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Somma-Vesuvius (SV) is an active volcanic system in southern Italy that has generated Plinian eruptions during
its history as the infamous 79 CE (Pompeii) eruption. Plinian eruptions produced airfall pumice deposits char-
acterized by white pumice clasts in the lower half part, and by grey pumice clasts in the other upper half part.
Plinian pyroclastic deposits are also characterized by the presence of skarn xenoliths. Previous studies on the
fluid (FI) and melt inclusions (MI) in the Somma-Vesuvius (SV) skarn xenoliths have widely documented
immiscibility between silicate melt and hydrosaline melt (+aqueous chloride-rich liquid-carbonate/sulfate
melt). In this study, we recognize a new type of MI namely composite melt inclusions (CMI) hosted in minerals of
SV skarn xenoliths previously studied in the literature. In addition to a review of studies about skarn at SV, we
present new microthermometric observations of CMI based on heating experiments using a heating stage. We
heated CMI to complete homogenization at 1080 °C, and we cooled the CMI to simulate a natural sequence of
phase appearances during magma cooling. At T around 1060 °C the CMI unmixes forming two different silicate
melts. Upon further cooling at around 700 °C, the CMI show droplets of chloride immiscible liquids instantly
nucleating. The cooling experiments of CMI from high-T are assumed to reproduce on a small scale the sequence
of magma cooling prior to eruption below SV. In this case, magma could unmix before eruption forming two
different silicate melts producing a chemically stratified reservoir. In support of our heating experiments results
of CMLI, the reprocessing of SV bulk rock compositions data highlights that magma feeding interplinian eruptions
is Fe-and P-rich and Si-poor. In contrast, magma feeding Plinian eruptions is Si-rich and Fe-and P-poor. As
experimental studies have demonstrated, immiscibility can occur when one melt is Fe-and P-rich and Si-poor,
and the other is Si-rich and Fe-and P-poor and the transition between the two end members is not gradual,
resulting in a gap of homogeneous intermediate melt.

1. Introduction

Understanding the dynamic processes operating in magma chambers
under volcanoes is the basis for predictions of volcanic eruptions and to
mitigate the risk (Geshi, 2020; Gudmundsson, 2020; Caricchi et al.,
2021). The Somma-Vesuvius (SV) is a complex Quaternary volcanic
system located nearby Naples (Fig. 1), in one of the most densely
populated areas in Europe and for this reason it is one of the most
studied volcanos of the Earth (Cannatelli, 2020 and references therein;
Pappalardo and Buono, 2021). SV eruptive activity began at least 35 ka
BP and the eruptive style and cyclicity have varied widely during its
eruptive history; now it is in a quiescent state, with activity expressed by

only fumaroles and low-magnitude seismic activity.

Fluid (FI) and melt inclusion (MI) studies effectively contributes to
the knowledge of magmatic systems as they represent microscopic
droplets of magma trapped in host crystal microcavity during its
growing; they are closed microsystems that preserve valuable informa-
tion on pre-eruptive magma composition with the volatile content that
escape during the eruptions (Cannatelli et al., 2016 and references
therein; Esposito, 2021, Rose-Koga et al., 2021; Wallace et al., 2021). At
SV, in skarn xenoliths many FI and MI studies (e.g., Belkin and De Vivo,
1993; Lima et al., 2003) provided information on the shallow intrusive
system because skarn forms along the margins of the magma reservoir.
In this paper, we discuss the new perspectives on the Somma Vesuvius
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subvolcanic system emerging from high-T CMI cooling experiments,
assuming that they reproduce on a small scale the pre-eruption magma
cooling sequence, by reprocessing the SV bulk rock compositions taken
from the literature and also by a previously studies review.

2. Somma Vesuvius volcanic system geological and geochemical
overviews

2.1. Geology
The Campania plain in southern Italy has been related to the

stretching and thinning of the continental crust by a counter-clockwise
rotation of the Italian peninsula and the contemporaneous opening of
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the Tyrrhenian sea (Fig. 1A) at the western margin of the Apennine
Chain made up by Mesozoic carbonate platforms. The regional Plio-
Pleistocene fault systems by the widespread extensional tectonics,
lowered by at least 3 km the carbonate platform leading the formation of
the Campania Plain graben. Quaternary potassium-rich volcanism
developed in central and southern Italy forming the Roman Comagmatic
Province extending from Vulsini to the Vulture Volcanic Complex
through Campanian plain (Pierantoni et al., 2020; Kelemework et al.,
2021). SV is located on a regional Quaternary fault (Fig. 1A; Milia and
Torrente, 2020). Monte Somma activity started at about 400 ka (Broc-
chini et al., 2001; Di Renzo et al., 2007), Somma caldera formed by
Plinian eruptions (between 25 and 8 Ka) that destroyed the volcanic
edifice and led to the collapse of the eruptive vent (Rolandi et al., 2004).
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Fig. 1. Structural map of the Campanian Plain modified after Milia and Torrente (2020) (A), and (B) geological map of Somma Vesuvius system modified after

Sbrana et al. (2020).
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Vesuvius is a stratovolcano formed within the Somma caldera after the
472 CE Plinian eruption (Fig. 1B; Rolandi et al., 1998, 2004; Linde et al.,
2017).

