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A B S T R A C T

In this paper, the results of a study on fluid inclusions (FIs) and melt inclusions (MIs) hosted in skarn-bearing 
minerals sampled in the Breccia Museo deposits at Campi Flegrei (Southern Italy) are reported and discussed 
to investigate magma‑carbonate interactions. The Campi Flegrei shallow magma chamber fluid environment has 
been interpreted as similar to that documented in the magmatic-hydrothermal systems associated with porphyry 
copper deposits. Skarns form along the top and sides of the magma chamber in the brittle-plastic transition zone, 
where magmatic fluids accumulate through magmatic vesiculation and magma interacts with carbonate country 
rocks. Melt inclusions, here named saline‑carbonate-melt inclusions (SCMI), trapped in olivine, provide crucial 
insights into the melt that forms in this setting. Heating/cooling experiments on SCMI show that they trapped a 
homogeneous melt that, on cooling, undergoes instantaneous unmixing, leading to the formation of three 
immiscible liquids: silicate, carbonate and hydrosaline (brine). The melt behavior on micrometer scales, in SCMI, 
is assumed reproduces what happens on a large scale, this means that in the transition zone melt remains ho
mogeneous at T > 980 ◦C and instantly unmixes when cooled below 790 ◦C. To account for the instant unmixing 
and the absence of CO2 in SCMI shrinkage bubbles, we propose that at high T the reaction of CaCO3 with H2O (by 
magma second boiling) produces Ca(OH)2 and H2CO3 that dissolve in the homogeneous melt and prevent the 
formation of CO2. At lower T by unmixing, CaCO3 re-forms, releasing H2O. The carbonate plays an essential role 
as it removes at high T, one mole of CO2 from homogeneous melt and simultaneously releases two moles of H2O 
at lower T when unmixing occurs. We argue that, during magma ascent, this water supply can facilitate the 
upward propagation of dyke to the surface and can enhance explosivity, during an ongoing eruption.

1. Introduction

Many volcanoes hosted in carbonate sequences, as the Campi Flegrei 
(CF) volcanic system, produce explosive eruptions. There are still un
resolved questions on the interaction of magma‑carbonate country 
rocks, whether their interaction can trigger or increase the explosiveness 
of the eruption and what is the role of CO2 that forms through the car
bonate melting (Deegan et al., 2010; Sottili et al., 2010; Freda et al., 
2011; Troll et al., 2012; Jolis et al., 2015; Blythe et al., 2015; Knuever 
et al., 2023b; Iacono-Marziano et al., 2009; Esposito et al., 2023). The CF 
volcanic system has been interpreted as a porphyry‑copper system in its 
embryonic state because the fluid environment of its shallow magma 

chamber is similar to that documented for these systems (Fedele et al., 
2006; Bodnar et al., 2007; Belkin and De Vivo, 2023; Belkin et al., 2024; 
Lima et al., 2009, 2021, 2025). Porphyry copper systems are associated 
with arc volcanism and tectonic variations act as a trigger for their 
formation (Sillitoe, 2010). Fig. 3 shows a schematic cross section 
through a hypothetical granodiorite porphyry copper system in devel
opment (Burnham, 1979). Magma may erupt volcanic rocks, but 
generally prior to initiation of the systems because when magmatic ac
tivity weakens it evolves as a porphyry copper- type system and magma 
chamber get deeper and deeper (compare Fig. 3A and C). Episodic 
decompression take place when fluids in lithostatic pressure regime 
push until the crystalline shell fractures producing brecciation, dykes 
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and ore depositions in veins and fractures (Fig. 3B and C). Skarns form 
along the top and sides of the magma chamber in the brittle-plastic 
transition zone between the magma dominated system and the hydro
thermal dominated systems, where numerous chemical reactions occur. 
Fluid inclusions (FIs) and melt inclusions (MIs) preserved in skarn 
minerals can provide useful information on the chemical-physical con
ditions of the transition zone and on carbonate country rock interaction.

This study reports the results of an investigation on FIs hosted in 
sanidine and on Mis, here named saline‑carbonate-melt inclusions 
(SCMI), hosted in olivine crystals from a skarn xenolith, of about 70 cm 
large, sampled in the lithic-rich Breccia Unit (BU) of the Breccia Museo 
(BM) deposits cropping out at Punta della Lingua, Procida island 
(Fig. 1A-C). Certainly, the skarn formed before the CI eruption and likely 
by carbonate country rock interaction with CI magma residing in the 
shallow magma chamber for a long repose time before erupting.

BM belongs to the Campanian Ignimbrite (CI), one of the most 
explosive eruptions of the Mediterranean area in the last 200 ka 
(Rolandi et al., 2020a).

This paper aims to shed light on the role that carbonate might have in 
magma triggering explosive eruptions and, possibly, to propose a new 
vision of the processes that might favor an explosive eruption.

