming eruptions, both highly differentiated, 

relatively cold, and water-rich extracted melts and less evolved, hotter, and drier magmas were 

erupted, generating zoned ignimbrites (CI and NYT). The caldera stage is characterized by large 

volume magma withdrawal involving the crystal-poor cap and part of the cumulate mush 

remobilized after more mafic recharge. This represents the main mechanisms responsible for the 

generation of gradients in the pyroclastic sequences of caldera-forming eruptions at Campi Flegrei. 

Forni et al., 2018aDuring the early post caldera stage, small and frequent eruptions were fed by 

mafic magmas of deeper origin (e.g., Torregaveta, Minopoli) and more evolved crystal-rich 

magmas recycling portions of the residual crystal mush (e.g., Trentaremi, Pomici Principali). This 

early post-caldera stage is associated with frequent injections of more mafic magmas of deeper 

origin into the upper crustal reservoir. Magmas can be erupted along the caldera ring faults or stall 

into the crust where they interact with the residual cumulate mush triggering remobilization and 

eruption of crystal-rich material. During this stage, eruption frequency is high and the vents 

concentrate within the caldera. During late post- or pre-caldera stage, less frequent eruptions 



involved highly evolved, water-rich, and relatively cold magmas (e.g., S. Severino, Verdolino). The 

transition to the late post-caldera/pre-caldera stage is thus marked by a decrease of the eruption 

frequency, which allows magmas to stall in the crust and evolve via fractional crystallization (Forni 

et al, 2018b).  

At Ischia, temporal variations of the isotopic composition of the erupted products emplaced in the 

past 55 ka indicate complex behavior of the magmatic system, characterized by phases of magma 

evolution under closed-system conditions and by arrivals of new, isotopically distinct magmas that 

show evidence for contamination and mixing processes (Civetta et al., 1991b; Piochi et al., 1999; 

D‘Antonio et al., 2013; Iovine et al., 2017b).  Geochemical and isotopical variations through time 

have evidenced that the magmatic system between ca 55 and 33 ka acted as a closed system 

(Civetta et al., 1991b). Before the 28-13 ka period of activity, it was refilled by a deeper less 

evolved magma, which progressively mixed with the more-evolved resident magma. The last period 

of activity (<10 ka) was characterized by arrival of new magma: products of the last period of 

activity were fed by latitic to phonolitic magmas with a wide range of Sr-isotope compositions (ca. 

0.70504–0.70700; Di Girolamo et al., 1995; D'Antonio et al., 2007, 2013). They show 

petrochemical disequilibria and a complex geochemical trend which suggest mingling/mixing 

processes between magmas with distinct chemical and isotopic composition (Crisci et al, 1989; 

Civetta et al., 1991b; Di Girolamo et al., 1995; Piochi et al., 1999; D‘Antonio et al., 2013). 

Complex mingling/mixing processes operated till the last eruption, as testified by isotopic and 

mineralogical disequilibria (Piochi et al., 1999; Iovine et al., 2017b). 

The magmatic system architecture and physicochemical processes occurring beneath the Neapolitan 

volcanoes influence the style and timescale of eruptions. Establishing the rates of magma storage 

and the events that precede eruptions, which is ultimately the aim of the thesis, is crucial to get 

information about the past and present of activity of these volcanoes as key to forecast their future 

behavior.   



 

4. SAMPLES AND METHODS 

 

4.1 Strategy of investigation 

 

The primary targets of the present work is a detailed investigation of the pre-eruptive physical 

conditions of the A-MS and Zaro magmatic systems and a comprehensive definition of the 

magmatic processes leading to these eruptions different both as to size and eruptive mechanism. In 

order to accomplish these goals, after detailed field observations and sampling, the present study 

first focused on relevant petrographic and mineralogical characteristics of the sampled A-MS and 

Zaro volcanic products. A detailed chemical and isotopic characterization has been performed on 

whole rocks, matrix-glasses and mineral phases representative of the various units/members and 

sub-members of both the A-MS and Zaro sequences. Chemical analyses on rocks and minerals have 

been comprehensively useful for the characterization of pre-eruptive magma storage conditions. On 

selected samples, attention has been mainly focused on textural and in-situ compositional analysis 

of minerals sensitive to chemical and physical variations of the magmatic system, mainly 

clinopyroxene. Crystals from representative samples of the A-MS and Zaro sequences have been 

analyzed using multiple in-situ analytical approaches (i.e. SEM-EDS, EMPA) with the aim to detect 

major and minor element concentrations. This allowed a precise characterization of the 

clinopyroxene zoning patterns, which revealed the occurrence of different compositional 

populations. The isotopic characterization of rocks and minerals allowed to i) strongly constrain 

mineral-melt disequilibria,  ii) identify open-system processes and iii) quantify these in terms of 

end-members. Lastly, timescales of magma residence and open-system magmatic processes have 

been constrained through the application of different diffusion modelling approaches on the 

chemical zoning of clinopyroxene crystals.  

 



4.2 Sampling and selection of the volcanic products 

 

The main difference to keep in mind about the A-MS and Zaro volcanic rocks is that, since the A-

MS and Zaro rocks are the products of two different size eruptions, with very different eruptive 

dynamics, as described in previous chapters, their deposits are constituted by different lithotypes. 

On the one hand, since A-MS eruption was a magmatic to phreatomagmatic Plinian explosive 

event, the A-MS rocks are mainly made up of pumice and scoria fragments: these are the typical 

lithotypes representing the juvenile elements of the deposits; on the other, the Zaro eruption has 

been mainly characterized by an effusive activity with the emplacement of a lava complex. Based 

on the above, different criteria have been used for the selection of the samples for the two case 

studies. The main criteria for selection of the samples include petrological differences between lava 

rocks (i.e. porphyritic index, proportions of any single mineral phase within thin sections, 

groundmass texture), for the different lithotypes of the Zaro lava complex, as well as differences in 

the specific weight of juvenile fragments, for the A-MS pumices and scoria.  

A-MS pumice and scoria fragments were collected from representative localities of the A-MS 

sequence (Cavone degli Sbirri, Guantai, Torciolano, Vallone del Corvo, Verdolino and Eremo; Fig. 

19b) within and nearby the Agnano plain. In each locality, a part of the overall A-MS sequence 

outcrops. Samples, which correspond to the different sub-members A1, A2, B1, B2, D1, D2 and E2, 

belonging to both fall and PDC deposits were collected, from all localities. A general description of 

the sub-member sampled in such proximal and intermediate areas (ca. 2-5 km from the inferred 

vent) is the following: the A1 fallout deposit is constituted by a basal ash bed overlain by a coarse 

pumice-fallout deposit. The A2 sub-member consists of ash-to-lapilli size base-surge and fallout 

beds. The B1 member is a fallout deposit made of sub-angular, highly vesiculated pumices with 

subordinately hydrothermally altered lithic fragments. B2 sub-member is a PDC deposit showing a 

massive appearance, with centimeter-sized pumice inversely graded embedded in a fine matrix. At 

the base it is cineritic and massive, while upwards it is coarser with traction planar structures, cross-



laminations and sand-waves structures. D1 sub-member is a fallout deposit consisting of centimetric 

highly vesiculated pumices. This layer shows abundance in reddish lithic fragments. D2 sub-

member consists of an alternation of thin ash beds and thicker reverse graded layers of centimetric 

highly vesiculated pumice clasts. The E2 sub-member is a fallout deposit composed by millimetric 

to centimetric thick laminae consisting of fine to coarse-ash particles at the base and by a massive to 

slightly reversely graded deposit composed by angular pumiceous fragments at the top.  

Samples belonging to the same sub-member, but outcropping in different localities were collected; 

as an example, samples belonging to sub-member B1 were collected both at Eremo and Guantai 

(Fig. 19b), in order to have a broad representativeness of the sampled sub-members, belonging to 

both proximal and intermediate areas. In this way, through successive matrix-glass chemical 

analysis, possible differences have been tested. Similarly, at Zaro lava complex, since the Zaro lava 

hosts different lithotypes, both enclaves and the host lava have been sampled in different localities 

(P.ta Caruso, S.Francesco bay, La Mortella, Mt. Marecocco, Mt. Caccaviello, S.Montano bay; Fig. 

21a; Table 1-Supplementary Material 2). 6 enclaves, 15 Zaro lava (from the lava complex) and 4 

pumiceous clasts (from the underlying pyroclastic sequence) whole rocks samples, representative of 

the whole facies variability, have been analyzed.  

In order to choose populations of different density clasts for geochemical analysis, density analyses 

were performed on pumiceous clasts from the A1, A2, B1, B2, D1, D2 and E2  (Fig. 22) 

representative sampled members of the A-MS deposit. Sets of 100 clasts for each grain-size class, 

ranging from -4 to -2 (where  = -Log2 d; d = particle diameter), were weighted and coated with a 

thin film of paraffin wax, then their density was determined using a water pycnometer: clasts 

belonging to both the modal and the upper and lower 5% percentile classes values were chosen and, 

successively, their matrix-glass composition were analyzed: this allowed to test the possible 

chemical variability of pumiceous clasts showing different porosity or degree of vesicularity.    



 

Fig. 22 Density analyses of pumiceous clasts for different grain-size classes of the A-MS sub-members.  

 

4.3 Analytical procedures 

 

4.3.1 Samples preparation for geochemical analysis 

 

An aliquot of Zaro lava samples were sent at Laboratorio Sezioni Sottili of the Dipartimento di 

Scienze della Terra of the Università degli Studi di Roma "La Sapienza", to obtain polished thin 



sections for petrographic analysis. Instead, polished thin sections of the A-MS pumiceous clasts 

belonging to the sample collection of Dott.ssa Lucia Pappalardo were already available. Polished 

thin sections of the Zaro and A-MS samples have been used i) for textural, petrographic and 

mineralogical characterization of the rocks and ii) to obtain in-situ major and minor element 

chemical compositions of glass and minerals.  

The selected samples of the A-MS and Zaro deposits were gently crushed to lapilli-size grains 

through a jaw crusher. Particles were previously washed in an ultrasonic bath (to remove sea water 

salts) and then dried at 60°C for 24 h. These samples were successively prepared, in different ways, 

for the different analytical acquisitions. 

1. About 200 g of crushed rock for each sample belonging to the Zaro lava complex were 

powered in agate ball mill and sent at the Centres Científics i Tecnològics de la Universitat 

de Barcelona (CCiTUB), in order to perform whole rocks analysis (X-ray fluorescence for 

major and minor elements and Inductively Coupled Plasma-Mass Spectrometry for trace 

elements, respectively; see 4.3.2 section).  

2. Another aliquot (ca 500 g) of crushed rock for each Zaro and A-MS sample were sieved 

using a stack of sieves with meshes ranging from 1 to -1. From the sieved aliquots, 

clinopyroxene, K-feldspar, olivine, phlogopite phenocrysts and glass fragments were hand-

picked under a binocular microscope. An aliquot (ca 0.2 g for each sample) of mineral 

grains were separated for isotopic analysis (see 4.3.5 section). Another aliquot of hand-

picked minerals and glass grains were loaded in sample holders with epoxy resin and 

suitably polished with decreasing grain-size paste. In this way, glass and mineral grains 

were prepared for in-situ compositional analysis (see 4.3.3 section). Moreover, about 100 

clinopyroxene crystals for each sample were loaded in sample holders in order to obtain 

detailed in-situ analytical data along core-to-rim transects of the crystals (see 4.3.4 section). 

Glass fragments and crystals were carefully studied with optical microscope (reflected and 

transmitted light), before to obtain compositional data.  



3. About 200 g of crushed and washed whole rock samples were powdered in an agate ball mill 

for isotopic analyses. Whole rock powders (ca 0.1 g) and minerals were leached with warm 

HCl for 10 min before dissolution. Selected minerals (ca 0.2 g) were washed with 7% HF 

and Milli Q ® H2O to remove any potentially remaining groundmass/glass film before 

dissolution. Sr and Nd were separated using standard column chromatographic methods, 

using Dowex AG50WX-8 (200–400 mesh) and Ln Spec cation exchange resins for Sr and 

Nd, respectively (Arienzo et al., 2013) and measured in static mode by thermal ionization 

mass-spectrometry (TIMS) using a Thermo Finnigan Triton TI.  

Different types of geochemical analyses have been performed on different samples of the A-MS and 

Zaro rocks and minerals.  

 

4.3.2 Whole rock analyses 

 

Major, minor and trace elements compositions have been acquired on whole rock samples 

belonging to different lithotypes of the Zaro lava complex (Table 2-Supplementary Material 2). 

Major elements were analyzed by X-ray fluorescence using a sequential X-ray spectrometer Philips 

PW2400 at the CCiTUB. Concentrations of the major elements are expressed as weight percentages 

of oxides and elements determined were SiO2, TiO2, Al2O3, Fe2O3(t), MnO, MgO, CaO, Na2O, K2O, 

P2O5. Concentrations of trace elements were determined by High Resolution-Inductively Coupled 

Plasma-Mass Spectrometry (HR-ICPMS, Element XR, Thermo Scientific), by using the Perkin 

Elmer Elan 6000 spectrometer. The detected trace elements are Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, 

Sr, Y, Zr, Nb, Ag, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th, 

U and their concentrations are  expressed as part per million (ppm). Whole-rock analysis by HR-

ICP-MS was performed on a split (0.1 g) of each sample. This was digested with HNO3:HClO4:HF 

(2.5:2.5:5 ml, v/v), doubly evaporated to incipient dryness with addition of HNO3, and finally made 

up to 100 ml with 1% (v/v) HNO3. The precision and accuracy of analytical determinations, in the 



order of 1-2% for major oxides and 5-10% for trace elements, respectively, were monitored using 

reference materials of the Geological Survey of Japan (rhyolite JR-3 and basalt JB-3).  Loss on 

ignition (LOI) was determined on 1 g sample at 1000 °C. 

 

4.3.3 Matrix-glass and minerals analysis 

 

In–situ major and minor elements composition of glass and minerals has been performed on both 

polished petrographic thin sections and sample holders. An overall chemical characterization of 

glass and mineral phases (Supplementary Materials 1-2) from all the aforementioned A-MS 

eruptive sub-members (A1, A2, B1, B2, D1, D2, E2) and all the Zaro lithotypes (enclaves and host 

lava from the Zaro lava complex, and pumiceous clasts from the underlying pyroclastic deposit) 

was performed by acquiring major and minor element compositions at DiSTAR - University of 

Napoli Federico II, by a JEOL-JSM 5310 electronic scanning microscope (SEM) equipped with an 

INCA X-Act detector using Energy Dispersion System (EDS) microanalysis technique. The 

following standards were used for calibration: diopside (Mg), wollastonite (Ca), anorthoclase (Al, 

Si), albite (Na), rutile (Ti), almandine (Fe), Cr2O3 (Cr), rhodonite (Mn), orthoclase (K), apatite (P), 

fluorite (F) and sodium chloride (Cl).  

 

4.3.4 In-situ mineral microanalysis 

 

Detailed mineral composition (examples are reported in Supplementary Material 3) have been 

obtained along transects of length varying from 20 μm to 800 μm on zoned clinopyroxene crystals. 

This kind of specific analysis was performed on selected samples belonging to A1, B1 and D1 sub-

members of the A-MS sequence and on selected samples of the Zaro lava complex (the host lava 

and three chemically different types of enclaves), representative of the overall chemical variability 

of the investigated products. A selection of zoned clinpyroxene crystals from the A-MS (41 



crystals; 2084 spot analyses) and Zaro (36 crystals; 1785 spot analyses) eruptions were thus 

analyzed by acquiring major and minor element compositions along core-to-rim or rim-to rim 

transects crosscutting the centers of crystals. The data were collected at the HP-HT Laboratory of 

Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia in 

Rome (Italy), using a Jeol-JXA8200 electron microprobe equipped with five wavelength dispersive 

spectrometers. Crystals in carbon-coated resin mounts were analyzed under high vacuum 

conditions, using an accelerating voltage of 15 kV. Crystals were traversed using spots with 

constant separation of 1-2.5-3.5-5-7-10 μm and variable beam diameter of 1-2.5-3.5-5 μm, both 

depending on the transect length. Two transects, perpendicular to each other, of analysis spots were 

acquired. The electron beam current was set at 7.5 nA. Elemental counting times were 10 s on the 

peak and 5 s on each of two background positions. Corrections for inter-elemental effects were 

made using a ZAF (Z: atomic number; A: absorption; F: fluorescence) routone. Calibration used a 

range of standards from Micro-Analysis Consultants (MAC; http://www.macstandards.co.uk): 

albite (Si-PET, Al-TAP, Na-TAP), forsterite (Mg- TAP), augite (Fe-LIF), apatite (Ca-PET), 

orthoclase (K-PET), rutile (Ti- PET), and rhodonite (Mn-LIF). Smithsonian augite (Jarosewich et 

al.,1980) and MAC augite were used as quality monitor standards and for the calculation of 

accuracy and precision. Accuracy was better than 1–5% except for elements with abundances below 

1 wt%, for which accuracy was better than 5–10%. Precision was typically better than 1–5% for all 

analyzed elements. 

 

4.3.5 Sr- and Nd-isotopic analyses on whole rocks and separated minerals 

 

Whole rocks Sr and Nd isotopic composition was acquired on all the Zaro lava complex lithotypes 

(Table 9-Supplementary Material 2). 
86

Sr/
88

Sr isotopic ratios have been acquired on whole rocks 

samples and mineral concentrates of K-feldspar, clinopyroxene and phlogopite, belonging to sub-



member A1, A2, B1, B2, D1, D2 and E2 of the A-MS eruption (Table 8-Supplementary Material 1) 

and on separated minerals from all the Zaro lithotypes (Table 9-Supplementary Material 2).  

Sr and Nd isotopic analyses were performed at the Radiogenic Isotope Laboratory of the Istituto 

Nazionale di Geofisica e Vulcanologia, sezione di Napoli-Osservatorio Vesuviano (INGV-OV) on 

the samples after dissolution. Sr and Nd isotopic ratios were measured by thermal ionization mass-

spectrometry (TIMS) using a Thermo Finnigan Triton TI. Average 2σ mean, i.e., the standard error 

with N = 175, was ± 0.000009 for Sr, and ± 0.000007 for Nd measurements. During the time of 

isotopic data acquirement, NIST-SRM 987 and La Jolla standards gave mean values of 
86

Sr/
88

Sr = 

0.710231 ± 0.000019 (2σ, N = 169) and 
143

Nd/ 
144

Nd = 0.511845 ± 0.000010 (2σ, N = 55), 

respectively. External reproducibility (2σ) during the period of measurements was calculated 

according to Goldstein et al. (2003). During acquisition, Sr and Nd isotopic ratios were normalized 

for within-run isotopic fractionation to 
86

Sr/
88

Sr = 0.1194, and 
143

Nd/ 
144

Nd = 0.7219, respectively. 

The measured Sr and Nd isotopic ratios were normalized to the accepted values of NIST-SRM 987 

(
86

Sr/
88

Sr = 0.71025) and La Jolla (
143

Nd/ 
144

Nd = 0.51185) standards. 

 

4.4 The connectivity system analysis 

 

The chemical variations recorded in compositional (e.g. Mg#) zoning patterns can be used to track 

the evolution of different populations of crystals through distinct magmatic environments in which 

they grew. Following Kahl et al. (2011, 2015), a population-based approach has been used to 

investigate the different magmatic environments.  

This method was applied in volcanology for the first time to Etna, in order to define, from olivine 

zoning pattern, the main active magmatic environments prior eruption, their connections (by 

heating, decompression, mixing, mingling, crystal settling, etc) and the pre-eruptive processes 

occurring at depth (Kahl et al., 2011; 2015). The method has also recently been applied to 

orthopyroxenes (Solaro et al., 2020), but has not been applied to clinopyroxenes yet to the best of 



our knowledge, although Mangler et al (2020) interpreted compositional zoning in a similar 

manner.  

The compositions of unzoned, simple zoned and complex zoned clinopyroxenes along rim-to-rim or 

core-to-rim traverses allow to identify compositional plateau (Mg#). The occurrence of plateau in 

the zoning patterns of minerals, such as clinopyroxene, indicates that compositional zoning is not 

produced by pure fractionation (e.g. Costa et al., 2008), but that growth occurred for certain periods 

of time under stable conditions in response to fast changes of thermodynamic variables (pressure, 

temperature, oxygen fugacity or water fugacity). Consequently, plateau with different composition 

represent several episodes of overgrowth of the crystals under different sets of P-T-X conditions. 

Each set of such thermodynamic variables characterizes a single magmatic environment. It is 

therefore possible to associate each compositional population, detected in the whole set of crystals, 

to a specific magmatic environment. As explained by Kahl et al. (2015), a magmatic environment 

does not necessarily represent a physical magmatic reservoir. Two magmatic environments could be 

parts of a single physical reservoir as, for example, portion of a zoned magma reservoir that differ 

from other parts of the same reservoir only because, for instance, the temperature is different while 

other variables remain fixed. 

In this way, being the crystal growth occurred sequentially from core to rim, cores represent the first 

magmatic environment recorded by crystals while outer rims represent the last magmatic 

environment. Analysis of compositional plateau from core to rim allows to track either movements 

of crystals and their carrying melts among different magmatic environments or modification of 

storage conditions by external processes (heating, decompression event, mixing, etc.) through the 

plumbing system until eruption. This procedure has to be repeated on all analyzed crystals in order 

to define crystal populations, proportions, and the frequently-travelled crystal transfer pathways 

(Solaro et al., 2020).  

The approach uses connectivity diagrams to systematically organize the chemical information and 

identify the number of magmatic environments recorded in such zoning patterns. It is therefore 



possible to quantify the connections among the various magmatic environments (henceforth, ME), 

through the entire set of zoning pattern, in order to reconstruct the evolutionary history of crystals. 

This approach has been applied to A-MS and Zaro clinopyroxene, in order to investigate transfers 

of crystals among the different MEs, which characterized the A-MS and Zaro plumbing systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5. GEOCHEMICAL AND PETROLOGICAL CHARACTERIZATIONS OF A-MS 

AND ZARO VOLCANIC ROCKS 

5.1 Texture, petrography, mineral chemistry and Sr-isotopic composition of the A-

MS products 

Chemical and isotopic compositions of A-MS minerals and whole rocks are listed in Supplementary 

Material 1.  

The petrographic and mineralogical features of the A-MS products have been widely described in 

previous work (e.g. de Vita et al., 1999; Arienzo et al., 2010). For this reason, this work mainly 

focus on i) the matrix-glass compositional variability, ii) whole rocks and separated minerals Sr-

isotopic signature and iii) especially on a detailed chemical characterization of the A-MS 

clinopyroxene crystals, extensively defined, for the first time, due to the large set of acquired data 

(> 2100 analytical spots).  

Observations under polarized light petrographic microscope allowed a characterization of the A-MS 

samples. Pumice and scoria fragments from all the sampled sub-members (A1, A2, B1, B2, D1, D2, 

E2) are porphyritic (porphyricity index: P.I. 5-10%), with phenocrysts of alkali–feldspar (Fig. 23a) 

and clinopyroxene, plagioclase (Fig. 23b), black mica (Fig. 23c), opaque oxides (Fig. 23d) and 

apatite (Fig. 23e) in order of decreasing abundance. Feldspar, clinopyroxene and black mica 

phenocrysts occur as single crystals or sometimes as aggregates (Fig. 23b). The groundmass is 

glassy and contains rare microlites of clinopyroxene, K-feldspar, plagioclase and black mica. All 

the sub-members show similar textural and petrographic features. Some difference among different 

sub-members can be observed in the crystal content: notably, samples from sub-member E2 show a 

high crystal content with respect to samples from all the others sub-members. Moreover some 

difference can be identified also in the degree of vesicularity. Highly vesicular clasts (Fig. 23f), 



with vesicles separated by thin glass walls, are present in sub-members A1, B1 and D1. Pumiceous 

fragments from these sub-members show on average higher vesicles contents with respect to 

fragments of the other sub-members. The shape of vesicles is quite variable: these can be tubular, 

contorted or spherical. 

 



Fig. 23 Photomicrographs and BSE images of A-MS rocks showing the main textural and mineralogical features. a) microphotograph 

of a A-MS pumice from B1 member showing a sanidine phenocryst; b) microphotograph showing a plagioclase and clinopyroxene 

aggregate in a pumice clast from the A1 member; c) microphotograph showing brown mica crystals in a pumice clast from the B2 

member; d) microphotograph showing  clinopyroxene and opaque oxide crystals in a pumice clast from the A2 member; e) 

microphotograph showing apatite microcrysts in the matrix-glass and in clinopyroxene of a pumice clast from the D2 member; f) 

BSE image of a pumiceous clast from D1 sub-member showing the network of vesicles. Abbreviations: cpx = clinopyroxene; pl = 

plagioclase; san =sanidine; phl = phlogopite; ap = apatite; ox = opaque oxide 

 

5.1.1 Mineral chemistry  

5.1.1.1 Feldspar 

 

Feldspar in the A-MS rocks occurs both as plagioclase and K-feldspar, the latter being the most 

abundant phase as phenocrysts. Both phases occur as phenocrysts, microphenocrysts or rarely as 

groundmass phase. Plagioclase and K-feldspar phenocrysts up to 1-cm long are often present. 

Plagioclase ranges from anorthite (An91Ab8Or1) to andesine (An44Ab50Or6), and bytownite is the 

most abundant component (Fig. 24). Plagioclase crystals from member A-B show on average a 

more sodic composition with respect to those from member D-E. K-feldspar is a quite 

homogeneous sanidine (An3-3Ab29-17Or68-80; Table 2-Supplementary Material 1).  



Fig. 24 An-Ab-Or classification diagram of feldspars from the A-MS rocks (data on A-MS and Campi Flegrei feldspar from literature 

for comparison are taken from de Vita et al., 1999; Melluso et al., 2012; Iovine et al., 2017a). 

 

Plagioclase and sanidine crystals show different types of zoning. Plagioclase can show normal 

zoning (An82 in the core – An78 in the rim) or reverse zoning featured by rim composition more Ca-

rich (An76) with respect to that of the core (An62).  Both plagioclase and sanidine crystals show also 

more complex types of zoning such as oscillatory zoning, resulting in concentric zones usually from 

a few to tens of microns in width; some plagioclase crystals exhibit irregular zoning in the core, 

which is mantled by alternate concentric zones in the rim (Fig. 25a). The detected compositions in 

the different colored areas of one patchy zoned core of a plagioclase crystal result quite different, 

ranging from An48Ab46Or6 in light zones to An86Ab13Or1 in dark zones (Fig. 25b). 



  

Fig. 25 a) Plagioclase crystals with a sponge texture (on the left) and with diffused zoned core and oscillatory zoned rim (on the 

right)  b) Patchy zoned plagioclase crystal showing a different composition in the irregular areas. 

 

5.1.1.2 Clinopyroxene 

 

Previous works reported a characterization of the A-MS clinopyroxene: in de Vita et al. (1999) and 

Arienzo et al. (2010), 7 and 41 analytical spots, respectively, were acquired on clinopyroxene 

crystals from B and D members of the A-MS eruption. In this work, 58 analytical spots have been 

acquired on core, rim and groundmass clinopyroxene crystals belonging to sub-members A1, A2, 

B1, B2, D1, D2 and E2 for a preliminary characterization of the chemical variability of this mineral 

phase within the A-MS sequence. Moreover, 2084 analytical spots were acquired along core-to-rim 

traverses of clinopyroxene crystals belonging to sub-members A1, B1 and D1. A large number (ca. 

300) of separated clinopyroxene crystals have been observed under polarized microscope. Only 

those showing evidence of compositional variations, representing however a minor percentage (ca. 

15%), have been analyzed along zoning profiles. Detailed concentration profiles in zoned 

clinopyroxenes (major and minor elements: Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, Ni and Cr) were 

measured along two traverses, perpendicular to each other, with a spacing between individual points 

varying in the range 1-10 μm (Supplementary Material 3). A total of 41 clinopyroxene crystals 



belonging to members A1, B1 and D1, that are representative of the compositional variation of the 

A-MS deposits were studied in detail. The whole set of acquired data allowed to enlarge the already 

known compositional range of clinopyroxene from A-MS.  

Clinopyroxene from A-MS deposit occurs as idiomorphic to allotriomorphic dark green phenocrysts 

and microcrysts in the groundmass. The A-MS clinopyroxene can be optically unzoned or optically 

zoned. Both kinds of clinopyroxene have a diopsidic/Fe-diopsidic composition that is Wo50-46-En45-

27-Fs23-8 for the unzoned clinopyroxenes and Wo51-44-En49-22-Fs28-4 for the zoned ones (Fig. 26a). On 

the other hand, both kinds of clinopyroxenes show a significant compositional heterogeneity well 

reflected in the Mg# [molar Mg
2+

/ (Mg
2+

 +Fetot) *100], which ranges from 87 to 55 in the unzoned 

crystals and from 92 to 45, in the zoned ones (Fig. 26b-f). The two kinds of clinopyroxene show 

quiet similar compositional ranges, although the optically unzoned crystals show narrower ranges 

with respect to those of the zoned crystals (Fig. 26a-g), as described below.  

As for the unzoned clinopyroxenes, TiO2 and Al2O3 contents range from 1.14 to 0.32 wt% and from 

6.1 to 1.93 wt%, respectively (Fig. 26b-c). Na2O and Cr2O3 content ranges from 0.71 to 0.15 wt% 

and from 0.58 to < 0.1 wt% (Fig. 26d-e). MnO content ranges from 0.75 to < 0.1 wt%.  

As for the zoned clinopyroxenes, TiO2 and Al2O3 contents range from 1.29 to 0.27 wt% and from 

7.17 to 1.39 wt%, respectively (Fig. 26b-c). Na2O and Cr2O3 content ranges from 0.77 to 0.10 wt% 

and from 1.26 to < 0.1 wt% (Fig. 26d-e). MnO content ranges from 0.80 to < 0.1 wt%.  

In both kinds of clinopyroxenes, FeO, Al2O3 (Fig. 26b), TiO2 (Fig. 26c) and Na2O (Fig. 26d) 

contents increase with decreasing Mg#. Cr2O3 content decreases with decreasing Mg# (Fig. 26e). 

MnO content increases with Mg# decreasing from 92 to 60, then decreases (Fig. 26f).  



 

Fig. 26 a) Di-Hd-En-Fs classification diagram of the A-MS clinopyroxenes (data on A-MS and Campi Flegrei clinopyroxenes from 

literature for comparison are taken from de Vita et al., 1999; Melluso et al., 2012; Iovine et al., 2017a). b) Mg# vs Al2O3, c) Mg# vs 



TiO2, d) Mg# vs Na2O, e) Mg# vs Cr2O3, f) Mg# vs MnO and g) Al IV vs Al VI (a.p.f.u.) variation diagrams of the analyzed zoned 

A-MS clinopyroxenes showing the wide compositional range in the different zoning sectors (core, mantle and rim).  

 

5.1.1.2.1 Clinopyroxene compositional populations 

 

By looking in detail to the composition of the clinopyroxene crystals it is possible to discretize 

different compositional populations.  

Although the unzoned and zoned clinopyroxenes show similar compositional ranges, the main 

difference occurs in the abundance/frequency of certain compositional populations. The optically 

unzoned clinopyroxene crystals show a quite homogeneous composition: their Mg# mostly (40 out 

of 46 unzoned crystals) ranges between 78 and 70, with an average of 75 (Fig. 27a). Only four (out 

of the 46 analyzed homogeneous clinopyroxenes) crystals show higher (Mg# in the range 87-82) 

values. Other two unzoned crystals exhibit lower (Mg#=64 and 55) values.     

On the counterpart, as for the zoned crystals, frequency histograms (Fig. 27a-c) of core, mantle and 

rim compositions show that there are different types of compositional populations.  



 

Fig. 27 a) Mg#, b) Na2O and c) Al2O3 frequency histograms of core, mantle and rim of the zoned A-MS clinopyroxenes that  allow 

different populations to be identified. 

 

In particular, it is possible to well distinguish, through the Mg# parameter (Fig.  27a; Table 1): 1) a 

population of compositions (occurring in the 70% of the analyzed crystals, hereafter referred to as 

ME0) characterized by high Mg#, in most cases represented by cores; 2) a population of 

compositions (occurring in all the analyzed clinopyroxenes, hereafter referred to as ME2) with Mg# 

ranging between 78 and  70 and with an average value of 75, typical of the rims; 3) a population 



(occurring in the 34% of the analyzed clinopyroxenes, hereafter referred to as ME1) with Mg# 

intermediate between populations 1 and 2, which mostly constitutes the optically discriminable 

bands between cores and rims (mantles), and 4) another population (occurring in the 7% of the 

analyzed crystals, hereafter referred to as ME3) represented by few crystal cores and mantles with 

low Mg# (69-60). Moreover a single crystal rim shows very low Mg# (55-45). These populations 

are well discernible in the core of the clinopyroxene crystals.  

 

Table 1 

 

Table 1. Percentage of a compositional population occurring in a zoning sector (core, mantle or rim) in a total of 36 (out of 41) 

analyzed zoned clinopyroxene crystals of the A-MS deposit; c=core; m=mantle; r=rim. Percentages have been calculated considering 



clinopyroxenes with plateau (zoning type I to type VII). Percentage of compositional populations occurring in the homogeneous 

clinopyroxene crystals is also reported. 

 

In summary, ME0 and ME2 make up most of the zoned clinopyroxene population, with the most 

mafic compositions (Mg#> 85) recorded mostly in the cores of clinopyroxene crystals (Table 1). 

Although there are subtle variations in the distribution patterns of Al2O3, TiO2 and Na2O contents of 

the pyroxene crystals, the classification into different groups is  largely corroborated by these 

compositional parameters as well (Fig. 28a-d).  

 

Fig. 28 a) Mg#- b) Na2O- c) Al2O3- and d) TiO2 box plot statistical diagrams showing the distinct clinopyroxene compositional 

populations; the upper and lower lines indicate the maximum and minimum values, respectively; the box encompasses the 95% of 

confidence intervals; the line within the box is the average of the values; e) Mg# vs Al2O3- and f) Mg# vs TiO2 variation diagrams of 

the overall analyzed A-MS clinoyroxene crystals showing all the distinguishable populations and subpopulations. Note that all 



clinopyroxenes of different compositions lie on a trend defined by the orange line, with the exception of the ME1b and ME2b trends, 

which are shown in yellow. The significance of these trends will be discussed in Chapter 6.3. 

 

The main difference between the three analyzed members is that only member B1 has a significant 

number (9 out of 15 analyzed crystals) of clinopyroxene crystals with cores showing intermediate 

compositions (Mg# 75-60); in clinopyroxene from member A1, cores have only high Mg# (all 6 

analyzed crystals), while in those from member D1 only few cores (4 out of 20 analyzed crystals) 

show an intermediate composition. Indeed, member D1 has the highest number of clinopyroxenes 

(15 out of 20 analyzed crystals) with high Mg#, according to the less differentiated composition of 

its matrix-glass.  

An important observation is that despite the wide compositional variability of cores and mantles, 

crystal rims show a homogeneous composition: except the crystal with the ME4 rim composition, 

all crystal rims show Mg# between 78 and 70 (ME2). Nevertheless, Al2O3 and TiO2 show an 

overlap in the populations distinguishable with the Mg# and Na2O contents (Fig.  28a-b). In 

particular, these elements show a wide compositional range in the populations of rims (ME2) and 

mantles (ME1) (Fig. 28c-d), so it is possible to discriminate two other subpopulations (ME1b and 

ME2b), which, at similar Mg# values, are characterized by high content of Al2O3 and TiO2 (Fig.  

28e-f). Thus, a compositional heterogeneity characterizes mantles and rims, despite these latter have 

homogeneous MgO, FeO and Na2O contents. This aspect will become relevant in the construction 

of the diffusion models (Chapter 6.3). 

 

 

5.1.1.2.2 Clinopyroxene zoning pattern 

 

The complex zoning pattern of the A-MS clinpyroxene has been fully characterized. In most cases 

(36 out of 41 crystals), the zoning pattern of the main elements consists of two or more plateau with 



a constant composition separated by either sharp or gradual boundaries (Fig.  29a-g). Based on the 

chemical composition and the type of variation shown by plateau, various types of zoning have 

been identified, i.e. normal, reverse or complex. Normal zoning is defined by decreasing of the Mg# 

from core to rim and, on the other hand, reverse zoning by the increasing of the Mg# from core to 

rim of the clinopyroxene.  

  

Fig. 29 Types of zonation of the A-MS clinopyroxenes. Black diamonds are measured analysis along the crystal traverses showing 

concentration profiles [Mg# = molar Mg2+/(Mg2+ +Fetot)].  



 

The most common (44%) is normal zoning (type I), consisting of cores with high Mg# (92-80; 

ME0-ME1) and rims with intermediate composition (Mg# = 78-70; ME2) showing sharp variation 

(Fig.  29a). Another type of zoning is type II (5%), that is very similar to type I (normal zoning), but 

differ in that the variation is gradual (Fig.  29b). Only one normally zoned crystal (type III; Fig.  

29c) shows a core with intermediate composition (Mg# = 75-73; ME2) and rim with low Mg# (55-

45; ME4). Another less common zoning type (type IV; Fig.  29d; ca. 5%) is represented by 

reversely zoned crystals in which cores with Mg# of 68-63 (ME3) are surrounded by rims with less 

differentiated composition (Mg# = 75-73; ME2). Several types of complex zoning are also 

common. Most crystals have a reverse to normal zoning (type V; Fig.  29e; ca. 22%), with a core 

characterized by intermediate composition (Mg# = 81-72; ME1 or ME2), a mantle with higher Mg# 

(82-92; ME0 or ME1) and a rim with Mg# of 75-72 (ME2). An individual (type VI; Fig.  29f) from 

member B1 shows a variation from Mg# = 75 (ME2) in the core, through Mg# = 63 (ME3) in the 

mantle, to Mg# = 75 (ME2) in the rim. Finally, oscillatory zoned (type VII; Fig.  29g; ca. 7%) 

crystals are also present, showing an alternation of bands consisting of several plateau with 

composition ranging from Mg# = 92-88 (ME0) to 84-82 (ME1) and a rim with Mg# = 75 (ME2). 

Moreover, a few crystals (type VIII; Fig. 29h; ca. 12%) show normal or oscillatory zoning with 

gradual variation (Mg# from 81 to 71) without plateau.  

 

5.1.1.2 Other mineral phases 

 

The black mica in the A-MS rocks is phlogopite (Fig. 30a) in all the sampled sub-members. Mg# 

ranges from 69 to 66.  The A-MS phlogopite shows a restricted compositional variation with TiO2 

and Na2O contents varying from 5.74 to 3.53 wt% and from 0.64 to 0.32 wt%, respectively. Its 

composition is similar to that of phlogopite of other Ischia and Campi Flegrei products. Cl and F 



contents range from 0.18 to 0.01 wt% and from 1.85 to 0.89 wt%, respectively (Table 4-

Supplementary Material 1).  

 

Fig. 30 a) Classification diagram of brown mica found in the A-MS products and b) compositional variation in the Fe2+-Mg2+-Fe3+ 

diagram. The HM (hematite-magnetite), NNO (nickel-nickel-oxide) and QFM (quartz-fayalite-magnetite) oxygen buffers indicate the 

oxidation state of the system (Wones and Eugster, 1965). Data on Campi Flegrei brown mica from literature for comparison are taken 

from Iovine et al., 2017b. 

Magnetite is the only Fe-Ti oxide in our samples. Magnetite occurs as phenocryst or as inclusion in 

clinopyroxene or phlogopite phenocrysts. The analyzed phenocrysts from the sampled A-MS sub-

members show a homogenous composition, with ulvӧspinel component in the range 24-21(Fig. 31). 

The TiO2 content ranges from 8.7 to 6.8 wt% and the MnO content is relatively low (1.2-0.7 wt%; 

Table 5-Supplementary Material 1).  



 

Fig. 31 Fe2+-Fe3+-Ti2+ classification diagrams of A-MS opaque oxides 

Apatite is a rare accessory phase of the A-MS rocks. This phase mostly occurs as inclusion in 

clinopyroxene or phlogopite phenocrysts. BaO and F contents range from 0.42 to 0.15 wt% and 

from 2.9 to 2.0 wt%, respectively (Table 6- Supplementary Material 1).   

 

5.1.2 Matrix-glass 

 

A great number (118 analytical spots; Table 1-Supplementary Material 1) of matrix-glass analytical 

data has been acquired on representative samples belonging to sub-members A1, A2, B1, B2, D1, 

D2, E2 of the A-MS sequence. Matrix-glasses classify mostly as trachyte and subordinately as 

phonolite (Fig.  32) and show an alkaline affinity (Na2O+K2O = 13.6-10.5 wt% and SiO2 = 60.0-

55.7 wt%; Fig. 33a-c).  



 

Fig. 32 Glass compositions of A-MS products plotted in the Total Alkali vs. Silica diagram. A-MS whole rocks (de Vita et al., 1999) 

and melt inclusions (Arienzo et al., 2010)compositional fields from literature are also reported. 

 

The analyzed A-MS matrix-glasses are Ne-normative and their Mg# [molar 

Mg
2+

/(Mg
2+

+Fe
2+

)*100] varies from 42 to 23.  The Mg# of the whole-rocks taken from literature 

(de Vita et al., 1999) for comparison, ranges from 45 to 31, thus is slightly shifted toward less 

evolved compositions. The agpaitic index [A.I. molar (Na
+
+K

+
)/ Al

3+
] of A-MS glasses ranges from 

0.97 to 0.75.  Na2O and K2O contents range from 5.55 to 3.24 wt% and from 9.99 to 7.50 wt%, 

respectively. The Na2O/K2O ratio ranges from 0.70 to 0.33 while the CaO/Al2O3 ratio ranges from 

0.19 to 0.09. TiO2 and Al2O3 contents of the analyzed A-MS matrix-glasses range from 0.75 to 0.17 

wt% and from 19.8 to 18.1 wt%, respectively (Fig. 33e,g). Fe2O3(tot) and MgO contents range from 

4.27 to 2.58 wt% and from 1.12 to 0.33 wt%, respectively (Fig. 33d,i).  



 

Fig. 33 Matrix-glass major and minor element variation diagrams of A-MS rocks. 

 

SiO2 and Na2O contents show positive correlation with the degree of chemical evolution 

(decreasing Mg#; Fig. 33a-b), whereas CaO, MgO, Fe2O3(tot), P2O5 and TiO2  contents show 



negative correlation (Fig. 33d-f,i-j). K2O content increases in trachytes and then decreases in more 

evolved rocks (Fig. 33c); Al2O3, and MnO contents are constant, although scattered (Fig. 33g, h). 

The degree of differentiation generally decreases from the bottom to the top of A-MS deposits. In 

fact, even if partially overlapped, there is a remarkable difference in the major oxide contents of the 

A-MS juvenile clasts sampled in the different sub-members. In particular, matrix glasses from sub-

members A1, A2, B1 and B2 show on average a slightly more differentiated composition than those 

from members D1, D2 and E2 (Fig. 32-33), as already reported in literature (de Vita et al., 1999; 

Roach, 2005; Romano et al., 2020). 

 

 

5.1.3 Whole rock and minerals Sr isotopes 

 

The studied whole-rock samples show similarities for the A-MS sub-members A1, A2 and B2 

having 
87

Sr/
86

Sr isotopic ratios = 0.70749-0.70747, whereas samples from sub-members D2 and E2 

show enriched 
87

Sr/
86

Sr isotopic ratios = 0.70753-0.70750 (Fig. 34; Table 7-Supplementary 

Material 1). Feldspars from all the A-MS members show a Sr-isotopic signature in the range 

0.70750-0.70745. The Sr-isotopic signature of clinopyroxenes shows a huge range of variation, 

ranging from 0.70745, in clinopyroxenes from member A1, to 0.70755, in clinopyroxenes from 

member D2. Black mica crystals E2 have been analyzed only from member and they show a 

87
Sr/

86
Sr value of 0.70753. The new isotopic data acquired on whole rocks and mineral phases of 

the analyzed samples are reported in Supplementary Material 1 and result in the range of those 

detected in literature (Fig. 34). 