Much information on SV basement lithology were obtained in 1980
by the Trecase well (Fig. 2B). It is about 1900 m deep, located on the
southern slope of Vesuvius at about 3 km far and the temperature
measured at the bottom of the well was of 50 °C. After a sedimentary
sequence of siliciclastic and volcanic rocks 1880 m thick, limestone
rocks were encountered (Bernasconi et al., 1981). SV volcanic system is
located within a sequence of about 6 km thick of Meso-Cenozoic lime-
stones and dolostones overlayed by Miocene age sediments (Zollo et al.,
1998; Milia et al., 2003; Milia and Torrente, 2020; Nunziata et al., 2020;
Pierantoni et al., 2020). The SV plumbing system is interpreted to be a
complex feeding column (Fig. 2B) that is dominated by multiple mush
zone and thus includes a variety of local crystallization environments
characterized by contrasting cooling rates and P-T conditions (Fig. 2A).
The shallowest reservoir is at a depth corresponding to a pressure of
about 100 MPa (Fig. 2C). Geobarometric studies (Fig. 2A) by FI in xe-
noliths and cognate nodules erupted by SV documented the presence of
several magma chambers/reservoirs ranging from 3.5 to 10 km and a
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large one at depth > 12 km (Belkin et al., 1985, 1998; Belkin and De
Vivo, 1993; Klébesz et al., 2012, 2015) (Fig. 2A, B and C). These depths
have been confirmed by seismic, tomographic, aeromagnetic, and
gravimetric studies (Berrino et al., 1998; Fedi et al., 1998; Auger et al.,
2001; Zollo et al., 1996, 1998; De Natale et al., 2003, 2006) and by
magnetotelluric evidence (Di Maio et al., 1998). Fig. 2C also shows the
types of inclusions found in skarn xenolith samples which provided
important information on the SV subvolcanic system (Gilg et al., 2001;
Fulignati et al., 2001).

SV volcanic activity (Fig. 3) has been divided into three megacycles
(composed of several smaller cycles) based on the systematic major and
trace element variations in whole rock chemistry during time (Ayuso
et al., 1998). Each magmatic megacycle starts always with a Plinian
eruption and ends by a long repose time. The first megacycle (purple in
Fig. 3) includes the activity between 25 and 14 ka, corresponding to the
formation of Monte Somma; the second megacycle (green in Fig. 3)
between 8 and 2.7 ka includes, among others, Ottaviano (about 8 ka)
and Avellino (about 3.5 ka) Plinian eruptions. The third megacycle (pink
in Fig. 3), the most recent, between 79 and 1944 CE, includes Pompeii
(79 CE) and Pollena (472 CE) Plinian eruptions and the 1631 CE
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Fig. 2. A) CO, density by FI trapped in olivine and pyroxene crystals of the SV cognate nodules utilized to infer magma chamber depths (Belkin et al., 1985). B)
Stratigraphic succession below SV (Milia et al., 2003) and depth of magmatic chambers as by Lima et al. (2007). Trecase well location is also shown (see text). C) SV
shallow magma chamber, at close conduit condition, with the “transition zone” between magma-dominated system and fluid-dominated system where skarn rocks
form (Lima et al., 2007). Trapped different inclusion types in growing crystals as described in the literature are also shown (Gilg et al., 2001; Fulignati et al., 2001).
Red boxes indicate depths of formation of reheated MI hosted in olivines of Somma interplinian lava flows, Avellino, Pompeii-79 CE, Pollena-472 CE, and 1631 CE
eruptions reported by Esposito et al. (2023). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. History of Somma Vesuvius Plinian and interplinian volcanic activity grouped into three megacycles based on Ayuso et al. (1998). The activity of the
megacycle III is colored in pink, the activity of megacycle II is in green, and the activity of megacycle I is in purple. Nomenclature of eruptive events is as by Rolandi
et al. (1998 and 2004). Nomenclature in parentheses is as by Santacroce (1987). The age of the eruptions and the repose time are based on Rolandi et al. (1998). Ages
in years before the present in parentheses are calibrated as reported by Santacroce et al. (2008). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

subplinian one. The 79 CE Plinian eruption took place after a repose time
of 800 years, Pollena after 169 years of repose time and the 1631 sub
Plinian one after 492 years of repose time. Each Plinian or subplinian
event is followed by weak to moderately explosive or explosive-effusive
interplinian activity (Fig. 3) with the emplacement of scoria and lava
flow (Rolandi et al., 1998).