 



 

Fig. 34 Sr-isotopic composition of A-MS whole rocks and minerals. Literature data are from de Vita et al. (1999) and Arienzo et al. 

(2010). 

 

 

5.2 Texture, petrography, mineral chemistry and Sr-Nd isotopic composition of the 

Zaro products 

Chemical and isotopic compositions of Zaro minerals and whole rocks are listed in Supplementary 

Material 2.  

5.2.1. Texture, petrography and mineral chemistry 

 

5.2.1.1 The Zaro pumices 

 

Four samples of pumiceous clasts have been collected from the breccia-like deposit underlying the 

lava complex (Fig. 21a-b). These pumices represent the juvenile fragments of the pyroclastic 



deposit of the early phase of the eruption. They are dense, porphyritic (P.I. ca. 20%) pumice clasts 

made up of K-feldspar phenocrysts (up to 85%) together with minor clinopyroxene, brown mica 

and opaque oxide immersed in a hypocrystalline groundmass.  

 



 



Fig. 35 Photomicrographs and BSE images of Zaro rocks showing the main textural and mineralogical features. (a) BSE image of a 

Zaro pumice showing a sanidine phenocryst and microlites in the groundmass; b) microphotograph showing the texture of a mafic 

enclave, made up of phenocrysts and microphenocrysts of olivine, clinopyroxene and plagioclase in a fine grain size groundmass; the 

enclave hosts segregation vesicles; c) mafic enclave with a coarse grain-size groundmass; d) BSE image showing chilled margins at 

the contact between the Zaro lava and a mafic enclave; e) filaments of mafic enclave intruded in the host trachyte; f) plagioclase 

phenocryst with a K-feldspar rim in the very coarse grain-sized groundmass of the hybrid enclave; g) BSE image showing a sieve 

texture in a plagioclase phenocryst from the hybrid enclave. Abbreviations: ol = olivine; cpx = clinopyroxene; pl = plagioclase; san 

=sanidine; phl = phlogopite. 

 

The pumices show low vesicularity with spherical vesicles. SEM observation shows a high 

abundance of feldspar microlites in the groundmass (Fig. 35a). K-feldspar (An5-4Ab67-52Or44-28) 

crystals from the pumices are notably more sodic in composition with respect to those of the 

overlaying lava flow (Fig. 36).  

 

Fig. 36 An-Ab-Or classification diagram of feldspars found in Zaro rocks (data on Zaro and Ischia feldspars from literature for 

comparison are taken from Di Girolamo et al., 1995 and Melluso et al., 2014). 

 

Clinopyroxenes are Fe-diopsidic in composition (Fig. 37a). Their Mg# [molar 

Mg
2+

/(Mg
2+

+Fetot)*100] range from 76 to 57. Their Al2O3 and TiO2 contents range from 2.38 to 

1.22 wt% and from 0.88 to 0.46 wt%, respectively (Fig. 38a-b; Table 5-Supplementary Material 2).  



 

 

Fig. 37 Di-Hd-En-Fs classification diagram for the Zaro clinopyroxenes (data on Ischia clinopyroxene from literature are taken from 

Melluso et al., 2014). 

 



 



Fig. 38 Chemical variation diagrams showing differences between clinopyroxenes of the Zaro rocks 

 

Mg# and Cr2O3, Al2O3 and TiO2 contents are on average low compared to those of clinopyroxenes 

from all the lava lithotypes (Fig. 38a,-b, d). MnO contents of clinopyroxenes from pumices are high 

with respect to those of clinopyroxene from the other lithotypes (Fig. 38e). Moreover, lower Al
VI 

contents suggest crystallization at lower pressure conditions (Fig. 38f), compared to those from 

other Zaro rocks.  

The black micas from Zaro pumices, like those of all the other Zaro products, can be classified as 

phlogopite (Fig. 39a). Ti-magnetite and titanite are commonly found in the groundmass of the Zaro 

pumices. 

 

 



 

Fig. 39 a) Classification diagram of brown mica found in the Zaro products and b) compositional variation in the Fe2+-Mg2+-Fe3+ 

diagram (literature data on Zaro and Ischia brown mica are taken from Di Girolamo et al., 1995 and Melluso et al., 2014). 

 

5.2.1.2 The Zaro lava 

 

The Zaro lava facies is a white to grayish lava, showing a porphyritic to seriate texture with very 

high crystal content (P.I. ca. 50%). In total, 15 samples of Zaro lava have been collected for this 

study (Fig. 21). Phenocrysts of sanidine (up to 1 cm in size), making up to 85 % of the crystals, 

together with minor black mica, clinopyroxene, plagioclase and opaque oxide are immersed in a 

microcrystalline to hypocrystalline groundmass. Textures include overgrowth of alkali feldspar on 



plagioclase, zoning of clinopyroxenes and sanidines, and partial resorption of feldspars, 

clinopyroxenes and mica. Acicular microlites of alkali feldspar describe a typical trachytic/fluidal 

texture (Fig. 1a-Supplementary Material 2).  

Zaro lava rarely exhibits a plagioclase core in alkali feldspar phenocrysts, sanidine (An15-4Ab65-

34Or62-20; Fig. 36) being the most common feldspar phase (both as phenocryst and microphenocryst 

in the groundmass). Most part of clinopyroxenes from Zaro lava is diopsidic/Fe-diopsidic (Wo50-

45En42-30Fs24-13; Fig. 37a) in composition, with Mg# ranging from 77 to 57 (Fig. 38). Omphacite and 

aegirin-augite components have been detected in the rims of three clinopyroxene crystals from the 

Zaro lava. These Na-rich components (with Na2O up to 2.0 wt%) show significantly lower Mg# 

(from 57 to 48) compared to those of all the other clinopyroxenes. Their CaO content is lower and 

their FeO content (and hence also Fe
3+

content) is higher, respectively, with respect to those of the 

diopsidic/Fe-diopsidic clinopyroxenes (Fig. 38g-h). They also show low Al2O3 and high MnO 

contents (Fig. 38a, c) with respect to those of the other clinopyroxenes. Aegirine-rich pyroxene 

(which is the most reliable indicator of the transition to peralkaline conditions) is found in nearly all 

trachytic rocks of all cycles of the Ischia activity (Melluso et al., 2014). The black micas of the Zaro 

lavas are phlogopitic in composition (Fig. 39a).  

Groundmass of the Zaro lava contains subordinate phlogopite, clinopyroxene, opaque oxide and 

plagioclase microlites. Some samples host microcrystalline aggregates made up of alkali feldspar, 

plagioclase, phlogopite and clinopyroxene.  

 

5.2.1.3 Enclaves 

 

Paragenesis and textures of felsic enclaves are like those of Zaro main lava, including the fluidal 

texture and resorbed crystals but differing for a dark-grayish color of the groundmass due to a 

higher amount of glass (Fig. 1a-b in Supplementary Material 2). This facies is found in rounded and 

dimly flattened, centimeter- to decimeter-large enclaves, embedded in the lava along the sides and 



front of the complex (Fig. 21c). In some outcrops such felsic enclaves host in turn rounded 

decimeter-sized Zaro lava blobs, showing sharp contact (Fig. 21d). Two samples have been 

collected for this study (Fig. 21).  

Sanidine (An4-3Ab49-44Or57-52; Fig. 36), clinopyroxenes (Wo47-45En41-34Fs24-13; Fig. 37a) and 

phlogopite (Fig. 39) from felsic enclaves are very similar in composition to those from Zaro lava. 

Mafic enclaves are embedded both in Zaro lava and felsic enclaves (Fig. 21c). Three mafic enclaves 

have been sampled (Fig. 21a). Mafic enclaves consist of dark gray/blackish, round-shaped, 

vesicular, centimeter-to decimeter-large lava blobs (Fig. 21e). Enclaves are ellipsoidal, have a sharp 

contact with host rocks, often with cuspate borders. Mafic enclaves are porphyritic rocks (P.I. < 15 

%) with phenocrysts and microphenocrysts of olivine, plagioclase and clinopyroxene (Fig. 35b) 

forming glomeroporhyritic clusters. The groundmass is variable, from very-fine grained 

microcrystalline with acicular crystals (Fig. 35b), to coarse-grained holocrystalline (Fig. 35c). It is 

made up of alkali-feldspar, plagioclase, clinopyroxene, olivine, opaque oxide and rare phlogopite, 

apatite and titanite. One sample (Fig. 35c) has a coarse grain size, holocrystalline groundmass, and 

contains more plagioclase phenocrysts compared to other samples of the same lava facies. Some 

enclaves show chilled margins at the contact with the host trachyte, i.e. fine-grained edges along the 

borders, possibly representing quenching of magma along contacts with cooler material (Fig. 35d). 

Segregation vesicles (from few millimeters up to one centimeter in size) are very common in the 

enclaves (Fig. 35b). Most of these are filled with feldspar microlites. One of the samples shows 

inter-fingering of the mafic enclaves with the host trachyte: Figure 35e shows filaments of mafic 

material intruded in the host trachyte. Moreover, the enclave displays disruption of its boundary due 

to infiltration and engulfment of the host trachyte (Fig. 1c-Supplementary Material 2).  

Plagioclase phenocrysts, often optically zoned, range from An86Ab13Or1 to An24Ab70Or6 (Fig. 36). 

Generally, plagioclase cores have higher anorthite content, often falling in the bytownite field. 

Microphenocrysts in the groundmass range from bytownite (An79Ab21Or1) to sanidine 

(Ab39Or56An4). Clinopyroxene (Wo51-42En46-31Fs21-8; Fig. 37b) occurs as idiomorphic to 



allotriomorphic dark green phenocrysts and microphenocrysts in the groundmass. Their Mg# ranges 

from 85 to 62   and their Cr2O3 content, which varies from 0.91 to 0.22 wt%, shows a huge 

variation compared to that of clinopyroxene from the other Zaro rocks. The Al2O3 and TiO2 

contents, ranging from 7.95 to 1.14 wt% and from 2.32 to 0.22wt% (Fig. 38a-b), respectively, can 

be significantly higher than those of clinopyroxenes from evolved rocks. Several optically zoned 

clinopyroxene crystals have been analyzed (see 5.2.2 section for a detailed characterization of the 

zoning pattern). Olivine hosted in mafic enclaves occurs as idiomorphic to allotriomorphic 

phenocrysts and microphenocrysts with forsterite (Fo) contents variable from 87 to 71 (Fig. 40).  

 

 



Fig. 40 Classification diagram of olivines found in the Zaro mafic and hybrid enclaves (literature data on Zaro olivine for comparison 

are from Di Girolamo et al., 1995 and Melluso et al., 2014). 

 

Typically, phenocrysts cores are Mg-rich (Fo = 87-81) while rims and microlites have a lower 

amount of forsterite. Olivine phenocrysts show abundant Cr-Al-spinel inclusions. Spinel Cr# [molar 

Cr/(Cr+Al)*100] ranges from 51 to 30, while Al2O3 ranges from 37 to 23 wt%. The new data 

confirm that the Ischian chromiferous spinels hosted in olivine are the most Al-rich among those 

found in the Roman Magmatic Province (Melluso et al., 2014). Phlogopite generally occurs as 

euhedral phenocrysts and microphenocrysts. MgO, Al2O3, Fe
2+

 and Fe
3+

 contents of phlogopites 

from mafic enclaves show larger compositional variations with respect to those of phlogopites from 

evolved rocks (Fig. 39a-b). F in phlogopite crystals can be > 4 wt% (Table 4-Supplementary 

Material 2) indicating a F-rich environment in the Ischia magmas. Some phlogopite and olivine 

phenocrysts show partial resorption (Fig. 1d-Supplementary Material 2). Sodalite is an accessory 

phase found in the groundmass of the mafic enclaves. Melluso et al. (2014) found also phosphates 

and Zr-Ca-Na-REE-F-rich disilicates in the groundmass. 

The hybrid enclave (Fig. 35f) is a peculiar kind of enclave showing mineralogical (but also 

chemical and isotopic; see text below) characteristics intermediate between those of the mafic 

enclaves and those of the felsic lavas, characterized by a lower abundance of mafic and felsic 

minerals compared with mafic and felsic rocks, respectively. It was found at the contact between a 

mafic enclave and the host trachyte. The contact between the mafic enclave and the hybrid one is 

gradational. The crystal assemblage is composed of phenocrysts of plagioclase, sanidine, 

clinopyroxene, olivine and phlogopite (in order of decreasing abundance). The groundmass is 

holocrystalline, made up of sanidine and subordinate plagioclase, clinopyroxene and opaque oxide. 

This enclave shows a coarser groundmass, a greater abundance of sanidine and plagioclase, a lower 

amount of olivine (always showing partial resorption; Fig. 1e in Supplementary Material 2) and no 

vesicles with respect to the mafic enclaves. It shows a lower abundance of K-feldspar with respect 



to the felsic lava facies. Feldspars from hybrid enclaves are both plagioclase (An82-24Ab61-17Or14-2) 

and sanidine (An4-2Ab61-39Or57-37) with a chemical range similar to those of feldspar from mafic 

enclaves. Plagioclase, often optically zoned, frequently shows sieve texture with an inclusion-free 

rim (Fig. 35g), both in mafic and hybrid enclaves. Moreover, some plagioclase crystals show a 

reversely zoned core (Fig. 1f in Supplementary Material 2). Some plagioclase phenocrysts show a 

K-feldspar rim, a common feature in volcanics of mildly potassic series. Clinopyroxene from hybrid 

enclave ranges from Wo54En44Fs21 to Wo44En32Fs8 (Fig. 37b). Na-rich clinopyroxenes, aegirin-

augitic and omphacitic in compositions, are also present in few crystal rims of the hybrid enclave.   

Clinopyroxenes from mafic and hybrid enclaves have larger variations and higher contents in 

Cr2O3, TiO2, Al2O3 and Mg# compared to those from felsic rocks (Fig. 38a,b,d). Moreover, higher 

Al
VI

 contents of clinopyroxenes from mafic and hybrid enclaves suggest crystallization at higher 

pressure conditions (Fig. 38d), compared to those from felsic rocks. Olivine from hybrid enclave 

ranges from Fo86 to Fo72 (Fig. 40). Similarly to olivine from mafic enclaves, generally phenocrysts 

cores are Mg-rich (Fo = 86-84) while rims and microlites have a lower amount of forsterite. Cr-Al-

rich spinel has also been found in olivine from hybrid enclaves (Fig. 41a). Ilmenite (FeTiO3) is 

another opaque oxide occasionally found in the groundmass of the hybrid enclave (Fig. 41b). Ti-

magnetite is the most common opaque oxide found in both mafic and felsic compositions, showing 

a continuous compositional range between magnetite and ulvӧspinel (Fig. 41b). It occurs as 

microphenocrysts and microlites in the groundmass or as frequent inclusions mostly in 

clinopyroxene and less in olivine and biotite phenocrysts. Ti-magnetite from the mafic and hybrid 

enclaves shows larger variations in the ulvӧspinel content, with respect that of magnetite from felsic 

rocks. Apatite is a rare accessory phase of Zaro rocks.  



 

Fig. 41 a) Cr3+-Al4+-Fe3+ and b) FeO-TiO2-Fe2O3 classification diagrams of Zaro opaque oxides. (literature data on Zaro opaque 

oxides are from Di Girolamo et al., 1995 and Melluso et al., 2014). 

 

5.2.2 Zaro clinopyroxene: compositional populations and zoning pattern 

 

Major and minor elements (Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, Ni and Cr) compositions were 

measured along detailed concentration profiles in zoned clinopyroxenes of the Zaro rocks. A total 

of ca 400 crystals were hand-picked and observed under both binocular and scanning-electron 

microscope. 68 analytical spots have been also acquired on optically unzoned crystals. 36 optically 



zoned clinopyroxene crystals (13 from Zaro lava, 3 from felsic enclaves, 11 from the hybrid enclave 

and 9 from mafic enclaves) have been analyzed. On these crystals the major and minor element 

composition was measured along i) a core-to-rim traverse with a spacing between individual points 

varying in the range 10-50 μm and ii) detailed traverses, with a spacing between individual points 

varying in the range 1-5 μm, crosscutting the boundaries between two zoning sectors of the crystals. 

The core-to-rim profile has been useful to characterize the chemical composition of the whole of the 

crystal and hence to investigate the zoning pattern of the Zaro clinpyroxene. The other traverses 

have been mostly used for diffusion modelling.  

Zaro clinopyroxene occur as optically zoned or unzoned crystals. Different kinds of zoning have 

been recognized, as described in detail below. The optically unzoned clinopyroxenes (Fig. 42a) 

make up the ca. 70% of the whole investigated crystals.  

 

Fig. 42 BSE images of Zaro clinopyroxenes showing unzoned and different kinds of zoning crystals. a) optically unzoned 

clinopyroxene crystal from Zaro lava; b) patchy zoning in a clinopyroxene crystal from felsic enclaves, characterized by different 

compositions in the different colored areas; c) irregular zoning in several clinopyroxene crystals from the hybrid enclave; d) regular 

zoning in a clinopyroxene crystal from mafic enclaves. 



 

Anyway the percentages are different for the different Zaro lithotypes (Table 2). Moreover, the 

zoned crystals can be divided into two main groups depending on the texture of the zoning: about 

70% of the zoned clinopyroxenes show a patchy zoning, characterized by irregular areas, with 

different color tones and compositions (Fig. 42b-c). The remaining 30% of zoned clinopyroxenes, 

instead, show regular zoning mostly characterized by concentric sectors (Fig. 42d). 

 

Table 2 Percentages of unzoned and different kinds of zoned clinopyroxenes from the Zaro lithotypes. 

 

5.2.2.1 Clinopyroxene zoning pattern 

 

The zoning pattern of the Zaro clinpyroxenes characterized by regular zoning sectors (i.e. Fig. 42d) 

consists of two or more plateau with a constant composition separated by either sharp or gradual 

boundaries. Based on the Mg# parameter, it is possible to define normal zoning (Mg# decreases 

from core to rim), reverse zoning (Mg# increases from core to rim) or complex zoning, i.e. normal-

to-reverse (Mg# decreases from core to mantle and increases from mantle to core). Different zoning 

types have been defined: reverse zoning has been classified as type I, reverse-to-normal zoning as 

type II, normal-to-reverse zoning as type III and normal zoning as type IV. Additionally, four 

crystals show a reverse zoned core surrounded by a reverse zoned mantle: thus, the zoning type V is 

defined by increasing of Mg# from core to mantle and from mantle to core. Moreover, the types I, II 



and III can be divided into two different categories, by taking into account the type of boundary. 

The latter can be characterized by sudden (sharp boundary) or progressive (gradual boundary) 

compositional variations. In this way, different types of zoning have been recognized in more detail. 

12 out of 36 clinopyroxenes (ca 33%; Table 3) are characterized by simple reverse zoning (type I). 

In particular, 6 out of 36 crystals show a sharp variation (type I-a; Fig. 43), whereas other 6 show a 

gradual variation (type I-b; Fig. 43b).  

Table 3 

 

Table 6 Percentages of zoning types in the Zaro clinopyroxenes 

 



 

Fig. 43 Types of zonation of the Zaro clinopyroxenes. Black diamonds represent measured analysis along the crystal traverses 

showing concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ +Fetot)].  

 

The most common (ca 39%) zoning type is type II, constituted by a reverse zoned core surrounded 

by a normal zoned mantle. Being characterized by more than one boundary, the zoning types II-a 

and II-b are the end-members of four types of reverse-to-normal zoning: type II-a (Fig. 43c) 



consists of both boundaries characterized by sharp variations and occurs in two out of the 36 

crystals; 8 out of 36 crystals have a type II-b zoning (Fig. 43d), characterized by two gradual 

boundaries; 2 out of 36 crystals show a gradual variation between the core plateau and mantle 

plateau and a sharp variation between the mantle plateau and the rim plateau (type II-ab); other 2 

crystals vice-versa (type II-ba). 4 out of 36 zoned clinopyroxenes (11%) show a normal zoned core 

surrounded by a reverse zoned mantle (type III): of these, an individual shows both sharp variations 

at the boundaries (type III-a; Fig. 43e) and 3 crystals have both gradual variations at the boundaries 

(type III-b; Fig. 43f). 2 out of 36 clinopyroxenes (6%) show simple normal zoning (type IV; Fig. 

43g), characterized by abrupt Mg# variations between the plateau. Lastly, 4 out of 36 crystals (11%) 

show an increase of Mg# from core to mantle and from mantle to rim plateau: zoning type V (Fig. 

43h) only shows gradual boundaries and, in particular, the boundary between the core plateau and 

mantle plateau has a lower slope with respect to the that of the boundary between the mantle plateau 

and the rim plateau. An important observation is that most (30 out of 36) of the Zaro clinopyroxenes 

is characterized by a reverse zoned core. Significant relations between the zoning type and the 

chemically different Zaro rocks have not been detected: each zoning type is homogeneously 

distributed among the various lithotypes.  

 

5.2.2.2 Clinopyroxene compositional populations 

 

By looking in detail the chemical composition of the Zaro clinopyroxenes, different compositional 

populations can be recognized in their whole variation. The optically unzoned clinopyroxene 

crystals show a very homogeneous composition: the Mg# of clinopyroxene from both evolved 

(Zaro lava and felsic enclaves) and less evolved (mafic and hybrid enclaves) rocks ranges between 

77 and 72, with an average at 75, for both crystals cores and rims (Fig. 44a).  



Also the zoned clinopyroxene crystals characterized by patchy zoning show narrow compositional 

ranges: in clinopyroxenes from evolved rocks, the Mg# ranges from 70 to 67, in the light colored 

zones, and from 77 to 72, in dark zones, respectively, whereas in clinopyroxenes from less evolved 

rocks, Mg# ranges from 73 to 72, in light zones and from 83 to 82, in dark zones, respectively (Fig. 

44b).     

 

Fig. 44 a-b) Mg# frequency histograms of core and rim of optically unzoned Zaro clinopyroxene crystals and c) Mg# frequency 

histograms of core, mantle and rim of the zoned Zaro clinopyroxenes. These allow different populations to be identified. 



 

Mg# frequency histograms (Fig. 44c) of core, mantle and rim compositions of the regular zoned 

crystals show that there are different types of compositional populations. In particular, the Mg# 

parameter allows distinguishing well: 1) a population of compositions (occurring in the 11% of the 

analyzed zoned clinopyroxenes, hereafter referred to as ME0) with Mg# in the range 79-86 and with 

an average value of 83; 2) a population (occurring in the 56% of the analyzed zoned 

clinopyroxenes, hereafter referred to as ME1) with Mg# between 79 and 71 and with an average 

value of 74; 3) a population of compositions (occurring in the 33% of the analyzed zoned crystals, 

hereafter referred to as ME2) characterized by Mg# in the range 70-58 with an average value of 66.  

Table 4 

 

Table 4 Percentages of compositional populations in the zoning sectors of clinopyroxene crystals from the different Zaro lithotypes 

ME0 occurs in only one out of 36 crystal cores and represents the mantle composition in 30% of the 

crystals. This population never occurs in crystal rims. ME1 is the composition of 16 out of 36 

clinopyroxene cores and occurs in most (26 out of 36) of crystal rims. This population also occurs 

in the mantles in 40% of the crystals. ME2 is the composition of 19 out of 36 crystal cores and 10 

out of 36 crystal rims. ME2 also represents the composition of clinopyroxene mantles, in 30% of 

the crystals. Besides these main populations, few analytical points show very low Mg# (48-53) and 

have only been detected in the most external rims of 5 crystals (3 crystals belonging to the Zaro lava 



and 2 crystals to the hybrid enclave): these represent the compositions of the Na-rich (aegirin-

augitic) clinopyroxenes. In term of Mg#, the rims of the crystals are frequently (> 72%) 

characterized by the ME2 population, thus apparently indicating a homogeneous composition 

(similarly to the A-MS clinopyroxenes). Nevertheless, some elements, in particular Al2O3 and TiO2 

contents (Fig. 38a-b) show strong heterogeneities in the rims of the clinopyroxenes.  

In addition to Mg#, other elements allow to well discriminate the compositional populations. In 

particular, by considering the Al2O3, Na2O and MnO contents, the populations are completely 

distinct from each other in their 95% of confidence intervals (Fig. 45; populations can partially 

overlap each other only in the 5% of confidence intervals).   

  

Fig. 45 a) Al2O3- b) Na2O- and c) MnO box plot statistical diagrams showing the distinct clinopyroxene compositional populations; 

the upper and lower lines indicate the maximum and minimum values, respectively; the box encompasses the 95% of confidence 

intervals; the line within the box is the average of the values. 

Furthermore, by looking in detail the composition in the cores of crystals, the over mentioned 

elements (e.g. MnO and Na2O) largely corroborate the classification into different families (Fig. 

46). Indeed, in the core of clinopyroxenes, noticeable difference can be view through the MnO and 

Na2O contents.  



 

Fig. 46 a) MnO- and b) Na2O box plot statistical diagrams of core of clinopyroxene crystals 

 

Significant differences can be noticed among clinopyroxenes of the various lithotypes of the Zaro 

lava complex (Fig. 47). Also the clinopyroxene crystals characterized by patchy zoning show 

differences between the more and less evolved rocks (Fig. 44b).  



 

 

Fig. 47 Mg# frequency histograms of core, mantle and rim of the clinopyroxene crystals from the various Zaro lithotypes 

In Figure 47, first of all, we can clearly see that clinopyroxenes from mafic and hybrid enclaves 

record less evolved compositions with respect to those of clinopyroxenes from evolved rocks: ME0 

(which includes the highest Mg# values and, hence, represents the most mafic component) doesn‘t 

occur in the clinopyroxenes of the evolved rocks; this composition only occurs in mafic and hybrid 

enclave clinopyroxenes. ME2 population, which represents the most evolved component, is more 

frequent in clinopyroxenes from evolved rocks than in clinopyroxenes from the hybrid enclave and, 

even more, than in clinopyroxenes from mafic enclaves. Moreover, ME2 is more frequent than 



ME1 in the core of clinopyroxene from evolved rocks. Clinopyroxenes from Zaro lava and felsic 

enclaves are characterized by populations (ME1 and ME2) showing similar ranges in crystal cores 

and mantles. 

Some differences can be also noted between mafic enclaves and hybrid enclave clinopyroxenes. In 

particular, clinopyroxene from mafic enclaves records more mafic compositions with respect to 

these of clinopyroxene from the hybrid enclave. In the cores of clinopyroxenes from mafic 

enclaves, ME1 is more frequent than ME2 composition: 5 out of 9 crystal cores have a ME1 

composition and 3 out of the 9 crystal cores have a ME2 composition. In the mantles of 

clinopyroxenes from the hybrid enclaves, ME1 is more frequent than ME2. Moreover, ME0 is more 

frequent in mantles of crystals from mafic enclaves than in mantles of crystals from the hybrid 

enclave. Similarly, crystal rims of the hybrid enclave, show more evolved compositions with 

respect to those of the rims of clinopyroxenes from mafic enclaves: ME2 doesn‘t occur in 

clinopyroxenes rims of the mafic enclaves (see Table 4 for a synoptic view).  

 

5.2.3 Whole-rock composition 

 

Geochemical composition of the Zaro volcanic rocks is presented below considering new analyses 

carried out in the frame of this research (Table 2-Supplementary Material 2) and literature data (Di 

Girolamo et al., 1995; Melluso et al., 2014). The chemical and isotopic composition of other Ischia 

and Procida volcanic rocks is also illustrated in some diagrams below, since it will be compared to 

that of Zaro rocks and discussed in the context of the evolution of magmas feeding the PVD 

volcanoes plumbing systems (see Chapter 7). 

In the TAS (total alkali vs silica) classification diagram (Fig. 48), the Zaro lava and felsic enclaves 

are trachytes.  



 

Fig. 48 TAS (total alkali vs silica) classification diagram of Zaro rocks.WR=whole rock; literature data for comparison are from Di 

Girolamo et al. (1995),  D‘Antonio et al. (2013), Melluso et al. (2014) and Iovine et al. (2017b).  

 

The mafic enclaves are classified as shoshonites and latites whereas the hybrid enclave plots at the 

boundary between latite and trachyte. The Zaro pumice whole rocks straddle the boundary between 

trachyte and phonolite and pumice glass is in the phonolite field. In the Zaro lavas and felsic 

enclaves, Mg# [molar Mg
2+

/ (Mg
2+

+Fe
2+

)*100] varies from 39 to 30. Evolved lavas are generally 

silica rich (61.9-60.2 wt %), as they are composed by a large amount of feldspar and have alkali 

content (Na2O+K2O) up to 13 wt % (Fig. 49).  

Mafic enclaves (SiO2 = 55-51.5 wt %; Na2O = 4.4-3.7 wt% and K2O = 4.1-2.8 wt %) have MgO and 

CaO ranging from 5.4 to 3.9 wt %, and from 8.2 to 6.2 wt %, respectively. Mg#  varies from 63 to 

59. The hybrid enclave exhibits values intermediate between those of the mafic enclaves and those 

of the felsic lavas (Mg# = 48; SiO2 = 58.1 wt %; MgO = 1.8 wt %; CaO = 3.6 wt %; Na2O = 5.1 wt 

% and K2O = 5.9 wt %). The Zaro pumices are more evolved rocks (Mg# = 26-23) when compared 

to felsic lavas. 



All samples are CIPW Ne-normative (7.8-0.6 wt%; Table 8-Supplementary Material 2). At 

increasing differentiation degree (decreasing CaO content), the major and trace elements of Zaro 

samples increase in SiO2, Na2O, K2O, Al2O3, Rb, Zr, Nb, Hf, Ta, Th, U, Pb and REE and decrease 

in MgO, FeO(t), P2O5, Sr, Ba, Cr, Ni, Co, Sc and V (Fig. 49; Table 2-Supplementary Material 2).  



 

Fig. 49 Major and trace element variation diagrams of Zaro rocks compared to Procida mafic rocks and to the last 3 ka Ischia 

products (Molara, Vateliero, Cava Nocelle and Arso; literature references from D‘Antonio et al., 1999a, 2013; Mazzeo et al., 2014; 

Iovine et al., 2017b). 

 



Even though the trachytic lithotypes keep homogenous SiO2 values, they display notable variation 

as to some trace elements (e.g., Rb, Y, Yb, Zr, Th, Hf) due to the high phenocryst amount of the 

lava (especially feldspar). Mafic enclaves exhibit higher Ni (74-40 ppm), Cr (145-60 ppm), V (181-

130 ppm), Sc (20-13 ppm), Sr (557-453 ppm) and Ba (811-708 ppm) concentrations compared to 

felsic rocks (Ni < 11 ppm, Cr < 36 ppm, V < 56 ppm, Sc < 4, Sr = 69-158 ppm, Ba = 143-327 

ppm). Rb ranges from 428 to 236 ppm in the evolved rocks and from 166 to 111 ppm in mafic 

enclaves. As for major elements, the hybrid enclave exhibits intermediate values between those of 

the mafic enclaves and those of the felsic lavas (Ni = 16 ppm; Cr = 40 ppm; Rb = 173 ppm; Sr = 

356 ppm). 

Chondrite normalized REE patterns (Fig. 50a) show enrichment in light REE compared to heavy 

REE (La/LuN = ~10 for mafic, and from 18 to 11 for evolved rocks). The Eu negative anomaly in 

trachytes and trachyphonolites is due to crystallization of feldspar during magma evolution. In the 

Primordial Mantle-normalized trace elements diagram (Fig. 50b), mafic enclaves are characterized 

by smooth patterns, showing enrichment in some incompatible elements (Rb, Th and K), positive 

picks at Pb and U, and slightly negative Nb, Ta and Ti anomalies. 



 

Fig. 50 Chondrite normalized REE patterns of Zaro rocks (normalization values from Boynton, 1984) and (b) Primordial Mantle 

normalized (normalization values from Sun and McDonough, 1989) trace elements distribution for Zaro rocks compared to mafic 

Solchiaro lithics from Procida (D‘Antonio et al, 1999a) 

 

 

5.2.4 Isotope compositions 

 

The isotopic range of Zaro products is very variable (Table 9- Supplementary Material 1). However, 

all samples plot into the PVD isotopic field (Fig. 51).  



 

Fig. 51 Sr-Nd isotopic composition of Zaro samples within Ischia, Procida and Campi Flegrei isotopic fields, modified after Brown 

et al. (2014). 

 

Zaro lavas and felsic enclaves are isotopically homogenous and show a small range of isotopic 

composition. They are more enriched in radiogenic Sr (0.70607-0.70615) and show lower 

143
Nd/

144
Nd (0.51255-0.51256) ratios compared to mafic enclaves. The hybrid enclave shows 

isotopic features (
87

Sr/
86

Sr = 0.70584 and 
143

Nd/
144

Nd = 0.51258) intermediate between those of the 

mafic and those of the felsic rocks, but closer to the felsic ones (Fig. 51). 

The Sr-isotopic signature of minerals separated from Zaro products shows wide variations (Fig. 52). 

Olivines exhibit very low Sr isotopic compositions (0.70485-0.70493), whereas clinopyroxenes 

have a wider range (from 0.70560 to 0.70623) that is slightly correlated with the degree of magma 

evolution of their host rock. Feldspars have the highest and most homogeneous 
87

Sr/
86

Sr ratios 

(0.70602-0.70623). 



 

Fig. 52 Sr-isotopic composition of Zaro whole rocks and minerals compared to isotopic fields of Ischia last 3ka eruptions. Literature 

data are from D‘Antonio et al. (2013), Mazzeo et al. (2014) and Iovine et al. (2017b). 

 

 

 

 

 

 

 

 



 

6. DATA ELABORATION AND MODELLING 

 

6.1 P-T crystallization conditions of A-MS clinopyroxene  

 

Clinopyroxene-liquid thermometers and barometers specific for alkaline magmas (Masotta et al., 

2013) have been used in order to investigate the crystallization conditions of the A-MS 

clinopyroxenes. However, only few clinopyroxenes have passed the compositional test for 

equilibrium (Fig. 53a; Putirka 2008), implying that the majority of the crystals, mostly those 

belonging to ME0 and ME1, grew in a more mafic melt and were subsequently trapped in the A-MS 

trachytic magma. Nevertheless, some of these clinopyroxenes are in equilibrium with whole rocks 

and/or melt inclusions representative of poorly evolved trachybasaltic to latitic Campi Flegrei 

magmas (Beccaluva et al., 1991; Civetta et al., 1991a; D‘Antonio et al., 1999b; Lustrino et al., 

2002; Mastrolorenzo and Pappalardo, 2006; Cannatelli et al., 2007).  

 

 

Fig. 53 a) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27±0.03; Grove and Bryan, 1983; Putirka et al., 

2003); square symbols represent the whole set of A-MS clinopyroxenes, belonging to different magmatic environments, compared to 

host rocks; the transparent small square symbols refer to clinopyroxenes with high Mg# (ME0 and ME1) compared to A-MS whole 

rocks and matrix glass compositions: these clinopyroxenes are out of equilibrium with respect to their host rocks; some of these 

clinopyroxenes are in equilibrium with more mafic rocks; diamond symbols refers to some clinopyroxenes which passed the 

compositional test for equilibrium and have been used for geothermobarometry. b) Output temperatures and pressure estimate for the 



different magmatic environments of the A-MS clinopyroxenes obtained by the clinopyroxene-liquid thermometers (equation 

Talk2012) and barometers (equation Palk2012) specific for alkaline magmas (Masotta et al., 2013). 

 

Only clinopyroxene crystals in equilibrium with hypothetical melts, i.e. crystals from the ME0 and 

ME1 in equilibrium with Campi Flegrei poorly evolved volcanic products, and crystals from ME2 

and ME3 in equilibrium with A-MS matrix-glass compositions (Fig. 53a) have been considered for 

the application of thermobarometry. As also explained in Masotta et al. (2013), since Mg# of 

clinopyroxenes and coexisting melts progressively increases with increasing temperature and H2O 

content, the volatile(s) contents as input parameters can affect the output T-P estimates. Hence, in 

case melt inclusion compositions have been used as melts in equilibrium with ME0 and ME1 

clinopyroxenes, the volataile contents used are exactly that detected in melt inlclusions 

representative of the poorly evolved Campi Flegrei magmas (Cannetelli et al., 2007); instead, in 

case the whole rock compositions have been used as melts in equilibrium with ME0 and ME1 

clinopyroxenes, the H2O composition analyzed in the whole rock or the H2O by difference has been 

used. As for melts in equilibrium with ME2 and ME3 clinopyroxene, the H2O by difference of the 

A-MS glasses analyzed in this thesis have been used: it seems reasonable since these H2O contents 

are in the range of that detected in the A-MS melt inclusions by Arienzo et al. (2010).  

Different ranges of temperature have been obtained for the variable clinopyroxene populations (Fig. 

53b; Supplementary Material 4). The most mafic compositions yield the highest temperatures, with 

averages of 1104±24 °C for ME0 and 1066±11 °C for ME1. Average temperatures for ME2 and 

ME3 are 990±13 °C and 952±18 °C, respectively. ME4 was not considered because it is represented 

only by one crystal rim that possibly formed during the very final stage of crystallization (see 

Chapter 7). The estimated pressure is similar for all the populations ranging between 3.0 and 0.5 

kbar, with an average value of ca. 1.7 kbar. Only a few output data show pressures >3 kbar, 

implying that some clinopyroxenes from ME0 could have started crystallizing at higher pressures. 

These values also fit with estimates obtained from previous studies on the A-MS (Roach, 2005; 



Arienzo et al., 2010; Iovine et al., 2017a) and the PVD crystallization pressures (Perinelli et al., 

2019; Bonechi et al., 2020). With the exception of a few clinopyroxenes from ME0, the obtained 

pressure range is the same for the different magmatic environments, which likely indicates that the 

resolution in pressure is not good enough to discriminate reservoirs at different depths.  

 

6.2 Magmatic environments recorded in the A-MS clinopyroxenes 

 

As previously described (Chapter 4.4), the occurrence of plateau in the zoning patterns of 

clinopyroxene indicates that growth occurred for certain periods of time under stable conditions. 

Consequently, plateau with different composition represent several episodes of overgrowth of the 

crystals under different sets of P-T-X conditions. Since the entire compositional range detected in 

the clinopyroxenes can be divided into different populations, each plateau belonging to a population 

with a certain composition represents the growth of crystals under a specific set of intensive 

thermodynamic variables (temperature, pressure, bulk composition, fugacity of volatile species),  

identified as a magmatic environment. Associating each population of clinopyroxene to a specific 

magmatic environment, it is possible to track the evolution of different crystals through distinct 

magmatic environments in which they grew. 

In the systems connectivity diagram (Fig. 54) each box represents a distinct magmatic environment 

and each arrow represents the zoning type, i.e. the path, in terms of Mg#, from core to rim of each 

crystal. 



 

Fig. 54 Systems analysis of the zoning patterns of A-MS clinopyroxene crystals. Each box represents a magmatic environment. Each 

route/connection line indicates the composition of a crystal from core to rim; a single arrow represents the passageway of a crystal 

(or a magma in which the crystal was forming), from one magmatic environments to another with different conditions; a whole 

connection line (consisting of one or more arrows) represents the zoning type (each represented by different color, e.g. the orange 

routes represent clinopyroxene crystals with core formed in ME2, mantle formed in ME0 and the rim formed in ME2). The density of 

the connection lines can be used to infer the dominant passageways of crystals in different environments. 

 

 Such analysis reveals that, despite the complex diversity of zoning patterns, certain evolutionary 

tracks are recurrent in the history recorded by the clinopyroxene populations. It can be noted that 

there are many connections, depicted as arrows in Fig. 54, between the ME0 and ME2 

environments. The connections often pass also through ME1 that represents an environment 

compositionally intermediate between ME0 and ME2. Finally, there is a much smaller number of 

connections between ME2 and ME3. Based on the available data, there are no connections between 



either ME0 or ME1 and ME3; this allows us to divide the evolutionary history of A-MS 

clinopyroxene phenocrysts in two steps: one involves the interaction among the magmatic 

environments ME0, ME1 and ME2, the other involves ME2 and ME3. Moreover, as also visible in 

the frequency histograms (Fig. 27), it is worth noting that both crystal cores with high Mg# (ME0) 

and crystal cores with low Mg# (ME3) converge toward an intermediate composition (ME2) at the 

rim, which means that the final stage of crystallization occurred in a compositionally homogeneous 

magmatic environment that was shared by crystals with different previous histories. At this point it 

is worth recalling that this distinction in different magmatic environments is supported by other 

compositional variables such as Na2O, Al2O3 and TiO2 contents, with the exception of the ME1b 

and ME2b groups of Al2O3 and TiO2 contents that occur in the rim and mantle regions of the zoned 

clinopyroxenes. These will be discussed in detail in the following section on diffusion modeling. 

 

6.3 Diffusion modelling for the A-MS clinopyroxenes 

 

Kinetic modeling of the zoning patterns in clinopyroxene, which record fluctuations through the 

different magmatic environments, can yield information on the timescales over which the processes 

that created the different types of zoning took place. The well preserved plateau found in most 

profiles can be used to infer the initial profile shapes before diffusion occurred. Given the different 

kinds of zoning profiles, two different approaches for modeling can be taken here. I. Most of the 

profiles, characterized by compositional plateau and sharp gradients show little evidence of 

diffusive modification of growth zoning. In these cases, it is possible to calculate the relaxation of 

growth zoning timescales (e.g. see Chakraborty and Ganguly, 1991; Trepmann et al., 2004) to infer 

maximum possible durations that the crystals may have spent in a magmatic reservoir at a given 

temperature without perceptible, within the analytical resolution of this study, diffusive 

modification of the profiles. II. In a small subset of profiles (e.g. Type II) diffusive gradients are 



observed and these can be modelled to fit the observed profiles and yield durations of residence of 

the crystals in a particular magmatic environment. In both cases, solutions to the diffusion equation 
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)  (1) 

are sought with an appropriate choice of initial and boundary conditions. The equation describes 

how concentration gradients (i.e., concentration profiles: dC/dx), evolve as a function of time and 

this aspect is utilized to obtain information on timescales from measured concentration profiles (e.g. 

Chakraborty et al., 2008). Diffusion modeling has been carried out at temperatures corresponding to 

that of the ME2 environment (990 °C) because, in most cases, this is the final temperature at which 

clinopyroxenes grew and resided before eruption, at least for ca. 98% of the zoned crystals, as well 

as the homogeneous crystals, which make up 85% of the clinopyroxene population. The diffusion 

coefficient has been calculated using the expression provided by Müller et al. (2013):  

                           (
        

    

   

  
)      (2) 

where R is the gas constant and T is the temperature in Kelvin. 

 

In approach I, the measured profiles are taken as the initial profiles and equation (1) and (2) are 

used to numerically calculate evolution of the profile shapes as a function of time. The boundary 

conditions for these calculations may be either constant composition or no flux at the rims of 

crystals, with little difference in the results. Timescales on which the calculated profiles deviate 

measurably from the initial profiles are considered to be upper limits of residence times of crystals 

in a particular magmatic environment. Fig. 55 shows examples for different kinds of profiles 

(except Type II) modeled with method I.  

 



 

Fig. 55 Diffusion modelling for the A-MS clinopyroxenes. Black diamonds are measured analysis along the crystal traverses showing 

concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ +Fetot)]. Black dashed lines indicate the initial profile shapes. In 

Fig. 55a,c,d,e,f.g the modelled profiles (red lines) show the permissible diffusive smoothing that a concentration gradient may have 

experienced; in Fig 55b, instead, the modelled profile (red line) indicates effective diffusive smoothing (see text for details). 

 

 



 

The upper limit residence times for different plateau compositions in the various types of zoning 

profiles are listed in Table 5 and plotted in Fig. 57. These are found to be < 25 years, with durations 

< 15 years being the most common. 

Table 5 

 

  

Method I  Method II 

   

Method I  Method II 

Member cpx n°-   

   

Member cpx n°-   
  

 

traverse n°   

    

traverse n°   
  

 

    

    

    

  A1 cpx1-1 14.3 

   

D1 cpx2-1 14.3 

  

 

cpx1-2 15.5 

    

cpx2-2 6.8 

  

 

cpx2-1 6.7 

    

cpx5-1   43.8 

 

 

cpx2-2 6.7 

    

cpx5-2   50.6 

 

 

cpx3-1   48.2 

   

cpx7-1 10.5 

  

 

cpx3-2   37.8 

   

cpx7-2 11.1 

  

 

cpx5-1   68.2 

   

cpx8-1 14.3 

  

 

cpx5-2   61.0 

   

cpx8-2 9.5 

  

 

    

    

cpx9-1 6.1 

  B1 cpx1-1 8.9 

    

cpx9-2 8.6 

  

 

cpx1-2 8.9 

    

cpx10-1 20.3 

  

 

cpx2-1 8.9 

    

cpx10-2 6.7 

  

 

cpx2-2 7.1 

    

cpx11-1 18.0 

  

 

cpx4-1   48.3 

   

cpx11-2 6.7 

  

 

cpx4-2   52.6 

   

cpx13-1 24.7 

  

 

cpx5-1 12.7 

    

cpx13-2 7.9 

  

 

cpx5-2 9.5 

    

cpx14-1 8.6 

  

 

cpx6-1 4.8 

    

cpx14-2 5.2 

  

 

cpx6-2 4.8 

    

cpx18-1 9.4 

  

 

cpx7-1 14.3 

    

cpx18-2 7.9 

  

 

cpx7-2 4.8 

    

cpx19-1 12.9 

  

 

cpx8-1 9.5 

    

cpx19-2 5.3 

  

 

cpx8-2 12.7 

    

    

  

 

cpx9-1 20.9 

    

    

  

 

cpx9-2 7.6 

    

    

  

 

cpx10-1 11.4 

        

 

cpx10-2 8.6 

        

 

cpx11-1   47.2 

       

 

cpx11-2   52.5 

                             

            



Table 5 Timescale estimates for Agnano-Monte Spina clinopyroxene crystals derived from Fe-Mg diffusion modeling across selected 

transects, calculated at T = 990 °C 

 

In the approach II, on the other hand, it is necessary to define the shapes of the initial profiles and 

then model their diffusive modification. To do that, element concentrations that are correlated with 

each other through petrogenetic processes but diffusing at different rates are useful. Here Mg# and 

Al2O3 content, which are anti-correlated with each other (e.g. Fig. 26b) in the clinopyroxene 

crystals have been used, because Mg# decreases as Al2O3 content increases during fractional 

crystallization as well as partial melting processes (e.g. Jagoutz et al., 1979). As discussed above 

(see caption of Fig. 28), there are two groups of compositions, ME1b and ME2b, that deviate from 

this trend. It is possible to reliably infer the initial profile shapes of crystals which exhibit this 

characteristic: by plotting Al2O contents vs Mg# in a profile it is possible to obtain a linear 

correlation. Most of crystals show a good correlation, as shown by the fit of the data by a linear 

trendline (in Fig. 56a, R
2
=0.94), which can be then used to infer the hypothetical initial Mg# profile, 

which is plotted in figure 56b. Within the accuracy of the data, hardly it is possible to see difference 

between the measured profile and the theoretical profile, in particular, in the region with the sharp 

compositional gradient. That indicates that the Mg# profile was little or no affected by Fe-Mg 

interdiffusion. For these crystals, it has been possible to estimate a maximum timescale as explained 

above for approach I: in this case, since the inferred profile is very similar to the measured profile, 

the latter has been used as initial profile in the modeling. It is then possible to deduce that where 

Mg# and Al2O3 are correlated according to the overall general trend, the profiles of Mg# and Al2O3 

track each other completely and the shapes overlap with each other. Conversely, when Al2O3 

content is higher at a given Mg# compared to the value expected from the overall correlation trend, 

such as for crystals showing ME1b and ME2b trends (Fig. 28e-f), the Al2O3 preserves a sharper 

gradient whereas the Mg# shows more smoothed concentration patterns (e.g. zoning Type II). In 

this case, the correlation between Mg# and Al2O3 content is not good (in Fig. 56c, R
2
=0.74), 



indicating that the original trend was overprinted by Fe-Mg interdiffusion. It is possible to estimate 

an original trend by taking the Mg# and Al2O3 contents of the two plateau regions, which is plotted 

as blue line in Fig. 56c. This original correlation has been used to estimate a growth zoning of Mg#, 

that is the initial profile in Fig. 56d. It is possible to observe that the Mg# theoretical initial profile 

noticeably deviate from the measured profile and the difference is strongest in the region with the 

large compositional gradient of Al2O3.This indicates that Mg has diffused to some extent in these 

situations and is consistent with known experimentally measured diffusion behavior of these 

elements (Mg vs. Al) in clinopyroxenes (e.g. Fe-Mg: Müller et al., 2013; Al: Sautter et al., 1988). 

Thus, the shape of the Al2O3 profile can be taken as the initial profile shape for Mg# (i.e. as a grown 

profile) and diffusion modeling may be used to try to reproduce the measured, diffused 

concentration profile shape of Mg#. At both ends of the profile concentrations, the system has been 

modeled as an infinite diffusion couple, i.e. boundary conditions are C = Cinitial at ±∞. Furthermore, 

since two compositional traverses were acquired across each clinopyroxene crystal, if modeling of 

both profiles did not yield the same time estimates, the concentration profiles were considered to be 

affected by processes other than diffusion and the obtained values were discarded (Costa et al., 

2008). On the other hand, the fact that in many cases the same timescales were obtained from 

profiles that are oriented in mutually perpendicular directions may point to a limited anisotropy of 

Fe-Mg diffusion in clinopyroxene; that indeed has not been measured experimentally yet. An 

example of such a profile, with the initial and the final modelled profile shapes is shown in Fig. 55b 

and Fig. 56c-d. 

 

 



 

Fig. 56 a-c) Mg# vs Al2O3 (wt%) relation of two selected crystal profiles. In Fig. 55c, the blue trend-line fit is estimated 

by taking into account the Mg# and Al2O3 (wt%) pairs of the two plateau regions. b-d) measured and inferred initial 

Mg# profiles. The inferred theoretical profiles are calculated based on the relations assessed by best fit of the linear 

trend-lines of Fig. 55a, c. 

 

Timescale information has been extracted only from crystals showing concentration profiles 

suitable for diffusion modeling using one of the two approaches described above: for example, 

crystals with profiles belonging to zoning type VIII (Fig. 29h) have not been used for the modeling. 

Altogether, diffusion modelling has been applied on 25 crystals with 50 measured profiles of 

different Types (Table 5). All calculated timescales are shown in Fig. 57 where it should be borne 

in mind that timescales obtained using approach I are upper limits of residence times in the 

magmatic environment ME2, while those obtained using approach II are residence times 

themselves. As seen in the figure, most crystals were amenable to modeling using the relaxation of 

growth zoning approach I, while 10 profiles from 5 crystals, i.e. 2 profiles in mutually 

perpendicular directions, were suitable for modeling using approach II. All of the profiles modelled 

using approach II yielded timescales that were consistent with each other from the mutually 



perpendicular profiles. These timescales range between 38 and 68 years. Stratigraphically, two of 

these crystals come from members A1 and B1, respectively, and one from member D1. These 

results explain why diffusive modification can be seen in some crystals and not in others even 

though they are compositionally almost identical: some of these crystals have resided longer in the 

magma reservoir (ME2 environment). The implications of these results for the nature of the 

plumbing system are discussed in Chapter 7.  

  
Fig. 57 Output values of times obtained by diffusion modeling on 50 out of 82 analyzed profiles on clinopyroxene crystals. 

 

 

 

6.4 Zaro mineralogical disequilibria 

 

Similarly to the A-MS clinopyroxenes, chemical equilibrium between minerals and their host rocks has 

been tested, also in order to apply geothermobarometry. 

Based on the compositional dependence between a liquid and a coexisting mineral phase, the tests for 

equilibrium show the equilibrium field (comprised within the dotted lines in Fig. 58a-d), through the 



distribution coefficients (KD), defined as the molar ratio between selected elements of the liquid divided by 

the molar ratio between the same elements of a coexisting mineral.  

 

Fig. 58 Tests for equilibrium for olivine (a), clinopyroxene (b), plagioclase (c) and K-fledspar (d) crystals. (a) Fe-Mg partitioning 

between olivine and host rock (Fe/MgKdOl-liq = 0.30 ± 0.03;; Roeder and Emslie, 1970 ; Matzen et al., 2011); continuous line is 

Fe/MgKdOl-liq = 0.27; dotted lines = ± 0.03. (b) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27 ± 0.03; 



Grove and Bryan, 1983; Putirka et al., 2003; Mollo et al., 2013); continuous line is Fe/MgKdOl-liq = 0.30; dotted lines = ± 0.03. (c) 

variation diagram of An (mol%) vs calculated pl-meltKdAb-An. The plagioclase-melt stability field was drawn using a value for pl-

meltKdAb-An of 0.1 (continuous line) ± 0.05 (dotted lines; Putirka, 2008). (d) kfeld-liqKdOr-Ab test for equilibrium based on Or-Ab 

exchange between K-feldspar and liquid (Mollo et al., 2015); the equilibrium field is inside the 1:1 line  ± 0.25; gm= groundmass; in 

Fig. 58b rim= mantle and rim. 

 

Given the published (KD), only few olivines, (
Fe/Mg

KdOl-liq = 0.30 ± 0.03; Roeder and Emslie, 1970; Matzen et 

al., 2011; Fig. 58a) and pyroxenes (
Fe/Mg

KdCpx-liq = 0.27 ± 0.03; Grove and Bryan, 1983; Putirka et al., 2003; 

Fig. 58b) can be considered in equilibrium with their host rocks. In particular, the cores of olivines from 

mafic enclaves are in equilibrium with the host rock. The olivine cores from the hybrid enclave are 

xenocrystic, whereas the rim is in equilibrium with the host rock. Notably, most of clinopyroxenes from 

mafic enclaves have low Mg# and fall outside the equilibrium field; on the other hand, several 

clinopyroxenes of evolved rocks exhibit higher Mg# than expected if supposed in equilibrium with the host 

rocks (Fig. 58b). As to feldspar, most of the plagioclase phenocrysts, particularly those with An < 70 mol.%, 

plot outside the equilibrium range (
Plag-melt

KdAb/An = NaPlag   XAlliq   XCaliq/XCaPlag   XNaliq   XSiliq = 0.1 ± 

0.05; Putirka, 2008; Fig. 58c). Sanidine from trachytes is in equilibrium with its host rock (1:1 line of 

measured 
K-feld-melt

KdOr-Ab = NaFeld   XAlliq   XCaliq/XCaFeld   XNaliq   XSiliq  vs predicted
 K-feld-melt

KdOr-Ab = -

0.67+ (Kliq/KFeld
2
 + ln ( exp (Kliq 

2
/ Naliq + Kliq ) /10; Fig. 58d) whereas several K-feldspars of mafic enclaves 

in the groundmass are in equilibrium with a much more evolved magma. The implications on disequilibrium 

are discussed in Chapter 7.4.  

 

6.5 P-T crystallization conditions of Zaro minerals 

 

In order to investigate the crystallization conditions of the Zaro clinopyroxenes, clinopyroxene-

liquid thermometers and barometers specific for alkaline magmas (Masotta et al., 2013) have been 

used only for the points plotting in the theoretical equilibrium field of a liquid and a coexisting 

clinopyroxene (Fig. 58b). The equilibrium test shows that only clinopyroxenes with Mg#> 82 are in 



equilibrium with the composition of the mafic enclaves; having Mg#> 82, these crystals belong to 

ME0. The temperature estimated for this population ranges between 1142°C and 1092°C, with an 

average of 1120±11°C. Their pressure estimates range between 3.8 and 2.1 kbar, with an average of 

3.1±0.4 kbar (Fig. 59).  

 

Fig. 59 Output temperatures and pressure estimates for the different magmatic environments of the Zaro clinopyroxenes obtained by 

the clinopyroxene-liquid thermometers (equation Talk2012) and barometers (equation Palk2012) specific for alkaline magmas 

(Masotta et al., 2013). 

 

The ME0 clinopyroxenes from the hybrid enclave (Mg#>79), on the counterpart, are out of the 

equilibrium field. Only few clinopyroxenes, belonging to ME1, from the hybrid enclave are in 

equilibrium with its host rock (Fig. 58b). The output values of temperature of these crystals are in 

the range 1052-1022°C, with an average value of 1038±9°C, whereas the estimated pressure values 

are in the range 3.3-1.5 kbar, with an average value of 3±0.6 kbar (Fig 59). Several clinopyroxene 

crystals from trachytic lithotypes (Zaro lava and felsic enclaves) are in equilibrium with their host 

rocks (Fig. 58b). Moreover, it has been possible to discriminate the P-T crystallization conditions of 

clinopyroxenes belonging to ME1 and those of clinopyroxenes belonging to ME2. In fact, some of 

the ME1 clinopyroxenes which exhibit Mg# in the range 73-70 are in equilibrium with trachytic 



rocks (Zaro lava and felsic enclaves) with Mg# in the range 39-37. Also some ME2 clinopyroxenes 

with Mg# in the range 67-63 are in equilibrium with trachytic rocks which exhibit Mg# in the range 

37-33. The estimated P-T condition are similar for the two populations: the output temperatures of 

ME1 clinopyroxenes of the trachytic rocks are in the range 976-947°C, with an average value of 

962±6°C, whereas for ME2 clinopyroxenes of the trachytic rocks the values are in the range 963-

917°C, with an average value of 930±10°C. The output pressures values of ME1 clinopyroxenes of 

the trachytic rocks are in the range 2.7-1.7 kbar, with an average value of 2±0.2 kbar, whereas the 

values of ME2 clinopyroxenes of the trachytic rocks are in the range 3.3-1.2 kbar, with an average 

value of 2±0.5 kbar (Fig. 59). Na-rich clinopyroxenes have Mg# in the range 52-48 and they are in 

equilibrium with pumice compositions that show Mg# in the range 22-19. The estimated 

temperature for these mineral-melt couples varies from 890 to 835°C, with an average value of 

857±13°C. Their estimated pressures are in the range 2.6-1.5 kbar, with an average value of 2±0.3 

kbar. Also the P-T crystallization conditions of clinopyroxenes from the pumices belonging to the 

Zaro pyroclastic deposit have been estimated. Clinopyroxene crystals with Mg# in the range 67-57, 

belonging to ME2, are in equilibrium with the trachyphonolitic composition of the pumices which 

exhibit Mg# in the range 32-24 (Fig. 58b). The estimated temperature values are the lowest detected 

for the Zaro products, being in the range 892-837°C, with an average value of 863±15°C. The 

estimated pressure ranges from 1.7 to 0.8 kbar, with an average value of 1±0.2 kbar (Fig. 59).  

A part clinopyroxene-melt couples, other mineral-melt couples have been used to characterize the 

crystallization temperatures of Zaro minerals. In both cases, the volatile contents of melts in 

equilibrium with clinopyroxenes, which can affect the output T-P estimates, used as input 

parameters is the LOI (loss on ignition) detected in the whole rock compositions (Supplementary 

Material 2) of the Zaro lithotypes. A synoptic view of the whole estimated temperatures by using 

different mineral-melt couples is given in Fig. 60.  

As shown before, few olivine cores of mafic enclaves are in equilibrium with the compositions of 

their host rocks and few olivine rims of the hybrid enclave are in equilibrium with the compositions 



of its host rock (Fig. 58a). The olivine-liquid thermometer of Putirka et al. (2007) has been used for 

these two set of couples. The output values of temperature of olivine from mafic enclaves are in the 

range 1132-1091°C, with an average value of 1109±11°C, hence very similar to the temperature 

range of clinopyroxene from mafic enclaves. The estimated temperatures of olivine rims from the 

hybrid enclave are in the range 1011-998°C, with an average value of 1007±4°C, thus, although 

slightly lower, the estimated temperature range is similar with respect of those estimated with 

clinopyroxene-hybrid enclave couples; however only 8 estimated values are available.  

Moreover, feldspar-liquid thermometers (Putirka, 2005) have been used to estimates the 

crystallization temperature for the few plagioclase crystals in equilibrium with mafic and hybrid 

enclaves (Fig. 58c) and for K-feldspar crystals in equilibrium with trachytic lavas and pumices (Fig. 

58d). Plagioclase-liquid thermometer yield temperature in the range 1154-1145°C, with an average 

value of 1152±2°C, for plagioclase crystals of mafic enclaves, and in the range 1080-1062°C, with 

an average value of 1076±6°C, for plagioclase crystals of the hybrid enclave (Fig. 60). These values 

are similar to the ranges of temperature estimated with clinopyroxene-liquid thermometer, for the 

respective lithotypes. The temperature estimates for K-feldspar of the trachytic lavas show a wide 

range, that is 1001-797°C, with an average value of 911±42°C. This range includes that of 

clinopyroxenes from the same lithotypes (Fig. 60).  The temperature estimates for K-feldspar of the 

pumices are in the range 915-783°C, with an average value of 855±30°C, thus including the range 

of temperature estimated by using clinopyroxenes-pumices couples.  



 

Fig. 60 Output temperature estimates for the different Zaro mineral phases obtained by olivine liquid barometer (Putirka et al., 2007; 

equation 22), clinopyroxene-liquid thermometer (Masotta et al., 2013; equation Talk2012), plagioclase-liquid thermometer (Putirka, 

2005; equation 24) and K-feldspar-liquid thermometer (Putirka, 2005; equation 24). 

 

 

6.6 Magmatic environments recorded in the Zaro clinopyroxenes 

 

Similarly to what done for the A-MS clinopyroxene, the chemical variations recorded in 

compositional (e.g. Mg#) zoning patterns have been used to track the evolution of different 

populations of crystals through distinct magmatic environments in which they grew. The kinds of 

connections between the various magmatic environments recorded in the zoning patterns and their 

quantification are shown in the systems connectivity diagrams (Fig. 61). 



 

Fig. 61 Systems analysis of the zoning patterns of Zaro clinopyroxene crystals. Each box represents a magmatic environment. Each 

route/connection line indicates the composition of a crystal from core to rim; a single arrow represents the passageway of a crystal 

(or a magma in which the crystal was forming), from one magmatic environment to a different magmatic environment; a whole 

connection line (consisting of one or more arrows) represents the zoning type. The density of the connection lines can be used to 

infer the dominant passageways of crystals in different environments. 

 

Despite the complex diversity of zoning patterns, certain evolutionary tracks are recurrent in the 

history recorded by the clinopyroxene populations. It can be noted that, apart few exceptions, most 

of the connections are characterized by the last passageway in ME1 environment: the latter 

represents the dominant composition of rims of most crystals from all the Zaro lithotypes (e.g. Fig 

44c). The most frequent passageways are those from ME2 to ME1. This is the case for crystal cores 

with both ME2 and ME1 compositions, characterized by simple and complex zoning, respectively.  

Substantial differences can be noted among the various Zaro lithotypes. First of all, in the trachytic 

lavas (Zaro lava and evolved enclaves), the interactions among the different magmatic 

environments do not include ME0, that represent the least evolved clinopyroxene compositions. In 



the trachytic rocks, most of the crystal cores have a ME2 composition converging toward ME1 

(blue connection lines in Fig. 61). Crystals with a ME1 core composition showing complex zoning 

(green connection lines) tend toward ME1 in their rims as well. The connections among the 

magmatic environments in clinopyroxenes from the hybrid enclave show similarities with those of 

clinopyroxenes from the trachytic lavas, both as to kinds and frequency of the passageways. 

Nevertheless, here the connections involve also ME0. In clinopyroxenes of mafic enclaves, most of 

the connections concern ME0 and ME1, which are always in the form of reverse to normal zoning 

(orange connection lines in Fig. 61). Less frequent connections in the form of simple reverse zoning 

concern ME2 and ME1 in the mafic enclaves, too.  

 

 

6.7 Diffusion modelling for the Zaro clinopyroxenes 

 

Kinetic modeling of the diffusive modification of the zoning patterns provides information on the 

timescale of the magmatic processes occurred in the Zaro plumbing system. Similarly to the A-MS 

clinopyroxenes, the initial conditions depend, case by case, on the characteristics of the 

concentration profile shapes. The compositional plateau found in most profiles can be used to infer 

the initial profile shapes before diffusion occurred. Depending on the profile shapes, two different 

approaches for modeling have been used. It has been noticed that some crystals are characterized by 

compositional plateau and sharp gradients (zoning type I-a, type II-a, type III-a and type IV; Fig. 

43), thus showing little evidence of diffusive modification of growth zoning. These profiles have 

been modeled in the same way used in method I for the A-MS clinopyroxenes: the relaxation of 

growth zoning timescales (e.g. see Chakraborty and Ganguly, 1991; Trepmann et al., 2004) has 

been calculated to infer maximum possible durations of the time spans that the crystals may have 

spent in a magmatic environment at a given temperature without perceptible diffusive modification 

of the profiles, within the analytical resolution of this study.  



The remaining profiles (zoning type I-b, type II-ba, type II-b, type III-b and type V) show diffusive 

gradients and these have been modelled through method II, by fitting the observed profiles. This 

approach yields durations of residence of the crystals in a particular magmatic environment. 

In both cases, solutions to the diffusion equation (1) (Chapter 6.3) are sought with an appropriate 

choice of initial and boundary conditions. 

Different temperatures have been used for clinopyroxene crystals belonging to the chemically 

different Zaro lithotypes. By considering the averages of the output values obtained from the 

clinopyroxene-liquid thermometer, different temperatures should be used for the clinopyroxenes 

from the different rocks (Fig. 59). A temperature of 1120°C should be used for clinopyroxenes of 

the mafic enclaves, a temperature of 1038°C for the clinopyroxenes of the hybrid enclave and the 

average (951±6°C) of the output values of clinopyroxenes belonging to both ME1 and ME2, for 

clinopyroxenes of Zaro lava and felsic enclaves. Due to the large ranges of temperatures obtained 

through the various thermometers (Fig. 60), timescales for all the clinopyroxene crystals of the 

different Zaro rocks have been calculated at 950°C, 1050°C and 1100°C. This seems reasonable, 

since a temperature of 950°C is practically identical to the average value (951±6°C) of the 

temperature of clinopyroxenes of both Zaro lava and felsic enclaves, a temperature of 1050°C is 

similar to the average value (1038±9°C) of the temperatures of clinopyroxenes of the hybrid 

enclave, a temperature of 1100°C is similar to the average value (1120±11°C) of the temperatures 

of clinopyroxenes of mafic enclaves; the latter is slightly lower than the average, but it is still in the 

range 1142-1092°C.  

The diffusion coefficient based on Fe–Mg interdiffusion rates in clinopyroxene (equation 2 in 

Chapter 6.3) obtained by Müller et al. (2013) has been calculated.  

In the method I, the boundary conditions for these calculations may be either constant composition 

or no flux at the rims of crystals, with little difference in the results. Likewise the approach I used 

for the A-MS clinopyroxenes, the measured profiles are taken as the initial profiles. A forward 

modeling has been followed to obtain the maximum duration of thermal events by using a 



numerical method in which the time (t) term of the equation (1) has been varied until the modeled 

profile slightly oversteps the matching with the measured profile. Some examples of such modeled 

profiles are shown in Fig. 62a,c,e,g.  

 



 

Fig. 62 Diffusion modelling for the Zaro clinopyroxenes. Black diamonds are measured analysis along the crystal traverses showing 

concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ +Fetot)]. Black dashed lines indicate the initial profile shapes. In 

Fig. 62a,c,e,g the modelled profiles (red lines) show the permissible diffusive smoothing that a concentration gradient may have 

experienced; in Fig 62b,d,f,h, instead, the modelled profile (red line) indicates effective diffusive smoothing (see text for details). 



 

In this case, the modelled profiles show the permissible diffusive smoothing that a concentration 

gradient may have experienced. Timescales on which the calculated profiles deviate measurably 

from the initial profiles are considered to represent the upper limits of residence times of crystals in 

a magmatic environment.  

In the method II, on the other hand, it is necessary to define the shapes of the initial profiles and 

then model their diffusive modification. In this case, it is not possible to have a good constrain on 

the initial profile shape, by using relationships between fast and slow diffusive elements, such as in 

the case of the approach II used for the A-MS clinopyroxenes, because of the complex relations 

shown by these elements (e.g. Fig. 38). For this reason, the initial concentration profile is defined 

by a step-function zoning, in which the initial conditions are defined by the homogeneous measured 

concentration found at the core of crystals and the boundary conditions are defined by the 

homogeneous measured concentrations at the rim of crystals. This allows the evaluation of the 

evolution through time of the initial concentration profile that can be traced until the modeled 

profile fits the measured concentration profile.  

In both approaches, timescales information has been extracted only from crystals showing 

concentration profiles suitable for diffusion modelling: crystals having a zoning type II-ab, which 

exhibit a sharp variation between the core and mantle plateau and a gradual variation between the 

mantle and the rim plateau, have not been used. Moreover, profiles in which the spacing between 

analytic points is large (e.g. 15 μm -25 μm -50 μm -70 μm) have not been used.  

Furthermore, it has been possible to discern 1) the timescales of all the zonation events which 

affected the crystal: in this case, the measured Mg# profile has been sequentially modeled from core 

to rim, and 2) the timescales of the Mg# variation relating to the last growth event and subsequent 

diffusional modification. All the resulting timescales are reported in Table 6.  

 

Table 6 



    

Method I Method I Method II Method II 

    

(entire 
zoning) (last step) 

(entire 
zoning) (last step) 

 
Lithotype cpx transect T (°C) 

 
  

   
Zaro lava cpx5 line1 950 2.9   

   

 
cpx6 line1 950 3.9   

   

 
cpx7 line1 950 

 
  4.3 

  

  
line2 950 

 
  4.3 

  

  
line3 950 

 
  

 
1.1 

 

 
cpx8 line1 950 

 
  12.4 

  

  
line2 950 

 
  18.3 

  

 
cpx9 line1 950 

 
  10.5 

  
  cpx11 line1 950 3.9       

 

   
950 

 
  

   felsic 
enclaves cpx1 line1 950 

 
  20.6 

  

  
line2 950 

 
  25.1 

  

 
cpx2 line1 950 

 
  

 
20.3 

 

 
cpx3 line1 950 

 
  20.3 

  
    line2 950     23.1   

 

     
  

   hybrid 
enclave cpx1 line1 1050 2.3   

   

  
line2 1050 

 
0.2 

   

 
cpx2 line1 1050 

 
  5.4 

  

  
line2 1050 

 
  

 
1.8 

 

 
cpx3 line1 1050 

 
1.2 

   

 
cpx4 line1 1050 

 
  7.0 

  

 
cpx5 line1 1050 

 
  2.7 

  

 
cpx6 line1 1050 

 
  4.0 

  

 
cpx8 line1 1050 

 
0.6 

   

 
cpx9 line1 1050 

 
  1.1 

  

 
cpx10 line1 1050 1.1   

   
  cpx11 line1 1050     1.7   

 

     
  

   



mafic 
enclaves cpx1 line1 1100 0.2   

   

  
line2 1100 0.2   

   

  
line3 1100 

 
7.2 

   

 
cpx3 line1 1100 

 
  1.7 

  

  
line2 1100 

 
  1.1 

  

 
cpx4 line1 1100 0.5   

   

  
line2 1100 0.4   

   

 
cpx8 line1 1100 

 
0.8 

   

  
line2 1100 

 
0.4 

   

 
cpx9 line1 1100 

 
3.6 

   
    line2 1100     0.9   

 

         
         

Table 6 Timescale estimates for Zaro clinopyroxene crystals derived from Fe-Mg diffusion modeling across selected transects, 

calculated with different temperature, depending on the lithotypes. 

 

As for the timescales of the entire zonation events (Fig. 63), 6 out of 13 crystals of the Zaro lava 

have been modeled at 950°C: the obtained ages are in the ranges 3.8-2.8 years for profiles modeled 

by using method I and 18-4.3 years for profiles modeled by using method II. 3 out of 3 crystals 

belonging to the felsic enclaves have been modeled at 950°C by using method II and the obtained 

ages are in the range 25-20 years. 10 out of 11 crystals belonging to the hybrid enclave have been 

modeled at 1050°C: the obtained ages are in the ranges 2.3-1.1 years for profiles modeled by using 

method I and 7.3-1.1 years for profiles modeled by using method II. 5 out of 9 crystals belonging to 

the mafic enclave have been modeled at 1100°C by using method II and the obtained ages are in the 

ranges 7.2-0.4 years.  



 

Fig. 63 Output values of times obtained through diffusion modeling on the analyzed profiles of the Zaro clinopyroxene crystals by 

using different temperatures. Timescales calculated from all the suitable profiles by arbitrarily using all the temperatures are also 

reported (transparent colored symbols; see Chapter 7.6 for details) 

 

The Mg# profiles of transects crosscutting the boundary between the two most external plateau 

compositions of the crystals have been also used in order to obtain timescales related to the last 

growth event and subsequent diffusional modification that affected the Zaro clinopyroxenes. 1 out 

of the 6 suitable crystals of the Zaro lava has been modeled at 950°C by using method II and the 

obtained age is 1 year. 1 out of the 3 suitable crystals belonging to the felsic enclaves has been 

modeled at 950°C by using method II and the obtained age is 20 years.  2 out of the 10 suitable 



crystals belonging to the hybrid enclave have been modeled at 1050°C: the obtained ages are 438 -

81 days for profiles modeled by using method I and 1.8 years for profiles modeled by using method 

II. 2 out of the 5 suitable crystals belonging to the mafic enclave have been modeled at 1100°C: the 

obtained ages are in the ranges 162-72 days for profiles modeled by using method I and 1.7 years-

329 days for profiles modeled by using method II.  

The timescales obtained using method I represent upper limits of residence times in the various 

magmatic environments; as for the sequence of events relating to the entire zoning pattern, these 

range between 3.8 and 1.1 years. The timescales obtained using method II are residence times 

themselves. These range between 25 and 0.4 years, for the sequence of events relating to the entire 

zoning pattern (Fig. 63). Timescales obtained by modeling the Mg# profiles of transects 

crosscutting the boundary between the two most external plateau compositions of the crystals refers 

to the last event which created the zoning. Timescales obtained with method I ranges between 1.2 

years and 72 days, whereas those obtained with method II range between 20 years and 329 days. All 

of the modeled profiles yielded timescales that were consistent with each other by using different 

temperatures as input parameter in the calculation of the diffusion coefficient (2), subsequently used 

to apply kinetic modeling on clinopyroxenes belonging to different Zaro rocks. The implications of 

such results are discussed in Chapter 7.6. 

 

 

 

 

 

 

 

 

 



 

7. DISCUSSIONS 

 

7.1 The magmatic plumbing system of Agnano-Monte Spina eruption 

 

Taking into account the composition and temperature, the magmatic environment ME0, found in 

the A-MS clinopyroxene, can be associated with primitive magmas, especially for the high Mg# (> 

91), while ME2 is ascribable to a crustal stationing layer of the Campi Flegrei magmatic system 

(see Chapter 3), in which clinopyroxenes with Mg# 78-72 formed. The composition of the ME2 

population is the most widespread, making up the 89 % of the homogeneous clinopyroxenes as well 

as the final, rim compositions of almost all (98 %) zoned crystals (Fig. 27a; Table 1). On this basis 

it is reasonable to interpret the ME2 environment as the physical reservoir in which most of the 

magmatic interaction(s) leading to eruption took place. The chemical composition of environment 

ME3, more evolved with respect to ME2, has been found in only 3 out of the total 41 analyzed 

crystals; hence ME3 could represent the most evolved, less-abundant portion of the ME2 magmatic 

reservoir. Therefore, the history recorded in the A-MS clinopyroxene chemical compositions may 

be read as: one or more inputs of mafic magma(s) (ME0), originating from partial melting of the 

mantle, refilled a crustal reservoir already hosting a more evolved resident magma (dominantly 

ME2, minor ME3) and consequent formation of intermediate compositions (ME1) were caused by 

mingling of ME0 and ME2 melts. The isotopic disequilibrium between several A-MS mineral 

phases and their host rocks (Fig. 34), as already reported in the literature (de Vita et al., 1999; 

Arienzo et al., 2010), supports such a mixing/mingling process. A schematic diagram that illustrates 

the behavior of such a plumbing system is shown in Fig. 64. 

 



 

Fig. 64 Schematic sketch illustrating the magmatic processes occurred in the A-MS plumbing system. a) three distinct magmatic 

environments there were at a T = 0: one (ME0), in red, in which core of clinopyroxenes with high Mg# (92-85) were formed, is 

associated with primitive magmas; an environment (ME2), in yellow, ascribable to a crustal stationing layer of the Phlegraean 

magmatic system, in which core of clinopyroxenes with Mg#78-70 were formed and an environment (ME3), in blue, identifiable 

with a less abundant, most differentiated magma portion of the ME2 reservoir. b) The interaction between ME0 and ME2 explains 



the normal zoning for clinopyroxenes of ME0 and, conversely, the reverse zoning for clinopyroxenes of ME2, leading also to the 

formation of intermediate compositions (ME1). c) The interaction between ME2 and ME3 justifies the whole set of observed zoning 

patterns in the A-MS clinopyroxene. 

 

Since the whole rock and glass composition of A-MS products ranges from trachyte to phonolite, 

the amount of mafic magma that might have interacted with the evolved resident magma(s) must 

have been limited. This is also supported by the correlations between major or trace elements and 

Sr-isotopes of the analyzed A-MS products, which have been modeled using a binary mixing 

equation (Langmuir et al., 1978). The magmatic components commonly used (e.g. Arienzo et al., 

2016) to explain the chemical and isotopic variability of CF magmas erupted during the last 5 ka 

have been taken into account. Mixing between Astroni 6-like magma, a more radiogenic, more 

evolved NYT-like magma and the least radiogenic, least evolved Minopoli 2-like magma, may 

account for the detected chemical and isotopic variability of the A-MS rocks. The calculated mixing 

curves (Fig. 65) are able to reproduce the Sr-CaO-composition and Sr-isotopic ratios measured on 

A-MS rocks. Moreover, these models allow inferring that the amount of mafic magma (e.g. 

Minopoli 2) must have been limited. 



 

Fig. 65 Modeling of the Sr–Nd isotopic features of the A-MS rocks, by assuming mixing among the Astroni 6 (Ast-6), Neapolitan 

Yellow Tuff (NYT) and Minopoli 2 (Min 2) magmatic components. Literature data are from D‘Antonio et al. (1999), de Vita et al. 

(1999), Tonarini et al. (2009) and Di Renzo et al. (2011). 

 

This is in good agreement with what already suggested by Arienzo et al. (2010), who modeled the 

mixing process and proved that less than 10% of a mafic magma with average 
87

Sr/
86

Sr ≈ 0.70754 

mixed with an evolved one with average 
87

Sr/
86

Sr ≈ 0.70749 would explain the occurrence of melt 

inclusions with less differentiated composition in the A-MS clinopyroxenes. Such a hypothesis also 

explains the Sr-isotopic signature of the analyzed A-MS rocks and minerals: both matrix-glass and 



clinopyroxene crystals from the D-E members, which show a less evolved composition with respect 

to those from A-B members (Fig. 33; Table 1 in Supplementary Material 1), are characterized on 

average by 
87

Sr/
86

Sr values higher than those of whole rocks and clinopyroxenes from A-B 

members (Fig. 34; Table 7 in Supplementary Material 1). Moreover, the 
87

Sr/
86

Sr values of 

feldspars from all the A-MS members are in the range of that of whole rocks and glasses from 

members A-B (Fig. 34); such a Sr-isotopic ratio is the typical Sr-signature of the evolved Campi 

Flegrei magma component (e.g. Neapolitan Yellow Tuff) identified by Arienzo et al. (2016). Since 

this is the most evolved magma component, it can be associated with our ME2 and ME3, while the 

more mafic magma could be represented by our ME0. This kind of mixing behavior is consistent 

with the nature of the clinopyroxene population as well, where ME0 and ME1, that represent the 

mafic magma, are statistically far less abundant than clinopyroxenes with ME2 composition. 

The hypothesized mixing process is also consistent with the observed chemical zoning patterns in 

the clinopyroxenes. Injection of ME0 mafic magma into the ME2 environment/physical reservoir 

would produce crystals with cores of ME0 composition (Mg# 92-85) and rims of ME2 composition 

(Mg# 78-70) as shown by the most common Type I zoning pattern. Mixing of these two melts 

would produce a magma with intermediate composition, from which clinopyroxenes of composition 

ME1 (Mg# 84-80) might have grown, as testified by the somewhat less common Type VII and 

Type VIII zoning patterns. Oscillations between these compositions (e.g. Type VII) would suggest 

long lasting connectivity between the reservoirs such that crystals may be transferred from one 

environment to another, sometimes back and forth. Moreover, since ME3 has been found only in 

member B1, it probably represents the most evolved least-abundant portion of the A-MS magmas 

erupted during the first Plinian phase of the eruption. 

Based on the above, it is possible to hypothesize that batches of high temperature (ca. 1100 °C) 

mafic magma (ME0) with primitive composition, i.e. very high Mg#, low Ti, Al and Na, arrived in 

a magma reservoir (Fig. 64a) where they partially mixed with a pre-existing more evolved magma 

(ME2), leading to the formation of intermediate compositions (ME1; Fig. 64b). The mafic input 



could have caused perturbation in a zoned reservoir and promoted interaction between the 

chemically different magmatic portions (ME2-ME3; Fig. 64c). 

Furthermore, as a greater number of high Mg# core crystals are present in D1 compared to A1 and 

B1 members, it is plausible that the magma which led to the eruption of the second main fallout 

deposit (D1) was dominated by the mafic component. This could occur, for example, if the first 

phase of eruption (A-B) considerably emptied out the ME2 reservoir and a more direct connection 

was established between the eruptive conduit and the ME0 reservoir (likely deeper, although good 

barometric constraints are not available; see Chapter 7.7 as well). 

 

 

7.2 Timescales of processes in the Agnano-Monte Spina plumbing system 

 

Diffusion modeling of the chemical zoning profiles provides temporal constraints on magmatic 

processes. The occurrence of plateau can be interpreted as a result of crystal growth in different, 

stable magmatic environments, with residence times in each environment long enough to be 

recorded by crystal growth, but also short enough that the compositional gradient has not been 

erased by diffusional equilibration. Overall, the plumbing system that led to the A-MS eruption 

appears to have been active on decadal timescales. Most types of zoning patterns observed in the 

clinopyroxene crystals show little or no evidence of diffusive modification at the spatial resolution 

at which the compositions were studied in this thesis. This allows an upper limit to the duration of 

their residence in the ME2 magmatic reservoir to be placed, on the order of 10 – 15 years for the 

majority of the crystals. For a few crystals, a longer time range may be permissible. More specific 

constraints are provided by a small subset (5) of crystals that record diffusive modification. These 

indicate that a timescale of ca. 40 – 70 years elapsed between the entrapment of the ME0 crystals 

into the ME2 reservoir and the eruption. The rarity of such crystals, and the fact that back-and-forth 



transmission between ME0 and ME2 is recorded (see previous section and Fig. 61), suggest the 

following scenario: a long lived connectivity existed between the ME0 and ME2 environments over 

several decades such that crystals could be transferred back and forth, with a few crystals residing 

in the ME2 reservoir for several decades, until the extent of ME0 magma input increased 

considerably, as recorded by the major population of zoned crystals, within 10 – 15 years before the 

eruption.  

Fig. 64 also explains the systematics of zoning pattern shown in Table 1 and Fig. 61. At the start of 

the eruption (member A), likely triggered by increased input of mafic magma, crystals from the 

main ME2 reservoir with cores of ME0 and rims of ME2 are erupted. Subsequently, as the reservoir 

is gradually emptied, more and more crystals with cores of ME2, mantles of ME0-ME1 and rims of 

ME2 are erupted (member B). At this stage, increased degassing may have produced more ME3 

crystals as well. With progressive eruption, magma from the deeper, less evolved reservoir makes 

its way directly to the surface, with an increased contribution of less evolved melts as well as 

clinopyroxene crystals (member D). In the course of the eruption then the ME2 reservoir was 

partially or completely emptied, establishing a direct link between the more primitive environment 

and the eruptive conduit during the later stages of the eruption (i.e. D1).  

 

7.3 Magmatic components in the Zaro magmatic system: a comparison with Procida 

and Ischia mafic rocks and implications for the feeding systems 

 

The Zaro mafic enclaves are among the few poorly evolved igneous products of the whole 

Phlegraean Volcanic District, although some of them are intermediate in terms of silica content. 

They display major and trace elements, and especially isotopic similarity with high-Mg, K-basaltic 

scoriae and lithic lava fragments dispersed within the hydromagmatic tuff of the Solchiaro eruption 

from Procida Island (ca. 22 ka; Morabito et al., 2014). These lava fragments are alkaline, nepheline 



normative K-basalts with shoshonitic affinity, and show near primary characters (MgO up to 11 

wt.%, Ni up to 200 ppm, Cr up to 500 ppm), representing the least-evolved magma of the whole 

PVD (D‘Antonio et al., 1999a). Mazzeo et al. (2014) demonstrated that the Procida primitive melts 

were produced by partial melting of an amphibole/phlogopite-bearing enriched source derived from 

addition of slab-derived components (subducted melt and fluid from the Tethys Ocean) to an 

enriched MORB-like mantle wedge. Having 
87

Sr/
86

Sr in the range 0.70505-0.70515 and 
143

Nd/
144

Nd 

from 0.51270 to 0.51275, these products are similar to the Zaro mafic enclaves, which in 

comparison exhibit slightly less radiogenic Sr and more unradiogenic Nd signatures.  


18

O isotopic composition of whole rocks and separated minerals from Zaro lava, felsic and mafic 

enclaves and from the products of other eruptions from the Neapolitan area, have been recently 

published by Iovine et al. (2018). Even in terms of O-isotopic composition, the olivine from Procida 

mafic lithics (6.27-6.38 ‰; Iovine et al., 2018) is comparable to the olivine from the Zaro mafic 

enclaves (6.43 ‰). A mass balance calculation (Table 1 in Supplementary Material 5) suggests that 

Zaro mafic magmas could have been derived from ca. 50 % fractional crystallization of a primitive 

magma having the composition of Procida K-basaltic lithic fragments. Starting from a parental 

magma represented by Procida mafic whole rocks (D‘Antonio et al., 1999a), the removal of a 

mineral assemblage, made up of 7 % of olivine (Fo86), 23% of clinopyroxene (Wo47En45Fs8), 16% 

of plagioclase (An83Ab16Or1) and 3 % of Ti-magnetite, matches well (R
2 

= 0.21) the composition 

of the Zaro mafic enclaves.  

The Zaro trachytes show Sr- and Nd-isotopic compositions (
87

Sr/
86

Sr > 0.70607 and 
143

Nd/
144

Nd < 

0.51257) significantly different compared to the mafic enclaves (
87

Sr/
86

Sr < 0.70505 and 

143
Nd/

144
Nd > 0.51267). Thus, a simple fractional crystallization process appears to be unlikely. In 

order to establish a genetic link between mafic and felsic Zaro magmas (mafic enclaves and 

trachytes, respectively), a process of crustal assimilation, able to change the isotopic signature, has 

been hypothesized. The EC-AFC (energy-constrained assimilation plus fractional crystallization; 

Spera and Bohrson, 2001) process has been modeled to explain the evolution of Zaro lava and felsic 



enclaves (Sr = ~150 ppm; 
87

Sr/
86

Sr > 0.7060; Nd = ~55 ppm; 
143

Nd/
144

Nd = 0.51255; 
18

O > 5.5 ‰; 

Iovine et al., 2018) starting from a parental magma with isotopic and chemical composition of the 

mafic enclaves (Sr = 519 ppm; 
87

Sr/
86

Sr = 0.7050; Nd = 55 ppm; 
143

Nd/
144

Nd = 0.51268; 
18

O = 

5.19 ‰). The results (Table 2 in Supplementary Material 5) suggest that such an open-system 

process can be ruled out because, assuming a granodiorite crust as the local deep basement, as 

suggested by many authors (Pappalardo et al., 2002b; Di Renzo et al., 2007; D‘Antonio et al., 2013; 

Gebauer et al., 2014; Mazzeo et al., 2014), it would require more than 24 % of the assimilant. Such 

a high percentage is completely unrealistic because it would imply drastic changes in the chemical 

composition of the evolved lavas (e.g., towards a metaluminous composition). Therefore, the mafic 

enclaves cannot represent the parental magma from which the Zaro trachytes evolved; hence two 

distinct components with different origin must have fed the Zaro magmatic system. At Ischia, 

besides the Zaro mafic enclaves, mafic components have been found in products of recent eruptions 

(< 3 ka) resulting from interaction between chemically and isotopically distinct batches of magma 

(Cava Nocelle, Vateliero, Molara and Arso eruptions; Piochi et al., 1999; D‘Antonio et al., 2013; 

Iovine et al., 2017b). These products, latitic to trachytic in composition, were emplaced in different 

zones of the island, mostly located in the eastern sector. Among these products, the mafic ones 

show compositional features comparable to those of Zaro mafic enclaves: Cava Nocelle and some 

Molara whole rocks are shoshonitic to latitic in composition; glass in olivines and clinopyroxenes 

from Vateliero Tephra show trachybasalt to shoshonite compositions (D‘Antonio et al., 2013; 

Moretti et al., 2013). Despite the chemical similarities, the isotopic compositions of Zaro mafic 

enclaves are completely different from those of all the other products, as well as those of olivine: 

the Zaro olivines have 
87

Sr/
86

Sr ratios from 0.70485 to 0.70493 while those of the other < 3 ka 

eruptive centers of Ischia vary from 0.7062 to 0.7068. Also, the 
18

O values of olivines from Zaro 

mafic enclaves is slightly higher (6.43 ‰) than that of olivines from all other < 3 ka products. 