The pumice deposits of SV Plinian eruptions show geochemical
gradients that have been interpreted to reflect the progressive with-
drawal of the shallow magma chamber chemically (and density) strati-
fied (Civetta et al., 1991; Civetta and Santacroce, 1992; Rolandi et al.,
1993; Cioni et al., 1995; Landi et al., 1999; Santacroce et al., 2008;
Melluso et al., 2022). To explain the pre-eruptive stratification several
processes have been hypothesized such as crystal-liquid fractionation by
simple chemical differentiation of unique parental magma (Landi et al.,
1999; Buono et al., 2020), by the arrival of diverse magma batches from
deeper reservoirs (e.g., Civetta et al., 1991; Cioni, 2000) and by magma
withdrawal dynamics (Sigurdsson et al., 1990). This topic is still

debated. In the last 79 years the SV system seems to be in a repose time.

2.2. Geochemistry

SV volcanic products consist of potassium-rich rocks that show a
large compositional variation in alkali contents with variable K;O and
silica (Fig. 4; Peccerillo, 2003, 2020, Melluso et al., 2022). The com-
positions of Plinian and subplinian volcanic rocks are usually more
evolved (MgO < 4 wt%) than the interplinian ones (Fig. 5B) whose
composition remained unchanged since the 79 CE eruption (Fig. 5; Lima
et al.,, 2003; Santacroce et al., 2008). The degree of silica under-
saturation increases with time and SiO, content is the lowest in the third
megacycle volcanic rocks (Fig. 5). The megacycles are not characterized
by distinct isotopic ranges because the three groups show overlapping
compositions with a large variability within each cycle (e.g., Ayuso
et al., 1998; Piochi et al., 2006). The Sr-isotope compositions found in
SV stratigraphic sequences of different eruptions show a trend
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Fig. 4. Total alkali versus CaO concentrations of bulk rocks of SV modified after Sbrana et al. (2020). Bulk rocks data are by Santacroce et al. (2008).

interpreted as the arrival of Sr-isotopically different magma batches (Di
Renzo et al., 2022). Plinian and subplinian eruptions give rise to pumice
sequences formed by white pumice at the bottom and grey pumice at the
top. They show a marked vertical compositional variation, and the white
pumices are enriched in NayO (Fig. 6). The Pompei pumice deposits,
studied in detail (e.g., Civetta et al., 1991; Sigurdsson et al., 1990) show
a sharp upward transition from white phonolite pumices with more
sialic compositions at bottom of the deposits and the less evolved
tephritic grey pumices on the top in addition, a compositional gap
separating white from grey pumices (Fig. 6A).

Grey and white pumices have distinct Sr and Nd isotopic composi-
tions. Whole rocks 50'® values range from about 7.5 %o to about 10 %o
(Fig. 7A) and there are no correlations with Nd, Pb and Sr isotopic
compositions. Additionally, 508 shows a positive correlation with the
degree of chemical evolution with time (Fig. 7A; Piochi et al., 2006).
Lava and scoria 80'® values are lower than the 80'® of pumices
(Fig. 7A); the latters have 50'® approximately 1.4 %o higher than the
lavas. These differences show that, at least, at the scale of each group,
there is isotopic zoning (Ayuso et al., 1998).

Closed system fractional crystallization was not the controlling
process that produced the observed isotopic variations (Fig. 7C; Ayuso
et al., 1998). In addition, the 50'® variation at nearly constant silica
content in pumices from Plinian eruptions from the 3rd megacycle has
been interpreted to be the result of O isotope exchange, mediated by a
volatile-rich aqueous fluids between the upper parts of the magma
chamber and the surrounding carbonate country rock (Ayuso et al.,
1998). White and grey pumices have different Sr isotope compositions as
well. Both pumice types contain feldspars with a constant Sr isotopic
composition, like that of white pumices, interpreted as Sr isotopic
disequilibrium in rocks upwards in the sequence and mingling of
magmas during eruption (Civetta et al., 1991). Moreover, the lowermost
part of the 79 CE eruption and the uppermost part of Avellino have
similar 8Sr/%%Sr values (Fig. 7B), suggesting that magma remnants can
be left behind within the chamber after large magnitude events (Civetta
et al., 1991; Civetta and Santacroce, 1992; Piochi et al., 2006). The
incomplete magma removal has also been suggested by evidence that
events following Plinian or sub Plinian eruptions produced magmas that
have isotopic characteristics comparable to those of previous eruptions
(Civetta and Santacroce, 1992; Piochi et al., 2006) (Fig. 7B).