These isotopic differences between magmas with similar degree of evolution can be explained by 

either different mantle sources or open system shallow evolution processes. 



On the other hand, the whole-rock Sr isotope compositions of Zaro lava and felsic enclaves (Fig. 

52) are similar to the lowest values recorded by the Cava Nocelle, Vateliero and Molara products 

(
87

Sr/
86

Sr ranging from 0.7061 to 0.7064), while Arso lavas are more enriched in radiogenic Sr 

(0.7063-0.7066). The 
87

Sr/
86

Sr values of feldspars from all Zaro facies, on the other hand, overlap 

those of feldspars from the other < 3 ka Ischia products, but show a narrower range. Previous works 

(D‘Antonio et al., 2013; Iovine et al., 2017b) explained the isotopic signature of Cava Nocelle, 

Molara, Vateliero and Arso products through modeling an open-system evolution process in which 

primary magmas (Sr = 500 ppm; 
87

Sr/
86

Sr = 0.7063), derived from an enriched mantle source 

previously modified by the addition of 0.5-2.5 % subducted sediments, assimilate a maximum of ~7 

% of granodiorite crust. Here similar evolution processes can be hypothesized for the magma(s) 

leading to the formation of Zaro lava and felsic enclaves. Thus, the Zaro trachytes, similarly to the 

products of the Ischia eastern sector, may result from the evolution of a mafic magma already 

enriched in radiogenic Sr and unradiogenic Nd by source processes and later arrived in a shallower 

magma chamber. Mafic enclaves instead, being depleted in radiogenic Sr and unradiogenic Nd, 

could derive from a less enriched source, similar to the one that generated the Solchiaro melt at 

Procida, in which the Sr- and Nd- signature was less considerably modified. Probably, the magma 

that generated the mafic enclaves has changed its isotopic signature very little in the upper crust, 

suggesting that this magma stationed for a short time at a mid-low storage region, as also suggested 

for Solchiaro mafic magmas (Moretti et al., 2013; Perinelli et al., 2019; Bonechi et al., 2020). 

Ascent and emplacement of magmas at shallower depth, where they evolve to trachyte and 

phonolite, could be controlled by the intersection of NE-SW transverse and NW-SE normal regional 

fault systems (Acocella and Funiciello, 2006; Moretti et al., 2013). In the PVD, slightly 

differentiated magmas, i.e. shoshonite and latite, have been erupted mostly by vents located along 

faults of the NE-SW system (Arso, Vateliero and Cava Nocelle eruptions at Ischia, and Minopoli 

and Fondo Riccio eruptions at Campi Flegrei). Conversely, the Procida volcanic field has erupted 

relatively small volumes of mainly poorly evolved magma (K-basalt to shoshonite) through vents 



aligned along faults of the NW-SE transfer system (Moretti et al., 2013). The latter are the 

prevailing, although not the sole, tectonic lineaments affecting the Zaro peninsula. These structures 

can be responsible for the uprising of a small volume of mafic magma in an area characterized by a 

high vertical permeability, just as hypothesized for the Procida feeding system. At Zaro peninsula, 

as well as in the eastern sector of Ischia, the presence of such deep tectonic structures can justify the 

emission of mafic magmas; in all other sectors of the island these deep structures are lacking and 

fast rising of mafic magmas does not occur.  

 

 

7.4 Mineralogical and isotopic disequilibria 

 

Chemical disequilibrium between mafic and felsic mineral phases, and between them and host rocks 

at Ischia, particularly for the last eruptive phase (< 3 ka), is well documented (Di Girolamo et al., 

1995; Piochi et al., 1999; D‘Antonio et al., 2013; Iovine et al., 2017b). Similar disequilibria occur in 

the investigated Zaro products. As previously shown (Fig. 58a), olivine cores from the hybrid 

enclave are xenocrystic, whereas the rims of phenocrysts and the microcrysts of the groundmass are 

in equilibrium with the host rock; this implies that cores of olivines were probably inherited from a 

more mafic magma and have grown later in a more evolved one. 

Most of clinopyroxenes from mafic enclaves have low Mg# and fall outside the equilibrium field 

(Fig. 58b); on the other hand, most of clinopyroxenes of evolved rocks exhibit higher Mg# than 

expected if supposed in equilibrium with the host rocks. 

Similar observations concern the feldspars of Zaro mafic and hybrid enclaves. Most of the 

plagioclase phenocrysts, particularly those with An < 70 mol.%, plot outside the equilibrium range 

(Fig. 58c), whereas several K-feldspars of mafic enclaves in the groundmass are in equilibrium with 

a much more evolved magma. 



Another indication of disequilibrium is the frequent reverse zoning of clinopyroxenes from both 

trachytes and less evolved lithotypes: 83% of crystals show a reverse zoning (section 5.2.2; Fig. 38; 

Fig. 61), that can be simple or complex. Similarly, plagioclase crystals are reversely zoned (e.g. Fig. 

1f in Supplementary Material 2) and most plagioclase phenocrysts from mafic and hybrid enclaves 

show a sieve texture (Fig. 35g), commonly interpreted to represent open-system processes (Streck, 

2008).  

These features suggest that many of these minerals (outside the equilibrium field) crystallized from 

magmas different from that represented by the host rock. Since equilibrium tests have well known 

limits (e.g. Matzen et al., 2011; for example, KD values are also temperature and pressure 

dependent) mineral-melt equilibrium has been also tested through Sr-isotopic data. Notwithstanding 

the partial chemical disequilibria observed in several clinopyroxenes from trachytes (Fig. 58b), they 

show isotopic values similar to those of their host rocks (Fig. 52). Similarly, mafic enclaves have 

olivine containing melt inclusions featured by 
87

Sr/
86

Sr ratios like those of the host rocks suggesting 

mineral-melt isotopic equilibrium; clinopyroxene and feldspar from this lava facies, instead, show 

87
Sr/

86
Sr values higher than those of their host rock. 

87
Sr/

86
Sr ratios of feldspars from mafic enclaves 

are similar to those of the trachytic rocks, while not all the clinopyroxenes show 
87

Sr/
86

Sr values 

within the range of trachytes (Fig. 52). These characteristics suggest that clinopyroxene and 

feldspar of mafic enclaves were inherited at least partly from magma(s) with Sr isotopic ratio higher 

than that of host magma. 

 

 

7.5 Magmatic processes inside the Zaro plumbing system 

 

Mafic enclaves hosted in the Zaro lava flows show an ellipsoidal shape, cuspate margins (Fig. 21e), 

a high grain size variability of the groundmass (Fig. 35b-c), occurrence of chilled margins (Fig. 

35d), segregation vesicles (Fig. 35b) and inter-fingering with the trachytic host lava (Fig. 35e; Fig. 



1c in Supplementary Material 2). All these textural features provide evidence of a magmatic origin: 

presumably, these mafic inclusions were in a partially molten state when they were incorporated in 

the trachyte. Additionally, they hardly have been entrapped and transported as lithic clasts during 

the lava flowing, as they are not engulfed within the pyroclastic deposit outcropping below the Zaro 

lava complex.  

Moreover, most of clinopyroxenes from mafic enclaves are in chemical disequilibrium with the 

hosted liquid and show an isotopic range (0.7056-0.7058) intermediate between that of mafic and 

felsic rocks (Fig. 52), thus they presumably formed as a consequence of the mingling/mixing 

process. The Zaro zoned clinopyroxenes are characterized by reverse zoning patterns in the 83% of 

the cases, which strongly suggests input of mafic magma.  

Likewise clinopyroxenes, feldspars from mafic enclaves are chemically similar to those included in 

trachytes and exhibit the same Sr-isotopic signature as that of the trachytic whole rocks, so they 

may have originally grown within the host trachyte and subsequently been taken up into the mafic 

enclaves. 

All these features are indications of open system behavior of the magma bodies. Indeed, the 

enclaves themselves behave as an open system providing evidence of mixing/mingling processes 

occurred inside the Zaro magmatic system. Mechanical transport of crystals (mingling) indicates 

that hybridization was not extensive, and that mixing affected the magmas only to a limited extent. 

In particular, one of the sites where the mixing process between mafic and trachytic end-members 

occurred with the highest efficiency is probably represented by the hybrid enclave. This sample, 

showing chemical, mineralogical and isotopic features intermediate between those of mafic 

enclaves and those of trachytes, provides strong evidence that a process of hybridization must have 

occurred among magmas at various evolution degrees determining variable isotopic signatures. 

Concerning the trachytic end-member(s), few considerations can be made. The Zaro pumices are 

representative of a magma more differentiated with respect to the lavas: this is evident from the 

whole rock, the glass composition (Fig. 48; Fig. 49) and the mineral chemistry of these products 



that show more sodic composition (e.g. clinopyroxene; Fig. 38c). The Zaro pumices and even more 

the Zaro lavas show very abundant phenocrysts content (e.g. PI of Zaro lava ca.  50%). This 

observation suggests that the trachytic and trachyphonolitic magmas were already partially 

crystallized before eruption occurred. 

Thus, it is possible to hypothesize a zoned magma reservoir (Fig. 66a) that was composed by a 

trachytic crystal-rich (mushy) magma (the Zaro lava) and a more differentiated layer (the Zaro 

pumices): these magmas represents, respectively, the magmatic environments in which ME1 and 

ME2 compositions of clinopyroxene cores could have formed. The frequent occurrence of their 

reverse zoning well reflects the response of minerals to the input of mafic magma; this latter, on the 

other side, represents the magmatic environment in which ME0 plateau formed in clinopyroxenes of 

hybrid and mafic enclaves.  As previously mentioned (Chapter 4.4), the occurrence of plateau in the 

zoning pattern of minerals indicates that growth occurred for certain periods of time under stable 

conditions in response to fast changes of thermodynamic variables (pressure, temperature, oxygen 

fugacity or water fugacity). Due to the input of hot mafic magma, clinopyroxene compositions 

instantaneously adapt to the new set of condition, e.g. higher temperature. Indeed, temperature 

estimated for ME0 clinopyroxenes (ca. 1120°C) is higher than those of the trachytic (ME1) and 

trachyphonolitic (ME2) magmas (Fig. 59; Fig. 60). Heating of the preexisting magmas explains the 

high Mg# plateau composition (ME0-ME1) found in mantles and/or rims of clinopyroxene crystals, 

due to their arrangement to the new set of conditions. In particular, the ME1 plateau developed as 

mantles and/or rims of clinopyroxene cores with ME2 composition, belonging to the Zaro lava and 

felsic enclaves (Fig. 61) indicate the local increasing temperature, experienced by trachytic magma, 

due to mafic recharge (Fig. 66b). The ME0 plateau composition developed as mantles of 

clinopyroxenes from the hybrid and mafic enclaves indicates a change of thermodynamic variables 

towards very high temperatures and mafic compositions experienced by crystals. This suggests that 

part of clinopyroxenes with ME1 cores and ME0 mantles were engulfed from trachytic magmas in 



hybrid and mafic enclaves (Fig. 66c). It cannot be ruled out that at this stage, hybrid 

clinopyroxenes, represented by cores with ME1 composition, crystallized.  

The input of hot mafic magma could have caused perturbation of the system and remobilizing the 

cool magma (e.g. Murphy et al. 2000; Couch et al. 2001). Heating and remobilization of the 

trachyte may have caused a mechanical separation of different parts of the same magma. According 

to Burgisser and Bergantz (2011), when a stiff mushy magma is reheated from below, a reduction in 

crystallinity leads to the growth of a subjacent buoyant mobile layer (the felsic enclaves in our case; 

Fig. 66c). When the thickening mobile layer becomes sufficiently buoyant, it penetrates the 

overlying viscous crystal mush. This stage rapidly exports homogenized material from the lower 

mobile layer to the top of the system (Fig. 66d), and leads to a partial overturn within the viscous 

mush itself as an additional mechanism of mixing. Such mechanism promotes the formation of 

magma blobs. At this stage, crystals adapt again to a new set of conditions, e.g. decreasing 

temperature and/or changing composition toward more evolved ones. This can occur because 

temperature tends to partially homogenize and/or because crystals, due to overturn, are set in zones 

in which there is a prevalent amount of evolved magma. This explains the reverse to normal zoning 

pattern of several clinopyroxene crystals (Fig. 61; Fig. 66d).  

This model perfectly explains the occurrence of felsic enclaves in the Zaro lava flows, their texture 

(higher amount of glass in the groundmass) and the frequent occurrence of mafic enclaves and Zaro 

lava blobs in the felsic enclaves (Fig. 21c-d). Moreover, this model explains the clinopyroxene 

zoning pattern and the chemical and isotopic signature of clinopyroxene and feldspar crystals due to 

their entrapment from trachytic magmas into the mafic enclaves. 



 



Fig. 66 Schematic sketch illustrating the magmatic processes occurred in the Zaro plumbing system. a) three distinct magmatic 

environments there were at a T = 0: one (ME0) is associated with mafic magmas, in which core of clinopyroxenes with high Mg# 

(86-79) were formed; the others environments, ME1 and ME2, are ascribable to a trachytic and a trachyphonolitic magmas, making 

up  zoned reservoir. b) The input of hot mafic magma (ME0-mafic enclaves), which causes local heating, explains the most common 

reverse zoning pattern of clinopyroxenes showing ME2 compositions in their cores; at this stage, partial overturn could also have 

promoted the less frequent normal zoning shown by few ME0 and ME1 clinopyroxene cores. c) The mafic magma engulfs ME1 

crystals from the trachytic magmas, subsequently causing overgrowth of ME0 compositions at the mantles/rims of crystals, thus 

explaining the frequent occurrence of this reverse zoning pattern; during this stage, heating of the preexisting trachytic magma can 

also cause the growth of a subjacent buoyant mobile layer, thus explaining the occurrence of felsic enclaves. d) the mobile layer 

penetrates the overlying mushy magma, with subsequent partial overturn. Such mechanism promotes the formation of magma blobs 

and their migration to the top of the system. This also justifies the whole set of observed zoning patterns in the A-MS clinopyroxene. 

 

 

Heating of the resident magma and/or migration of blobs toward the top may also have resulted in a 

volatile release that could represent the driving force for fragmentation and rise of the more evolved 

magma layer (recorded in pumice fragments) thus triggering the early explosive phase of the Zaro 

eruption, which generated the breccia-like pyroclastic density current deposit. Once the volatiles 

were released from the system, the transition to an effusive phase, with emplacement of the lava 

flows and domes, was favored.  

Despite the small volumes of magmas involved, the Zaro eruption could have caused casualties to 

the prehistoric population that inhabited that area of Ischia. Archaeological artefacts dated to the 4
th

 

millennium B.C. (Buchner, 1969) have been found exactly in the Zaro peninsula. In particular, the 

early explosive phase of the eruption, in which pyroclastic density current where emplaced, with the 

seismic activity that presumably accompanied the eruption, should have produced the greatest 

damages to Neolithic people and their settlements.  

 

 

 



7.6 Timescales of processes in the Zaro plumbing system 

 

Through the Fe-Mg diffusion model, the timescales of crystal residence at the new magmatic 

conditions, after intrusion of the mafic magma in the trachytic-trachyphonolitic reservoir, have been 

estimated. Reverse zoning at the rim and mantles of the identified populations well reflects 

mixing/mingling resulting from input of mafic magma, which produced chemical gradients. 

Diffusion modeling of the reverse zoning patterns leads, then, to define timing of the 

mixing/mingling events between compositionally different magmatic end-members. As previously 

explained, method I is applied to crystals that show little evidence of diffusion and it yields 

timescales that are upper limits of residence in a magmatic environment; method II, being applied to 

crystals which show evidence of diffusional modifications, gives more efficient time constrains. 

The timescales of the events which created the whole zoning patterns of the Zaro clinopyroxenes 

ranges between 3.8 and 1.1 years, for crystals modeled with method I and between 25 and 0.4 years 

for crystals modeled with method II. Such difference can be due to the fact that crystals can 

differently record the number of events of a same process: repeated input of mafic magma can be 

recorded by some crystals and not by others. In this context, crystals modeled with method II, 

which yield longer timescales, could have record more magma inputs with respect to crystals 

modeled with method I. These, showing little or no evidence of diffusion in their zoning pattern, 

could have recorded only the last input of magma, thus implying that time between recharge and 

eruption was not enough to undergo diffusive modification. The occurrence of more inputs would 

also explain the finding of chemically intermediate enclaves (hybrid enclave) that suggests that 

mafic and trachytic end-members had time enough to partially homogenize.  

All of the modeled profiles yielded timescales that were consistent with each other. Moreover all 

crystals belonging to a certain lithotype, modeled at a specific temperature, yield timescales that 

were consistent with timescales obtained from crystals of other lithotypes, modeled at other 

temperatures. Hence, residence times estimated by modeling Zaro lava clinopyroxenes at 950°C are 



consistent with times estimated by modeling hybrid enclave clinopyroxenes at 1050°C and mafic 

enclaves‘ clinopyroxenes at 1100°C (Fig. 63; Table 6). Fig. 63 also shows the obtained timescales if 

kinetic modeling had been applied by using temperatures of 950°C, 1050°C and 1100°C to all the 

suitable profiles of crystals belonging to all the different lithotypes. Modeling crystals from 

different lithotypes at the same temperature would have yielded timescales inconsistent with each 

other. For example, by modeling diffusion of clinopyroxene of mafic enclaves at 950°C, the 

obtained timescales would have ranged from 125 to 8 years. These values are an order of magnitude 

higher than the values (18-4 years) obtained by modeling clinopyroxenes of the Zaro lava at 950°C. 

Likewise, kinetic modeling applied to clinopyroxenes of the Zaro lava at 1100°C would have 

yielded timescales in the range 230-33 days, which are lower than the presumable time span.  On 

the other side, by using very different temperature (950-1050°C-1100°C) in diffusion modeling, 

very similar ranges of time have been obtained for clinopyroxenes of the different Zaro rocks. This 

implies that the processes which created the zoning occurred in the same time span, for crystals 

characterized by different previous histories: clinopyroxenes characterized by different 

compositions and crystallizing at different temperatures experienced diffusive modifications, in 

response to their tendency to equilibrate and to adapt to the local magmatic environment (e.g. new 

P-T etc.), over the same duration. This statement further supports the evidence of the 

mixing/mingling process itself.  

The coexistence of magmas at different temperatures within the magma reservoir places additional 

constraints on the mixing/mingling process from thermal considerations. The evidence of 

coexistence of different temperature implies that the temperatures were not completely 

homogenized before eruption, thus suggesting that the mixing affected the magmas only to a limited 

extent, without attaining a complete homogenization, as also provided by the above mentioned 

textural evidences (Chapter 7.5).  

Timescales obtained by modeling the Mg# profiles of transects crosscutting the boundary between 

the two most external plateau compositions of the crystals refer to the last event which created the 



zoning. Those obtained with method I range between 1.2 years and 72 days, whereas those obtained 

with method II range between 20 years and 329 days. Apart three results yielding very fast times 

span, in the range 81-72 days, all the timescales of the last event, although on average lower, are in 

the range of timescales of the events which created the whole zoning pattern. This suggests that 

almost all these timescales presumably represent the duration of the mixing/mingling process, or at 

least, of the last input recorded by crystals. Nevertheless, some of these can represent duration of 

processes occurred in the conduit or after the lava emplacement (e.g syn-eruptive mixing, 

degassing, cooling).  

 

7.7 Magmatic environments detected in the A-MS and Zaro clinopyroxenes in the 

context of the PVD magmatism: a comparison with results of other timescales 

calculations 

 

It is well known that the eruptive dynamics can be strongly affected by magmatic processes 

occurring in crustal reservoirs. Different methods can help to constrain the timescales of the 

different magmatic processes that are potentially able to lead to an eruption. Studies on timescales 

estimations of magmatic processes possibly leading to different-size eruptions in the PVD, of which 

Campi Flegrei and Ischia are part, are still poorly employed. In particular, at Ischia these kinds of 

investigations are missing. 

The timescales of different processes that occurred in the plumbing system of Campi Flegrei have 

been determined using a variety of methods (e.g. Arienzo et al., 2011; Pappalardo and 

Mastrolorenzo, 2012; Montagna et al., 2015; Perugini et al., 2015; Wu et al., 2015; Arzilli et al., 

2016; Di Vito et al., 2016; Iovine et al., 2017; Astbury et al., 2018). These may be considered in the 

context of the plumbing system connectivity and timescales inferred above from the A-MS 

clinopyroxene zoning pattern to develop an integrated knowledge. Although constraints are poor on 



depths of the magmatic environments that were identified based on the systems analysis of 

compositional zoning in the A-MS clinopyroxenes, results from other studies (e.g. Zollo et al., 

2008; Arienzo et al., 2010; Pappalardo and Mastrolorenzo, 2012; Moretti et al., 2013; Di Vito et al., 

2016; Fedi et al., 2018) that used different geological, geochemical or geophysical information, can 

be used to tentatively associate the magmatic environments to reservoirs at different depths. It is 

possible that the deeper reservoir at >10 km depth inferred in those studies is primarily associated 

with the less evolved ME0 environment while the shallower reservoir at < 8 km is primarily 

associated with the dominant ME2 reservoir. Connectivity between these reservoirs, as suggested 

from the systems analysis diagrams (Fig. 54), could at least be partially responsible for the smearing 

of the barometric record seen in Fig. 53b.  

The overall assembly of eruptible magma which fed large eruptions at the CFc occurs over 

relatively long timescales (e.g. ca. 6.4 kyr in the case of the Campanian Ignimbrite eruption; 

Arienzo et al., 2011) but processes within magmatic plumbing systems occur on a hierarchy of 

shorter timescales. Mingling/mixing processes, involving mafic and evolved magmas that fed recent 

eruptions of the PVD have been investigated in some detail. Several studies (Montagna et al., 2015; 

Perugini et al., 2015; Astbury et al., 2018) concerning the interaction between mafic and evolved 

end-members, provided short (minutes to days) timescales of mixing processes leading to historical 

eruptions occurred in the Campi Flegrei caldera. As an example, the Astroni eruption, being 

featured by the emplacement of five lava domes during the final phases of explosive episodes (Isaia 

et al., 2004), was characterized by eruptive dynamics comparable with those of the Zaro eruption. 

Based on K-feldspar growth rates, Astbury et al. (2018) assessed the timescales of recharge event in 

the shallow plumbing system over a few hours to days before the Astroni 6 eruption. 

Various lines of evidence point to the fact that degassing of rising magma plays an important role in 

the system (Montagna et al., 2015; Chiodini et al., 2016; Astbury et al., 2018; Forni et al., 2018) 

and that a short-lived episode of enhanced degassing occurs over hours to days before an eruption 

(e.g. Arzilli et al., 2016; Astbury et al., 2018; microlite based CSD in Pappalardo and 



Mastrolorenzo, 2012; Montagna et al., 2015). Such a transient (and hence less frequently recorded), 

degassed magmatic environment could be represented by ME3 compositions detected in the A-MS 

clinopyroxenes, for example. Such degassing promotes crystallinity (e.g. Moretti et al., 2014; 

Arzilli et al., 2016), which may have produced the ME3 and ME4 compositions as well as the 

microlites that record a history of a few hours to days. Comparable or even more rapid timescales 

have been obtained for magma mingling processes in the Campi Flegrei magmatic system (e.g. tens 

of minutes; Perugini et al., 2015). As melts move between these reservoirs, they adapt to the local 

magmatic environment (i.e. new P, T etc.) almost instantaneously. However, the crystal cargo of 

such melts would require much longer to adapt to the new conditions, and the residence times of 

crystals of different minerals have been consistently found to be on the order of decades or even 

longer using a variety of minerals and methods, e.g. < 60 years based on Ba-zoning in sanidine 

(Iovine et al., 2017); few centuries for the coarsest feldspar crystals based on CSD (Pappalardo and 

Mastrolorenzo, 2012); few years to decades based on CSD of some microlites (Wu et al., 2015) and 

zoning in clinopyroxene (this thesis). 

Taken together, this information would be consistent with a system below the CFc where a long-

lived magma reservoir at depths of >10 km (Pappalardo and Mastrolorenzo, 2012) containing a 

shoshonitic-latitic magma, corresponding to ME0 of this thesis, is connected to a shallower (<. 8 

km) reservoir containing a more evolved magma (e.g. trachyte), corresponding to ME2 of this 

thesis, over decadal, or even century, timescales. Entry of the more mafic magma in the more 

evolved reservoir/mush zone could lead to melting/assimilation and mixing, leading to the 

formation of a reservoir such as ME1 (Fig. 64). Melts transported from one environment to another 

mingle rapidly on timescales of minutes (Perugini et al., 2015) while their crystal cargoes retain 

their identities in the form of compositional zoning. Progressive degassing, the rate of which 

increases a few hours to days before eruption, may lead to the formation of a transient environment 

ME3 (and perhaps ME4). Such a scenario could be consistent, for example, with the record of 

unrest from 1251 AD – 1538 AD  before the 1538 AD eruption at Campi Flegrei (Di Vito et al., 



2016) where the system evolved over ca. 300 years, with major changes occurred a couple of years 

before the eruption.  

Hence, it is clear that different methods allow investigating timescales concerning different aspects 

of the whole transcrustal magmatic system (e.g. Chapter 1-2). In this context, kinetic modeling of 

diffusive modifications experienced by crystals reveals to be particularly efficient into reconstruct 

timescales of processes, such as mixing/mingling, which causes sudden changes of thermodynamic 

variables of the magmatic system.  

In the larger context of the Neapolitan volcanic region of the Campania Plain, it is often considered 

that the underlying deeper plumbing system is similar (e.g. Pappalardo and Mastrolorenzo, 2012, 

Moretti et al., 2013) in the PVD and the Somma-Vesuvius volcanic system.  In both areas, the 

different eruptive styles, e.g. effusive-Strombolian to highly explosive-Plinian eruptions, can be 

affected by magmatic processes, such as mixing/mingling and recharge, occurring over different 

times span before eruption. Information from clinopyroxene zoning patterns tends to support such 

an inference: Morgan et al. (2004) studied zoning in clinopyroxene from the products of the 1944 

AD eruption of Vesuvius and found timescales of magma recharge of less than one decade (0.45 – 9 

years). This eruption can be comparable with the size and the eruptive dynamics of the Zaro 

eruption and the inferred timescales are remarkably similar. Anyway, Morgan et al. (2004) used Fe-

Mg zoning inferred from grayscales profiles of BSE images and used the diffusion data of Dimanov 

and Sautter (2000). Their timescales were skewed to shorter values and some of the small 

differences with this study could also arise from the use of different diffusion coefficients and 

methods for determination of compositional gradients. Anyway these months-to-years timescales 

are slightly lower than the decadal timescales inferred for large-scale eruptions of the PVD, such as 

A-MS (this thesis) and the famous 79 AD eruption of Vesuvius (Morgan et al., 2006). As for the 

latter, Morgan et al. (2006), through Ba diffusion in sanidine crystals, estimated that episodic 

recharge events occurred for several decades (ca. 20-80 years) prior to the Plinian eruption. These 

timescales are very similar to the ca. 40-70 years inferred, in this thesis, for the A-MS eruption, 



which was also characterized by the same intensity (Volcanic Explosivity Index; VEI=5; e.g. 

Mastrolorenzo et al., 2017) and similar eruptive dynamics compared to the 79 AD eruption. Morgan 

et al. (2006) also highlighted the occurrence of complex zoning pattern in sanidine which, similarly 

to A-MS (e.g. Fig. 54; Chapter 7.1-7.2), suggests a long lived connectivity between deep and 

shallow reservoirs.  

Identifying the magmatic end-members and the magmatic environments involved in the 

mingling/mixing processes becomes hence fundamental for a better understanding of pre-eruptive 

magmatic processes and their timescales. This investigation has been particularly efficient through 

the systematic characterization of clinopyroxene zoning patterns, associated with isotopic signature 

of rocks and minerals.  Moreover, element diffusion applied to clinopyroxene crystals efficiently 

allowed an assessment of the timescale of the magmatic processes that preceded both small-scale 

almost effusive (Zaro, Vesuvius 1944 AD) and big-scale explosive (A-MS, Vesuvius 79 AD) recent 

eruptions occurred in the PVD. This knowledge is vital for predicting the future behavior of the 

volcanoes and for a correct evaluation of volcanic hazard especially in densely populated area such 

as the CFc and Ischia island, in which a detailed a reconstruction of pre-eruptive magma dynamics 

and their timescales controlling the onset, evolution and magnitude of eruptions is still far from 

being attained. 

 

 

 

 

 

 

 

 

 

 



 

CONCLUSIONS 

 

In this thesis, the volcanic products of A-MS and Zaro, two recent different size eruptions, occurred 

at Campi Flegrei caldera and Ischia island, respectively, have been studied. Particularly the 

chemical and isotopic composition of whole rock and minerals have been characterized and the 

complex zoning pattern shown by clinopyroxene crystals from the A-MS and Zaro eruptions have 

been investigated. The chemical and isotopic disequilibria of whole rocks and minerals suggest that 

the magmas which fed both the A-MS and Zaro plumbing systems experienced open-system 

evolution processes. A detailed characterization of the chemical compositions recorded in the 

clinopyroxene zoning pattern allowed to reconstruct the physical conditions (e.g. T, P) of the 

chemically and isotopically different magmas in which clinopyroxenes grew. Despite the complex 

sequential zoning testified by the wide chemical variation and the great variability of zoning types, 

some transitions inside the zoning pattern of both A-MS and Zaro clinopyroxenes are prevalent 

suggesting a common late evolutionary history. A population-based approach allowed to identify 

several magmatic environments in which clinopyroxenes have grown sequentially. Quantification 

of connectivities in the systems connectivity diagrams allow to infer the pattern of crystals growing 

among the different magmatic environments and its frequencies. The timescales of such movement 

have been constrained by diffusion modeling. 

 The textural features and the chemical composition of the A-MS clinopyroxenes record the 

existence of at least two main, likely physically separated, magmatic environments that make up the 

A-MS plumbing system: the first (ME0), identified in clinopyroxene crystals with very high Mg# 

(>91), is representative of mafic magma presumably directly originated from partial melting of the 

local mantle source; while the second, dominant magmatic environment is represented by 

clinopyroxene crystals showing more evolved compositions (ME2: Mg# = 78-70) associated with 

trachytic and phonolitic magmas stationing in a shallower crustal reservoir. Mingling of magma 



from these two environments could have produced an intermediate environment (ME1; Mg # 80 – 

84). These magmatic environments were connected to each other with transfer of magma between 

them over decadal, and perhaps even centennial, timescales. More evolved environments (e.g. ME3: 

Mg# = 69-60) could have appeared as a result of degassing-induced crystallization shortly (e.g. 

days to hours) before eruption.  

 

In this thesis, geochemical and isotopic features of pumices and lava types (mafic enclaves, felsic 

enclaves, hybrid enclave and main felsic lava body) of the Zaro volcanic complex were explored 

also in the context of the last 10 ka volcanic activity at Ischia, which is the reference period for the 

current state of the volcano and the assessment of the related hazards. The whole set of acquired 

data allows a better understanding of the magmatic processes that occurred before and during the 

Zaro eruption.  

- The strong isotopic difference between mafic enclaves and trachytes rules out a simple 

crystallization process for linking the various facies of the Zaro lava complex. Moreover, a process 

of crustal assimilation appears to be unlikely, since it requires a too high percentage of assimilant 

(more than 24%) in order to match the large isotopic gap between Zaro mafic enclaves and 

trachytes, hence these magmas are not genetically related. A small amount of crust assimilation for 

the mafic magma(s), however, cannot be ruled out.  

- Therefore, distinct magmatic components result to have fed the Zaro magmatic system:  

 one is represented by the Zaro trachytes (whole rocks; 
87

Sr/
86

Sr > 0.706, 
143

Nd/
144

 Nd < 

0.51257) and feldspars from all the Zaro facies (
87

Sr/
86

Sr > 0.706) which exhibit an isotopic 

signature comparable to the Ischia products of the last 3 ka (Cava Nocelle, Vateliero, Molara 

and Arso eruptions; D‘Antonio et al., 2013; Iovine et al., 2017b). According to the 

hypotheses formulated for the latter, these magmas were probably derived from partial 

melting of a mantle wedge previously enriched in variable proportions by subducted slab-



derived components, and subsequent evolution through fractional crystallization processes 

occurred at mid-lower depths.  

 another magmatic component is represented by the mafic enclaves (whole rocks; 
87

Sr/
86

Sr < 

0.7051 and 
143

Nd/
144

 Nd > 0.51268) and their olivines (
87

Sr/
86

Sr < 0.7050). This component, 

displaying significantly lower Sr and higher Nd isotopic ratios compared to the Ischia mafic 

products of the last 3 ka, shows the lowest evidence of mantle source contamination. It is 

possible to hypothesize an origin from a magma similar to that represented by the Solchiaro 

primitive products of Procida island, sharing similar Sr- and O- isotopic signatures (Iovine 

et al., 2018).  

 

These two components are mingled inside the Zaro mafic and hybrid enclaves. Moreover the two 

components are clearly distinguishable in the clinopyroxene zoning patterns. The different 

magmatic environments detected in the clinopyroxene compositions provide evidences of the 

coexistence of compositionally different magmas, characterized by different set of thermodynamic 

variables. The ME1 and ME2 compositional populations (relatively low Mg#) represent the first 

component, which is ascribable to a zoned reservoir in which trachytic-trachyphonolitic magmas 

were partially crystallized at relatively low temperature. The ME0 compositions and its occurrence 

along the mantles of clinpyroxene further corroborate the injection in the system of the second 

magmatic component: this is the high-temperature mafic magma(s) which mixed/mingled with the 

trachytic one. The frequent occurrence of reverse zoning in the clinopyroxene zoning pattern well 

reflects the response of minerals to the input of mafic magma. In fact, the latter causes that 

clinopyroxene composition instantaneously adapts to the new set of condition, e.g. higher 

temperature, with overgrowth of high Mg# plateau (ME0) at the mantles of crystals. The diffusive 

modifications developed in response to the tendency of minerals to equilibrate the two chemical 

components have been modeled trough different methods and constrain over months to few decades 

the time span of the mixing/mingling processes.  



-The mafic enclaves and ME0 clinopyroxenes might represent mafic magma that rapidly raised, due 

to the high vertical permeability of this sector of the island and reached a shallower reservoir filled 

by trachytic-trachyphonolitic magmas (ME1-ME2). Here the mafic magma induced thermo-

chemical instability, possibly favoring the exsolution of a volatile phase, thus triggering the 

eruption. The mafic intrusion has caused a mechanical interaction and a mineral cargo entrapment 

from trachytes into the mafic blobs, thus explaining the chemical and isotopic features of 

clinopyroxenes and feldspars of the mafic enclaves and the clinopyroxene zoning patterns.  

The two felsic lava facies do not display isotopic disequilibria between phenocrysts and host rocks. 

Nevertheless, field and textural (resorbed crystals and a lower degree of crystal content in the 

groundmass) observations suggest they could be the product of an auto-mingling process between 

slightly different physical layers of the same magma body. They could represent the result of a sort 

of segregation, in the slightly zoned trachytic reservoir, induced by the input of mafic magma.  

Such a process of disaggregation of mafic inclusions and transfer of crystals from mafic to felsic 

magmas has been described in other volcanic systems. Irrespective of the details of the processes, 

these data imply that the timescales between intrusion of mafic magma and eruption are on the 

order of several hundreds of days to few decades.  

 

Therefore, the knowledge of the pre-eruptive magmatic processes and their inferred timescales that 

occurred prior to the A-MS and Zaro eruptions can be efficiently integrated with that provided by 

other case-studies worldwide to build a unique behavioral model of similar active volcanoes useful 

for risk assessment. The proposed scenario, in which big size (A-MS) and small size (Zaro) 

eruptions are preceded by magmatic processes occurring over several decadal and possibly monthly 

to decadal timescales, respectively, can provide guidance for evaluating future volcanic hazards 

based on monitoring systems, e.g. by geophysical methods, of magma transfer to the shallower 

reservoirs.  

.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Material 1 

Compositional and Sr-isotopic data for Agnano Monte Spina matrix-glasses and minerals 

Table 1 

Major element contents of matrix-glass samples from A-MS eruption. 

    
 

           Sub-
member A1 A1 A1 A1 A2 A2 A2 A2 A2 B1 B1 

SiO2 58.83 58.31 57.32 59.29 58.11 59.34 58.11 57.75 58.19 58.03 59.60 

TiO2 0.35 0.29 0.64 0.57 0.30 0.64 0.44 0.34 0.55 0.33 0.44 

Al2O3 18.33 17.97 18.96 18.04 17.35 17.96 17.56 17.77 17.49 17.89 18.40 

Fe2O3tot 3.15 3.57 3.71 3.19 3.21 3.28 3.34 2.82 2.78 3.31 3.32 

MnO 0.24 0.18 0.12 0.02 0.17 0.16 0.05 0.00 0.09 0.23 0.15 

MgO 0.73 0.69 0.55 0.46 0.54 0.49 0.47 0.53 0.32 0.60 0.66 

CaO 2.42 2.19 2.39 2.20 2.13 2.26 2.35 2.28 2.15 2.52 2.40 

Na2O 4.80 3.84 3.41 4.95 5.25 5.12 4.82 4.12 4.94 4.58 4.75 

K2O 8.35 8.12 8.21 7.97 7.59 7.61 7.65 7.58 8.13 8.35 8.35 

P2O5 0.19 0.21 0.00 0.08 0.08 0.14 0.14 0.19 0.00 0.08 0.02 

F 0.34 0.05 0.00 0.21 
       Cl 0.75 0.78 0.57 0.81 0.63 0.70 0.70 0.70 0.79 0.69 0.69 

Sum 98.60 96.57 96.10 97.87 95.33 95.40 93.94 96.09 95.69 97.08 98.98 

            Major and minor oxides as wt%.  
       