3. Previously studied fluid and melt inclusions in skarn minerals

In SV volcanic products, including surges and flows from mostly
Plinian and subplinian explosive eruptions many types of xenoliths have
been found. They provided information on SV magmatic system. Xe-
noliths show wide variability in composition and texture and have been
divided into ultramafic cumulates, skarns, hornfels, and syenitic sub-
volcanic rocks (Hermes and Cornell, 1978, 1981, 1983).

Skarns have been interpreted by some as rocks formed by meta-
somatic processes, i.e., solid state reactions through the interaction of
fluids (e.g., Turner, 1981). At SV, MI studies indicate that skarns crys-
tallized from a magmatic melt at depths equivalent to 66 and 137 MPa
(about 2.5-5 km deep, assuming a rock density of 2.7 g/cm®). These
depths were calculated by both primary CO3 FI (Fig. 2A) and aqueous FI
salinity in skarn minerals (Hermes and Cornell, 1978, 1981, 1983; Bel-
kin et al., 1985; Belkin and De Vivo, 1993; Gilg et al., 2001; Fulignati
et al., 2001, 2005; De Vivo et al., 2006; Lima et al., 2003, 2007).

Studied skarn xenoliths (Fulignati et al., 2001; Gilg et al., 2001; Lima
et al., 2007) are representative of the SV shallow intrusive system, along
the top and sides of the magma reservoir. Here a transition zone forms
between a magma dominated system and a fluid dominated system and
various inclusion types have been trapped in growing crystals (Fig. 2C).
They have been classified by their appearance at room temperature as:

e COy FI: COgrich inclusions, mostly vapor-rich. They appear to
contain either a single phase or liquid + vapor. They are generally
with a roundish shape and can be both primary and secondary. CO»
has been trapped often along with silicate glass and HsS (Fig. 8A).
Saline inclusions (SI type) may display subspherical, negative crystal
or irregular shapes. They contain two or more isotropic soluble
daughter minerals and a visible aqueous phase. The vapor bubble
may contain CO, and sometimes HsS (Fig. 8B).

Multiphase hydrosaline-melt inclusions also called saline-melt in-
clusions (SMI type) appear completely crystallized; vapor bubble is
difficult to recognize. SMI show commonly other birefringent and/or
opaque minerals (Fig. 8D-F and inclusions a and b in Fig. 10).

Melt inclusions (MI type) appear brown, in different shades, as sili-
cate glass (melt) with one or more bubbles. Other MI show dark
globules inside of different sizes and irregular shapes (Fig. 8C).

The SMI show the immiscibility between silicate melt and
hydrosaline-melt, also called salt melt (+ aqueous chloride-rich
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liquid-carbonate/sulfate melt). There are several studies reporting the
formation of immiscible liquids during the microthermometric experi-
ments of inclusions at SV (De Vivo et al., 1995; Gilg et al., 2001;
Fulignati et al., 2001, 2005; Kamenetsky, 2006; Kamenetsky et al.,
2003). In SV skarn SMI occur in wollastonite, gehlenite, scapolite and
fassaitic clinopyroxene. During microthermometric experiments on
heating and on cooling (Gilg et al., 2001; Fulignati et al., 2001) SMI
show the formation of hydrosaline-melt globules (Fig. 9A and B). The
latters separating from the melt converge in a pocket of liquid that binds
to the vapor bubble (Fig. 9A1 and B2). During heating the liquid
hydrosaline-melt globules form and join in the pocket which grows and
then with further increase in T it shrink gradually until complete ho-
mogenization at around 870 °C occurs (Fig. 9A2) conversely, on cooling
the unmixing is instantaneous at a temperature < 700 °C.

4. New inclusions in skarn minerals named composite melt
inclusions (CMI)

4.1. Analytical methods

For this study we performed 18 heating experiments of CMI hosted in
wollastonite and in gehlenite from SV skarn xenoliths. For the heating
experiments we have employed the Linkam TS1400XY heating stage
(Esposito et al., 2012). We have used a N gas flow (0.5 + 5 % liter/min)
during experiments. We have used ca. 50 pm gold flakes as standards to
calibrate the instrument at the melting point of gold (1064 °C) using
heating ramps as 100 °C/min from 25 to 900 °C, 50 °C/min from 900 to
1000 °C, and 25 °C/min from 1000 to 1100 °C (Esposito et al., 2012).
Based on this calibration the error for the T during experiments is ca.
5 °C. The CMI was heated up to 1100 °C, and cooled to room temper-
ature at a rate of 20 °C/min.
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assimilation, and fractional crystallization processes (from Ayuso et al., 1998 modified).

4.2. Composite melt inclusions (CMI)

Composite melt inclusions (CMI) have been found for the first time
(Fig. 10c) in already studied SV skarn xenoliths along with SMI and CO,
FI (Fig. 10a, b and d) reported in previous studies (De Vivo et al., 1995;
Gilg et al., 2001; Fulignati et al., 2001, 2005; Kamenetsky, 2006;
Kamenetsky et al., 2003). CO; FI indicate a formation depth of about
100 MPa, as reported in previous studies on the same samples (e.g., Gilg
et al., 2001). Fig. 10 shows SMI, CMI and CO; FI found in the same
wollastonite crystal. They have a close genetic relationship because they
coexist within the crystal growth planes (Fig. 10) and because during
experiments show the same behavior at least until about 700 °C. The

great difference is that CMI record the complete sequence of all the
phases of magma cooling.

At room temperature it is very difficult to distinguish CMI from SMI
(Fig. 10). Like SMI they occur in wollastonite, gehlenite, scapolite and
clinopyroxene and only the small size inclusions (about 20 pm) do not
decrepitate during heating/cooling experiments (Figs. 11 and 12). After
the complete homogenization of the CMI (at T > 1060 °C), on cooling
experiment, at about 1060 °C, two different immiscible liquid phases
form interpreted silicate melts. Fig. 12 and the supplementary video
show one of the clearest cooling experiments of a CMI previously heated
up to 1080 °C (Fig. 12a). On cooling (20 °C/min) at about 1060 °C two
liquid pockets formed (Fig. 10b-d), interpreted as two immiscible
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A

Fig. 8. Types of inclusions found in skarn minerals. A) Primary CO; inclusion
vapor-rich (VI) in wollastonite at room temperature. It contains vapor CO,,
liquid CO,, and silicate glass. B) Hydrosaline inclusion (SI) in wollastonite with
two isotropic cubes of NaCl. C) Magmatic inclusion (MI) in wollastonite with
shrinkage bubble and sulfide globule. D, E and F) Multiphase hydrosaline-melt
inclusions (SMI) in gehlenite; E) the same SMI as in D with crossed polarizers to
show the birefringent minerals; F) SEM image of an open SMI (similar to D); the
phases identified are: sylvite (S), barite (B), calcite (C), a hexagonal crystal of
biotite mica (M) and anhydrite (An). Other identified phases are K, Na sulfate
(X) perhaps aphthitalite, Na, Ca sulfate (G), possibly glauberite (from Gilg
et al., 2001).

silicate melts due to the high homogenization temperature. Cooling on,
at about 700 °C an instantaneous unmixing (Fig. 10e), like the one
observed in SMI (Fig. 9) occur between hydrosaline melt and silicate
melt. The supplementary video at about 700 °C shows a quick flash
when unmixing takes place instantly. In this video an experiment lasting
4/5 h was synthesized in <2 min. The right shot took place after 18
experiments which gave unclear images.

4.3. CMI formation in SV subvolcanic system

According to the model shown in Fig. 2 (Lima et al., 1999, 2003,
2007), in the shallow magma chamber, located approximately at a depth
equivalent to 100 MPa (Belkin et al., 1985; Belkin and De Vivo, 1993),
within the carbonate country rock, during repose time (Fig. 3), before a
Plinian eruption, the magma resides for long time in a closed conduit
condition and very saline fluids (brine) and gases by magma vesiculation
(second boiling) cannot escape (see also Bodnar et al., 2007; Lima et al.,
2021). In the “transition zone” between the magma-dominated system
and fluid-dominated system, HyO reacts with the chloride, fluoride,
borate, and carbonate species. The chemical effects of high temperature
hydrolysis may be enhanced by phase separation and multiple immis-
cible fluid phases can form (Veksler and Charlier, 2015); limestone and
dolomitic country rocks melt, as a result of infiltrative contact meta-
somatism associated with silicate magmas (Lentz, 1999, 2017),
increasing both P(CO2) and Ca and Mg content in the melts. The
modified silicate magma separates into co-existing immiscible melts
with different viscosities that by dynamic interaction would partition
elements, as well as isotopic signatures (Lentz, 2017). On the other
hand, O isotopic compositions (Fig. 7), for SV pumice, lava and scorias
for each group, indicate crustal assimilation and fluids exchange pro-
cesses (Ayuso et al., 1998; Piochi et al., 2006). In the last decade most
researchers argued for the involvement of carbonate melts at SV vol-
canic system using mostly isotopic evidence. Ayuso et al. (1998) based
on the geochemical and isotopic (Nd-Pb-Sr-O) variations on a suite of
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150 samples of SV volcanic rocks, suggested an isotopic exchange be-
tween magma and limestone, near the roof of the magma chamber; Gilg
et al. (2001), studying C and O isotope compositions of skarn, calcites
and silicate melt inclusion-bearing wollastonite nodules, suggested
assimilation of carbonate wall rocks by the alkaline magma at moderate
depths (<5 km). The interaction between early high-temperature hy-
persaline fluids, carbonate country rocks and residing magma for long
periods of time is best recorded in all inclusions trapped in skarn min-
erals (Fig. 2C; De Vivo et al., 1995; Gilg et al., 2001; Fulignati et al.,
2001, 2005; Kamenetsky, 2006; Kamenetsky et al., 2003). CMI record on
a micrometer scale the complete sequence of all magma cooling phases,
which most likely also occur on a large scale at the SV.