            

            B1 B1 B1 B1 B1 B2 B2 B2 B2 B2 B2 B2 

58.64 56.76 58.46 57.85 58.41 58.18 59.52 57.95 60.03 57.73 57.18 57.92 

0.55 0.36 0.63 0.55 0.42 0.37 0.45 0.45 0.65 0.70 0.64 0.34 

18.14 17.79 18.11 17.67 18.30 18.05 18.15 17.92 17.08 17.88 17.11 17.73 

3.34 3.42 3.62 2.93 3.23 3.10 2.93 3.22 3.51 3.32 3.33 3.40 

0.31 0.00 0.33 0.11 0.07 0.09 0.23 0.00 0.08 0.17 0.11 0.06 

0.60 0.56 0.60 0.62 0.54 0.54 0.46 0.46 0.45 0.63 0.85 0.49 

2.23 2.16 2.35 2.35 2.38 2.27 2.21 2.14 1.57 2.17 3.39 2.47 

4.64 4.57 4.89 4.35 4.61 3.47 4.23 4.55 3.90 4.72 4.23 4.24 

8.21 8.24 8.31 8.28 8.30 7.87 7.57 8.18 7.09 7.64 7.44 7.79 

0.17 0.13 0.23 0.08 0.04 0.12 0.11 0.08 0.11 0.13 0.00 0.00 

     
0.14 0.14 0.00 0.28 

   0.67 0.60 0.68 0.63 0.69 0.81 0.80 0.65 0.76 0.75 0.65 0.75 

97.54 94.94 98.22 95.46 96.99 95.12 96.85 95.70 95.78 95.85 95.27 95.40 

            

             

             B2 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1  

57.08 58.98 59.13 57.41 59.62 57.55 57.59 57.99 58.18 58.96 58.08 59.00  



0.50 0.55 0.44 0.43 0.59 0.26 0.40 0.52 0.53 0.41 0.33 0.52  

18.17 18.77 18.45 17.55 18.75 18.06 18.10 18.24 18.41 18.26 17.98 18.33  

3.19 3.74 3.92 4.01 4.07 4.15 3.39 3.70 3.61 3.72 3.26 3.14  

0.18 0.15 0.04 0.08 0.19 0.09 0.09 0.16 0.21 0.17 0.22 0.25  

0.62 0.83 1.05 0.67 0.87 1.09 0.75 0.70 0.74 0.70 0.67 0.61  

2.58 2.84 2.83 2.40 2.68 3.17 2.67 2.73 2.66 2.74 2.60 2.66  

4.69 4.45 4.19 4.41 4.46 4.14 4.03 3.98 4.15 4.52 4.37 4.30  

7.75 8.96 8.89 8.38 8.78 8.37 8.77 8.74 8.86 8.68 8.64 8.38  

0.00 0.25 0.07 0.14 0.10 0.20 0.28 0.24 0.13 0.10 0.07 0.15  

            
 

0.69 0.59 0.56 0.69 0.64 0.54 0.64 0.62 0.58 0.64 0.74 0.71  

95.81 99.52 99.01 95.48 100.11 97.08 96.07 97.00 97.48 98.26 96.22 97.34  

             

           

           D1 D2 D2 D2 D2 D2 D2 D2 E2 E2 E2 

58.60 58.66 56.10 57.75 57.69 57.81 57.62 58.24 57.83 57.72 58.63 

0.17 0.32 0.47 0.48 0.41 0.31 0.52 0.59 0.64 0.18 0.69 

18.62 18.37 17.89 18.13 18.02 18.09 18.34 18.49 17.93 18.10 18.65 

3.64 3.44 3.76 3.70 3.88 3.79 3.66 3.79 3.58 3.55 2.68 

0.12 0.19 0.16 0.22 0.13 0.19 0.16 0.21 0.00 0.16 0.00 

0.83 0.80 0.89 0.91 1.07 0.88 0.90 0.86 0.80 0.68 0.70 

2.77 2.75 2.65 2.76 3.15 2.81 2.87 2.95 2.58 2.54 2.64 

4.21 4.28 4.00 4.15 3.80 4.16 4.09 4.02 4.05 4.10 3.13 

8.63 8.68 8.13 8.61 8.39 8.65 8.83 8.64 7.25 8.57 9.51 

0.24 0.13 0.19 0.08 0.11 0.17 0.04 0.12 0.07 0.19 0.11 

        
0.19 0.22 0.33 

0.61 0.58 0.63 0.63 0.56 0.62 0.60 0.59 0.61 0.63 0.45 

97.83 98.63 95.48 97.81 97.45 97.62 97.92 98.68 95.75 97.26 97.75 

           

    

    E2 E2 E2 E2 

60.06 57.20 56.39 57.06 

0.22 0.39 0.64 0.37 

19.01 18.11 17.74 17.88 

2.51 3.57 3.90 3.46 

0.04 0.21 0.00 0.15 

0.52 0.75 0.84 0.81 

1.87 2.62 2.68 3.01 

3.25 4.12 4.08 4.04 

9.72 8.50 8.34 8.57 

0.06 0.27 0.19 0.30 

    0.35 0.58 0.58 0.58 

98.58 96.38 95.53 96.64 

     

Table 2 



Representative EDS analysis of feldspar crystals of investigated rocks 
 

   Sub-member A1 A1 A1 A1 A1 A2 A2 A2 A2 
Spot core rim core rim gm core rim core rim 

SiO2 48.39 47.72 54.55 50.25 62.62 64.09 62.58 62.61 61.57 

Al2O3 31.59 31.74 27.29 30.12 19.44 19.37 18.75 19.2 18.89 
FeOtot 0.85 0.64 0.5 0.63 0.05 0.21 0 0.39 0.21 
CaO 14.74 15.2 9.74 13.04 0.46 0.69 0.77 0.62 0.78 

Na2O 2.89 2.53 5.28 3.65 2.35 3.25 2.33 2.99 2.3 

K2O 0.39 0.41 1.35 0.77 12.58 11.65 12.82 11.43 12.22 
SrO 

     
0.11 0.11 0 0.54 

BaO 0 0.05 0 0 0.54 0.19 0.06 0.29 1.09 
Sum 99.2 98.33 99.02 98.81 98.54 99.64 97.53 97.59 97.76 

          Cations performula unit 
                  

Si 2.248 2.231 2.505 2.333 2.935 2.946 2.951 2.938 2.926 

Al 1.730 1.749 1.477 1.649 1.074 1.049 1.042 1.062 1.058 

Fe 0.033 0.025 0.019 0.024 0.002 0.008 0.000 0.015 0.008 

Ca 0.734 0.761 0.479 0.649 0.023 0.034 0.039 0.031 0.040 

Na 0.260 0.229 0.470 0.329 0.214 0.290 0.213 0.272 0.212 

K 0.023 0.024 0.079 0.046 0.752 0.683 0.771 0.684 0.741 

Sr 0.000 0.000 0.000 0.000 0.000 0.003 0.003 0.000 0.015 

Ba 0.000 0.001 0.000 0.000 0.010 0.003 0.001 0.005 0.020 

Sum 10.057 10.043 10.061 10.059 10.021 10.032 10.040 10.018 10.042 

          Or 2.3 2.5 7.7 4.5 76.3 67.8 75.2 69.5 74.1 

Ab 25.6 22.6 45.7 32.1 21.4 28.9 21.0 27.4 22.1 

An 72.1 74.9 46.6 63.4 2.3 3.4 3.8 3.1 3.9 

Major oxides as wt.%. gm: groundmass. The cation proportions of feldspars are calculated on the basis of 32 
oxygens. An: anorthite; Ab: albite; Or: orthoclase 

 

          A2 A2 B1 B1 B1 B1 B2 B2 B2 B2 

gm gm core rim core rim core rim gm core 

63.78 50.79 63.89 61.95 63.54 63.49 47.45 53.49 45.96 63.99 

19.65 30.23 19.21 19.06 19.14 19.28 32.31 28.72 33.34 19.72 

0.2 0.88 0.38 0.13 0 0.12 0.75 0.54 0.8 0.19 

0.55 12.44 0.53 0.58 0.38 0.43 15.26 10.93 16.76 0.62 

3.31 3.85 2.18 2.12 2.21 2.17 2.37 4.62 1.72 2.6 

11.36 0.67 12.8 12.55 13.02 12.84 0.27 1.04 0.17 12.39 

0 0.41 0.23 0.34 0.34 0.15 
    0.3 0.16 0.52 1.22 0.43 0.27 0 0.04 0.21 0.42 

99.18 99.45 99.74 98.03 99.07 98.76 98.71 99.5 99.3 100.33 

          

          

          2.939 2.341 2.950 2.931 2.953 2.951 2.214 2.444 2.146 2.938 

1.067 1.642 1.046 1.063 1.048 1.056 1.777 1.547 1.835 1.067 

0.008 0.034 0.015 0.005 0.000 0.005 0.029 0.021 0.031 0.007 

0.027 0.614 0.026 0.029 0.019 0.021 0.763 0.535 0.838 0.030 

0.296 0.344 0.195 0.195 0.199 0.196 0.214 0.409 0.156 0.231 

0.668 0.039 0.754 0.758 0.772 0.761 0.016 0.061 0.010 0.726 

0.000 0.011 0.006 0.009 0.009 0.004 0.000 0.000 0.000 0.000 



0.005 0.003 0.009 0.023 0.008 0.005 0.000 0.001 0.004 0.008 

10.019 10.059 10.003 10.026 10.017 9.999 10.026 10.035 10.040 10.015 

          67.6 4.2 77.0 77.0 77.4 77.6 1.6 6.1 1.4 73.7 

29.7 35.1 20.3 20.1 20.7 20.2 21.6 40.7 15.4 23.3 

2.7 60.7 2.6 2.9 1.9 2.2 76.8 53.2 83.2 3.1 

 

          B2 D1 D1 D1 D1 D1 D2 D2 D2 D2 

rim core rim core rim gm core rim gm gm 

64.04 63.44 62.3 62.59 62.83 63.77 62.14 63.16 63.66 48.82 

19.27 19.11 19.48 19.38 19.61 19.29 19.61 19.19 19.3 30.69 

0.23 0.2 0.2 0.27 0.16 0.02 0.1 0.17 0.25 0.63 

0.59 0.56 0.83 0.64 0.68 0.63 0.5 0.45 0.51 13.94 

2.52 2.15 2.09 2.24 2.25 2.02 1.92 1.91 1.9 3.03 

12.41 13.15 12.67 12.87 12.65 13.27 12.45 13.25 13.37 0.73 

 
0.23 0.24 0.44 0.58 0.27 0.22 0.33 0 0.33 

0.52 0.12 1.06 0.75 1.52 0.25 1.73 0.1 0.22 0.16 

99.88 98.96 98.89 99.17 100.35 99.54 98.85 98.65 99.22 98.39 

          

          

          2.952 2.949 2.919 2.923 2.916 2.949 2.921 2.948 2.950 2.284 

1.047 1.047 1.076 1.067 1.073 1.051 1.087 1.056 1.054 1.692 

0.009 0.008 0.008 0.011 0.006 0.001 0.004 0.007 0.010 0.025 

0.029 0.028 0.042 0.032 0.034 0.031 0.025 0.023 0.025 0.699 

0.225 0.194 0.190 0.203 0.202 0.181 0.175 0.173 0.171 0.275 

0.730 0.780 0.757 0.767 0.749 0.783 0.747 0.789 0.790 0.044 

0.000 0.006 0.007 0.012 0.016 0.007 0.006 0.009 0.000 0.009 

0.009 0.002 0.019 0.014 0.028 0.005 0.032 0.002 0.004 0.003 

10.004 10.028 10.034 10.056 10.047 10.015 9.993 10.010 10.008 10.059 

          74.4 77.4 76.5 76.0 75.5 78.2 79.1 79.5 80.2 4.5 

22.7 19.8 19.4 20.9 21.2 18.7 18.4 18.3 17.2 27.6 

2.9 2.8 4.1 3.1 3.3 3.1 2.6 2.3 2.6 67.9 

 

  
            

 E2 E2 E2 E2 E2 E2 E2 E2 E2 

core  rim core  rim core  rim core  rim gm 

45.79 47.67 48.03 44.73 51.68 47.8 48.35 48.38 48.01 

32.82 32.98 31.72 34.95 30.44 32.54 32.2 31.89 31.33 

0.95 0.81 0.57 0.64 0.58 0.53 0.51 0.52 0.57 

16.43 15.92 15.09 18.73 12.94 15.54 15.17 14.87 14.72 

1.78 2.17 2.68 0.88 3.77 2.42 2.67 2.57 2.66 

0.24 0.36 0.54 0.16 0.88 0.43 0.51 0.55 0.59 

        
0.3 

0.11 0.49 0 0.08 0.06 0.13 0.08 0.11 0 

98.64 100.72 99.12 100.64 100.78 99.82 99.76 99.17 98.26 

         

         

         2.156 2.193 2.237 2.070 2.352 2.212 2.233 2.245 2.249 



1.821 1.788 1.742 1.907 1.633 1.775 1.752 1.744 1.730 

0.037 0.031 0.022 0.025 0.022 0.021 0.020 0.020 0.022 

0.829 0.785 0.753 0.929 0.631 0.770 0.751 0.739 0.739 

0.162 0.194 0.242 0.079 0.333 0.217 0.239 0.231 0.242 

0.014 0.021 0.032 0.009 0.051 0.025 0.030 0.033 0.035 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 

0.002 0.009 0.000 0.001 0.001 0.002 0.001 0.002 0.000 

10.044 10.041 10.058 10.041 10.046 10.044 10.052 10.029 10.049 

         1.6 3.0 3.1 1.1 5.1 2.7 3.1 3.4 3.4 

16.1 19.2 23.6 7.8 32.7 21.4 23.4 23.0 24.4 

82.2 77.8 73.3 91.2 62.1 75.9 73.5 73.6 72.2 

 

     E2 E2 E2 E2 E2 

gm core  rim core  rim 

46.46 62.54 61.65 62.17 62.45 

32.49 18.74 19.16 19.49 18.78 

0.78 0.3 0.1 0.2 0.3 

15.32 0.46 0.59 0.76 0.56 

2.36 2 2.02 2.09 1.94 

0.37 13.29 12.6 12.59 13.09 

0.33 0.1 0.4 0.62 0.59 

0.4 0.24 1.41 1.76 0 

98.52 97.66 97.98 99.69 97.72 

     

     

     2.182 2.951 2.924 2.910 2.947 

1.799 1.042 1.071 1.075 1.045 

0.031 0.012 0.004 0.008 0.012 

0.771 0.023 0.030 0.038 0.028 

0.215 0.183 0.186 0.190 0.178 

0.022 0.800 0.762 0.752 0.788 

0.009 0.003 0.011 0.017 0.016 

0.007 0.004 0.026 0.032 0.000 

10.073 10.038 10.029 10.045 10.027 

     2.9 79.4 77.7 76.2 78.0 

21.9 18.3 19.4 20.1 19.2 

75.3 2.3 3.0 3.7 2.8 

 

 

Table 3 

Representative EDS analysis of clinopyroxene crystals of investigated rocks 

  

        Member A1 A1 A1 A1 A1 A1 A2 A2 A2 A2 

SiO2 49.58 49.09 50.18 49.10 48.90 45.71 49.86 51.92 48.68 48.75 

TiO2 0.64 0.54 0.26 0.69 0.62 0.88 0.72 0.88 0.70 0.68 



Al2O3 3.65 3.36 2.73 3.49 3.61 4.59 2.95 4.51 3.21 3.26 
FeOtot 8.46 8.23 8.63 8.29 8.30 12.97 9.44 5.70 8.67 7.89 
MnO 0.44 0.24 0.49 0.36 0.39 0.67 0.48 0.21 0.52 0.45 
MgO 13.48 13.33 13.25 12.89 13.42 9.03 12.59 16.10 13.03 13.54 
CaO 22.85 23.15 22.79 23.26 22.78 23.44 22.77 23.55 22.47 22.69 

Na2O 0.28 0.46 0.63 0.43 0.34 0.61 0.66 0.18 0.71 0.49 

K2O 0.12 0.00 0.06 0.09 0.00 0.00 0.11 0.07 0.14 0.00 

Cr2O3 0.00 0.06 0.00 0.04 0.00 0.03 0.00 0.06 0.00 0.00 

Sum 99.52 98.70 99.40 98.85 98.47 97.93 99.73 103.54 98.13 97.90 

           Cations per formula unit 
        Si 1.87 1.87 1.91 1.87 1.87 1.81 1.89 1.86 1.87 1.87 

Ti 0.02 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.02 

AlIV 0.13 0.13 0.09 0.13 0.13 0.19 0.11 0.14 0.13 0.13 

AlVI 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.05 0.02 0.02 

Fe 0.27 0.26 0.27 0.26 0.27 0.43 0.30 0.17 0.28 0.25 

Mn 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 

Mg 0.76 0.76 0.75 0.73 0.76 0.53 0.71 0.86 0.75 0.78 

Ca 0.92 0.95 0.93 0.95 0.93 0.99 0.93 0.90 0.93 0.93 

Na 0.02 0.03 0.05 0.03 0.03 0.05 0.05 0.01 0.05 0.04 

K 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum 4.04 4.05 4.05 4.05 4.05 4.08 4.05 4.03 4.07 4.05 

           Wollastonite 
(Ca) 47 48 47 49 47 50 47 47 47 47 

Enstatite (Mg) 39 38 38 37 39 27 36 44 38 39 

Ferrosilite (Fe) 14 14 15 14 14 23 16 9 15 14 

           Mg# 74 74 73 73 74 55 70 83 73 75 

 

B1 B1 B1 B1 B1 B1 B1 B1 B1 B1 B1 B1 B1 

49.44 48.76 47.30 49.30 49.90 48.43 51.53 51.49 51.08 48.75 49.71 49.35 49.97 

0.52 1.14 0.97 0.48 0.59 0.67 0.49 0.51 0.59 0.92 0.63 0.75 0.54 

3.60 4.32 6.10 3.46 3.14 3.83 2.99 3.21 2.09 4.44 3.26 3.76 3.43 

8.20 8.84 7.83 7.99 8.03 8.65 4.10 4.65 10.14 8.81 8.42 8.59 8.92 

0.50 0.43 0.00 0.28 0.36 0.45 0.08 0.20 0.67 0.36 0.47 0.32 0.20 

13.61 12.53 12.70 13.33 13.89 12.61 16.49 16.46 12.81 13.08 13.51 13.15 13.59 

23.03 22.80 23.39 23.10 22.91 22.67 23.48 23.73 22.36 22.88 23.10 23.57 23.81 

0.43 0.59 0.33 0.35 0.52 0.52 0.24 0.15 0.71 0.47 0.52 0.43 0.37 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.48 99.62 98.85 98.55 99.35 97.91 99.48 100.52 100.50 99.71 99.80 100.23 100.96 

             



             1.87 1.85 1.80 1.88 1.88 1.86 1.90 1.89 1.92 1.84 1.88 1.86 1.87 

0.01 0.03 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.02 0.02 

0.13 0.15 0.20 0.12 0.12 0.14 0.10 0.11 0.08 0.16 0.12 0.14 0.13 

0.03 0.04 0.07 0.04 0.02 0.04 0.03 0.03 0.01 0.04 0.02 0.03 0.02 

0.26 0.28 0.25 0.25 0.25 0.28 0.13 0.14 0.32 0.28 0.27 0.27 0.28 

0.02 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.02 0.01 0.01 

0.77 0.71 0.72 0.76 0.78 0.72 0.91 0.90 0.72 0.74 0.76 0.74 0.76 

0.93 0.93 0.95 0.94 0.93 0.94 0.93 0.93 0.90 0.93 0.93 0.95 0.95 

0.03 0.04 0.02 0.03 0.04 0.04 0.02 0.01 0.05 0.03 0.04 0.03 0.03 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4.05 4.04 4.05 4.04 4.05 4.05 4.03 4.03 4.04 4.05 4.05 4.05 4.06 

             47 48 50 48 47 48 47 47 46 47 47 48 48 

39 37 37 39 40 37 46 45 37 38 38 37 38 

14 15 13 13 13 15 7 8 17 15 14 14 14 

             75 72 74 75 76 72 88 86 69 73 74 73 73 

 

B1 B1 B2 B2 B2 B2 B2 B2 B2 B2 B2 D1 

46.85 44.00 50.78 50.49 49.94 49.03 49.96 49.24 49.81 50.07 48.40 49.37 

1.13 1.69 0.51 0.58 0.55 0.50 0.72 0.67 0.42 0.57 0.61 0.64 

8.20 7.48 2.16 2.79 3.00 3.21 2.54 3.99 2.29 3.33 3.74 3.72 

6.69 10.60 8.40 7.55 8.30 7.90 8.32 8.14 8.30 7.86 9.12 8.26 

0.22 0.53 0.59 0.53 0.55 0.48 0.52 0.30 0.61 0.45 0.50 0.55 

13.58 10.59 13.72 13.68 13.51 13.07 13.40 13.35 12.93 13.60 12.52 13.38 

22.62 21.97 23.25 22.95 23.04 22.68 22.61 23.33 22.11 22.68 21.92 23.12 

0.33 0.44 0.55 0.52 0.59 0.37 0.47 0.46 0.59 0.51 0.65 0.49 

0.05 0.13 0.04 0.08 0.04 0.01 0.00 0.10 0.00 0.00 0.04 0.00 

0.03 0.16 0.00 0.02 0.09 0.00 0.06 0.00 0.00 0.04 0.04 0.00 

100.01 97.82 100.11 99.36 99.61 97.42 98.60 99.61 97.40 99.22 97.59 99.55 

            

            1.75 1.72 1.91 1.90 1.89 1.89 1.90 1.86 1.92 1.89 1.87 1.86 

0.03 0.05 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.02 

0.25 0.28 0.09 0.10 0.11 0.11 0.10 0.14 0.08 0.11 0.13 0.14 

0.11 0.07 0.00 0.03 0.02 0.04 0.02 0.04 0.03 0.04 0.04 0.03 

0.21 0.35 0.26 0.24 0.26 0.25 0.26 0.26 0.27 0.25 0.29 0.26 

0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 

0.76 0.62 0.77 0.77 0.76 0.75 0.76 0.75 0.74 0.77 0.72 0.75 

0.91 0.92 0.94 0.93 0.93 0.94 0.92 0.94 0.92 0.92 0.91 0.94 

0.02 0.03 0.04 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.05 0.04 

0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 



0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4.05 4.07 4.05 4.04 4.05 4.04 4.04 4.05 4.03 4.04 4.05 4.05 

            48 48 47 48 47 48 47 48 47 47 47 48 

40 32 39 39 39 38 39 38 38 39 37 38 

12 19 14 13 14 14 14 14 15 13 16 14 

            78 64 74 76 74 75 74 75 74 76 71 74 

 

D1 D1 D1 D1 D1 D1 D1 D1 D2 D2 D2 D2 D2 

49.23 51.03 50.11 51.98 50.63 49.82 48.93 50.34 50.88 50.60 49.77 49.54 49.48 

0.66 0.78 0.72 0.41 0.65 0.64 0.83 0.46 0.71 0.46 0.60 0.76 0.32 

3.98 2.89 2.79 1.93 3.97 3.50 4.57 2.72 2.66 2.94 2.64 3.08 3.23 

8.59 9.10 8.80 2.78 4.71 8.09 8.73 7.30 4.01 8.06 8.97 5.70 7.88 

0.49 0.75 0.74 0.07 0.21 0.39 0.16 0.29 0.08 0.51 0.50 0.25 0.40 

13.22 13.03 13.26 17.00 15.90 13.50 13.27 14.53 16.30 13.81 13.12 15.00 13.83 

23.13 22.93 22.86 23.78 23.58 22.99 22.82 23.33 23.17 22.78 23.13 23.09 22.99 

0.36 0.63 0.57 0.20 0.20 0.45 0.53 0.40 0.19 0.50 0.50 0.41 0.38 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.66 101.17 99.85 98.92 99.92 99.54 99.90 99.53 98.13 99.79 99.43 97.88 98.60 

             

             1.86 1.90 1.89 1.93 1.87 1.88 1.84 1.89 1.90 1.90 1.89 1.88 1.88 

0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.01 

0.14 0.10 0.11 0.07 0.13 0.12 0.16 0.11 0.10 0.10 0.11 0.12 0.12 

0.04 0.03 0.01 0.02 0.04 0.03 0.04 0.01 0.02 0.03 0.01 0.02 0.03 

0.27 0.28 0.28 0.09 0.15 0.26 0.27 0.23 0.13 0.25 0.29 0.18 0.25 

0.02 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.01 

0.74 0.72 0.75 0.94 0.87 0.76 0.74 0.81 0.91 0.77 0.74 0.85 0.78 

0.94 0.91 0.92 0.95 0.93 0.93 0.92 0.94 0.93 0.92 0.94 0.94 0.94 

0.03 0.05 0.04 0.01 0.01 0.03 0.04 0.03 0.01 0.04 0.04 0.03 0.03 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4.05 4.04 4.05 4.02 4.03 4.04 4.05 4.05 4.02 4.04 4.05 4.05 4.05 

             48 47 47 48 48 48 47 47 47 47 47 48 47 

38 37 38 48 45 39 38 41 46 39 37 43 40 

15 16 15 4 8 14 14 12 7 14 15 10 13 

             73 72 73 92 86 75 73 78 88 75 72 82 76 

 

E2 E2 E2 E2 E2 E2 E2 E2 E2 E2 

49.59 48.84 48.86 49.17 47.74 49.35 50.32 48.96 48.74 49.22 



0.64 0.68 0.88 0.95 1.40 0.67 0.56 1.03 0.73 0.51 

3.52 4.26 4.45 3.93 5.73 3.39 2.75 4.01 3.66 3.23 

7.73 8.17 8.50 8.41 5.68 7.83 8.01 8.46 8.12 7.67 

0.28 0.36 0.44 0.44 0.20 0.23 0.34 0.12 0.38 0.45 

13.84 12.96 13.08 13.12 14.92 13.91 13.65 13.05 13.25 13.48 

22.82 23.22 23.44 23.07 22.57 22.87 22.88 22.84 22.48 22.21 

0.39 0.39 0.43 0.34 0.20 0.52 0.50 0.47 0.49 0.46 

0.11 0.00 0.10 0.16 0.10 0.07 0.06 0.07 0.00 0.00 

0.04 0.08 0.08 0.00 0.58 0.00 0.00 0.10 0.10 0.00 

98.98 99.18 100.57 100.00 99.74 99.03 99.30 99.10 97.94 97.24 

          

          1.88 1.85 1.84 1.86 1.79 1.87 1.90 1.86 1.87 1.89 

0.02 0.02 0.02 0.03 0.04 0.02 0.02 0.03 0.02 0.01 

0.12 0.15 0.16 0.14 0.21 0.13 0.10 0.14 0.13 0.11 

0.03 0.04 0.03 0.03 0.04 0.02 0.02 0.04 0.03 0.04 

0.24 0.26 0.27 0.27 0.18 0.25 0.25 0.27 0.26 0.25 

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 

0.78 0.73 0.73 0.74 0.83 0.79 0.77 0.74 0.76 0.77 

0.92 0.94 0.94 0.93 0.91 0.93 0.93 0.93 0.92 0.92 

0.03 0.03 0.03 0.02 0.01 0.04 0.04 0.03 0.04 0.03 

0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 

4.04 4.04 4.06 4.04 4.04 4.05 4.04 4.04 4.05 4.04 

          47 48 48 48 47 47 47 48 47 47 

40 38 37 38 43 40 39 38 39 40 

13 14 14 14 10 13 13 14 14 13 

          76 74 73 74 82 76 75 73 74 76 

 

Table 4 

Representative EDS analysis of biotite crystals from investigated rocks 

Sub-member A1 A1 A1 B1 B2 

SiO2 0.12 0.18 0.09 0.11 0.16 

TiO2 7.86 7.8 8.12 8.72 8.7 

Al2O3 2.8 2.77 2.72 2.69 2.85 
FeOtot 79.49 79.78 78.61 78.36 77.69 
MnO 0.99 1.15 1.14 1.16 1.26 
MgO 2 2.27 2 2.21 2.32 
CaO 0.1 0.14 0.1 0.09 0.19 

Na2O 0.11 0.17 0.08 
 

0 

K2O 0.06 0.03 0.11 
 

0.04 

P2O5 0 0 0.1 
 

0.09 

Sum 94.04 94.91 93.75 94.1 93.98 



Cations per formula unit 
    

Si 0.004 0.007 0.003 0.004 0.006 

Ti 0.219 0.214 0.227 0.245 0.242 

Al 0.122 0.119 0.119 0.118 0.124 

Fe2+ 1.065 1.041 1.062 1.084 1.060 

Fe3+ 1.397 1.397 1.378 1.361 1.340 

Mn 0.031 0.036 0.036 0.037 0.039 

Mg 0.110 0.124 0.111 0.123 0.128 

Ca 0.004 0.005 0.004 0.004 0.008 

Na 0.008 0.012 0.006 0.000 0.000 

K 0.003 0.001 0.005 0.000 0.002 

P 0.000 0.000 0.003 0.000 0.003 

Sum 3.023 3.028 3.022 2.992 3.018 

      Mg# 9 11 9 10 11 

Ulv (mol.%) 22.33 22.09 23.00 24.88 24.75 

Major and minor oxides as wt.%.  Ulv: Ulvospinel. The cation proportions of biotites are calculated on the basis 
of 22oxygens. Mg # = atomic [Mg

2+
/(Mg

2+
 + Fetot)]*100.  

 

   B2 D1 E2 

0.16 0.25 0.47 

8.25 6.82 6.87 

2.96 3.94 4.17 

79.85 79.72 77.7 

0.81 0.69 0.69 

1.96 2.85 2.61 

0 0.04 0.46 

0.14 
 

0 

0.06 
 

0.04 

0 
 

0 

94.97 95.4 93.58 

   
0.006 0.009 0.017 

0.227 0.186 0.190 

0.128 0.169 0.181 

1.081 1.014 1.023 

1.366 1.409 1.365 

0.025 0.021 0.021 

0.107 0.154 0.143 

0.000 0.002 0.018 

0.010 0.000 0.000 

0.003 0.000 0.002 

0.000 0.000 0.000 

3.030 2.988 3.024 

   9 13 12 

23.31 19.55 20.71 

   Table 5 

Representative EDS analysis of opaque oxides crystals of  investigated  rocks 
 Sub-member A1 A1 A1 B1 B2 D1 D1 E2 



TiO2 7.86 7.80 8.12 8.72 8.70 8.25 6.82 6.87 

Al2O3 2.80 2.77 2.72 2.69 2.85 2.96 3.94 4.17 

FeOtot 79.49 79.78 78.61 78.36 77.69 79.85 79.72 77.70 

MnO 0.99 1.15 1.14 1.16 1.26 0.81 0.69 0.69 

MgO 2.00 2.27 2.00 2.21 2.32 1.96 2.85 2.61 

Cr2O3 0.00 0.00 
 

0.02 0.00 0.00 0.04 0.00 

Sum 94.04 94.91 93.75 94.10 93.98 94.97 95.40 93.58 

         FeO wt. % 34.39 34.06 34.22 34.75 34.32 35.28 33.36 33.28 

Fe2O3 wt. % 50.13 50.81 49.34 48.47 48.20 49.53 51.52 49.37 

         Cations per formula unit 
      Ti 0.219 0.214 0.227 0.245 0.242 0.227 0.186 0.190 

Al 0.122 0.119 0.119 0.118 0.124 0.128 0.169 0.181 

Fe
2+

 1.065 1.041 1.062 1.084 1.060 1.081 1.014 1.023 

Fe
3+

 1.397 1.397 1.378 1.361 1.340 1.366 1.409 1.365 

Mn 0.031 0.036 0.036 0.037 0.039 0.025 0.021 0.021 

Mg 0.110 0.124 0.111 0.123 0.128 0.107 0.154 0.143 

Cr 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 

Sum 3.023 3.028 3.022 2.992 3.018 3.030 2.988 3.024 

Major oxides as wt.%. Fe2O3 and FeO are calculated on the basis of stoichiometry. The cation proportions 
of opaque oxides are calculated on the basis of  4 oxygens 

 

Table 6 

Representative EDS analysis of apatite crystals of  investigated  rocks 
 Sub-member A1 A1 B2 B2 B2 B2 E2 E2 

CaO 53.69 54.98 54.74 51.83 54.13 52.33 53.68 53.13 

P2O5 40.33 41.69 41.62 39.12 41.28 37.93 40.23 40.64 

BaO 0.15 0.00 0.16 0.30 0.00 0.25 0.42 0.27 

S 0.49 0.56 0.62 0.91 0.62 1.12 0.41 0.57 

Cl 0.93 0.61 0.71 0.89 0.79 0.84 0.96 1.03 

F 2.43 2.91 2.91 2.81 2.82 2.34 2.00 2.46 

Sum 100.17 102.35 102.28 98.39 102.42 97.86 99.10 99.68 

         Cations per formula unit 
      Ca 4.452 4.479 4.444 4.343 4.390 4.460 4.530 4.390 

P 2.643 2.684 2.670 2.590 2.645 2.554 2.683 2.653 

S 0.041 0.046 0.050 0.076 0.050 0.095 0.035 0.047 

F 0.455 0.293 0.340 0.440 0.378 0.423 0.478 0.502 

Cl 0.638 0.750 0.747 0.745 0.724 0.631 0.534 0.643 

Sum 8.400 8.389 8.390 8.434 8.394 8.423 8.389 8.376 

Major oxides as wt.%. The cation proportions of opaque oxides are calculated on the basis of  13 
oxygens 

 

Table 7 

Sr- isotopic composition of whole rocks and minerals of A-MS products 

   

            
Member 

 
Whole rock 

 
Feldspar 

  
Clinopyroxene 

 

Brown 
mica 

            



  

87
Sr/

86
Sr 2s 

 

87
Sr/

86
Sr 2s 

 

87
Sr/

86
Sr 2s 

 

87
Sr/

86
Sr 

            A1 
 

0.707473 0.000006 
 

0.707491 0.000007 
 

0.707445 0.000008 
  A2 

 
0.707474 0.000006 

 
0.707483 0.000007 

 
0.707482 0.000008 

  B2 
 

0.707493 0.000006 
 

0.707493 0.000007 
 

0.707533 0.000006 
  D2 

 
0.70753 0.000006 

 
0.70748 0.000008 

 
0.707556 0.000008 

  E2 
 

0.707502 0.000006 
 

0.707498 0.000008 
 

0.707552 0.000008 
 

0.707535 

            2s is the standard deviation and refers to each measurement. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Material 2:  

 

 

Fig. 1 a-b) microphotographs comparing the trachitic/fluidal texture in Zaro lava (a) with the less crystalline groundmass 

of a felsic enclave (b); c) microphotograph showing the disruption of a boundary due to infiltration of the mafic magma 

and engulfment of the host trachyte; d) partial resorption in phlogopite and olivine phenocrysts from mafic enclaves; e) 

partial resorption in olivine phenocrysts from hybrid enclave; f) plagioclase crystal from hybrid enclave showing a 

reversely zoned core; ol olivine; phl  phlogopite 



 

 

Sample location, compositional and isotopic data for Zaro whole rocks and minerals 

 

Table 1 

Location of analyzed samples 

   
facies sample Location 

mafic enclave ZR3C 40°45'27''N - 13°51'44''E 

 
ZR1C 40°45'09''N - 13°52'06''E 

 
M4C 40°45'25''N - 13°52'22''E 

   
hybrid enclave M6C 40°45'17"N - 13°52'44"E 

   
felsic enclave ZR3B 40°45'27''N - 13°51'44''E 

 
ZR1B 40°45'09''N - 13°52'06''E 

   
Zaro lava ZR3A 40°45'27''N - 13°51'44''E 

 
ZR1A 40°45'09''N -13°52'06''E 

 
M1 40°44'59''N - 13°52'34''E 

 
M3 40°45'01''N - 13°53'00''E 

 
M4 40°45'25''N - 13°52'22''E 

 
M5 40°45'05''N - 13°52'42''E 

 
M6N 40°45'20''N - 13°52'32''E 

 
M7 40°45'30''N - 13°52'25''E 

 
M8 40°45' 17''N - 13°52'15''E 

 
M2 40°45'03''N - 13°52'45''E 

 
M5B 40°45'05''N - 13°52'42''E 

 
M10 40°45'16'' N - 13°52'11''E 

 
M12B 40°45' 02''N - 13°52'31''E 

 
M13B 40°45'29'' N - 13°52'03''E 

 
M9 40°45'19''N - 13°52'00''E 

   
pumices ZRP1 40°44'55"N-13°52'23" E 

 
ZRP2 40°44'55"N-13°52'23" E 

 
ZRP3 40°44'55"N-13°52'23" E 

  ZRP4 40°44'55"N-13°52'23" E 

   
 

Table 2 

Major and  trace element contents of whole-rock samples from Zaro eruptive complex. 

      
facies mafic enclave hybrid enclave felsic enclave 

sample ZR3C ZR1C M4C M6C ZR3B 

sampling locality P.ta caruso S.Francesco Bay S.Montano Bay S. Montano Bay P.ta caruso 

SiO2 51.81 51.50 51.99 58.11 60.97 

TiO2 1.36 1.36 1.33 0.86 0.63 

Al2O3 17.79 17.80 17.91 18.35 18.21 

Fe2O3tot 7.15 7.24 7.02 4.56 3.13 



MnO 0.14 0.14 0.14 0.11 0.14 

MgO 5.00 5.31 4.88 1.81 0.66 

CaO 7.90 8.27 7.61 3.69 1.74 

Na2O 4.37 4.45 4.44 5.14 6.39 

K2O 2.88 2.98 3.14 5.90 6.95 

P2O5 0.37 0.38 0.37 0.27 0.12 

L.O.I. 0.80 0.88 0.79 1.15 1.31 

      
Sum 99.58 100.31 99.61 99.93 100.25 

      
Mg# 62.04 63.15 61.85 48.13861575 36.15 

      
Li 24.1 22.4 23.1 27.4 24.4 

Be 2.9 3.8 3.4 6.4 8.5 

Sc 20.0 20.0 18.9 7.5 3.1 

V 169.2 169.0 169.9 91.0 53.2 

Cr 117.2 143.8 117.0 40.6 29.5 

Co 18.8 19.6 18.2 7.1 2.0 

Ni 53.4 61.3 52.8 16.4 9.2 

Cu 21.6 23.8 21.7 13.3 12.4 

Zn 52.5 52.5 55.4 45.2 62.5 

Ga 16.4 15.4 16.9 16.6 19.0 

Ge 1.1 1.1 1.2 1.1 1.3 

Rb 116.1 111.3 122.1 173.1 287.9 

Sr 503.7 519.5 526.2 356.3 132.6 

Ba 770.2 779.9 793.0 24.1 303.8 

Y 25.2 24.9 24.7 174.1 41.9 

Zr 164.7 151.8 150.2 43.5 484.3 

Nb 45.3 43.3 41.2 1.8 100.3 

Sn 1.7 1.7 1.7 0.3 3.7 

Sb 0.2 0.2 0.2 8.2 0.7 

Cs 4.4 4.2 4.0 771.1 14.2 

La 39.2 37.8 38.3 49.0 93.9 

Ce 77.1 72.9 73.2 96.2 172.6 

Pr 7.7 7.3 7.5 9.6 16.5 

Nd 31.4 30.6 31.1 36.8 55.6 

Sm 6.6 6.5 6.6 7.5 10.6 

Eu 2.4 2.4 2.5 2.7 1.8 

Gd 7.4 7.2 7.1 7.8 12.2 

Tb 0.9 0.8 0.8 0.9 1.3 

Dy 5.2 5.0 5.0 5.2 8.1 

Ho 0.8 0.8 0.8 0.8 1.2 

Er 2.5 2.4 2.4 2.4 4.2 

Tm 0.4 0.4 0.4 0.4 0.8 

Yb 2.7 2.7 2.6 2.6 5.2 

Lu 0.4 0.4 0.4 0.4 0.8 

Hf 3.8 3.5 3.5 3.9 10.6 

Ta 3.1 3.0 2.9 2.6 6.5 

Pb 41.8 13.3 29.9 19.4 74.5 

Th 8.6 7.5 7.4 12.2 41.8 

U 2.4 3.9 2.1 4.7 12.3 

      
Major and minor oxides expressed as wt%. Trace elements expressed as part per million ( p.p.m.). L.O.I.: 
loss of ignition. Mg# : atomic [Mg

2+
/( Mg

2+
+Fe

2+
)]*100 calculated assuming Fe2O3/FeO = 0,2 for shoshonites 

and 0,4 for trachytes.  



      

      

      

      

 
Zaro lava 

    
ZR1B ZR3A ZR1A M1 M3 M4 

S.Francesco Bay P.ta caruso S.Francesco Bay Mt. Marecocco Mezzavia S.Montano Bay 

61.21 61.61 60.68 61.71 60.29 61.60 

0.60 0.64 0.57 0.63 0.62 0.59 

18.21 18.46 17.99 18.39 18.72 18.30 

3.32 3.34 3.33 3.28 3.16 3.21 

0.21 0.17 0.23 0.17 0.12 0.19 

0.58 0.75 0.50 0.65 0.69 0.58 

1.52 1.77 1.45 1.72 2.07 1.55 

6.71 5.99 6.83 6.06 5.12 6.66 

6.51 6.98 6.43 6.77 6.82 6.64 

0.09 0.13 0.08 0.11 0.14 0.10 

0.78 0.81 0.85 1.91 2.29 0.73 

      
99.73 100.66 98.93 101.39 100.03 100.15 

      
31.83 37.68 28.72 34.77 37.17 32.84 

      
25.8 23.7 32.1 13.1 8.6 17.6 

19.5 11.8 21.0 9.2 2.9 13.5 

3.1 3.3 2.9 3.2 3.2 3.1 

50.0 49.7 42.3 50.0 47.6 46.6 

23.4 12.4 21.9 8.2 10.2 11.9 

1.5 1.9 1.4 1.9 2.2 1.5 

6.8 4.8 6.8 2.9 3.5 3.8 

9.5 11.7 8.9 6.9 13.4 8.0 

72.8 69.1 71.7 62.1 48.8 67.8 

22.9 20.3 24.7 20.9 18.5 23.4 

1.4 1.4 1.6 1.4 1.3 1.5 

383.1 309.3 428.9 301.0 236.3 374.4 

85.0 126.1 69.4 111.5 143.6 97.9 

171.3 268.3 143.4 233.7 287.1 207.6 

56.9 42.8 60.1 45.4 41.1 51.5 

870.6 539.2 993.4 574.1 400.8 773.1 

138.9 108.6 166.1 112.5 91.0 141.3 

5.3 3.3 5.6 2.5 1.9 2.8 

1.3 0.4 1.5 0.5 0.4 0.8 

23.0 15.1 22.9 15.2 7.2 22.5 

134.4 95.9 143.3 99.3 88.0 118.5 

244.3 182.9 260.5 188.7 166.6 220.1 

20.9 16.2 21.5 16.9 16.2 18.7 

66.8 57.2 67.4 56.0 55.9 59.3 

11.7 10.6 11.6 6.9 7.2 7.6 

1.4 1.8 1.3 1.0 1.2 1.0 

14.2 12.5 14.3 7.7 7.8 8.9 

1.5 1.4 1.6 0.9 0.9 1.0 

9.7 8.4 10.0 5.3 5.3 6.1 

1.6 1.3 1.7 0.9 0.8 1.0 

5.5 4.4 5.9 2.9 2.6 3.4 

1.2 0.9 1.3 0.6 0.5 0.7 

7.6 5.6 8.5 3.7 3.2 4.7 



1.2 0.9 1.4 0.6 0.5 0.8 

18.0 12.1 20.0 8.0 5.9 10.9 

7.3 6.8 8.7 4.4 4.0 5.4 

46.5 48.5 52.8 34.9 38.2 26.0 

71.6 46.3 83.8 47.7 34.2 62.5 

21.1 13.8 25.2 13.6 8.8 18.2 

      

      

      

      

      

      
M5 M6N M7 M8 M9 M2 

Vent area 
S.Montano 
Bay 

La Guardiola La Mortella La Mortella Mt. Caccaviello 

61.95 61.24 60.78 61.64 61.40 61.42 

0.65 0.62 0.60 0.66 0.60 0.65 

18.55 18.23 17.94 18.49 18.24 18.41 

3.31 3.27 3.19 3.33 3.21 3.26 

0.14 0.17 0.18 0.15 0.17 0.14 

0.77 0.65 0.65 0.73 0.65 0.75 

1.97 1.67 1.67 1.83 1.66 1.88 

5.68 6.14 6.28 5.67 6.34 5.52 

7.09 6.78 6.57 6.94 6.69 6.99 

0.14 0.11 0.10 0.13 0.11 0.13 

1.41 0.99 1.88 0.69 0.80 0.86 

      
101.66 99.87 99.84 100.26 99.87 100.01 

      
38.38 34.97 35.47 36.98 35.29 38.15 

      
15.0 25.2 24.9 16.5 23.8 12.5 

7.9 13.3 16.1 11.0 14.8 8.2 

3.4 3.2 3.1 3.3 2.9 3.5 

46.4 45.0 44.0 55.4 50.1 55.1 

20.6 21.6 24.7 35.0 33.5 23.4 

2.4 1.9 1.7 2.2 1.7 2.4 

6.6 6.6 7.2 9.9 10.0 6.2 

8.8 8.7 9.8 12.3 11.1 10.5 

49.1 65.8 62.9 57.1 59.0 53.1 

18.6 20.7 22.3 19.6 20.8 19.5 

1.4 1.5 1.5 1.3 1.5 1.3 

238.2 313.3 337.6 267.7 320.4 247.6 

158.2 102.8 103.4 137.6 104.1 143.7 

327.5 213.6 210.6 288.2 226.7 304.2 

36.5 45.6 48.0 41.6 47.3 39.5 

370.5 580.7 696.9 477.1 644.3 418.2 

83.1 117.7 126.0 100.6 120.0 90.7 

2.8 3.8 4.4 3.5 3.9 2.6 

0.6 0.9 1.0 0.7 1.1 0.4 

6.0 12.0 14.6 10.8 17.3 9.3 

76.8 102.9 110.6 88.6 109.6 81.3 

149.4 195.9 211.5 173.5 205.1 159.9 

14.3 17.6 17.9 15.9 18.1 15.0 

51.7 59.1 58.4 56.2 59.8 52.4 

10.0 10.7 10.7 10.6 10.8 8.4 



1.9 1.6 1.5 1.8 1.6 1.5 

10.8 12.2 12.5 11.7 12.8 8.9 

1.2 1.4 1.4 1.3 1.4 1.0 

7.1 8.2 8.4 7.9 8.7 6.1 

1.1 1.3 1.4 1.2 1.4 0.9 

3.5 4.4 4.7 4.0 4.8 3.1 

0.7 0.9 1.0 0.8 1.0 0.6 

4.2 5.6 6.2 5.0 6.2 3.7 

0.7 0.9 1.0 0.8 1.0 0.6 

8.0 12.3 14.6 10.3 13.8 7.4 

5.6 6.7 6.8 6.5 6.7 5.1 

25.2 39.4 39.9 32.6 35.8 29.0 

30.1 50.5 57.8 39.2 55.2 33.9 

8.2 15.0 16.6 11.3 16.4 8.8 

      

      

      

        

        

    
pumices 

   
M5B M10 M12B M13B ZRP1 ZRP2 ZRP3 ZRP4 

Vent 
area 

La 
Mortella 

La 
Mortella 

La 
Guardiola     

61.49 61.62 60.61 61.17 59.83 59.74 59.24 59.32 

0.65 0.64 0.63 0.64 0.47 0.45 0.46 0.47 

18.33 18.21 18.07 18.27 17.48 17.46 17.38 17.40 

3.31 3.39 3.21 3.15 2.91 2.75 2.78 2.87 

0.14 0.18 0.14 0.13 0.24 0.23 0.23 0.24 

0.76 0.62 0.76 0.71 0.31 0.31 0.31 0.34 

1.93 1.60 1.74 1.93 1.09 1.07 1.07 1.14 

5.67 6.26 5.00 5.68 7.48 7.48 7.40 7.50 

7.04 6.66 7.43 6.99 5.89 5.80 5.81 5.93 

0.14 0.11 0.13 0.15 0.04 0.04 0.04 0.04 

1.08 0.87 0.83 1.26 2.43 3.18 3.33 3.73 

        
100.53 100.17 98.56 100.07 98.18 98.53 98.06 98.98 

        
38.14 33.14 39.05 37.92 23.03 24.17 24.28 25.12 

        
15.4 22.1 13.1 14.1 

    
7.9 15.7 6.1 8.5 

    
3.5 3.1 3.2 3.2 

    
51.5 52.8 37.4 55.2 

    
19.7 27.2 35.4 32.9 

    
2.3 1.8 2.2 2.2 

    
6.1 8.2 9.5 9.5 

    
9.0 10.6 14.6 13.4 

    
48.0 64.5 47.4 53.5 

    
18.8 21.8 18.8 18.6 

    
1.2 1.3 1.4 1.2 

    



243.6 327.9 271.6 254.1 
    

150.1 90.5 138.6 146.7 
    

317.8 188.5 289.6 314.3 
    

37.9 49.4 40.3 38.2 
    

385.7 678.1 433.6 407.9 
    

86.1 119.0 90.8 88.0 
    

3.1 4.2 3.8 3.0 
    

0.6 1.0 0.6 0.6 
    

6.6 17.8 2.7 13.1 
    

80.3 113.4 81.6 81.2 
    

153.3 213.6 171.0 159.6 
    

15.0 19.0 15.3 14.9 
    

53.4 63.0 54.4 52.5 
    

10.4 11.4 8.7 10.1 
    

2.0 1.5 1.5 1.9 
    

11.2 13.2 9.7 11.3 
    

1.3 1.5 1.1 1.3 
    

7.4 9.0 6.5 7.5 
    

1.2 1.5 1.0 1.2 
    

3.7 4.9 3.3 3.8 
    

0.7 1.0 0.6 0.7 
    

4.3 6.5 4.0 4.5 
    

0.7 1.0 0.6 0.7 
    

8.5 14.2 7.9 8.9 
    

6.1 6.3 4.7 6.0 
    

28.9 36.5 28.0 42.1 
    

31.5 56.4 37.1 33.1 
    

8.9 16.4 8.5 10.4 
    

 

 

Table 3 

Representative EDS analysis of olivine crystals of investigated 
rocks.    

          
facies mafic enclave 

      
sample ZR3C ZR3C ZR3C ZR3C ZR1C ZR1C ZR1C ZR1C ZR1C 

spot core rim core gm core rim gm gm core 

SiO2 39.90 39.21 39.14 38.10 38.81 38.81 37.15 37.37 39.14 

FeO 14.19 21.11 13.86 17.67 18.16 14.87 23.34 22.86 14.17 

MnO 0.00 0.79 0.00 0.42 0.55 0.26 0.68 0.76 0.36 

MgO 46.12 39.96 46.83 40.90 42.84 45.18 37.66 38.16 45.88 

CaO 0.42 0.24 0.22 0.32 0.21 0.29 0.15 0.21 0.29 

Sum 101.75 101.71 101.98 98.08 100.72 99.96 99.52 99.79 99.97 

          
Cations per formula unit 

       



Si 0.989 1.001 0.974 0.997 0.987 0.981 0.985 0.985 0.984 

Fe 0.294 0.451 0.289 0.387 0.386 0.314 0.517 0.504 0.298 

Mn 0.000 0.017 0.000 0.009 0.012 0.006 0.015 0.017 0.008 

Mg 1.704 1.521 1.738 1.595 1.623 1.703 1.488 1.500 1.719 

Ca 0.011 0.007 0.006 0.009 0.006 0.008 0.004 0.006 0.008 

Sum 3.009 2.999 3.024 3.003 3.013 3.019 3.015 3.015 3.016 

          
Forsterite 85.28 77.14 85.76 80.49 80.79 84.41 74.20 74.85 85.23 

Major oxides as wt.%. All Fe in olivines as Fe
2+

; gm: groundmass. The cation proportions of olivines are 
calculated on the basis of 4 oxygens. Forsterite=  atomic [Mg2+/(Mg2+ + Fetot)]*100 

 

hybrid 
enclave       

M6C M6C M6C M6C M6C M6C M6C M6C 

core rim core rim core rim core rim 

39.80 37.50 39.06 37.55 38.78 38.63 39.42 37.71 

15.06 25.07 14.37 21.15 14.11 20.04 14.50 21.97 

0.49 0.74 0.25 0.58 0.14 0.44 0.17 0.54 

44.50 36.32 46.48 39.40 45.57 42.39 45.31 38.16 

0.20 0.17 0.29 0.35 0.25 0.19 0.25 0.14 

101.41 100.50 100.63 99.20 99.26 102.03 100.20 98.83 

        

        
1.000 0.993 0.977 0.986 0.982 0.977 0.991 0.996 

0.316 0.555 0.300 0.464 0.299 0.424 0.305 0.485 

0.010 0.017 0.005 0.013 0.003 0.009 0.004 0.012 

1.667 1.433 1.732 1.542 1.720 1.599 1.698 1.503 

0.005 0.005 0.008 0.010 0.007 0.005 0.007 0.004 

3.000 3.006 3.023 3.014 3.017 3.021 3.009 3.004 

        
84.05 72.09 85.22 76.85 85.20 79.04 84.78 75.59 

        
 

Table 4 

Representative EDS analysis of opaque oxides crystals of  investigated  rocks 

        
facies mafic enclaves hybrid enclave 

  
sample ZR3C ZR3C ZR3C M6C M6C M6C M6C 

phase mgnt mgnt Cr-spinel Ti-mgnt Ti-mgnt ulvöspinel Cr-spinel 

TiO2 4.14 4.16 0.96 12.81 13.07 30.93 0.61 

Al2O3 0.66 0.91 35.22 4.10 4.05 2.84 30.48 

FeOtot 76.81 77.72 27.90 67.67 69.09 56.31 26.80 

MnO 3.30 2.15 0.36 0.93 1.15 1.13 0.78 

MgO 2.26 1.09 12.31 4.54 3.78 2.81 12.24 

Cr2O3 0.31 0.28 22.72 0.33 0.14 0.00 27.55 

Sum 87.48 86.31 100.19 90.38 91.28 94.02 98.46 

        



Cations per formula unit 
     

Ti 0.125 0.129 0.021 0.366 0.373 0.885 0.014 

Al 0.031 0.044 1.211 0.184 0.181 0.127 1.083 

Fe
2+

 0.878 0.987 0.479 1.079 1.122 1.689 0.444 

Fe
3+

 1.708 1.689 0.202 1.073 1.069 0.102 0.232 

Mn 0.112 0.075 0.009 0.030 0.037 0.036 0.020 

Mg 0.135 0.067 0.535 0.257 0.214 0.159 0.550 

Cr 0.010 0.009 0.524 0.010 0.004 0.000 0.657 

Sum 3.000 3.000 3.004 3.000 3.000 3.000 3.000 

        
Cr# 24.17 17.06 30.20 5.10 2.26 0.00 37.75 

        
Major oxides as wt.%. Fe2O3 and FeO are calculated on the basis of stoichiometry. mgnt= magnetite. The 
cation proportions of opaque oxides are calculated on the basis of  4 oxygens;Cr#: atomic [Cr 
2+

/(Cr
2+

+Altot)]*100. 