5. Discussion

In this review, various aspects of the SV volcanic system have been
highlighted that have not yet been clarified despite the large number of
studies carried out so far. The results of previous studies on FI and MI in
SV skarn minerals have been reported, together with new preliminary
microthermometric observation on CMI.

Until now immiscibility, between silicate melt and hydrosaline melt
(taqueous chloride-rich liquid-carbonate/sulfate melt) have been
widely documented at SV and in other subvolcanic Italian systems as
well. Good examples are at Campi Flegrei (De Vivo et al., 2006; Fedele
et al., 2006; Bodnar et al., 2007; Lima et al., 2009), at islands of Ponza
(Belkin et al., 1996; De Vivo et al., 2006) and Ventotene (De Vivo et al.,
1995; Fulignati et al., 2005) and at Pantelleria in the Sicily Channel (De
Vivo et al., 1992, 1993, 2006; Lowenstern, 1993, 1994).

A new finding is the immiscibility between silicate liquids, with
different chemical compositions which could explain the observed
stratification in SV magma chamber.

5.1. Silicate liquids immiscibility

Silicate liquids immiscibility (SLI) is one of the differentiation pro-
cesses in magmatic systems. Experimental studies (e.g., Roedder, 1979;
Philpotts, 1979, 1982) have demonstrated that it can occur in two type
of silicate melts: 1) in highly Fe-rich basaltic melt, where one liquid is
Fe-and P-rich and Si-poor, and the other is Si-rich and Fe-and P-poor; 2)
in highly alkaline melts. In an extensive review of the petrogenetic
significance of SLI, Roedder (1979) was able to list 40 references pro-
posing immiscibility in various natural rock bodies. Evidence for SLI can
be found in many tholeiitic basalts where minute globules of dark brown
glass are set in a matrix of paler glass (Philpotts, 1979; Belkin et al.,
2009). Another demonstration of SLI occurs between high Fe basaltic
melts and highly alkaline melts (Veksler, 2004; Veksler et al., 2007; Lino
et al., 2023). Occurrence of SLI during cooling of magmas have been
shown in layered intrusions as well (i.e., the Skaergaard; Holness et al.,
2017). Currently, it is broadly accepted that SLI occurs at the late stage
of magma evolution following large magma differentiation by fractional
crystallization, mostly at marginal zones of magma chamber (e.g.,
Veksler and Charlier, 2015). The SLI can become increasingly important
at near-solidus temperatures, so that, the solidus itself is difficult to
define. The SLI is difficult to recognize at large scale mostly because it
can show petrologic signatures like magma mixing and/or mingling.
Once two or more fluids separated, they behave exactly like different
magmas with different composition and mobility. However, an impli-
cation of SLI is that compositions between unmixed pairs cannot exist as
homogeneous melt and this give rise to a gap of intermediate homoge-
neous melts during magma cooling and differentiation (Lino et al.,
2023). In previous studies, even if SLI in not invoked, trapping in the
same crystal of MI with different compositions has been reported. Belkin
et al. (1985), studying FI in SV xenoliths, pointed out that in skarn
samples there are two types of MI with a different behavior during
heating/cooling experiments and speculated that they trapped melt of
different composition. Lima et al. (2006 and 2007) found that MI in
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Fig. 9. A) Heating experiment of a multiphase hydrosaline-melt inclusion (SMI) in gehlenite from SV skarn (for the composition at room T refer to Fig. 8F). A1) On
heating hydrosaline-melt globules form and join in a liquid pocket that binds to the vapor bubble. A2) With further increase in T the immiscible liquid pocket shrinks
gradually until complete homogenization at about 870 °C occurs (Gilg et al., 2001). B) Cooling experiment of a multiphase inclusion (in nepheline or clinopyroxene)
from the SV skarn xenolith (the same type of SMI in Fig. 8F). B1 and B2: On cooling hydrosaline-melt globules form and join in a liquid pocket that binds to the vapor
bubble, unmixing between two liquids at temperatures <680 °C occurs; B3) opaque phase (sulfide?) forms at 587 °C inside hydrosaline- melt (Fulignati et al., 2001).

clinopyroxenes and olivines from SV 79 CE pumice samples show
compositions representing two different populations in the same crystal.

The Pomici di Base-Sarno Plinian eruption, the largest eruptive SV
event (Bertagnini et al., 1998; Buono et al., 2020), produced 6.5 m of
compositionally zoned trachyte to latite fallout deposits. Klébesz et al.
(2012, 2015) studying this eruption, report that in the same clinopyr-
oxene crystal two different types of MI with different compositions,
spatially associated and very likely genetically related. Sigurdsson et al.
(1990) found that the composition of glassy MI, in pumice phenocrysts
of the Plinian eruption of 79 CE, indicates that prior to the eruption in
the magma chamber, there were two dominant magma types and there
was no continuous compositional gradient. They also estimate that the
H20 content for Plinian magma that give rise to white pumices was 4.7
and for the grey pumice 3.5 + 0.50 wt% based on analysis of glasses of
MI using the total difference method.

5.2. SV stratified magma chamber by silicate liquid immiscibility

As discussed in the previous paragraph, at a large scale, SLI can show
petrologic signatures like magma mixing and/or mingling and for this
reason all the previous data supporting this hypothesis should be
considered. If CMI accurately reproduces on a small scale the sequence
of phase separation events in the shallow magma chamber, this suggests
that the magma on cooling at T < 1060 °C, unmixes forming two
different silicate melts independently evolving to different degrees and
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over time becoming stratified. Once two or more melts form, they
behave as different magmas, with petrological signatures which can be
misinterpreted as magma mixing and/or mingling. As experimental
studies have demonstrated, immiscibility can occur when one melt is Fe-
and P-rich and Si-poor, and the other is Si-rich and Fe-and P-poor
(Roedder, 1979; Philpotts, 1979, 1982) with the lack of intermediate
homogeneous melt.

Fig. 5 shows the plots made by logarithmic transformed data utiliz-
ing the SV database containing the bulk rock geochemical analysis of
150 pumice, scoria and lava samples (De Vivo et al., 2003) grouped
according to the three megacycles (Fig. 3). For all three megacycles
magma feeding interplinian eruptions are rich in Fe-, Ti-, P- Mg- and Ca
and poor in Si compared to the Plinian ones (Fig. 5). In addition, the
more recent third megacycle, starting with the Plinian eruption of
Pompei, and the second megacycle, that begins after the formation of the
Somma caldera, show two clusters and the lack of intermediate com-
positions (Fig. 5). Likely, after the caldera formation, during the long
repose time, the steady-state magma differentiated by SLI forming two
layers (Fig. 5). Below the magma that feeds the interplinian eruptions
and above the less dense magma that feeds the Plinian eruptions. The
latter cools down slowly, at about 1060 °C differentiates by SLI forming
in turn two layers (Fig. 6). The denser one at bottom will give rise to grey
pumices and the top one will give rise to white pumices, assuming the
upper layer erupted first. Magma feeding white pumices, on the top
layer, resides in the “transition zone” and it undergoes significant
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Fig. 10. A skarn wollastonite crystal trapped different type of inclusions, at room temperature (RT): a,b = multiphase hydrosaline-melt inclusions (SMI), for
composition at RT refer Fig. 8F; ¢ = composite melt inclusion (CMI), see text, and d = CO, fluid inclusion vapor rich, for RT phases refer Fig. 8A.

HEATING |

Fig. 11. Composite melt inclusion (CMI) in wollastonite crystal, the same shown in Fig. 10c and in Fig. 12, during heating experiment at Naples Fluid Inclusion Lab,
at different temperatures. The composition of the immiscible liquids (L1 and L2) that form is unknown.

geochemical changes, as do the isotopic signatures and H,O content of
melt. For the latter, Sigurdsson et al. (1990) studied the 79 CE Pompei
eruption and reported that MIs hosted in phenocrysts of white pumice
deposit showed Hy0 concentration up to 4.7 wt%, while the MI hosted in
phenocrysts of grey pumice deposit showed lower HoO content about
3.5 wt%.

Magma feeding interplinian eruptions would remain at the bottom of
the shallow magma chamber until the upper layers are exhausted by
Plinian eruptions. This could also explain why interplinian erupted
magmas show little variations in the composition and resemble the

11

result of a steady state under the volcano (Fig. 5; Civetta and Santacroce,
1992; Lima et al., 2003; Lima et al., 2006; Santacroce et al., 2008). A
new repose time could begin when the deeper interplinian magma layer
is empty. Chemical zonation of pumice deposits of Plinian eruptions,
characterized by an abrupt rather than gradual compositional change
(Fig. 6) and isotopic data, corroborate the SLI role on the shallow magma
chamber stratifications.