 

        

        
felsic enclaves Zaro lava pumices 

   
ZR3B ZR3B M1 M1 ZRP1 ZRP2 ZRP2 ZRP4 

Ti-mgnt Ti-mgnt 
Ti-
mgnt 

Ti-
mgnt 

Ti-mgnt 
Ti-
mgnt 

Ti-
mgnt 

Ti-
mgnt 

16.64 14.03 11.10 12.73 11.14 10.65 11.34 11.57 

0.61 1.18 2.16 1.93 0.79 0.88 0.84 1.35 

67.60 73.84 77.64 74.91 79.83 76.07 76.67 75.56 

3.35 3.77 2.14 1.96 3.28 3.15 2.93 1.97 

0.12 0.49 2.60 1.66 1.08 1.31 1.21 1.85 

0.00 0.17 0.00 0.26 0.07 0.00 0.02 0.00 

88.32 93.49 95.64 93.46 96.82 92.83 93.55 92.88 

        

        
0.516 0.407 0.307 0.364 0.310 0.308 0.327 0.333 

0.030 0.054 0.094 0.087 0.034 0.040 0.038 0.061 

1.391 1.255 1.098 1.207 1.145 1.134 1.163 1.166 

0.939 1.127 1.292 1.177 1.328 1.314 1.292 1.250 

0.117 0.123 0.067 0.063 0.103 0.103 0.095 0.064 

0.007 0.028 0.143 0.094 0.060 0.075 0.069 0.105 

0.000 0.005 0.000 0.008 0.002 0.000 0.001 0.000 

3.000 3.000 3.000 3.000 2.997 2.997 3.000 2.996 

        
0.00 9.01 0.00 8.38 5.61 0.00 1.57 0.00 

        
 

Table 5 

Representative EDS analysis of clinopyroxene crystals of investigated rocks 
   

            
facies mafic enclaves 

   
hybrid enclave 

  
sample ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C M6C M6C M6C M6C M6C 

spot gm core rim gm gm gm gm gm gm core rim 

SiO2 50.72 50.86 51.77 49.04 49.41 52.07 51.83 45.62 46.89 49.04 49.78 

TiO2 0.45 0.86 0.71 1.29 1.19 0.59 1.24 3.22 2.05 1.18 0.88 



Al2O3 2.36 2.42 2.02 5.09 4.24 2.14 2.69 7.52 7.40 3.51 3.57 

FeO 8.24 8.39 8.23 8.14 8.02 7.78 8.14 9.60 7.18 9.28 7.53 

MnO 0.39 0.50 0.78 0.26 0.45 0.51 0.55 0.38 0.31 0.59 0.42 

MgO 13.78 13.40 13.72 13.70 13.09 14.17 13.89 11.71 12.32 12.62 14.32 

CaO 22.48 22.36 21.77 21.16 21.69 22.27 23.45 22.43 22.65 21.88 22.08 

Na2O 0.68 0.76 0.58 0.43 0.81 0.78 0.51 0.41 0.37 0.77 0.62 

Cr2O3 0.00 0.00 0.00 0.10 0.04 0.06 0.05 0.00 0.00 0.15 0.09 

Sum 99.93 99.78 100.29 99.91 99.65 100.51 102.82 101.67 100.99 99.02 99.27 

            
Cations per formula unit 

          
Si 1.916 1.914 1.940 1.843 1.867 1.934 1.897 1.715 1.767 1.868 1.872 

Ti 0.013 0.024 0.020 0.036 0.034 0.016 0.034 0.091 0.058 0.034 0.025 

Al
VI

 0.022 0.022 0.030 0.068 0.056 0.028 0.013 0.048 0.096 0.026 0.030 

Al
IV

 0.084 0.086 0.060 0.157 0.133 0.066 0.103 0.285 0.233 0.132 0.128 

Fe 0.260 0.264 0.258 0.256 0.253 0.242 0.249 0.302 0.226 0.296 0.237 

Mn 0.013 0.016 0.025 0.008 0.014 0.016 0.017 0.012 0.010 0.019 0.013 

Mg 0.776 0.752 0.766 0.767 0.737 0.784 0.758 0.656 0.692 0.717 0.803 

Ca 0.910 0.902 0.875 0.852 0.878 0.886 0.920 0.903 0.915 0.893 0.890 

Na 0.050 0.055 0.043 0.032 0.059 0.056 0.036 0.030 0.027 0.057 0.045 

Cr 0.000 0.000 0.000 0.003 0.002 0.000 0.002 0.000 0.000 0.005 0.003 

            
Sum 4.043 4.035 4.016 4.022 4.034 4.030 4.028 4.043 4.024 4.045 4.045 

            
Wollastonite(Ca) 46.45 46.64 45.46 45.24 46.62 45.96 47.31 48.21 49.63 46.41 45.80 

Enstatite(Mg) 13.93 14.47 14.70 14.01 14.22 13.36 13.70 16.76 12.82 16.35 12.88 

Ferrosilite(Fe) 39.62 38.89 39.84 40.75 39.16 40.67 38.99 35.03 37.55 37.24 41.32 

            
Mg#  74.89 74.02 74.82 75.00 74.43 76.44 75.25 68.50 75.34 70.79 77.22 

            
Major and minor oxides as wt.%.  b.d.l.: below detection limit; micro: microlite; gm: groundmass. The cation 
proportions of clinopyroxenes are calculated on the basis of 6 oxygens. Mg # atomic [Mg

2+
/(Mg

2+
 + 

Fetot)]*100. 

 

 

          

          
felsic enclaves 

  
Zaro lava 

   
ZR3B ZR3B ZR3B ZR3B ZR3B M1 M1 M1 M1 M1 

core rim core rim micro core  rim gm gm gm 

51.28 51.27 51.88 50.81 52.10 51.21 51.40 51.74 50.39 51.36 

0.72 0.71 0.43 0.68 0.66 0.75 0.75 0.54 1.45 0.88 

1.86 2.01 1.44 2.37 2.37 1.88 2.36 2.32 2.23 2.25 

7.22 7.49 8.10 7.62 7.78 8.35 7.87 8.33 10.24 10.16 

0.64 0.63 1.14 0.69 0.83 0.45 0.93 0.65 1.13 1.13 

13.84 13.89 13.04 13.55 13.88 13.38 13.43 13.45 12.09 12.70 

22.62 22.96 22.23 22.58 22.83 22.50 22.29 22.73 21.01 21.19 

0.26 0.81 0.46 0.44 0.23 0.77 0.46 0.40 0.97 0.88 

0.00 0.00 0.14 0.08 0.00 0.00 0.13 0.00 0.00 0.00 

100.62 99.81 99.78 101.18 
 

100.26 101.04 100.17 101.31 
 

          

          
1.940 1.922 1.963 1.921 1.930 1.932 1.927 1.932 1.915 1.926 



0.020 0.020 0.012 0.019 0.018 0.021 0.021 0.015 0.041 0.025 

0.022 0.011 0.028 0.027 0.034 0.015 0.031 0.034 0.015 0.026 

0.060 0.078 0.037 0.079 0.070 0.068 0.073 0.068 0.085 0.074 

0.228 0.235 0.256 0.241 0.241 0.264 0.247 0.260 0.326 0.319 

0.020 0.020 0.036 0.022 0.026 0.014 0.030 0.021 0.036 0.036 

0.780 0.776 0.735 0.764 0.766 0.753 0.751 0.748 0.685 0.710 

0.917 0.922 0.901 0.915 0.906 0.910 0.895 0.909 0.855 0.851 

0.019 0.059 0.034 0.032 0.017 0.056 0.034 0.029 0.071 0.064 

0.000 0.000 0.004 0.002 0.000 0.000 0.004 0.000 0.000 0.000 

          
4.008 4.043 4.007 4.022 4.008 4.033 4.018 4.017 4.029 4.031 

          
47.11 47.22 46.71 47.11 46.73 46.88 46.58 46.91 44.98 44.43 

12.79 13.05 15.17 13.55 13.77 14.32 14.38 14.49 19.02 18.51 

40.10 39.74 38.12 39.34 39.51 38.79 39.04 38.60 36.00 37.06 

          
77.35 76.77 74.16 76.02 76.08 74.07 75.25 74.20 67.78 69.02 

          

          

       

       
pumices 

     
ZRP1 ZRP1 ZRP2 ZRP2 ZRP3 ZRP4 ZRP4 

core rim core rim gm core rim 

51.29 51.78 49.05 51.62 50.11 50.40 50.93 

0.72 0.45 0.78 0.46 0.81 0.51 0.88 

1.45 1.22 1.55 1.49 1.71 1.24 2.38 

10.29 10.01 12.75 8.62 12.16 10.18 7.55 

1.49 1.52 1.50 1.30 1.52 1.51 0.53 

11.74 11.87 9.51 12.91 10.31 11.03 13.99 

21.64 21.94 20.43 22.11 21.03 21.38 22.48 

1.34 1.30 1.77 1.17 1.59 1.19 0.61 

0.00 0.02 0.06 0.02 0.06 0.05 0.04 

100.09 100.15 97.41 99.84 99.38 97.51 99.50 

       

       
1.947 1.960 1.939 1.948 1.934 1.962 1.913 

0.021 0.013 0.023 0.013 0.024 0.015 0.025 

0.012 0.014 0.011 0.015 0.012 0.019 0.018 

0.053 0.040 0.061 0.052 0.066 0.038 0.087 

0.327 0.317 0.421 0.272 0.393 0.331 0.237 

0.048 0.049 0.050 0.042 0.050 0.050 0.017 

0.664 0.670 0.560 0.726 0.593 0.640 0.783 

0.880 0.890 0.865 0.894 0.870 0.892 0.905 

0.099 0.095 0.136 0.086 0.119 0.090 0.044 

0.000 0.001 0.002 0.001 0.002 0.002 0.001 

       
4.050 4.048 4.069 4.048 4.062 4.039 4.031 

       
45.86 46.22 45.60 46.23 45.65 46.62 46.59 

19.52 18.99 24.86 16.22 23.21 19.93 13.08 

34.62 34.79 29.53 37.55 31.14 33.46 40.33 

       
67.04 67.88 57.07 72.75 60.18 65.89 76.76 



       

       
Table 6 

Representative EDS analysis of feldspar crystals of investigated rocks 
  

           
facies mafic enclave 

        
sample ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  ZR3C  

spot gm core core rim gm gm gm gm gm gm 

SiO2 50.8 47.5 47.2 60.7 57.4 52.5 51.7 61.8 65.1 65.1 

Al2O3 31.2 34.4 34.0 24.0 25.3 28.0 29.0 24.0 19.4 19.5 

FeO 0.3 0.9 0.6 0.2 0.7 0.9 1.5 0.6 0.4 0.2 

CaO 14.2 17.1 17.3 5.0 7.6 10.8 11.9 5.2 1.2 0.9 

Na2O 3.5 1.9 1.8 7.7 7.2 4.9 4.4 8.3 6.1 5.7 

K2O 0.1 0.1 0.0 1.4 0.6 0.3 0.3 1.0 7.8 8.3 

Sum 100.99 103.08 101.24 100.20 100.21 97.91 99.03 101.43 100.42 100.56 

           
Cations per formula unit 

        
Si 2.309 2.145 2.150 2.728 2.599 2.444 2.387 2.729 2.941 2.942 

Al 1.670 1.830 1.827 1.270 1.353 1.535 1.579 1.250 1.030 1.038 

Fe 0.013 0.036 0.021 0.007 0.026 0.033 0.057 0.021 0.017 0.008 

Ca 0.693 0.826 0.843 0.242 0.369 0.539 0.588 0.247 0.057 0.042 

Na 0.311 0.168 0.156 0.673 0.631 0.444 0.398 0.707 0.536 0.497 

K 0.003 0.006 0.000 0.079 0.035 0.015 0.015 0.058 0.449 0.478 

           
Sum 5.008 5.027 5.012 5.013 5.052 5.018 5.027 5.022 5.036 5.021 

           
An mol% 0.69 0.83 0.84 0.24 0.37 0.54 0.59 0.25 0.06 0.04 

Ab mol% 0.31 0.17 0.16 0.67 0.65 0.44 0.40 0.71 0.54 0.50 

Or mol % 0.01 0.01 0.00 0.09 0.04 0.02 0.02 0.06 0.45 0.48 

           
Major oxides as wt.%. ph:phenocryst; micro: microphenocryst; gm: groundmass. The cation proportions 
of feldspars are calculated on the basis of 32 oxygens. An: anorthite; Ab: albite; Or: orthoclase. 

 

              
hybrid enclave 

           
M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C  

micro gm micro core rim core rim core rim micro micro  core rim  

64.7 64.3 61.7 51.3 56.7 45.6 46.2 64.8 64.3 64.8 64.8 63.4 66.7  

19.7 20.4 24.0 29.4 26.9 33.0 33.0 19.3 19.7 19.7 19.8 19.7 19.7  

0.4 0.3 0.3 0.8 0.5 0.5 0.3 0.4 0.1 0.5 0.2 0.3 0.6  

0.9 1.0 5.4 12.8 9.1 17.2 16.6 0.7 1.0 1.0 0.8 1.0 0.4  

4.4 4.8 7.3 3.7 5.7 1.8 2.0 4.3 4.4 5.7 5.6 4.5 5.2  

9.8 9.3 1.7 0.5 0.7 0.3 0.2 10.3 9.6 7.8 8.3 9.4 9.4  

100.76 102.54 101.45 99.48 100.05 99.02 98.64 100.03 99.62 99.72 99.82 98.62 102.26  

             
 

             
 

2.932 2.893 2.731 2.365 2.560 2.136 2.162 2.950 2.937 2.936 2.937 2.924 2.961  

1.053 1.082 1.253 1.595 1.432 1.825 1.819 1.038 1.059 1.054 1.057 1.069 1.031  

0.016 0.011 0.012 0.030 0.017 0.019 0.012 0.016 0.003 0.020 0.008 0.012 0.021  

0.044 0.048 0.258 0.633 0.438 0.862 0.832 0.034 0.048 0.048 0.038 0.051 0.017  



0.390 0.415 0.630 0.327 0.500 0.160 0.181 0.377 0.392 0.504 0.495 0.404 0.451  

0.568 0.535 0.096 0.027 0.041 0.015 0.010 0.597 0.559 0.450 0.478 0.553 0.533  

             
 

5.013 5.032 5.005 5.007 4.995 5.038 5.024 5.019 5.009 5.014 5.021 5.020 5.016  

             
 

0.04 0.05 0.26 0.63 0.44 0.86 0.83 0.03 0.05 0.05 0.04 0.05 0.02  

0.39 0.45 0.64 0.34 0.51 0.18 0.19 0.38 0.40 0.50 0.50 0.41 0.45  

0.57 0.54 0.10 0.03 0.04 0.02 0.01 0.60 0.56 0.45 0.48 0.56 0.54  

 

trachitic lava 
        

pumices 
  

ZR3B ZR3B ZR3B ZR3B ZR3B M1 M1 M1 M1 M1 ZRP1 ZRP1 ZRP1  

ph micro ph  core rim core rim micro core rim 
   

 

66.1 66.6 65.7 66.4 65.0 62.7 66.3 66.1 64.4 63.8 66.49 66.09 65.63  

19.8 19.2 19.5 19.7 19.7 20.7 19.2 19.9 19.6 18.9 19.89 19.62 19.71  

0.1 0.6 0.6 0.8 0.7 0.3 0.3 0.6 
  

0.39 0.45 0.35  

0.9 0.0 0.6 0.9 0.9 3.0 0.5 1.1 1.0 0.4 0.53 0.35 0.67  

5.0 5.2 5.6 5.4 5.4 7.1 6.3 6.0 5.3 5.5 7.06 6.85 7.2  

9.0 9.1 8.1 7.7 8.4 3.3 7.6 6.8 8.5 8.5 6.56 6.92 6.12  

101.51 101.5 100.54 101.86 100.25 98.705 101.9 101.76 99.4 97.64 100.92 100.72 100.13  

             
 

             
 

2.952 2.982 2.950 2.950 2.937 2.865 2.958 2.938 2.934 2.955 2.954 2.955 2.946  

1.045 1.016 1.032 1.033 1.047 1.114 1.010 1.041 1.055 1.029 1.042 1.034 1.043  

0.003 0.024 0.023 0.030 0.025 0.013 0.012 0.024 0.000 0.000 0.014 0.017 0.013  

0.044 0.000 0.030 0.042 0.042 0.144 0.022 0.053 0.048 0.021 0.025 0.017 0.032  

0.433 0.454 0.486 0.469 0.476 0.631 0.541 0.521 0.467 0.492 0.608 0.594 0.627  

0.511 0.521 0.467 0.434 0.482 0.194 0.432 0.387 0.497 0.500 0.372 0.395 0.350  

             
 

4.992 4.997 5.001 4.977 5.014 4.991 5.015 4.981 5.020 5.027 5.015 5.022 5.021  

             
 

0.04 0.00 0.03 0.04 0.04 0.14 0.02 0.05 0.05 0.02 0.03 0.02 0.03  

0.43 0.45 0.49 0.47 0.48 0.65 0.56 0.52 0.47 0.50 0.61 0.61 0.63  

0.51 0.52 0.47 0.44 0.48 0.20 0.43 0.39 0.50 0.50 0.37 0.39 0.35  

 

           
ZRP2 ZRP2 ZRP2 ZRP3 ZRP3 ZRP3 ZRP4 ZRP4 ZRP4 ZRP4 ZRP4 

           
64.31 65.14 64.57 64.73 64.89 64.69 64.73 64.73 65.31 64.69 63.98 

19.84 18.96 19.77 19.55 19 19.15 19.29 19.44 18.99 19.34 19.5 

0.61 0.39 0.44 0.33 0.21 0.18 0.19 0.24 0.29 0.36 0.63 

0.86 0.23 0.67 0.8 0.34 0.52 0.61 0.83 0.44 0.67 0.91 

7.5 6.97 6.23 6.61 6.48 6.52 6.22 5.93 6.8 6.49 5.93 

5.35 6.54 7.16 6.82 7.18 7.02 7.33 7.73 6.68 6.89 6.99 

98.66 98.57 99.19 98.92 98.47 98.31 98.37 99.31 98.89 98.58 98.75 

           

           
2.925 2.969 2.936 2.943 2.967 2.960 2.958 2.946 2.969 2.951 2.932 

1.064 1.019 1.060 1.048 1.024 1.033 1.039 1.043 1.018 1.040 1.053 

0.023 0.015 0.017 0.013 0.008 0.007 0.007 0.009 0.011 0.014 0.024 

0.042 0.011 0.033 0.039 0.017 0.025 0.030 0.040 0.021 0.033 0.045 

0.661 0.616 0.549 0.583 0.574 0.578 0.551 0.523 0.599 0.574 0.527 



0.310 0.380 0.415 0.396 0.419 0.410 0.427 0.449 0.387 0.401 0.409 

           
5.029 5.019 5.017 5.022 5.018 5.018 5.012 5.019 5.016 5.016 5.009 

           
0.04 0.01 0.03 0.04 0.02 0.03 0.03 0.04 0.02 0.03 0.04 

0.66 0.62 0.55 0.58 0.58 0.58 0.55 0.53 0.61 0.58 0.54 

0.31 0.38 0.42 0.40 0.42 0.41 0.43 0.45 0.39 0.40 0.42 

           
 

Table 7 

Representative EDS analysis of biotite crystals from investigated rocks 
  

          
facies mafic enclaves hybrid enclave felsic enclaves 

Sample ZR3C ZR3C M6C M6C M6C ZR3B ZR3B ZR3B ZR3B 

spot gm gm micro micro micro core rim gm gm 

SiO2 34.38 34.39 36.37 36.34 37.11 36.77 35.92 37.10 40.45 

TiO2 7.12 8.65 8.01 7.56 5.65 6.63 6.79 7.45 4.07 

Al2O3 13.58 13.73 14.53 14.67 14.39 13.84 12.78 13.41 11.63 

FeO 13.25 12.64 11.98 13.26 13.23 12.59 15.94 13.78 10.87 

MnO 0.09 0.16 0.42 0.05 0.37 0.44 0.68 0.38 1.02 

MgO 16.07 15.18 14.13 14.52 15.33 15.33 15.25 16.08 16.86 

CaO 0.33 0.00 0.27 0.30 0.00 0.00 0.00 0.00 0.11 

Na2O 1.08 1.16 0.68 0.92 0.53 0.35 0.77 0.51 0.33 

K2O 8.58 8.17 9.57 9.31 9.78 8.88 8.94 9.23 9.92 

BaO 0.59 0.26 0.57 1.37 0.13 0.49 0.47 0.42 0.50 

SrO 0.34 0.36 0.39 0.55 0.10 0.05 0.00 0.00 0.32 

Cl
-
 0.15 0.14 0.17 0.02 0.05 0.08 0.01 0.09 0.05 

F
-
 4.30 3.83 0.52 1.25 0.48 0.00 3.15 2.69 4.62 

Sum 99.84 98.66 97.62 100.15 97.16 95.46 100.71 100.13 100.75 

          
Cations per formula unit 

       
Si 2.592 2.590 2.678 2.651 2.735 2.734 2.671 2.694 2.970 

Ti 0.404 0.490 0.443 0.415 0.313 0.371 0.380 0.407 0.225 

Al 1.207 1.219 1.261 1.262 1.250 1.213 1.120 1.148 1.006 

Fe 0.835 0.796 0.738 0.809 0.815 0.783 0.991 0.837 0.667 

Mn 0.006 0.010 0.026 0.003 0.023 0.028 0.043 0.023 0.063 

Mg 1.806 1.704 1.551 1.579 1.684 1.699 1.691 1.741 1.845 

Ca 0.027 0.000 0.021 0.023 0.000 0.000 0.000 0.000 0.009 

Na 0.158 0.169 0.097 0.130 0.076 0.050 0.111 0.072 0.047 

K 0.825 0.785 0.899 0.867 0.920 0.842 0.848 0.855 0.929 

Ba 0.017 0.008 0.016 0.039 0.004 0.014 0.014 0.012 0.014 

Sr 0.015 0.016 0.017 0.023 0.004 0.002 0.000 0.000 0.014 

F 1.025 0.912 0.121 0.288 0.112 0.000 0.741 0.618 1.073 

Cl 0.019 0.018 0.021 0.002 0.006 0.010 0.001 0.011 0.006 

          
Sum 7.892 7.788 7.747 7.802 7.824 7.736 7.869 7.789 7.790 

          

          
Mg# 68.37 68.16 67.77 66.12 67.38 68.46 63.04 67.53 73.44 

          
Major and minor oxides as wt.%.  micro: microlite; gm: groundmass. The cation proportions of biotites are 
calculated on the basis of 22oxygens. Mg # = atomic [Mg

2+
/(Mg

2+
 + Fetot)]*100. 



 

       

       
Zaro lava pumices 

M1 M1 ZRP1 ZRP1 ZRP2 ZRP2 ZRP4 

micro micro 
     

35.87 36.08 37.11 38.25 38 37.99 37.21 

5.95 7.26 6.2 4.19 4.04 3.3 4.12 

13.98 13.95 13.4 12.01 12.26 11.76 12.28 

14.91 13.44 13.31 13.97 14.83 13.92 13.51 

0.72 0.27 0.45 0.93 0.9 0.81 0.71 

15.16 15.30 16.21 15.99 16.04 16.46 15.59 

0.00 0.20 0 0.03 0 0.11 0.1 

0.71 0.86 0.87 1.07 1.05 0.77 0.83 

9.21 9.03 8.84 8.85 8.99 8.75 8.83 

1.60 0.68 0.45 0 0 0.38 0.36 

0.16 0.10 0 0 0.35 0 0.11 

0.08 0.00 0.12 0.06 0 0.08 0.09 

2.54 3.32 1.92 2.49 2.8 3.18 1.98 

100.87 100.50 98.88 97.83 99.25 97.51 95.74 

       

       
2.659 2.661 2.729 2.861 2.828 2.878 2.838 

0.332 0.403 0.343 0.236 0.226 0.188 0.236 

1.222 1.213 1.162 1.059 1.076 1.050 1.104 

0.924 0.829 0.819 0.874 0.923 0.882 0.862 

0.045 0.017 0.028 0.059 0.057 0.052 0.046 

1.675 1.682 1.777 1.783 1.780 1.859 1.773 

0.000 0.016 0.000 0.002 0.000 0.009 0.008 

0.102 0.123 0.124 0.155 0.152 0.113 0.123 

0.871 0.850 0.829 0.845 0.854 0.846 0.859 

0.046 0.020 0.013 0.000 0.000 0.011 0.011 

0.007 0.004 0.000 0.000 0.015 0.000 0.005 

0.596 0.774 0.447 0.589 0.659 0.762 0.478 

0.010 0.000 0.015 0.008 0.000 0.010 0.012 

       
7.885 7.816 7.824 7.874 7.910 7.888 7.865 

       

       
64.44 66.99 68.46 67.11 65.85 67.82 67.29 

       

       
Table 8 

C.I.P.W. norms of Zaro  whole-rock samples   
     

          
facies mafic enclave 

 
felsic enclave Zaro lava 

  
sample ZR3C ZR1C M4C ZR3B ZR1B ZR3A ZR1A M1 M3 

qz 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

cor 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

or 17.0 17.6 18.5 41.0 38.5 41.3 38.0 40.0 40.3 

ab 29.0 25.5 28.4 40.1 43.6 42.0 42.3 43.9 42.2 

an 20.4 19.8 19.7 0.5 0.4 2.8 0.0 3.0 8.0 



ne 4.3 6.6 5.0 7.5 7.1 4.7 7.8 4.0 0.6 

lc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ac 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0 

di 13.2 15.1 12.6 6.1 5.5 4.3 5.7 4.1 1.2 

hy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ol 8.1 8.1 8.0 0.7 1.0 1.7 1.1 1.6 2.6 

mt 2.7 2.8 2.7 1.2 1.3 1.3 0.8 1.3 1.2 

il 2.6 2.6 2.5 1.2 1.1 1.2 1.1 1.2 1.2 

hm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ap 0.9 0.9 0.9 0.3 0.2 0.3 0.2 0.3 0.3 

aq 0.8 0.9 0.8 1.3 0.8 0.8 0.9 1.9 2.3 

Total 99.1 99.8 99.1 100.0 99.5 100.4 98.7 101.2 99.8 

          
Normative contents were calculated on water-free basis, using Fe2O3/FeO ratios = 0,2 for shoshonites and 0,4 
for trachytes.  

          

          

          
M4 M5 M6N M7 M8 M9 M2 M5B M10 M12B 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

39.2 41.9 40.1 38.8 41.0 39.5 41.3 41.6 39.4 43.9 

43.5 42.2 42.9 43.2 43.2 43.3 42.7 42.0 44.4 39.9 

0.5 4.2 2.2 1.4 4.5 1.6 4.8 3.8 1.9 4.9 

6.9 3.2 4.9 5.4 2.6 5.6 2.1 3.2 4.7 1.3 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

5.6 3.9 4.5 5.2 3.1 5.0 3.0 4.1 4.5 2.4 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.9 1.8 1.4 1.1 2.1 1.2 2.1 1.7 1.5 2.3 

1.2 1.3 1.3 1.2 1.3 1.2 1.3 1.3 1.3 1.2 

1.1 1.2 1.2 1.1 1.2 1.1 1.2 1.2 1.2 1.2 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.2 0.3 0.3 0.2 0.3 0.2 0.3 0.3 0.3 0.3 

0.7 1.4 1.0 1.9 0.7 0.8 0.9 1.1 0.9 0.8 

99.9 101.4 99.6 99.6 100.0 99.6 99.8 100.3 99.9 98.3 

          

          

     

     

 
pumices 

   
M13B ZRP1 ZRP2 ZRP3 ZRP4 

0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 

41.3 34.8 34.3 34.3 35.1 

41.8 44.3 45.0 44.1 42.8 

3.7 0.0 0.0 0.0 0.0 

3.4 6.9 6.8 7.0 7.4 

0.0 0.0 0.0 0.0 0.0 

0.0 1.0 0.9 1.0 1.0 

4.1 4.5 4.4 4.4 4.6 

0.0 0.0 0.0 0.0 0.0 

1.5 1.8 1.7 1.7 1.7 

1.2 0.0 0.0 0.0 0.0 

1.2 0.9 0.9 0.9 0.9 



0.0 0.0 0.0 0.0 0.0 

0.3 0.1 0.1 0.1 0.1 

1.3 0.0 0.0 0.0 0.0 

99.9 95.5 95.1 94.5 95.0 

     

     
Table 9 

Sr-Nd isotopic composition of whole rocks and minerals of Zaro products 
  

        

whole rocks 
   

minerals 

 
87

Sr/
86

Sr 2s 
143

Nd/
144

Nd  2s 
 

87
Sr/

86
Sr 2s 

mafic enclaves 
   

mafic enclaves 
 

ZR3C 0.704954 ± 0.000006 0.512681 ± 0.000006 ZR3C ol 0.704859 ± 0.000006 

ZR1C 0.705005 ± 0.000005 0.512685 ± 0.000006 ZR3C cpx 0.705621 ± 0.000006 

     
ZR3C cpx2  0.705604 ± 0.000011 

     
ZR3C feld 0.706232 ± 0.000006 

     
ZR3C feld2 0.706023 ± 0.000006 

     
ZR1C ol 0.704933 ± 0.000005 

     
ZR1C cpx 0.705804 ± 0.000005 

     
ZR1C feld 0.706189 ± 0.000005 

        

        
hybrid enclave 

   
hybrid enclave 

 
M6C 0.7058204 ± 0.000005 

  
M6C cpx 0.705897 ± 0.000008 

     
M6C feld 0.706207 ± 0.000005 

        
felsic enclaves 

   
felsic enclaves 

 
ZR3B 0.7061 ± 0.000007 0.512551 ± 0.000006 ZR3B cpx 0.705972 ± 0.000007 

ZR1B 0.706083 ± 0.000006 0.512558 ± 0.000006 ZR3B feld 0.706189 ± 0.000007 

     
ZR1B cpx 0.706100 ± 0.000006 

     
ZR1B feld 0.706143 ± 0.000006 

Zaro lava 
       

M1 0.706108 ± 0.000005 
     

ZR1A 0.706094 ± 0.000006 
  

Zaro lava 
  

M9 0.706094 ± 0.000006 0.512552 ± 0.000006 M1 cpx 0.706131 ± 0.000008 

M8 0.706078 ± 0.000006 0.512553 ± 0.000006 M1 feld 0.706187 ± 0.000006 

M5 0.70608 ± 0.000006 
  

ZR1A cpx 0.706233 ± 0.000006 

ZR3A 0.706149 ± 0.000007 
  

ZR1A feld 0.706193 ± 0.000005 

M6N 0.706088 ± 0.000006 0.512567 ± 0.000008 
   

M2 0.706071 ± 0.000006 0.512557 ± 0.000006 
   

M5B 0.706095 ± 0.000005 0.512568 ± 0.000006 
   

M13B 0.706101 ± 0.000006 
     



        
pumices 

    
ZRP1 feld 0.70616 ± 0.000007 

        

        
2s is the standard deviation and refers to each measurement. 

   

        
Table 10 

O-isotope composition of minerals of Zaro rocks. 

     

 
δ

18
O (‰)  ±1σ  SiO2 (wt. %) δ

18
Omelt (‰) 

mafic enclave 

ZR3C 
  

51.50 
 

ZR1C   
  

51.81 
 

ZR3C ol 5.44 0.15 
 

6.43 

ZR1C cpx 4.82 0.15 
 

5.26 

ZR3C cpx 4.75 0.15 
 

5.19 

ZR3C feld 5.62 0.15 
 

5.57 

     
felsic enclave 

ZR3B 
  

60.97 
 

ZR1B 
  

61.21 
 

ZR1B cpx 4.61 0.15 
 

5.62 

ZR3B cpx 4.65 0.15 
 

5.65 

ZR1B feld 5.98 0.15 
 

6.18 

     
Zaro lava 

    
ZR1A   

  
60.68 

 
M1 

  
61.71 

 
ZR1A cpx 4.63 0.15 

 
5.61 

M1 cpx 4.64 0.15 
 

5.68 

M1 feld 5.91 0.15 
 

6.13 

     
The error on each measurement is calculated as standard deviation of the San Carlos olivine standard and 
is ~ 0.15‰.  
Errors for melt values were obtained by measurements errors. δ

18
O melt is calculated using the formula 

Δ(melt-min)= a[SiO2 wt.%] + b after Bindeman et al., (2004). 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Supplementary Material 3 

Table 1 

 

Detailed concentration profiles of major and minor elements along transects in the A-MS 
zoned clinopyoxene crystals 

         Member A1 A1 A1 A1 A1 A1 A1 A1 

Crystal n° cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 

line n° line1 line1 line1 line1 line1 line1 line1 line1 

Spot n° 1 2 3 4 5 6 7 8 

SiO2 53.67 52.46 52.93 52.98 53.13 52.89 53.05 53.23 

TiO2 - - - - - - - - 

Al2O3 1.96 2.05 1.97 2.03 1.96 2.07 2.09 2.05 
FeOtot 4.26 4.64 4.57 4.62 4.17 4.33 4.53 4.43 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 16.26 15.95 16.01 16.03 16.25 16.22 16.14 16.23 
CaO 23.92 23.57 23.29 23.43 24.05 23.62 23.63 23.77 

Na2O 0.16 0.27 0.18 0.23 0.20 0.16 0.18 0.20 

K2O 0.02 0.01 0.00 0.04 0.01 - - 0.01 
NiO 0.10 0.00 0.10 - 0.07 0.16 0.02 0.06 

Cr2O3 0.12 0.24 0.15 0.21 0.23 0.21 0.17 0.15 

 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Sum 100.55 99.29 99.26 99.62 100.15 99.75 99.87 100.23 

          0 2.5 5 7.5 10 12.5 15 17.5 

         Mg# 87 86 86 86 87 87 86 87 

         Wollastonite 48 48 47 47 48 48 48 48 

Ferrosilite 7 7 7 7 7 7 7 7 

Enstatite 45 45 45 45 45 46 45 45 

         Al IV 0.044 0.058 0.045 0.049 0.054 0.055 0.052 0.052    



Al VI 0.040 0.032 0.041 0.039 0.031 0.035 0.039 0.037 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

9 10 11 12 13 14 15 16 17 18 

52.78 52.28 52.82 53.01 53.02 48.98 50.80 51.14 50.88 51.14 

- - - - - - - - - - 

2.19 1.93 2.12 2.13 2.21 5.23 3.78 3.35 3.10 3.23 

4.26 4.27 3.88 4.52 5.38 7.02 6.69 7.17 6.88 7.37 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.08 16.42 16.39 16.10 15.66 13.54 14.08 14.13 14.19 13.89 

23.58 23.89 24.22 23.78 23.65 23.18 23.03 22.99 22.89 23.07 

0.20 0.12 0.13 0.18 0.20 0.38 0.37 0.43 0.38 0.43 

0.02 0.02 - 0.02 0.03 - 0.01 - 0.03 - 

0.11 0.05 0.03 0.03 0.06 0.05 0.08 0.04 0.01 0.03 

0.11 0.12 0.11 0.08 0.12 0.04 - - - 0.01 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.42 99.17 99.72 99.93 100.38 98.42 98.94 99.36 98.46 99.24 

          20 22.5 25 27.5 30 32.5 35 37.5 40 42.5 

          87 87 88 86 84 77 79 78 79 77 

          48 48 48 48 48 49 48 48 48 48 

7 7 6 7 8 12 11 12 11 12 

45 46 46 45 44 40 41 41 41 40 

          0.054 0.063 0.059 0.054 0.055 0.147 0.095 0.087 0.082 0.083 

0.041 0.021 0.032 0.039 0.040 0.087 0.072 0.061 0.056 0.060 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line2 

19 20 21 22 23 24 25 26 27 1 

50.56 51.18 51.29 50.86 50.61 50.65 50.87 50.51 51.39 52.71 

- - - - - - - - - - 

3.29 3.15 3.17 3.41 3.44 3.06 3.16 3.44 3.40 2.49 

7.43 7.40 7.06 7.73 7.60 7.32 7.69 8.05 7.63 3.74 



0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13.75 13.82 13.77 13.75 13.43 13.55 13.79 13.16 13.52 16.30 

22.79 23.18 22.77 22.75 22.83 23.23 22.92 22.98 22.52 24.23 

0.42 0.44 0.48 0.51 0.36 0.36 0.52 0.46 0.51 0.13 

0.01 0.03 - - 0.01 0.02 0.02 0.04 0.04 0.02 

0.02 0.18 0.13 0.14 0.01 0.16 - 0.06 0.11 0.11 

- - - 0.11 0.04 0.04 0.08 0.02 0.05 0.17 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

98.41 99.42 98.67 99.38 98.46 98.45 99.16 98.83 99.22 99.93 

          45 47.5 50 52.5 55 57.5 60 62.5 65 0 

          77 77 78 76 76 77 76 74 76 89 

          48 48 48 47 48 49 48 48 48 49 

12 12 12 13 13 12 12 13 13 6 

40 40 40 40 39 39 40 38 40 46 

          0.087 0.083 0.072 0.091 0.086 0.083 0.087 0.090 0.075 0.068 

0.060 0.056 0.069 0.059 0.068 0.054 0.053 0.063 0.075 0.040 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

2 3 4 5 6 7 8 9 10 11 

52.09 52.44 51.98 52.51 52.59 52.25 50.94 50.41 50.30 51.20 

- - - - - - - - - - 

2.76 2.51 2.30 2.50 2.68 2.46 4.00 3.71 3.50 3.35 

3.87 3.69 3.90 3.82 3.87 5.04 6.53 7.21 7.55 7.61 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.10 16.25 16.13 16.09 16.39 15.30 14.30 13.63 13.38 13.45 

24.07 24.18 23.88 23.97 24.25 23.55 23.03 23.14 22.80 22.96 

0.11 0.18 0.09 0.15 0.14 0.17 0.37 0.39 0.40 0.40 

0.01 - 0.00 - 0.01 - - 0.04 - - 

0.03 0.02 0.01 0.03 0.06 0.01 0.08 0.13 0.14 0.06 

0.22 0.24 0.14 0.08 0.17 0.14 0.15 0.09 0.02 0.04 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.34 99.59 98.50 99.25 100.25 99.03 99.53 98.80 98.17 99.10 

          2.5 5 7.5 10 12.5 15 17.5 20 22.5 25 

          88 89 88 88 88 84 80 77 76 76 

          49 49 48 49 48 48 48 48 48 48 

6 6 6 6 6 8 11 12 12 12 

45 46 45 45 46 44 41 40 39 39 



          0.077 0.070 0.066 0.063 0.076 0.059 0.103 0.100 0.090 0.078 

0.043 0.039 0.035 0.046 0.039 0.049 0.073 0.065 0.066 0.070 
 

       

       A1 A1 A1 A1 A1 A1 A1 

cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 cpx 3 

line2 line2 line2 line2 line2 line2 line2 

12 13 14 15 16 17 18 

51.10 50.87 51.24 50.20 51.45 49.91 50.64 

- - - - - - - 

3.57 3.39 3.50 3.46 3.45 4.27 3.49 

7.75 7.69 7.78 7.67 7.69 8.12 8.06 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13.52 13.43 13.24 13.26 13.43 12.85 13.36 

23.42 23.09 22.64 23.13 22.77 22.59 22.78 

0.43 0.42 0.48 0.44 0.34 0.38 0.33 

0.00 0.02 - - 0.02 - - 

0.09 0.03 - - 0.03 0.02 0.01 

0.05 0.03 0.07 - 0.05 0.05 0.05 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.93 99.01 98.97 98.18 99.23 98.29 98.77 

       27.5 30 32.5 35 37.5 40 42.5 

       76 76 75 75 76 74 75 

       49 48 48 49 48 48 48 

13 13 13 13 13 14 13 

39 39 39 39 39 38 39 

       0.093 0.086 0.075 0.093 0.074 0.105 0.088 

0.064 0.065 0.080 0.062 0.078 0.086 0.067 
 
 
       



 

           
 
 

         A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

  
line1 line1 line1 line1 line1 line1 line1 line1 

core rim 1 2 3 4 5 6 7 8 

52.95 49.35 52.65 51.88 52.37 50.83 50.54 50.26 51.96 50.74 

0.34 0.99 0.46 0.39 0.48 0.58 0.63 0.60 0.61 0.64 

1.76 5.04 2.12 2.20 2.38 2.93 3.80 3.92 2.71 2.74 

3.91 8.33 4.59 4.50 5.12 5.77 6.49 7.35 7.77 8.05 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

17.05 12.61 16.07 16.06 15.97 15.04 14.33 13.88 14.06 13.73 

22.30 22.80 23.43 23.40 23.32 22.71 23.26 23.23 22.26 22.64 

0.07 0.53 0.15 0.12 0.11 0.16 0.27 0.34 0.55 0.54 

0.02 0.02 - - 0.00 - 0.02 0.02 0.03 0.01 

0.01 - 0.01 0.16 0.14 0.13 0.09 0.07 0.06 0.02 

0.32 0.03 0.01 0.11 0.02 - 0.04 0.07 0.01 - 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

98.73 99.70 99.55 98.91 99.94 98.23 99.50 99.82 100.05 99.20 

          

  
0 7 14 21 28 35 42 49 

          89 73 86 86 85 82 80 77 76 75 

          45 49 47 48 47 47 48 48 46 47 

6 14 7 7 8 9 10 12 13 13 



48 37 45 45 45 43 41 40 41 40 

          0.046 0.148 0.060 0.072 0.072 0.089 0.115 0.122 0.070 0.089 

0.031 0.075 0.032 0.024 0.031 0.041 0.052 0.050 0.048 0.032 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line2 

9 10 11 12 13 15 16 17 18 1 

50.92 50.89 50.67 51.01 49.89 50.32 50.68 51.12 50.98 52.18 

0.60 0.60 0.57 0.64 0.68 0.61 0.71 0.74 0.71 0.55 

2.84 2.72 3.11 2.98 3.16 3.17 3.03 3.25 3.24 3.04 

8.14 8.00 8.04 8.35 8.05 8.10 8.28 8.02 7.98 4.62 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13.71 13.51 13.48 13.68 13.43 13.59 13.22 13.26 13.49 16.07 

22.36 22.72 22.52 22.35 22.60 22.20 23.06 22.53 22.92 23.32 

0.54 0.56 0.48 0.41 0.48 0.44 0.43 0.41 0.48 0.19 

0.04 0.01 - - - - 0.00 0.06 - - 

0.05 0.08 0.11 - 0.05 0.06 0.05 0.07 0.06 0.00 

- 0.04 0.01 0.07 0.08 0.06 0.01 0.01 0.04 0.08 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.21 99.27 99.05 99.57 98.48 98.63 99.58 99.50 99.90 100.12 

          56 63 70 77 84 98 105 112 119 0 

          75 75 75 74 75 75 74 75 75 86 

          47 48 47 47 48 47 48 48 48 47 

13 13 13 14 13 13 13 13 13 7 

40 39 39 40 39 40 38 39 39 45 

          0.085 0.085 0.091 0.088 0.105 0.096 0.095 0.086 0.096 0.087 

0.041 0.036 0.047 0.043 0.036 0.045 0.039 0.058 0.047 0.044 
 

          

          
A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

2 3 4 5 6 7 8 10 11 13 

51.36 52.03 52.02 52.12 51.47 50.31 49.93 47.88 51.51 49.47 

0.54 0.61 0.39 0.47 0.46 0.64 0.85 0.67 0.54 0.57 



2.88 2.93 2.64 2.63 2.65 4.08 4.60 3.13 2.71 3.13 

4.64 4.53 4.29 4.57 4.66 5.68 6.23 7.40 7.70 7.71 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

16.09 16.44 16.09 16.10 15.97 14.68 14.29 14.65 13.80 12.93 

23.23 23.06 23.57 23.28 23.26 22.61 23.19 21.18 22.12 22.08 

0.10 0.15 0.19 0.10 0.10 0.23 0.29 0.66 0.49 0.46 

0.03 - 0.04 0.00 0.01 - 0.04 0.03 - 0.04 

0.01 0.13 0.02 0.14 0.06 0.06 0.04 0.01 0.04 0.09 

0.14 0.04 0.14 0.16 0.11 0.13 - 0.07 - 0.13 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.14 100.01 99.46 99.67 98.82 98.55 99.52 95.78 99.03 96.64 

          
5 10 15 20 25 30 35 40 45 50 

          
86 87 87 86 86 82 80 78 76 75 

          
47 47 48 47 47 48 48 45 47 48 

7 7 7 7 7 9 10 12 13 13 

45 46 45 45 45 43 41 43 41 39 

          
0.095 0.091 0.080 0.079 0.085 0.115 0.139 0.132 0.067 0.090 

0.031 0.036 0.035 0.035 0.031 0.065 0.063 0.011 0.052 0.052 
 

            

            

            

       

       A1 A1 A1 A1 A1 A1 A1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line2 line2 line2 line2 line2 line2 line2 

14 15 16 17 18 19 20 

51.33 50.63 50.84 51.10 51.21 50.87 49.65 

0.67 0.58 0.51 0.54 0.52 0.59 0.71 

2.95 2.81 2.72 2.70 2.68 2.94 3.75 

8.00 7.91 7.89 7.95 8.07 7.84 8.22            



0.00 0.00 0.00 0.00 0.00 0.00 0.00 

13.61 13.41 13.50 13.34 13.46 13.40 13.41 

22.28 22.14 22.41 22.65 22.46 22.66 22.70 

0.48 0.51 0.51 0.50 0.43 0.41 0.44 

- 0.01 - 0.01 0.02 - 0.03 

0.07 - 0.10 0.05 0.05 0.08 - 

0.08 0.05 0.04 0.05 0.05 - - 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.55 98.19 98.61 98.89 98.98 98.84 98.91 

       55 60 65 70 75 80 85 

       75 75 75 75 75 75 74 

       47 47 47 48 47 48 48 

13 13 13 13 13 13 13 

40 40 40 39 39 39 39 

       0.080 0.078 0.077 0.074 0.072 0.082 0.122 

0.050 0.048 0.044 0.046 0.047 0.049 0.045 
 
 

            

            

            

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6            



line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

1 2 3 4 5 6 7 8 9 10 

51.41 52.18 52.38 52.10 52.06 52.84 52.46 50.71 51.02 50.59 

0.45 0.41 0.47 0.38 0.44 0.45 0.39 0.77 0.71 0.70 

2.21 2.21 2.09 2.14 2.48 2.34 2.41 3.80 4.25 4.26 

3.55 3.73 3.59 3.91 3.85 3.87 4.57 4.97 5.26 5.38 

          16.53 16.43 16.24 16.43 16.34 16.25 16.27 15.20 15.26 14.92 

23.47 23.84 23.87 23.56 23.06 23.61 23.09 22.90 23.10 22.99 

0.13 0.22 0.13 0.15 0.14 0.14 0.10 0.23 0.16 0.27 

0.02 0.03 0.05 0.02 - - 0.03 - 0.04 - 

0.00 0.02 0.06 0.03 0.01 0.03 0.05 0.06 0.00 0.02 

0.46 0.41 0.25 0.25 0.22 0.13 0.17 0.08 0.06 0.10 

          98.29 99.54 99.13 99.04 98.76 99.81 99.56 98.83 99.90 99.30 

          0 10 20 30 40 50 60 70 80 90 

          89 89 89 88 88 88 86 84 84 83 

          48 48 48 48 47 48 47 48 48 48 

6 6 6 6 6 6 7 8 8 9 

47 46 46 46 47 46 46 44 44 43 

          0.083 0.077 0.065 0.071 0.071 0.063 0.068 0.111 0.120 0.121 

0.014 0.019 0.026 0.022 0.037 0.038 0.036 0.056 0.065 0.065 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

11 12 13 14 15 16 17 18 19 20 

49.99 50.07 49.85 49.73 50.18 50.46 51.40 50.13 49.76 50.41 

0.66 0.85 0.64 0.78 0.73 0.62 0.68 0.79 0.90 0.86 

4.42 4.27 4.61 4.72 4.47 4.01 3.99 4.36 4.70 4.54 

5.44 5.53 5.72 5.77 5.66 5.21 5.31 5.52 5.60 5.49 

          15.01 14.95 15.01 14.77 14.93 15.01 15.95 14.88 14.81 14.75 

22.88 23.00 22.59 23.07 23.45 23.19 23.09 23.09 22.95 22.53 

0.15 0.22 0.30 0.17 0.19 0.14 0.31 0.20 0.22 0.20 

- 0.00 - 0.02 - 0.02 0.00 0.01 0.01 0.02 

- 0.06 - 0.14 0.10 0.05 - 0.12 - 0.07 

0.11 - - 0.01 - 0.05 0.01 0.04 0.08 - 

          



98.78 99.12 98.80 99.23 99.83 98.88 100.75 99.19 99.10 98.97 

          100 110 120 130 140 150 160 170 180 190 

          83 83 82 82 82 84 84 83 82 83 

          48 48 47 48 48 48 47 48 48 48 

9 9 9 9 9 8 8 9 9 9 

43 43 44 43 43 43 45 43 43 43 

          0.132 0.133 0.137 0.145 0.139 0.118 0.121 0.133 0.144 0.124 

0.063 0.055 0.066 0.062 0.056 0.059 0.051 0.059 0.062 0.076 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

21 22 23 24 25 26 27 28 29 30 

50.52 51.85 51.13 52.29 53.04 52.54 52.85 52.25 52.30 53.18 

0.79 0.51 0.54 0.49 0.45 0.40 0.46 0.43 0.44 0.45 

4.75 2.58 2.98 2.18 2.12 2.13 2.41 2.41 2.14 1.90 

5.67 5.16 5.81 4.51 4.39 4.09 4.11 4.09 3.74 4.05 

          14.82 15.80 15.27 16.22 16.47 16.51 16.43 16.65 16.70 16.58 

23.09 22.62 22.88 23.43 23.28 23.62 23.24 23.42 23.14 23.51 

0.15 0.18 0.12 0.10 0.11 0.12 0.15 0.09 0.14 0.17 

0.02 0.02 0.01 - 0.01 - - - 0.01 0.01 

- 0.02 0.02 - 0.07 0.02 0.07 0.07 0.02 0.15 

0.01 0.05 0.05 0.04 0.13 0.08 0.10 0.07 0.12 0.14 

          99.86 98.86 98.89 99.38 100.23 99.61 99.89 99.53 98.78 100.25 

          200 210 220 230 240 250 260 270 280 290 

          82 85 82 87 87 88 88 88 89 88 

          48 47 47 47 47 47 47 47 47 47 

9 8 9 7 7 6 7 6 6 6 

43 45 44 46 46 46 46 47 47 46 

          0.133 0.073 0.091 0.069 0.061 0.067 0.065 0.077 0.065 0.057 

0.073 0.040 0.040 0.026 0.031 0.026 0.039 0.028 0.028 0.025 
 

           

           A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

31 32 33 34 35 36 37 38 39 40 41 



53.11 52.53 52.50 52.95 52.91 53.12 52.65 53.15 53.06 53.26 52.70 

0.52 0.51 0.36 0.47 0.40 0.35 0.33 0.43 0.48 0.35 0.49 

2.22 1.83 1.88 1.90 2.05 1.96 1.95 1.91 1.67 1.83 1.60 

4.06 4.17 4.03 3.62 3.64 3.59 3.66 3.71 3.86 4.23 3.82 

           16.45 16.62 16.71 16.77 16.82 16.44 16.55 16.59 16.87 16.71 16.64 

23.66 23.63 23.63 23.35 23.34 22.93 23.49 23.16 23.13 23.29 22.75 

0.17 0.12 0.06 0.13 0.06 0.14 0.14 0.18 0.13 0.18 0.12 

0.02 0.03 0.00 0.01 - 0.01 - 0.01 - - - 

0.03 0.06 0.12 0.03 - - 0.09 0.07 0.07 - - 

0.04 0.04 0.21 0.13 0.19 0.23 0.20 0.26 0.08 0.17 0.14 

           100.28 99.64 99.63 99.46 99.47 98.83 99.15 99.54 99.44 100.08 98.40 

           300 310 320 330 340 350 360 370 380 390 400 

           88 88 88 89 89 89 89 89 89 88 89 

           48 47 47 47 47 47 48 47 47 47 47 

6 7 6 6 6 6 6 6 6 7 6 

46 46 46 47 47 47 47 47 47 47 47 

           0.062 0.066 0.067 0.055 0.058 0.042 0.058 0.050 0.050 0.053 0.045 

0.033 0.014 0.015 0.027 0.031 0.043 0.027 0.032 0.022 0.026 0.025 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

42 43 44 45 46 47 48 49 50 51 

52.57 52.24 53.09 52.74 53.19 52.19 51.44 52.43 53.02 53.44 

0.51 0.29 0.60 0.49 0.50 0.39 0.45 0.45 0.48 0.44 

2.00 1.84 2.04 2.27 2.34 2.52 2.63 2.11 2.03 1.88 

4.04 4.34 4.41 4.94 5.45 5.55 5.24 4.43 3.79 3.84 

          16.52 16.38 16.46 16.05 15.95 15.87 15.61 16.44 16.61 16.63 

23.24 23.34 22.95 22.72 22.92 23.01 23.08 23.50 23.42 23.67 

0.18 0.13 0.10 0.18 0.18 0.15 0.15 0.14 0.15 0.13 

- - 0.06 0.01 - 0.00 0.06 0.02 0.04 0.02 

0.14 0.06 0.05 - - 0.07 0.08 - 0.03 0.05 

0.12 0.08 0.07 - 0.04 0.09 0.05 0.06 0.16 0.07 

          99.41 98.77 99.92 99.52 100.61 99.93 98.90 99.63 99.73 100.35 

          410 420 430 440 450 460 470 480 490 500 

          



88 87 87 85 84 84 84 87 89 89 

          47 47 47 46 46 47 47 47 47 48 

6 7 7 8 9 9 8 7 6 6 

47 46 46 46 45 45 44 46 47 46 

          0.063 0.060 0.055 0.057 0.059 0.076 0.083 0.069 0.057 0.052 

0.024 0.021 0.033 0.041 0.042 0.034 0.033 0.023 0.030 0.029 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

52 53 54 55 57 58 59 60 61 62 

53.02 52.97 52.52 50.74 50.20 50.65 49.82 50.34 50.48 50.68 

0.49 0.53 0.37 0.74 0.72 0.66 0.74 0.83 0.67 0.63 

1.93 1.92 1.92 3.29 3.29 3.21 3.50 3.97 3.23 3.23 

3.99 4.10 4.34 7.36 8.05 8.50 8.00 8.21 7.99 8.10 

          16.59 16.41 15.93 13.75 13.41 13.09 13.36 13.46 13.40 13.36 

23.37 23.39 23.35 23.06 22.77 22.12 22.50 22.86 22.91 22.88 

0.09 0.14 0.16 0.43 0.46 0.48 0.41 0.40 0.48 0.40 

- 0.02 0.01 - - 0.05 - - - 0.01 

0.06 0.07 0.05 0.02 0.05 0.08 0.14 0.01 - 0.08 

0.13 0.26 0.18 0.10 0.06 0.04 0.03 0.01 - - 

          99.78 99.89 98.83 99.59 99.05 98.97 98.50 100.17 99.27 99.37 

          510 520 530 540 560 570 580 590 600 610 

          88 88 87 77 75 73 75 75 75 75 

          47 47 48 48 48 47 48 48 48 48 

6 6 7 12 13 14 13 13 13 13 

47 46 45 40 39 39 39 39 39 39 

          0.056 0.058 0.053 0.102 0.106 0.088 0.110 0.122 0.100 0.096 

0.027 0.025 0.031 0.043 0.041 0.055 0.046 0.053 0.043 0.047 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line1 line1 line1 line2 line2 line2 line2 line2 line2 line2 

63 64 65 1 2 3 4 5 6 7 

50.10 50.69 50.25 52.20 52.08 52.19 52.67 52.46 51.90 52.33 

0.63 0.66 0.68 0.42 0.47 0.42 0.39 0.51 0.48 0.46 



3.29 3.41 3.45 2.49 2.32 2.56 2.42 2.38 2.38 2.48 

8.20 7.98 7.81 3.73 3.92 3.66 3.47 3.71 3.82 3.69 

          13.25 13.61 13.60 16.28 16.44 16.37 16.46 16.39 16.51 16.56 

22.65 22.41 22.02 23.26 23.21 23.51 23.42 23.58 23.52 23.21 

0.53 0.41 0.44 0.12 0.20 0.13 0.16 0.12 0.14 0.13 

0.02 0.04 - 0.00 0.02 - 0.04 0.01 0.02 - 

- 0.06 - 0.01 0.04 0.09 0.14 0.04 0.04 - 

0.04 - 0.05 0.38 0.48 0.39 0.34 0.40 0.47 0.40 

          98.82 99.35 98.35 99.02 99.22 99.42 99.54 99.74 99.43 99.37 

          620 630 640 0 5 10 15 20 25 30 

          74 75 76 89 88 89 89 89 89 89 

          48 47 47 48 47 48 48 48 48 47 

13 13 13 6 6 6 6 6 6 6 

39 40 40 46 47 46 47 46 46 47 

          0.103 0.098 0.098 0.071 0.076 0.078 0.067 0.074 0.084 0.074 

0.044 0.053 0.056 0.037 0.025 0.033 0.038 0.029 0.019 0.033 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

8 9 10 11 12 13 14 15 16 17 

52.61 52.64 52.40 50.38 49.43 49.81 51.05 50.57 49.77 49.89 

0.51 0.46 0.63 1.06 0.91 0.69 0.81 0.90 0.96 0.98 

2.28 2.24 2.55 4.58 4.60 4.29 4.04 4.70 4.55 5.36 

3.78 3.72 4.03 5.43 5.60 5.49 5.28 5.52 5.69 5.56 

          16.50 16.35 16.34 14.76 14.90 14.80 15.42 14.83 14.73 14.56 

23.01 23.48 23.55 23.26 23.25 23.13 23.54 23.33 23.50 23.79 

0.14 0.14 0.11 0.19 0.19 0.20 0.23 0.21 0.19 0.24 

- - 0.01 0.01 0.04 - 0.05 0.02 0.02 0.04 

0.10 0.01 - - 0.04 - - 0.08 0.09 0.11 

0.26 0.18 0.19 0.12 0.13 0.07 0.11 0.10 0.01 - 

          99.25 99.29 99.86 99.85 99.15 98.52 100.58 100.30 99.57 100.60 

          35 40 45 50 55 60 65 70 75 80 

          89 89 88 83 83 83 84 83 82 82 



          47 48 48 48 48 48 48 48 49 49 

6 6 6 9 9 9 8 9 9 9 

47 46 46 43 43 43 44 43 42 42 

          0.063 0.062 0.078 0.137 0.153 0.132 0.127 0.138 0.148 0.163 

0.036 0.035 0.032 0.062 0.049 0.058 0.048 0.066 0.051 0.070 
 

          

          A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

18 19 20 21 22 23 24 25 26 27 

51.12 50.74 52.59 51.76 51.46 52.52 52.09 52.10 51.22 51.27 

0.69 0.74 0.51 0.41 0.48 0.54 0.39 0.53 0.57 0.57 

3.59 3.46 2.89 2.44 2.44 2.55 2.44 2.56 3.11 2.99 

5.02 5.10 4.43 4.21 4.06 4.23 4.01 3.84 4.35 4.53 

          15.49 15.63 15.83 15.95 15.93 16.05 16.17 16.37 15.82 15.75 

23.14 23.53 23.17 23.47 23.55 23.46 23.25 23.64 23.31 23.12 

0.10 0.19 0.16 0.13 0.11 0.18 0.11 0.15 0.10 0.14 

0.08 0.02 0.01 0.02 - 0.04 - - - 0.03 

0.05 - 0.06 0.18 - - - 0.13 0.16 0.05 

0.08 0.08 0.17 0.19 0.12 0.25 0.23 0.30 0.09 0.26 

          99.37 99.49 99.90 98.84 98.25 99.90 98.74 99.62 98.89 98.80 

          85 90 95 100 105 110 115 120 125 130 

          85 85 86 87 87 87 88 88 87 86 

          48 48 48 48 48 48 48 48 48 48 

8 8 7 7 6 7 6 6 7 7 

44 44 45 45 45 45 46 46 45 45 

          0.107 0.118 0.072 0.076 0.078 0.073 0.069 0.083 0.096 0.093 

0.050 0.033 0.053 0.030 0.030 0.038 0.038 0.028 0.040 0.039 
 

          

          
A1 A1 A1 A1 A1 A1 A1 A1 A1 A1 

cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 cpx 6 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

28 29 30 31 32 33 34 35 36 37 



51.12 51.69 51.32 52.33 51.87 52.02 51.98 52.25 51.56 50.53 

0.60 0.61 0.88 0.52 0.55 0.48 0.49 0.58 0.56 0.63 

3.17 3.19 3.88 2.20 2.31 2.46 2.54 2.64 2.74 3.42 

4.80 4.78 5.31 4.26 4.10 4.12 4.28 5.41 7.33 7.77 

          
16.01 15.50 15.14 16.03 16.40 15.85 16.18 15.39 14.15 13.76 

22.78 23.41 23.25 23.54 23.70 23.71 23.49 23.24 23.22 22.43 

0.10 0.11 0.16 0.17 0.14 0.15 0.07 0.24 0.29 0.46 

- - - - - 0.01 0.05 - - - 

0.05 0.08 0.13 0.01 0.18 0.09 0.06 0.05 0.09 0.01 

0.17 0.09 0.09 0.08 0.22 0.17 0.21 0.29 0.14 0.10 

          
98.87 99.53 100.24 99.25 99.47 99.18 99.40 100.17 100.18 99.19 

          
135 140 145 150 155 160 165 170 175 180 

          
86 85 84 87 88 87 87 84 77 76 

          
47 48 48 48 48 48 48 48 48 47 

8 8 9 7 6 7 7 9 12 13 

46 44 43 45 46 45 46 44 40 40 

          
0.100 0.091 0.113 0.066 0.084 0.074 0.081 0.078 0.084 0.102 

0.039 0.048 0.055 0.030 0.016 0.033 0.030 0.037 0.036 0.050 
 
 
 



 
            
            
            
            

          D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

1 2 3 4 5 6 7 8 9 10 

52.57 53.95 52.92 53.62 52.59 52.75 52.89 52.88 53.03 53.02 

0.48 0.40 0.48 0.46 0.40 0.42 0.39 0.49 0.44 0.45 

2.75 2.56 2.33 2.62 2.57 2.56 2.64 2.54 2.62 2.69 

4.20 4.16 4.24 4.15 4.65 4.80 4.58 4.74 4.96 4.87 

0.21 0.06 0.09 0.09 0.14 0.19 0.09 0.15 0.18 0.21 

15.49 15.32 15.48 15.24 15.38 15.12 15.42 15.16 14.95 14.86 

23.26 23.00 23.51 23.14 23.21 23.18 23.41 23.25 23.09 22.82 

0.14 0.09 0.10 0.08 0.14 0.16 0.16 0.17 0.20 0.24 

0.02 - - 0.05 - 0.05 - - 0.01 0.06 

0.04 0.06 0.06 - 0.08 0.04 0.11 0.04 0.06 - 

0.01 0.05 0.02 0.03 0.04 0.07 0.01 0.03 0.02 0.06 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.17 99.65 99.24 99.47 99.20 99.34 99.71 99.44 99.55 99.27 

          0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 22.50 

          86.80 86.78 86.68 86.75 85.50 84.88 85.72 85.08 84.31 84.47 

          48.20 48.31 48.55 48.56 48.01 48.18 48.26 48.27 48.20 48.08 

7.13 6.91 6.98 6.94 7.73 8.10 7.51 7.93 8.38 8.36 

44.66 44.77 44.47 44.50 44.26 43.72 44.23 43.79 43.42 43.56            



          0.10097 0.08179 0.09468 0.08869 0.09729 0.09282 0.09668 0.0915 0.08737 0.08422 

0.02321 0.03409 0.01099 0.03027 0.01894 0.02285 0.02203 0.02306 0.03069 0.03722 
 
 

           D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

11 12 13 14 15 16 17 18 19 20 21 

52.94 52.64 51.18 51.28 51.97 51.68 51.94 51.53 51.69 50.89 51.59 

0.50 0.49 0.69 0.57 0.60 0.55 0.61 0.60 0.59 0.60 0.59 

2.83 3.07 4.08 3.49 3.31 2.86 3.13 3.15 3.17 3.42 3.60 

4.78 4.97 6.24 6.52 6.96 7.34 7.38 7.52 7.50 7.55 7.42 

0.17 0.20 0.25 0.17 0.34 0.40 0.35 0.43 0.38 0.40 0.33 

15.07 14.85 13.60 13.79 13.38 13.29 13.33 13.27 13.02 13.08 13.24 

23.23 23.49 22.56 22.71 22.45 22.21 21.80 21.98 22.23 21.95 21.84 

0.14 0.14 0.27 0.36 0.32 0.42 0.46 0.44 0.47 0.41 0.38 

0.02 0.01 0.03 0.00 - 0.01 0.00 0.02 0.02 0.06 - 

0.01 0.06 0.03 0.01 - - - 0.04 0.04 0.02 0.13 

0.14 0.08 0.06 0.05 0.08 0.05 0.08 0.10 0.05 - 0.13 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.82 100.01 98.98 98.95 99.41 98.81 99.08 99.07 99.15 98.38 99.24 

           25.00 27.50 30.00 32.50 35.00 37.50 40.00 42.50 45.00 47.50 50.00 

           84.89 84.19 79.53 79.04 77.41 76.34 76.30 75.88 75.58 75.54 76.08 

           48.34 48.75 48.47 48.20 48.01 47.52 47.00 47.12 47.81 47.35 47.16 

8.04 8.37 10.89 11.09 12.19 12.93 13.01 13.30 13.23 13.39 13.07 

43.62 42.88 40.65 40.72 39.80 39.56 39.98 39.58 38.96 39.26 39.77 

           0.09688 0.10747 0.13323 0.12496 0.10691 0.10096 0.10603 0.11043 0.10594 0.12015 0.12975 

0.03024 0.03048 0.0531 0.0348 0.04392 0.03054 0.03792 0.03414 0.03941 0.03808 0.03701 
 

           D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line1 line1 line2 line2 line2 line2 line2 line2 line2 line2 line2 

22 23 1 2 3 4 5 6 7 8 9 

51.42 51.17 53.42 53.10 53.31 52.57 52.88 52.90 52.76 53.00 52.64 

0.62 0.61 0.48 0.48 0.50 0.45 0.44 0.41 0.48 0.46 0.46 

3.50 3.53 2.49 2.58 2.65 2.61 2.67 2.69 2.61 2.60 2.58 

7.63 7.53 4.44 4.45 4.34 4.58 4.32 4.35 4.28 4.72 4.51 

0.34 0.31 0.09 0.14 0.07 0.11 0.13 0.08 0.13 0.11 0.15 

13.34 13.24 15.13 15.32 15.05 15.31 15.31 15.32 15.35 15.34 15.29 

22.49 22.32 23.04 23.54 23.34 23.55 23.26 23.47 23.37 23.15 22.97 

0.41 0.37 0.18 0.14 0.13 0.15 0.16 0.17 0.15 0.12 0.14 



0.02 0.01 0.05 0.01 0.02 0.02 0.01 0.03 0.01 0.03 - 

0.04 0.07 0.02 0.05 0.10 0.04 0.08 0.08 0.10 0.06 0.14 

0.07 0.05 0.02 0.09 0.13 0.09 0.11 0.07 0.10 0.05 0.06 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.87 99.21 99.36 99.89 99.64 99.47 99.37 99.57 99.34 99.63 98.94 

           52.50 55.00 0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00 

           75.71 75.81 85.86 85.99 86.07 85.63 86.33 86.26 86.47 85.28 85.80 

           47.57 47.63 48.38 48.60 48.91 48.55 48.43 48.65 48.52 47.96 47.97 

13.17 13.07 7.43 7.40 7.22 7.55 7.23 7.17 7.15 7.82 7.60 

39.26 39.31 44.20 44.00 43.87 43.91 44.34 44.18 44.33 44.22 44.43 

           0.1273 0.1256 0.0889 0.09341 0.08416 0.10189 0.09344 0.09535 0.09614 0.09209 0.0927 

0.03226 0.0363 0.02442 0.02232 0.03478 0.01591 0.02685 0.02567 0.02157 0.02485 0.02415 
 

          D1 D1 D1 D1 D1 D1 D1 D1 D1 D1 

cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 cpx 5 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

10 11 12 13 14 15 16 17 18 19 

52.26 52.61 52.32 52.95 51.80 50.92 51.31 51.82 51.56 51.49 

0.44 0.46 0.44 0.41 0.52 0.64 0.62 0.64 0.61 0.66 

2.69 2.63 2.50 2.48 3.41 3.84 3.44 3.30 3.37 3.24 

4.83 4.45 5.43 6.07 6.67 6.44 6.90 7.07 7.26 7.29 

0.23 0.16 0.23 0.27 0.31 0.20 0.28 0.37 0.40 0.37 

15.10 15.16 14.49 14.43 13.84 13.33 13.64 13.32 13.15 13.12 

23.55 23.16 22.82 22.76 22.24 22.18 22.38 22.35 22.08 22.16 

0.22 0.16 0.29 0.37 0.28 0.29 0.43 0.43 0.40 0.41 

0.02 0.00 - 0.03 - - 0.02 - 0.00 0.01 

0.03 - - 0.05 - 0.07 0.10 0.03 0.02 - 

0.01 0.11 0.14 0.17 0.06 0.14 0.15 0.05 - 0.06 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

99.38 98.91 98.65 99.99 99.13 98.05 99.27 99.39 98.85 98.82 

          22.50 25.00 27.50 30.00 32.50 35.00 37.50 40.00 42.50 45.00 

          84.78 85.86 82.63 80.91 78.72 78.68 77.89 77.05 76.35 76.24 

          48.55 48.40 48.15 47.63 47.37 48.31 47.66 47.86 47.63 47.76 

8.14 7.53 9.32 10.36 11.61 11.30 11.94 12.45 12.91 12.90 

43.31 44.07 42.53 42.01 41.01 40.39 40.41 39.68 39.46 39.34 

          0.10747 0.09346 0.09026 0.08779 0.11166 0.12429 0.1256 0.1099 0.109 0.10951 

0.01435 0.02568 0.02384 0.02411 0.04388 0.05288 0.03172 0.04069 0.04569 0.03938 
 



 

 

            
            

            

            

            

            

            

            

            
Table 2 
Detailed concentration profiles of major and minor elements along transects in the Zaro zoned clinopyroxene 
crystals 
 
Sample 

 
ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx n° 
 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 
line n° 

 
line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

equidistance 
(mm) 

          texture 
 

core core core core core core core core core core 

            
            SiO2 

 
51.16 51.36 52.38 52.12 51.88 51.73 51.94 51.91 51.51 52.07 

TiO2 
 

0.68 0.64 0.68 0.77 0.65 0.68 0.66 0.68 0.72 0.79 
Al2O3 

 
2.00 1.83 1.88 1.86 1.91 1.97 1.84 1.75 1.75 1.90 

Fe2O3 (tot) 9.52 9.58 9.58 9.75 9.63 9.28 9.34 9.41 9.46 9.55 
MnO 

 
0.67 0.74 0.87 0.80 0.83 0.77 0.88 0.91 0.84 0.76 

MgO 
 

12.15 12.05 12.26 11.99 12.28 11.80 12.36 11.93 12.18 12.06 
CaO 

 
21.76 21.94 21.85 21.08 21.59 21.29 21.43 21.02 21.51 21.35 

Na2O 
 

1.32 1.28 1.05 1.07 1.08 1.07 1.16 1.16 1.07 1.09 
K2O 

 
- 0.09 0.01 - 0.03 0.02 0.01 - 0.04 0.01 

            Cr2O3 
 

0.11 0.03 0.09 0.10 0.06 0.02 0.07 0.15 0.04 0.04 
NiO 

 
- - - - 0.06 0.09 0.02 - 0.11 0.03 

            
           



Total 
 

99.38 99.55 100.65 99.53 100.00 98.72 99.72 98.92 99.22 99.65 

            
            distance (mm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 
Mg# 

 
69.5 69.2 69.5 68.7 69.4 69.4 70.2 69.3 69.7 69.2 

            Wollastonite 46.67 46.91 46.42 45.82 46.08 46.73 45.97 46.01 46.26 46.23 
Ferrosilite 17.07 17.24 17.35 17.92 17.45 17.23 17.14 17.66 17.30 17.43 
Enstatite 

 
36.26 35.85 36.23 36.26 36.47 36.04 36.89 36.33 36.44 36.33 

            AlIV 
 

0.06 0.05 0.04 0.03 0.05 0.03 0.04 0.03 0.05 0.04 
AlVI 

 
0.03 0.03 0.04 0.05 0.04 0.05 0.04 0.05 0.03 0.05 

 

            

            

            

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

           core core 
 

mantle mantle mantle mantle mantle rim rim rim 

           

           
51.74 51.91 51.29 52.03 52.44 51.30 52.10 52.01 52.55 52.44 52.12 

0.71 0.71 0.81 0.95 0.92 1.07 0.98 0.99 0.84 0.84 0.83 

1.96 1.90 1.96 2.33 2.20 2.50 2.47 2.45 2.31 2.44 2.24 

9.39 9.53 9.20 8.38 8.20 8.02 8.26 8.33 7.84 7.73 7.92 

0.86 0.81 0.72 0.49 0.63 0.51 0.48 0.56 0.59 0.51 0.49 

12.13 11.96 12.42 12.90 13.08 13.03 12.92 13.20 13.62 13.44 13.82 

21.71 22.01 21.44 21.40 21.95 21.64 21.73 21.93 21.74 21.52 22.36 

1.08 1.20 1.04 0.84 0.98 0.75 1.01 0.93 0.84 0.81 0.77 

0.07 0.02 0.02 0.04 0.02 - 0.05 0.05 0.01 0.01 - 

           
0.16 0.19 - 0.04 0.02 0.09 0.08 0.10 0.12 0.06 0.01 

0.02 0.05 0.11 0.13 0.12 0.01 0.03 0.06 0.01 0.08 0.01 

           99.83 100.29 99.01 99.53 100.56 98.92 100.11 100.60 100.47 99.88 100.58 

           

           100.0 110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0 190.0 200.0 

69.7 69.1 70.6 73.3 74.0 74.3 73.6 73.9 75.6 75.6 75.7 

           46.60 47.10 46.14 46.24 46.66 46.61 46.70 46.43 45.99 46.13 46.43 

17.18 17.30 16.68 14.97 14.66 14.35 14.67 14.70 13.93 13.79 13.65 

36.22 35.61 37.19 38.78 38.68 39.04 38.63 38.88 40.08 40.08 39.92 

           0.05 0.05 0.05 0.05 0.05 0.07 0.06 0.07 0.05 0.05 0.07 

0.04 0.03 0.03 0.05 0.04 0.04 0.05 0.04 0.05 0.06 0.03 
 

           

            



            

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

          core core core core core core core core 
  

          
          

51.74 51.49 51.63 51.99 51.21 51.79 51.47 51.25 51.44  

0.72 0.78 0.75 0.76 0.69 0.70 0.80 0.84 0.72  

1.89 2.00 1.94 1.79 2.05 2.00 2.02 2.03 2.03  

9.37 9.80 9.47 9.49 9.41 9.47 9.64 9.46 8.96  

0.75 0.77 0.77 0.85 0.89 0.86 0.84 0.81 0.84  

11.70 11.98 11.89 12.09 11.99 11.95 12.09 12.02 12.14  

21.82 21.78 21.95 21.50 21.78 21.75 21.31 21.87 22.23  

1.14 1.09 1.14 1.09 1.09 1.00 1.08 1.15 0.98  

0.00 0.04 0.03 0.05 0.07 0.00 0.05 0.03 0.02  

         
 

0.10 0.06 0.16 0.10 0.05 0.10 0.04 0.02 0.00  

0.08 0.05 0.05 0.02 0.04 0.04 0.07 0.08 0.01  

         
 

99.31 99.85 99.78 99.72 99.27 99.67 99.42 99.56 99.38  

         
 

         
 

0.00 2.50 5.00 7.50 10.00 12.50 15.00 17.50 20.00  

69.00 68.54 69.12 69.43 69.43 69.22 69.09 69.37 70.72  

         
 

47.4318 46.6325 47.2131 46.3346 46.8297 46.8243 46.0071 46.9165 47.5196  

17.185 17.6828 17.2069 17.4171 17.3047 17.3846 17.6798 17.2097 16.3771  

35.3831 35.6847 35.58 36.2484 35.8656 35.7911 36.3131 35.8737 36.1033  

         
 

0.04119 0.05616 0.05154 0.04085 0.05659 0.04638 0.05209 0.06029 0.05456  

0.04315 0.03284 0.03476 0.03866 0.03511 0.04254 0.03802 0.03028 0.03593  

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

line2 line2 line2 line2 line2 line2 line2 line2 

        rim rim rim rim rim rim rim rim 

        

        
51.29 51.37 51.22 51.44 50.92 51.63 51.84 51.53 

0.91 0.89 0.88 0.93 1.01 0.91 0.90 0.94 

2.32 2.18 2.24 2.44 2.62 2.31 2.37 2.23 

8.57 8.38 8.14 8.58 8.72 8.28 8.33 8.54 

0.61 0.60 0.61 0.55 0.55 0.56 0.60 0.57 

12.59 12.76 12.70 12.50 12.54 12.59 12.74 12.73 



22.16 21.91 22.26 21.96 22.00 22.15 21.82 22.26 

0.90 0.83 0.82 0.96 0.85 0.87 0.82 0.93 

0.01 0.00 0.04 0.00 0.04 0.00 0.11 0.05 

        
0.03 0.04 0.05 0.06 0.02 0.13 0.05 0.00 

0.09 0.05 0.02 0.03 0.08 0.00 0.12 0.00 

        99.48 99.02 98.97 99.45 99.36 99.43 99.70 99.78 

        

        25.00 27.50 30.00 32.50 35.00 37.50 40.00 42.50 

72.36 73.08 73.55 72.20 71.94 73.05 73.16 72.65 

        47.3045 46.9379 47.5996 47.2429 47.1194 47.5626 46.9007 47.2727 

15.3057 15.0321 14.6191 15.3452 15.5152 14.8265 15.0025 15.1168 

37.3898 38.0301 37.7813 37.4119 37.3654 37.6109 38.0969 37.6105 

        0.06741 0.05974 0.06377 0.064 0.0781 0.05919 0.05716 0.06519 

0.03562 0.03731 0.03604 0.04424 0.03845 0.04316 0.04754 0.0335 
 
        

 

 

 

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A  

cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8  

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1  

          
 

core core mantle mantle mantle mantle mantle mantle mantle rim  

          
 

          
 

52.43 52.76 52.47 52.52 52.27 52.33 52.49 52.72 53.49 52.34  



0.73 0.71 0.55 0.63 0.60 0.60 0.62 0.48 0.46 0.74  

2.19 2.07 1.43 1.41 1.46 1.48 1.44 1.29 1.38 2.04  

7.80 7.29 10.72 10.96 10.87 11.15 10.86 11.06 10.50 7.86  

0.52 0.50 1.13 1.20 1.22 1.18 1.29 1.20 1.06 0.60  

13.33 13.69 10.51 10.86 10.93 11.00 10.82 10.88 11.93 13.67  

22.20 22.12 21.03 20.50 20.51 21.12 21.19 20.60 21.26 21.91  

0.81 0.73 1.25 1.31 1.36 1.36 1.33 1.34 1.18 0.84  

- 0.01 0.03 0.02 - 0.00 - 0.02 - -  

          
 

0.07 0.14 0.14 0.13 0.01 0.09 - - 0.12 0.05  

0.04 0.07 - - 0.01 - 0.05 0.07 - -  

          
 

100.12 100.09 99.26 99.54 99.24 100.31 100.10 99.67 101.38 100.06  

          
 

          
 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0  

75.3 77.0 63.6 63.8 64.2 63.7 64.0 63.7 66.9 75.6  

          
 

46.99 46.81 46.83 45.44 45.41 45.86 46.33 45.46 45.34 46.09  

13.75 12.88 20.62 21.07 20.92 20.91 20.76 21.14 19.26 13.90  

39.26 40.31 32.56 33.49 33.67 33.23 32.91 33.40 35.40 40.01  

          
 

0.05 0.04 0.01 0.01 0.01 0.02 0.02 0.00 0.01 0.05  

0.05 0.05 0.06 0.05 0.05 0.04 0.05 0.06 0.05 0.04  
 
ZR3A ZR3A ZR3A 

cpx8 cpx8 cpx8 

line1 line1 line1 

   rim rim rim 

   

   
50.11 51.28 51.38 

0.86 0.84 0.79 

1.98 2.11 2.06 

8.09 7.87 7.91 

0.56 0.61 0.51 

13.47 13.88 13.71 

21.91 22.08 21.85 

0.77 0.84 0.89 

0.02 0.00 0.03 

   
0.04 0.04 0.11 

0.08 0.01 0.03 

   97.88 99.58 99.28 



   

   110.0 120.0 130.0 

74.8 75.9 75.5 

   46.22 45.98 46.00 

14.25 13.80 13.85 

39.53 40.21 40.15 

   0.08 0.08 0.07 

0.01 0.02 0.02 
 

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 cpx8 

line2 line2 line2 line2 line2 line2 line2 line2 

        mantle mantle mantle 
   

rim rim 

        