As observed during heating/cooling experiments (Fig. 12 and the
supplementary video), immiscibility between silicate melt and hydro-
saline melt instantaneously occurs at about 700 °C. Unmixed droplets of
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Fig. 12. CMI during cooling experiment, at Naples Fluid Inclusion Lab (see also the supplementary video); a) inclusion is not completely homogenized to avoid
decrepitation; b) two melt pockets start to grow separately; ¢ and d) melt pockets increase in volume; e) at about 700 °C in a flash there is a rapid formation of

immiscible fluids; f) droplets converge in the different formed pockets/bubbles.
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Fig. 13. Variation in magma discharge rate, pumice density, Ba and Sr content of pumice during the Plinian stage of the 79 CE eruption of Vesuvius, shown as a
function of normalized stratigraphic height in the pumice fallout deposit. Horizontal lines labelled S-1 to S-5 correspond to the stratigraphic position of intraplinian

surge deposits (from Sigurdsson et al., 1990, modified).

non-silicate liquid (chloride-carbonate-sulfate) nucleate and grow
around the vapor bubbles (Fig. 9) forming larger fluid pockets (or
bubbles). It is possible that, on large scale as well, during syn-eruptive
cooling of magma, at the same temperature, the same liquid droplets
form joining to the vapor bubbles increasing explosiveness of the
eruptions, even at open conduit condition. This could be the case of the
79 CE Pompei eruption, which as stated by Sigurdsson et al. (1990)
during the first part of the eruption, ejected white pumices with a rate
increasing from 5 x 10° to 8 x 107 kg s™.. After seven hours of Plinian
activity, the magma composition changed abruptly to grey pumices and,
contrary to expectations, the magma discharge rate continued to in-
crease to a peak value of 1.4 x 108 kg s~! generating the first pyroclastic
flow and surge (S-1) (Fig. 13). The mechanisms for melt unmixing and
kinetics of droplet nucleation and growth have already been reported by
James (1975) and by Mazurin and Porai-Koshits (1984).

6. Summary
In this review, various aspects of the SV volcanic system have been

highlighted that have not yet been clarified despite the large number of
studies carried out so far. The results of previous studies on FI and MI in
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SV skarn minerals have been reported, together with new data on
composite melt inclusions (CMI), as it is believed that the new micro-
thermometric observations can provide a new interpretation for still
unresolved issues.

The new finding is the immiscibility between silicate liquids (SLI),
with different chemical compositions which could explain the observed
stratification in SV shallow magma chamber.

Composite melt inclusions (CMI) found for the first time in SV skarn
minerals record at micrometric scale the complete sequence of all phases
of magma cooling. At a pressure of 100 MPa, CMI show two types of
immiscibility: (1) one between presumably two silicate liquids at about
1060 °C and (2) another between silicate melt and hydrosaline melt at
about 700 °C.

Magmatic differentiation by SLI is almost never taken into consid-
eration at a large scale and for this reason all the previous data sup-
porting this hypothesis must be considered. If CMI accurately
reproduces on a small scale the sequence of phase separation events in
the shallow magma suggests that the magma on cooling at T < 1060 °C,
unmixes forming two different silicate melts independently evolving to
different degrees and over time becoming stratified. Once two melts
unmix, they behave as different magmas, with petrological signatures
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which can be misinterpreted as magma mixing and/or mingling.

After the caldera formation, during the long repose time, the steady-
state magma differentiated by SLI. The less dense magma feeding Plinian
eruptions settled on the top, within the “transition zone” (between the
magma dominated system and the hydrothermal fluids dominated sys-
tem) undergoing geochemical changes, as well as isotopic signatures and
water contents, and slowly cooling down. Magma feeding interplinian
eruptions settled at the bottom of the shallow magma chamber keeping
its chemical composition almost constant as shown by the erupted
products.

As observed in SMI and CMI, immiscibility between silicate melt and
hydrosaline melt instantly occurs at about 700 °C. We hypothesize that,
on large scale as well, during syn-eruptive cooling of magma, at the same
temperature, droplets of hydrosaline liquid which aggregate and join to
vapor bubbles form acting as propellant and increasing explosiveness of
the eruptions.

Silicate liquid immiscibility at relatively high-T has the merit of
introducing a new scenery and new ideas to improve the present
knowledges of volcanic systems with explosive eruptions and caldera
formation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gexplo.2023.107348.
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