        
51.52 51.56 51.59 51.80 51.40 51.49 51.35 51.04 

0.48 0.57 0.56 0.51 0.65 0.81 0.72 0.85 

1.39 1.40 1.40 1.40 1.47 1.71 2.23 2.20 

10.71 10.68 10.93 10.21 9.42 8.27 7.88 7.86 

1.21 1.09 1.12 1.06 1.00 0.74 0.56 0.64 

10.79 10.84 11.01 11.21 11.79 12.66 12.91 13.04 

21.21 20.62 20.69 21.06 21.41 21.69 21.65 22.16 

1.40 1.42 1.30 1.12 1.02 0.86 0.84 0.86 

0.06 0.02 0.08 0.02 0.00 0.03 0.02 0.05 

        

0.05 0.08 0.03 0.00 0.00 0.18 0.00 0.06 

0.00 0.00 0.05 0.00 0.04 0.04 0.00 0.00 

        98.8208 98.2669 98.7489 98.4021 98.1997 98.4832 98.1655 98.7629 

        

        0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

64.2 64.4 64.2 66.2 69.0 73.2 74.5 74.7 

        46.58 45.93 45.55 46.32 46.59 46.81 46.86 47.21 

20.46 20.48 20.73 19.38 17.72 15.18 14.27 14.15 

32.96 33.59 33.72 34.30 35.69 38.01 38.87 38.65 

        0.02 0.02 0.02 0.02 0.03 0.04 0.05 0.07 

0.04 0.05 0.04 0.05 0.04 0.03 0.05 0.03 
 

          



          

          
 

 

 

 

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 

line2 line2 line2 line2 line2 line2 line2 line2 line2 line2 

          core core core core 
 

mantle mantle mantle mantle mantle 

          

          
52.15 52.11 51.84 52.15 52.58 51.93 52.62 52.16 52.27 52.03 

0.60 0.58 0.52 0.52 0.52 0.86 0.83 0.86 0.87 0.98 

1.32 1.39 1.26 1.33 1.22 1.72 1.47 1.50 1.62 1.70 

11.88 11.92 12.19 11.98 11.50 9.99 9.66 10.00 10.02 10.08 

1.39 1.26 1.29 1.37 1.34 1.00 1.09 1.12 1.05 1.07 

9.92 10.00 10.05 10.32 10.54 11.11 11.74 11.33 11.42 11.35 

20.65 20.79 20.41 20.71 20.67 20.81 20.73 20.76 20.86 20.63 

1.50 1.65 1.60 1.57 1.51 1.41 1.48 1.49 1.48 1.40 

0.02 - 0.04 0.02 0.02 0.06 0.01 - - 0.03 

          
- 0.13 - 0.11 0.02 0.08 0.08 - 0.12 0.02 

0.03 - 0.06 0.03 0.01 0.03 0.08 0.10 0.12 - 

          99.45 99.82 99.26 100.10 99.92 98.99 99.79 99.32 99.83 99.29 

          

          0.0 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 



59.8 59.9 59.5 60.6 62.0 66.5 68.4 66.9 67.0 66.7 

          46.07 46.20 45.43 45.52 45.56 46.39 45.59 45.92 45.95 45.71 

23.14 22.89 23.44 22.93 22.12 19.15 18.48 19.22 19.05 19.31 

30.79 30.92 31.12 31.55 32.32 34.46 35.92 34.86 35.00 34.98 

          0.01 0.02 0.01 0.02 0.01 0.03 0.02 0.02 0.03 0.03 

0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05 
 

ZR3A ZR3A ZR3A ZR3A ZR3A ZR3A 

cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 

line2 line2 line2 line2 line2 line2 

      mantle 
  

rim rim rim 

      

      
51.87 51.01 51.88 52.25 52.11 51.94 

1.09 1.11 1.08 1.10 1.04 1.07 

1.88 2.07 2.08 2.04 1.57 1.39 

10.26 10.82 11.03 12.21 13.58 14.02 

1.27 1.14 1.23 1.41 1.47 1.65 

11.19 10.57 9.94 9.01 8.41 7.66 

20.62 20.18 19.29 18.87 18.85 18.32 

1.61 1.68 1.93 2.11 2.41 2.75 

0.00 0.01 0.04 0.04 0.01 0.02 

      
0.06 - 0.09 - 0.10 0.04 

- 0.07 0.05 0.19 - 0.05 

      99.84 98.65 98.63 99.23 99.55 98.92 

      

      15.0 16.5 18.0 19.5 21.0 22.5 

66.0 63.5 61.6 56.8 52.5 49.3 

      45.62 45.63 45.18 44.88 44.55 44.44 

19.93 21.12 22.43 25.31 27.80 29.71 

34.44 33.25 32.39 29.81 27.65 25.85 

      0.04 0.04 0.04 0.02 0.02 0.01 

0.04 0.05 0.05 0.07 0.05 0.05 
 



 

 

 

M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

 
line1 line1 line1 line1 line1 line1 line1 line1 line1 

          core core core core core core core mantle mantle mantle 

          

          
52.65 50.98 50.97 50.73 50.91 51.03 51.26 50.91 50.14 51.17 

0.72 0.88 1.09 0.99 0.92 1.03 1.08 1.28 1.31 1.05 

2.42 3.34 3.80 3.63 3.31 3.81 3.60 5.36 5.66 4.65 

8.03 7.91 7.94 8.21 8.07 8.25 8.51 4.98 5.03 5.05 

0.55 0.42 0.34 0.31 0.36 0.34 0.38 0.10 0.08 0.12 

13.32 13.13 12.78 12.98 13.18 12.83 12.79 14.40 14.52 14.87 

22.21 22.23 21.54 21.67 21.56 21.86 21.63 21.56 22.38 21.78 

0.70 0.64 0.62 0.57 0.65 0.65 0.62 0.36 0.33 0.30 

- - 0.03 0.01 0.04 - 0.00 0.05 0.02 0.01 

          
0.07 0.07 0.05 0.07 0.05 0.11 0.05 0.29 0.26 0.32 

0.08 0.03 0.02 0.08 0.02 0.01 0.04 0.02 0.11 0.01 

          100.75 99.64 99.17 99.25 99.06 99.91 99.97 99.32 99.83 99.34 

          

          

 
0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 

74.7 74.7 74.2 73.8 74.4 73.5 72.8 83.8 83.7 84.0 



          46.82 47.30 47.05 46.72 46.39 47.10 46.65 47.32 48.06 46.84 

14.12 13.84 14.12 14.35 14.16 14.44 14.98 8.71 8.56 8.68 

39.06 38.87 38.84 38.93 39.45 38.46 38.37 43.97 43.38 44.49 

          0.05 0.09 0.09 0.09 0.09 0.10 0.09 0.12 0.15 0.11 

0.05 0.06 0.08 0.07 0.06 0.07 0.07 0.11 0.09 0.09 

M6C M6C M6C M6C M6C M6C M6C M6C M6C M6C 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

          mantle mantle mantle mantle mantle rim rim rim rim rim 

          

          51.12 51.12 51.34 52.13 51.73 50.42 51.30 51.59 51.93 51.19 

0.96 1.07 1.12 0.81 1.06 1.08 0.98 1.05 0.98 0.94 

4.40 4.76 4.80 3.57 4.68 4.36 3.89 3.75 3.59 3.33 

4.97 4.91 5.24 5.45 5.49 7.65 7.44 7.73 7.44 7.64 

0.14 0.21 0.09 0.19 0.14 0.21 0.30 0.23 0.33 0.31 

15.03 14.90 14.58 15.13 14.60 13.36 13.79 13.81 13.94 13.90 

21.95 22.25 22.15 22.24 21.97 21.91 21.51 21.05 21.40 21.24 

0.32 0.31 0.34 0.31 0.34 0.52 0.57 0.55 0.66 0.62 

0.02 - 0.04 0.01 - - 0.02 - 0.02 0.00 

          0.27 0.15 0.11 0.18 0.22 0.03 0.09 0.05 0.12 0.18 

- 0.04 - 0.05 0.09 0.06 0.06 0.05 0.11 0.11 

          99.18 99.73 99.80 100.07 100.32 99.61 99.96 99.85 100.51 99.47 

          

          36.0 40.0 44.0 48.0 52.0 56.0 60.0 64.0 68.0 72.0 

84.4 84.4 83.2 83.2 82.6 75.7 76.8 76.1 77.0 76.4 

          46.85 47.36 47.54 46.63 47.07 46.99 46.02 45.29 45.67 45.40 

8.52 8.52 8.93 9.23 9.41 13.15 12.93 13.37 12.95 13.27 

44.63 44.12 43.53 44.14 43.52 39.86 41.05 41.34 41.39 41.33 

          0.11 0.12 0.11 0.09 0.11 0.12 0.10 0.09 0.09 0.09 

0.08 0.09 0.09 0.07 0.09 0.07 0.07 0.08 0.07 0.06 

M6C M6C M6C M6C M6C M6C 

cpx1 cpx1 cpx1 cpx1 cpx1 cpx1 

line1 line1 line1 line1 line1 line1 

      rim rim rim rim rim rim 

      

      
51.35 52.11 52.56 52.75 51.71 48.58 

1.03 0.84 0.96 0.83 1.07 1.39 

3.44 2.53 1.70 1.60 2.47 5.15 



8.85 7.87 8.66 8.12 8.55 10.46 

0.41 0.38 0.75 0.69 0.67 0.85 

12.33 13.16 12.93 13.32 12.92 11.14 

21.42 21.55 20.80 21.07 20.36 19.28 

0.83 0.78 0.91 0.97 1.41 2.64 

0.01 - - 0.01 0.02 0.02 

      
0.09 0.03 0.07 0.04 0.11 0.14 

0.02 0.08 - - - - 

      99.79 99.32 99.35 99.40 99.28 99.65 

      

      76.0 80.0 84.0 88.0 92.0 96.0 

71.3 74.9 72.7 74.5 72.9 65.5 

      46.76 46.54 45.08 45.32 44.71 44.21 

15.79 13.91 15.94 14.81 15.81 20.25 

37.45 39.54 38.98 39.86 39.48 35.54 

      0.08 0.05 0.03 0.03 0.06 0.15 

0.07 0.06 0.05 0.04 0.05 0.08 

 

 

 

ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C 

cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 

line1 line1 line1 line1 line1 line1 line1 line1 line1 

         



core core mantle mantle mantle mantle mantle mantle mantle 

         

         
50.46 50.13 52.38 52.26 51.88 51.21 51.14 49.79 48.68 

1.34 1.30 0.98 0.94 1.04 1.22 1.39 1.38 1.78 

5.46 5.34 3.42 3.80 4.17 4.49 5.24 4.96 6.45 

5.77 5.65 4.82 5.35 5.20 5.25 5.98 6.07 6.40 

0.09 0.10 0.14 0.10 0.09 0.14 0.14 0.12 0.13 

14.35 14.77 15.62 15.08 15.14 15.08 14.59 14.68 13.73 

21.75 21.93 21.97 22.16 22.19 21.88 22.04 21.55 21.69 

0.37 0.40 0.33 0.37 0.37 0.33 0.37 0.40 0.39 

0.01 0.00 0.00 0.01 0.01 0.00 0.02 0.01 0.05 

         

0.21 0.18 0.24 0.36 0.45 0.42 0.19 0.22 0.08 

0.04 0.03 0.11 0.03 0.06 0.02 0.00 0.03 0.10 

         99.8542 99.8313 99.9938 100.441 100.587 100.042 101.094 99.2047 99.4732 

         

         0.0 13.0 26.0 39.0 52.0 65.0 78.0 91.0 104.0 

81.6 82.3 85.2 83.4 83.8 83.7 81.3 81.2 79.3 

         46.99 46.69 46.18 46.76 46.83 46.49 46.78 46.05 47.27 

9.88 9.55 8.13 8.97 8.71 8.94 10.14 10.32 11.10 

43.13 43.75 45.68 44.27 44.45 44.57 43.08 43.64 41.63 

         0.14 0.15 0.08 0.09 0.11 0.12 0.14 0.15 0.19 

0.10 0.08 0.06 0.07 0.07 0.07 0.09 0.07 0.09 

ZR3C ZR3C ZR3C ZR3C ZR3C ZR3C 

cpx9 cpx9 cpx9 cpx9 cpx9 cpx9 

line1 line1 line1 line1 line1 line1 

      mantle mantle mantle rim rim rim 

      

      
51.12 50.37 50.60 47.32 47.65 48.97 

1.21 1.34 1.26 2.20 2.16 1.99 

4.34 4.91 4.63 7.95 7.40 6.63 

5.79 5.35 5.78 6.35 6.72 7.10 

0.14 0.09 0.11 0.09 0.14 0.09 

14.93 14.92 14.70 13.34 13.17 13.27 

21.91 22.19 22.26 21.93 21.59 21.49 

0.44 0.39 0.37 0.44 0.41 0.45 

0.01 0.01 0.05 0.00 0.04 0.03 

      



0.21 0.37 0.18 0.23 0.05 0.12 

0.05 0.06 0.08 0.09 0.04 0.04 

      100.148 99.9964 100.01 99.9364 99.3712 100.183 

      

      117.0 130.0 156.0 169.0 182.0 195.0 

82.1 83.3 81.9 78.9 77.7 76.9 

      46.31 47.02 47.06 48.18 47.70 47.16 

9.79 8.99 9.71 11.04 11.82 12.33 

43.90 43.99 43.23 40.78 40.48 40.51 

      0.12 0.14 0.13 0.24 0.22 0.19 

0.07 0.07 0.07 0.11 0.11 0.10 

      

 

 

 

ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B  

cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2  

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1  

          
 

core core core core core core core core core core  

          
 

          
 

51.77 52.05 52.30 52.15 51.77 51.77 52.36 52.14 51.97 52.34  

0.81 0.76 0.72 0.79 0.75 0.88 0.80 0.78 0.80 0.79  

2.14 2.30 2.36 2.25 2.29 2.76 2.38 2.48 2.65 2.33  

7.93 7.83 7.91 7.86 7.89 8.06 7.98 8.00 8.00 7.78  

0.52 0.51 0.50 0.46 0.54 0.45 0.47 0.52 0.45 0.49  



13.57 13.44 13.35 13.44 13.57 13.15 13.68 13.55 13.68 13.48  

22.01 21.99 22.01 21.90 22.05 21.63 21.53 22.05 21.97 21.83  

0.73 0.82 0.79 0.63 0.73 0.84 0.79 0.80 0.70 0.66  

- 0.00 0.01 - 0.04 0.02 - 0.04 - 0.03  

          
 

0.12 0.02 0.03 0.11 0.00 0.05 0.14 0.03 0.00 0.04  

0.08 0.03 0.05 - - 0.02 0.05 - 0.04 0.08  

          
 

99.68 99.76 100.03 99.60 99.63 99.64 100.18 100.39 100.28 99.86  

          
 

          
 

11.6 23.2 34.8 46.4 58.0 69.6 81.2 92.8 104.4 116.0  

75.3 75.4 75.1 75.3 75.4 74.4 75.3 75.1 75.3 75.5  

          
 

46.35 46.58 46.68 46.50 46.41 46.44 45.65 46.37 46.15 46.40  

13.90 13.81 13.94 13.80 13.85 14.27 14.00 13.99 13.87 13.73  

39.75 39.61 39.39 39.70 39.74 39.28 40.35 39.64 39.98 39.86  

          
 

0.06 0.06 0.05 0.05 0.06 0.07 0.06 0.06 0.07 0.05  

0.03 0.04 0.05 0.05 0.04 0.06 0.05 0.04 0.05 0.05  
 
           

ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B ZR3B 

cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 cpx2 

line1 line1 line1 line1 line1 line1 line1 line1 line1 line1 

          

 
mantle mantle 

  
rim rim rim rim rim 

          

          
50.88 51.18 51.07 51.50 52.06 51.61 52.19 52.33 51.86 51.99 

1.00 0.98 0.98 0.98 0.82 0.76 0.73 0.82 0.78 0.85 

3.17 3.10 3.01 2.68 2.48 2.53 2.22 2.58 2.78 2.82 

8.16 8.52 8.61 8.35 8.15 7.52 7.59 7.50 7.86 7.77 

0.53 0.61 0.58 0.49 0.48 0.56 0.54 0.47 0.38 0.48 

12.81 12.68 12.74 12.92 13.48 13.31 13.60 13.58 13.56 13.51 

21.80 21.75 21.59 21.71 21.85 21.70 22.34 21.78 22.52 22.24 

0.97 0.83 0.98 0.96 0.85 0.79 0.81 0.84 0.81 0.74 

- 0.05 0.04 0.01 0.08 - 0.07 0.03 - - 

          
- 0.09 0.06 0.10 0.06 0.08 0.04 0.07 0.10 0.01 

0.02 0.01 0.06 0.04 0.05 0.02 - 0.08 - 0.01 

          99.34 99.80 99.71 99.74 100.37 98.88 100.14 100.07 100.65 100.42 

          

          139.2 150.8 162.4 174.0 185.6 197.2 208.8 220.4 232.0 243.6 

73.7 72.6 72.5 73.4 74.7 75.9 76.2 76.3 75.5 75.6 



          46.97 46.75 46.44 46.60 46.15 46.64 46.92 46.44 47.09 46.84 

14.63 15.33 15.43 14.82 14.24 13.56 13.34 13.27 13.46 13.57 

38.40 37.92 38.12 38.58 39.61 39.80 39.74 40.29 39.45 39.59 

          0.09 0.08 0.08 0.07 0.07 0.06 0.06 0.06 0.08 0.07 

0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.04 0.05 
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Table 1 

Temperature and pressure estimates obtained through the geothermorometer specific for alkaline 

liquids (Masotta et al., 2013) on A-MS clinopyroxenes 

ME0 
  

ME1 
  

ME2 
  

ME3 
 

           Talk 
2012 Palk 2012 

Talk 
2012 Palk 2012 

Talk 
2012 Palk 2012 

Talk 
2012 

Palk 
2012 

T-model P-model 
 

T-model P-model 
 

T-model P-model 
 

T-model P-model 

11 7 
 

11 7 
 

11 7 
 

11 7 

           1092.2 1.4 
 

1049.8 2.1 
 

989.6 1.4 
 

988.5 1.5 

1120.4 1.2 
 

1074.6 1.9 
 

990.4 1.3 
 

982.2 1.7 

1104.9 1.3 
 

1064.2 1.7 
 

1001.4 1.1 
 

939.1 1.8 

1096.8 1.6 
 

1060.0 2.7 
 

999.9 1.2 
 

966.9 1.5 

1083.7 1.6 
 

1067.6 1.6 
 

971.8 1.4 
 

951.0 1.7 

1052.9 3.2 
 

1060.1 2.6 
 

1000.0 1.6 
 

934.4 1.5 

1085.7 1.8 
 

1053.0 1.9 
 

999.9 1.2 
 

962.5 1.4 

1100.7 1.2 
 

1058.4 2.2 
 

977.1 1.1 
 

961.3 1.3 

1114.9 3.2 
 

1068.3 1.6 
 

984.1 1.0 
 

940.1 1.2 

1115.1 1.1 
 

1078.5 1.3 
 

985.5 1.3 
 

952.8 1.4 

1103.7 1.7 
 

1051.6 1.9 
 

989.7 1.8 
 

988.7 1.8 

1132.4 1.5 
 

1076.3 1.7 
 

990.6 1.6 
 

982.4 2.0 

1116.8 1.6 
 

1066.4 1.5 
 

1001.5 1.5 
 

939.3 2.0 

1108.6 1.8 
 

1060.9 2.5 
 

999.9 1.6 
 

967.1 1.8 

1095.6 1.8 
 

1068.9 1.4 
 

971.8 1.8 
 

951.2 1.9 

1064.3 3.6 
 

1061.6 2.3 
 

1000.1 2.1 
 

934.6 1.7 

1097.8 2.1 
 

1053.7 1.7 
 

999.9 1.6 
 

962.6 1.6 

1112.5 1.5 
 

1060.3 1.8 
 

977.0 1.4 
 

961.4 1.5 

1128.1 3.6 
 

1070.5 1.4 
 

983.9 1.3 
 

940.2 1.4 

1126.9 1.4 
 

1080.6 1.1 
 

985.4 1.6 
 

952.9 1.6 

1076.8 2.7 
 

1039.5 2.3 
 

981.7 2.0 
 

987.3 2.0 

1104.4 2.5 
 

1063.3 2.1 
 

982.4 1.9 
 

980.9 2.1 

1089.1 2.5 
 

1055.1 1.8 
 

993.5 1.7 
 

938.0 2.2 

1080.9 2.6 
 

1046.3 3.0 
 

992.0 1.8 
 

965.8 1.9 

1067.9 2.5 
 

1055.4 1.8 
 

964.5 2.0 
 

949.8 2.1 

1037.5 5.4 
 

1048.5 2.8 
 

992.2 2.4 
 

933.4 1.8 

1069.4 3.2 
 

1038.8 2.2 
 

992.0 1.8 
 

961.3 1.8 

1085.1 2.7 
 

1048.1 2.3 
 

969.8 1.7 
 

960.2 1.7 

1096.6 5.1 
 

1059.2 1.8 
 

976.8 1.6 
 

939.1 1.6 

1099.4 2.3 
 

1068.8 1.5 
 

977.9 1.9 
 

951.7 1.8 

1104.3 0.7 
 

1059.5 1.5 
 

986.3 1.4 
 

987.9 2.0 

1132.9 
  

1084.8 1.2 
 

987.1 1.3 
 

981.6 2.2 

1117.6 0.6 
 

1073.5 1.1 
 

998.1 1.1 
 

938.6 2.2 

1109.6 0.9 
 

1071.0 2.0 
 

996.5 1.2 
 

966.3 2.0 

1097.1 1.0 
 

1078.0 0.9 
 

968.8 1.4 
 

950.4 2.2 



1066.2 2.0 
 

1070.3 1.8 
 

996.7 1.6 
 

933.8 1.9 

1100.0 0.9 
 

1064.0 1.3 
 

996.5 1.2 
 

961.8 1.8 

1113.2 
  

1068.1 1.3 
 

974.0 1.1 
 

960.6 1.7 

1133.7 2.0 
 

1077.7 1.0 
 

981.0 1.0 
 

939.4 1.6 

1127.2 
  

1088.2 0.6 
 

982.3 1.3 
 

952.1 1.8 

1096.2 1.8 
 

1053.8 2.1 
 

994.5 1.4 
 

987.0 2.1 

1124.5 1.6 
 

1078.9 1.9 
 

995.3 1.3 
 

980.7 2.2 

1109.4 1.7 
 

1067.7 1.6 
 

1006.5 1.1 
 

937.7 2.3 

1101.6 1.8 
 

1065.1 2.6 
 

1004.9 1.2 
 

965.4 2.0 

1089.2 1.8 
 

1072.1 1.6 
 

976.8 1.3 
 

949.5 2.2 

1058.7 3.9 
 

1064.5 2.6 
 

1005.1 1.5 
 

933.0 1.9 

1092.1 2.2 
 

1058.2 1.8 
 

1004.9 1.2 
 

960.9 1.8 

1105.1 1.7 
 

1062.4 2.1 
 

982.2 1.1 
 

959.8 1.8 

1125.6 3.7 
 

1071.9 1.6 
 

989.3 0.9 
 

938.6 1.6 

1118.9 1.5 
 

1082.3 1.3 
 

990.5 1.2 
 

951.3 1.9 

1102.6 1.3 
 

1055.5 1.8 
 

997.6 0.8 
 

975.2 2.5 

1131.1 1.1 
 

1080.5 1.5 
 

998.5 0.7 
 

968.4 2.7 

1116.2 1.2 
 

1069.9 1.3 
 

1009.7 0.5 
 

926.7 2.7 

1108.6 1.4 
 

1066.0 2.3 
 

1008.1 0.6 
 

954.6 2.4 

1096.9 1.4 
 

1073.5 1.3 
 

979.8 0.8 
 

938.0 2.6 

1066.5 3.2 
 

1066.0 2.2 
 

1008.3 0.7 
 

923.2 2.3 

1100.7 1.6 
 

1059.0 1.6 
 

1008.1 0.6 
 

950.3 2.3 

1111.7 1.2 
 

1064.2 1.7 
 

985.2 0.5 
 

950.3 2.1 

1138.3 3.0 
 

1074.0 1.3 
 

992.3 0.4 
 

929.5 2.0 

1125.1 1.0 
 

1084.4 0.9 
 

993.6 0.7 
 

941.2 2.2 

1118.0 
  

1060.6 1.6 
 

1003.9 0.9 
 

977.3 2.4 

1147.0 
  

1086.1 1.4 
 

1004.8 0.8 
 

970.6 2.6 

1131.9 
  

1074.5 1.2 
 

1015.9 0.6 
 

928.7 2.6 

1124.4 0.6 
 

1072.6 2.1 
 

1014.2 0.7 
 

956.6 2.3 

1112.7 0.6 
 

1079.4 1.1 
 

985.3 0.9 
 

940.0 2.5 

1081.8 1.4 
 

1071.7 2.0 
 

1014.4 0.9 
 

925.0 2.2 

1116.9 
  

1065.7 1.4 
 

1014.2 0.7 
 

952.3 2.1 

1127.3 
  

1069.3 1.5 
 

990.7 0.6 
 

952.2 2.0 

1156.9 1.3 
 

1078.6 1.1 
 

997.7 0.5 
 

931.3 1.9 

1140.7 
  

1089.3 0.8 
 

999.4 0.8 
 

943.2 2.1 

1080.1 2.5 
 

1049.4 2.0 
 

987.0 1.1 
 

975.7 2.6 

1107.9 2.3 
 

1074.0 1.8 
 

987.7 1.1 
 

968.9 2.8 

1092.4 2.3 
 

1064.1 1.6 
 

998.9 0.9 
 

927.2 2.9 

1084.1 2.4 
 

1058.7 2.6 
 

997.4 1.0 
 

955.1 2.6 

1070.8 2.4 
 

1066.7 1.5 
 

969.9 1.1 
 

938.5 2.8 

1040.2 5.0 
 

1059.4 2.5 
 

997.6 1.2 
 

923.6 2.4 

1072.1 3.0 
 

1051.5 1.8 
 

997.4 1.0 
 

950.8 2.4 

1088.4 2.4 
 

1058.0 2.0 
 

975.2 0.9 
 

950.8 2.2 

1098.2 4.8 
 

1068.2 1.5 
 

982.3 0.7 
 

929.9 2.1 

1102.9 2.1 
 

1078.4 1.2 
 

983.3 1.0 
 

941.7 2.4 

1112.9 1.4 
 

1048.7 2.1 
 

974.1 1.5 
 

976.9 2.7 

1141.6 1.2 
 

1073.0 1.9 
 

974.7 1.5 
 

970.2 2.9 



1127.0 1.3 
 

1063.9 1.7 
 

985.9 1.3 
 

928.3 2.9 

1119.9 1.4 
 

1056.8 2.8 
 

984.6 1.4 
 

956.2 2.6 

1109.0 1.4 
 

1065.4 1.7 
 

958.1 1.5 
 

939.7 2.8 

1078.7 3.5 
 

1058.3 2.6 
 

984.8 1.7 
 

924.7 2.4 

1113.9 1.7 
 

1049.5 2.0 
 

984.6 1.4 
 

951.9 2.4 

1122.4 1.3 
 

1057.4 2.1 
 

963.3 1.2 
 

951.8 2.2 

1157.0 3.1 
 

1068.0 1.6 
 

970.6 1.1 
 

930.9 2.1 

1135.2 1.1 
 

1078.0 1.3 
 

971.0 1.4 
 

942.8 2.4 

1098.5 1.8 
 

1056.5 1.7 
 

987.0 1.1 
 

974.6 2.8 

1126.9 1.6 
 

1081.5 1.5 
 

987.7 1.1 
 

967.8 3.0 

1111.6 1.7 
 

1070.9 1.3 
 

998.9 0.9 
 

926.2 3.0 

1103.6 1.8 
 

1067.0 2.3 
 

997.4 1.0 
 

954.1 2.7 

1091.1 1.8 
 

1074.5 1.2 
 

969.9 1.1 
 

937.4 2.9 

1060.3 3.9 
 

1067.0 2.1 
 

997.6 1.2 
 

922.8 2.6 

1093.7 2.2 
 

1060.0 1.5 
 

997.4 1.0 
 

949.9 2.5 

1107.3 1.6 
 

1065.2 1.6 
 

975.2 0.9 
 

950.0 2.3 

1126.1 3.7 
 

1075.0 1.2 
 

982.3 0.7 
 

929.2 2.2 

1121.3 1.5 
 

1085.4 0.9 
 

983.3 1.0 
 

940.9 2.5 
 

 

Table 2 

Temperature and pressure estimates obtained through the geothermorometer specific for alkaline 

liquids (Masotta et al., 2013) on Zaro clinopyroxenes 

 

Mafic enclaves 
 

Hybrid enclave 
 

Trachytic lavas 
 

Trachytic lavas 

ME0 
  

ME1 
  

ME1 
  

ME2 
 

           T-model P-model 
 

T-model P-model 
 

T-model P-model 
 

T-model P-model 

11 7 
 

11 7 
 

11 7 
 

11 7 

1109.54 2.86 
 

1047.70 1.47 
 

960.86 2.08 
 

953.02 2.70 

1109.28 2.97 
 

1041.47 2.06 
 

958.29 2.17 
 

934.63 2.67 

1113.29 2.74 
 

1031.39 3.03 
 

963.81 2.17 
 

926.11 2.48 

1124.93 2.95 
 

1037.81 2.81 
 

964.98 2.05 
 

942.11 2.54 

1122.81 2.11 
 

1049.59 2.52 
 

966.66 2.11 
 

938.69 2.59 

1109.54 2.86 
 

1030.10 3.29 
 

965.46 2.13 
 

936.35 2.59 

1109.28 2.97 
 

1022.51 3.25 
 

971.91 2.11 
 

939.22 2.48 

1113.29 2.74 
 

1040.58 2.52 
 

960.66 2.11 
 

952.96 2.75 

1124.93 2.95 
 

1052.29 2.13 
 

958.29 2.17 
 

958.29 2.83 

1122.81 2.11 
 

1030.10 3.29 
 

965.46 2.13 
 

943.43 2.83 

1116.54 3.06 
    

962.40 2.05 
 

947.30 2.37 

1116.55 3.17 
    

959.80 2.14 
 

929.74 2.35 

1120.29 2.93 
    

965.38 2.14 
 

921.83 2.18 

1132.51 3.19 
    

966.51 2.02 
 

937.14 2.23 

1129.47 2.28 
    

968.23 2.08 
 

933.60 2.29 



1116.54 3.06 
    

967.03 2.10 
 

931.31 2.29 

1116.55 3.17 
    

973.50 2.08 
 

934.77 2.16 

1120.29 2.93 
    

962.20 2.08 
 

947.27 2.40 

1132.51 3.19 
    

959.80 2.14 
 

951.96 2.46 

1129.47 2.28 
    

967.03 2.10 
 

937.61 2.51 

1115.64 3.58 
    

961.85 1.98 
 

949.72 2.94 

1115.44 3.71 
    

959.27 2.07 
 

931.60 2.89 

1119.41 3.44 
    

964.81 2.07 
 

923.27 2.68 

1131.26 3.78 
    

965.97 1.95 
 

939.04 2.76 

1128.89 2.75 
    

967.67 2.01 
 

935.60 2.81 

1115.64 3.58 
    

966.47 2.03 
 

933.27 2.81 

1115.44 3.71 
    

972.92 2.00 
 

936.29 2.69 

1119.41 3.44 
    

961.65 2.01 
 

949.67 3.00 

1131.26 3.78 
    

959.27 2.07 
 

954.82 3.09 

1128.89 2.75 
    

966.47 2.03 
 

940.13 3.07 

1116.69 3.34 
    

960.87 2.17 
 

942.06 3.09 

1116.65 3.46 
    

958.32 2.27 
 

924.88 3.03 

1120.44 3.20 
    

963.78 2.26 
 

917.23 2.81 

1132.59 3.51 
    

965.01 2.14 
 

932.22 2.90 

1129.69 2.53 
    

966.65 2.20 
 

928.64 2.96 

1116.69 3.34 
    

965.45 2.22 
 

926.39 2.95 

1116.65 3.46 
    

971.86 2.21 
 

930.05 2.82 

1120.44 3.20 
    

960.66 2.20 
 

942.04 3.15 

1132.59 3.51 
    

958.32 2.27 
 

946.47 3.26 

1129.69 2.53 
    

965.45 2.22 
 

932.38 3.23 

1125.31 2.92 
    

958.37 1.78 
 

943.58 3.01 

1125.41 3.03 
    

955.94 1.84 
 

926.30 2.95 

1129.09 2.79 
    

961.13 1.86 
 

918.58 2.74 

1141.64 3.02 
    

962.58 1.74 
 

933.65 2.82 

1138.20 2.16 
    

964.03 1.80 
 

930.08 2.88 

1125.31 2.92 
    

962.84 1.82 
 

927.82 2.87 

1125.41 3.03 
    

969.10 1.77 
 

931.43 2.74 

1129.09 2.79 
    

958.15 1.80 
 

943.55 3.06 

1141.64 3.02 
    

955.94 1.84 
 

948.06 3.16 

1138.20 2.16 
    

962.84 1.82 
 

933.89 3.15 

1126.15 3.25 
    

955.23 2.02 
 

945.75 2.85 

1126.02 3.37 
    

952.76 2.11 
 

928.12 2.81 

1129.97 3.12 
    

958.05 2.11 
 

920.15 2.61 

1142.11 3.39 
    

959.38 1.99 
 

935.50 2.68 

1139.47 2.45 
    

960.91 2.05 
 

932.00 2.73 

1126.15 3.25 
    

959.73 2.07 
 

929.71 2.73 

1126.02 3.37 
    

966.02 2.05 
 

933.06 2.61 

1129.97 3.12 
    

955.02 2.05 
 

945.71 2.91 

1142.11 3.39 
    

952.76 2.11 
 

950.49 2.99 

1139.47 2.45 
    

959.73 2.07 
 

936.11 2.99 

1106.06 3.66 
    

964.91 2.52 
 

958.19 2.16 

1105.35 3.80 
    

962.24 2.65 
 

939.66 2.16 



1109.84 3.52 
    

967.97 2.63 
 

931.08 2.00 

1120.65 3.85 
    

968.98 2.51 
 

947.20 2.04 

1120.03 2.82 
    

970.81 2.58 
 

943.75 2.10 

1106.06 3.66 
    

969.60 2.59 
 

941.39 2.10 

1105.35 3.80 
    

976.18 2.61 
 

944.29 1.98 

1109.84 3.52 
    

964.71 2.57 
 

958.12 2.19 

1120.65 3.85 
    

962.24 2.65 
 

963.48 2.24 

1120.03 2.82 
    

969.60 2.59 
 

948.51 2.30 

1093.32 3.34 
    

958.66 2.48 
 

956.74 2.23 

1092.45 3.46 
    

956.13 2.60 
 

938.38 2.22 

1097.05 3.20 
    

961.54 2.58 
 

929.93 2.06 

1107.38 3.48 
    

962.79 2.46 
 

945.91 2.10 

1107.35 2.54 
    

964.40 2.53 
 

942.44 2.16 

1093.32 3.34 
    

963.21 2.55 
 

940.08 2.16 

1092.45 3.46 
    

969.57 2.56 
 

943.10 2.03 

1097.05 3.20 
    

958.45 2.52 
 

956.69 2.25 

1107.38 3.48 
    

956.13 2.60 
 

961.92 2.31 

1107.35 2.54 
    

963.21 2.55 
 

947.05 2.36 

1108.10 3.52 
    

958.50 2.26 
 

950.14 1.61 

1107.55 3.65 
    

956.00 2.36 
 

932.32 1.64 

1111.87 3.38 
    

961.35 2.36 
 

924.24 1.52 

1122.99 3.70 
    

962.65 2.24 
 

939.76 1.52 

1121.82 2.70 
    

964.22 2.30 
 

936.24 1.60 

1108.10 3.52 
    

963.03 2.32 
 

933.93 1.60 

1107.55 3.65 
    

969.37 2.31 
 

937.25 1.47 

1111.87 3.38 
    

958.28 2.30 
 

950.10 1.61 

1122.99 3.70 
    

956.00 2.36 
 

954.98 1.63 

1121.82 2.70 
    

963.03 2.32 
 

940.46 1.75 

1117.33 3.09 
    

949.86 2.40 
 

952.32 1.34 

1117.02 3.20 
    

947.47 2.52 
 

934.48 1.38 

1121.12 2.96 
    

952.58 2.50 
 

926.42 1.28 

1132.81 3.20 
    

954.03 2.38 
 

941.95 1.27 

1130.80 2.31 
    

955.44 2.45 
 

938.40 1.35 

1117.33 3.09 
    

954.27 2.46 
 

936.09 1.35 

1117.02 3.20 
    

960.44 2.47 
 

939.47 1.22 

1121.12 2.96 
    

949.65 2.44 
 

952.27 1.32 

1132.81 3.20 
    

947.47 2.52 
 

957.12 1.33 

1130.80 2.31 
    

954.27 2.46 
 

942.58 1.48 
 

 

 

 



Supplementary Material 5 

Table 1 

Mass balance calculations obtained through XLFRAC (Stormer and Nicholls 1978) 

 

            

 
Parent 
magma 

Daughter 
magma  

Subtracted minerals 
 

Difference between 
parent   

sample APR.1 ZR3C 
 

ol cpx pl mgnt 
  

and daughter 
magmas  

 
Measured 

(wt.%) 
Measured 

(wt.%)          

SiO2 48.72 52.46 
 

40.16 50.40 47.59 
   

0.01 
 

TiO2 1.25 1.38 
  

1.01 
 

21.99 
  

0.09 
 

Al2O3 15.60 18.01 
  

5.26 33.19 2.24 
  

0.00 
 

FeOt 7.94 7.24 
 

13.32 4.86 0.52 73.44 
  

0.00 
 

MnO 0.14 0.14 
 

0.23 0.04 
 

0.76 
  

0.00 
 

MgO 9.61 5.06 
 

45.88 15.60 
 

1.10 
  

0.00 
 

CaO 12.10 8.00 
 

0.30 22.64 16.64 0.00 
  

0.00 
 

Na2O 2.87 4.43 
  

0.24 1.72 
   

0.10 
 

K2O 1.48 2.92 
   

0.16 
   

0.00 
 

P2O5 0.28 0.37 
       

0.01 
 

Sum  100 100 
 

99.89 100.05 99.82 99.53 
  

0.215 ∑R
2
 

           
0.215 

 
amounts 
relative  

absolute 
amounts          

 
to inizial 
magma           

 
vol. % vol.% 

         
ol 7.30 14.72 

         
cpx 23.70 47.77 

         
plg 15.81 31.86 

         
mgnt 2.81 5.66 

         
sum 49.62 100.00 

         

            

            

            

 
Parent 
magma 

Daughter 
magma  

Subtracted minerals (%) 
     

Sampl
e 

APR.1 ZR3C 
 

ol cpx pl mgnt 
    

    
14.71 47.76 31.85 5.65 

    

 
(ppm) (ppm) 

  
Kd 

   
D Calculated magma 

          
(ppm) 

 

Rb 46.38 116.08 
 

0.0000
4 

0.0004
7 

0.0160
0 

0.1100
0  

0.01 91.34 
 

Ba 521.2 770.15 
 

0.0000
4 

0.0004
7 

0.0111
1 

0.0280
0  

0.01 1030.76 
 

U 0.98 2.41 
 

0.0000
1 

0.0003
6 

0.0600
0 

0.0076
4  

0.02 1.92 
 

Th 2.88 8.56 
 

0.0000
0 

0.0002
6 

0.0006
9 

0.0006
9  

0.00 5.72 
 

La 14.32 39.17 
 

0.0001
0 

0.1000
0 

0.0220
0 

0.0150
0  

0.06 27.36 
 

Ce 31.92 77.13 
 

0.0001
0 

0.1625
0 

0.0062
5 

0.0160
0  

0.08 59.96 
 

Sr 492.17 503.67 
 

0.0160
0 

0.2600
0 

0.0160
0 

0.0170
0  

0.13 892.03 
 



Nd 18.32 31.36 
 

0.0003
0 

0.2875
0 

0.0027
8 

0.0173
6  

0.14 33.05 
 

Sm 4.36 6.65 
 

0.0006
0 

0.3500
0 

0.0090
0 

0.0240
0  

0.17 7.69 
 

Zr 102 164.67 
 

0.0100
0 

0.1000
0 

0.0009
0 

0.7100
0  

0.09 190.39 
 

Hf 2.7 3.84 
  

0.1094
0 

0.0923
0 

0.1400
0  

0.09 5.04 
 

Eu 1.47 2.41 
 

0.0048
0 

0.3800
0 

0.0090
0 

0.2200
0  

0.20 2.55 
 

Gd 4.58 7.43 
 

0.0090
0 

0.4100
0 

0.0040
0 

0.0180
0  

0.20 7.93 
 

Tb 0.72 0.88 
 

0.0132
0 

0.4400
0 

0.0041
7 

0.0190
0  

0.21 1.23 
 

Dy 4.11 5.19 
 

0.0020
0 

0.0423
6 

0.0020
8 

0.0020
8  

0.02 8.04 
 

Y 20.61 25.25 
 

0.0100
0 

0.4850
0 

0.0230
0 

0.0039
0  

0.24 34.69 
 

Ho 0.77 0.80 
 

0.0016
0 

0.0020
8 

0.0110
0 

0.0170
0  

0.01 1.52 
 

Er 2.13 2.48 
 

0.0258
0 

0.4833
0 

0.0110
0 

0.0180
0  

0.24 3.59 
 

Tm 0.28 0.45 
 

0.0090
0 

0.0013
9 

0.0360
0 

0.0170
0  

0.01 0.55 
 

Yb 1.83 2.73 
 

0.0300
0 

0.4667
0 

0.0040
0 

0.0180
0  

0.23 3.10 
 

Lu 0.27 0.41 
 

0.0342
0 

0.4500
0 

0.0069
0 

0.0097
2  

0.22 0.46 
 

            

            

 
residue 
liquid (%)           

 
51 

          
Calculations have been performed through the XLFRAC software by Stormer and Nicholls (1978). SR2= sum 

of the square of residuals. ol= olivine; cpx= clinopyroxene; feld= feldspar; mgnt= magnetite; ap= apatite. 

Percentage of subtracted minerals come out from mass balance with major elements obtained by XLFRAC 

software. Kd= partition coefficient between minerals and liquidus. D= total distribution coefficient. Kd were 

taken from  https://earthref.org. 

 

 

Table 2 

EC-AFC (Spera and Bohrson 2001) model for Zaro products 

Parameters used for EC-AFC (Spera and Bohrson 2001) model for Zaro products 
 

       
Equilibration Parameters 

    
Teq    900      °C 

    
Tlm 1300 °C 

    
T

0
 m 1350 °C 

    
Tla 980 °C 

    
T

0
a 400 °C 

    
Ts 780 °C 

    
Cpm 1484 J/kg K 

    
Cpa 1388 J/kg K 

    
hcry 396000 J/kg 

    



hfus 354000 J/kg 
    

       

  
Geochimical Parameters 

  18
O/

16
O in magma 

 
5.19 ‰  

 
Element Sr Nd 

18
O/

16
Oin assimilant 

 
12 ‰ 

 
Magma: conc. (ppm) 519 30 

Oxygenconc magma 
 

47(wt.%) 
 

bulk D0 4 0.1 

Oxygenconcassim 
 

50 (wt.%) 
 

enthalpy 0 0 

    
Assimilant: conc. (ppm) 280 60 

    
bulk D0 0.65 0.1 

    
enthalpy 0 0 

    
Isotope 

87
Sr/

86
Sr 

143
Nd/

144
Nd  

    
ratio magma 0.705 0.51268 

    
ratio assimilant 0.713 0.51225 

Average O and Sr isotope data of assimilant (Hercynian granodiorite) from Ayuso et al. (1994) and Rottura et 

al. (1991), respectively. 

D0= Bulk distribution coefficient; Teq = Equilibration temperature; Tlm = Magma liquidus temperature; T0m = 

Initial magma temperature;  

Tla= Wall-rock liquidus temperature; T0a = InitialWall-rock temperature; Ts=Solidus, required to be the same 

formagma and assimilant;Cpm = Magma specific heat capacity; hcry = Crystallization enthalpy; hfus= Fusion 

enthalpy 

Cpa = Assimilant specific heat capacity. 

 

 

 

 

 

 

 

 

 

 

 