2. Geological background

2.1. The Campi Flegrei Volcanic Field

The CF volcanic field in Southern Italy is the largest Quaternary 
volcanic complex in the Campanian Region (Fig. 1A and B). Currently, 
CF is the area at the highest risk within the densely inhabited Neapolitan 
volcanic area because it is actively experiencing the phenomenon of 
bradyseism (slow ground uplift and subsidence; Lima et al., 2021 and 
Lima et al., 2025). It is part of the Plio-Quaternary Campanian 

magmatism associated with NW-SE and NE-SW trending normal faults 
that reflect the extensional/transtensional tectonic regime of the Cam
panian margin (e.g. Milia, 2010; Milia and Torrente, 2011, 2020; Pec
cerillo, 2017; Esposito et al., 2018; Esposito, 2020). The CF district 
features a ~ 12 km wide caldera depression, whose formation has been 
debated. Some researchers (e.g. Orsi et al., 2004; Perrotta et al., 2006) 
interpreted it as a nested and resurgent caldera formed by two eruptions: 
the CI occurring at ~40 ka (Giaccio et al., 2017), and the Neapolitan 
Yellow Tuff eruption (NYT), dated at ~15 ka (Deino et al., 2004). Other 
researchers (De Vivo et al., 2010; De Vivo et al., 2001; Rolandi et al., 
2003, 2020a, 2020b) proposed that the CI had instead erupted from 
multiple fissures that occurred along faults associated with the local 
extensional tectonic regime. Recently, a “hybrid” model has been elab
orated (Orsi, 2022), in which the CI originates from vents within the CF 
caldera and through faults. CI eruption started with a Plinian column 
that dispersed ash and lapilli to the East and South (e.g. Scarpati and 
Perrotta, 2016). Successively, pyroclastic density currents (PDCs) 
deposited the main CI sequence (i.e. at proximal and medial exposures; 
Fedele et al., 2008, 2016; Scarpati et al., 2020), and generated co- 
ignimbrite tephra plumes that travelled over large distances in the 
central and eastern Mediterranean region and even up to eastern Europe 
and western Asia (e.g., Pyle et al., 2006; Anikovich et al., 2007; Lowe 
et al., 2012; Nowaczyk et al., 2012; Giaccio et al., 2017; Petrosino et al., 
2019). Estimates for the total volume of erupted magma are very vari
able, with values that range between 49 and 300 km3 DRE (dense rock 
equivalent; Fedele et al., 2007; Rolandi et al., 2020b; Silleni et al., 2020; 
Scarpati et al., 2014). Recently there seems to be more consensus around 
the higher value given the wide diffusion of products ascribed to the IC 
eruption.

In proximal exposures, the CI eruption emplaced a complex forma
tion named Breccia Museo (BM), as demonstrated by detailed 
geochronological, volcanological and geochemical data (Melluso et al., 

Fig. 1. A) Campi Flegrei digital map and B) location in the Campanian Plain. C) Photo of the skarn boulder and sample site location at Punta della Lingua, Pro
cida Island.
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1995; Fedele et al., 2008, 2016; Gebauer et al., 2014). The BM consists of 
6 well-defined units, cropping out in limited exposures along the CF 
caldera rim; the entire sequence reaching up to 70 m in thickness (Fedele 
et al., 2008). One of the most peculiar units of the BM sequence is the so- 
called Breccia Unit (BU), a coarse, clast-supported, heterolithological 
breccia containing abundant lithic clasts of extremely varied origin 
(lavas, tuffs, plutonic rocks, sedimentary rocks, thermometamorphic 
rocks) and lesser amounts of trachytic-phonolitic juvenile clasts (pum
ice, scoria, and obsidian; Rosi and Sbrana, 1987; Melluso et al., 1995; 
Fedele et al., 2008; Gebauer et al., 2014; Gallo et al., 2024).

Volcanic activity between the CI and the NYT events was confined 
within the caldera and characterized by small explosive, mainly 
phreatomagmatic, eruptions (Pappalardo et al., 1999; Pabst et al., 
2008). The post-NYT eruptions occurred in three periods between 15 
and 10.6 kyr BP, 9.6 and 9.1 kyr and 5.5 and 3.5 kyr BP (Orsi, 2022). The 
post-NYT activity led to the formation of numerous monogenic vol
canoes producing more than 70 eruptions, mostly explosives (e.g. Di 
Vito et al., 1999; Orsi et al., 2004; Fedele et al., 2011). The last eruptive 
event at CF was the 1538 CE historical eruption of Monte Nuovo, after 
which only fumarole emissions and bradyseismic events attest to the still 
active state of the magmatic system (e.g. Orsi, 2022 and references 
therein).

2.2. Previous fluid and melt inclusions studies on the BM lithic clasts

The abundant lithic clasts in the BU have been the subject of 
numerous studies on the FIs and MIs in their minerals. Danyushevsky 
and Lima (2001), studying MIs in clinopyroxene (cpx) of porphyritic 
mafic xenolith sampled in BU, found that they crystallized at T between 

1160 and 1200 ◦C and from a magma matching the one that gave rise to 
the older Somma Vesuvius (SV) eruptions (>25 ka).

Fulignati et al. (2004), studying FIs and MIs in cpx and alkali feldspar 
crystals of syenitic and leuco-dioritic lithic clasts sampled in the BU 
deposits, found that the multiphase saline melt inclusions hosted in 
alkali-feldspar have salinities of 80–82.5 wt% NaCl eq., and trapping T 
between 870 and 975 ◦C. The same inclusions hosted in cpx have sa
linities between 77 and 79 wt% NaCl eq., and trapping T in the 
795–840 ◦C range. The cpxs studied by Danyushevsky and Lima (2001)
show higher trapping temperatures because they formed in deeper and 
less evolved magma.

Fedele et al. (2006) studied in detail a suite of alkali syenitic lithic 
clasts from BU Deposits. On the basis of FIs and MIs data along with the 
enrichment of a wide variety of accessory minerals (e.g. thorite, pyrite, 
chalcopyrite, galena) and incompatible elements (e.g., U, Zr, Th, and 
Rare Earth elements) they argued that CF resembles a mineralized sys
tem of the porphyry copper type at the initial stage (Burnham, 1979; 
Fournier, 1999). The authors report trapping temperatures between 950 
and 1100 ◦C for MIs in alkali feldspar crystals and 52 ka formation ages 
based on zircon U–Th geochronology.

3. Materials and methods

3.1. Studied samples

Studied skarn xenoliths have been sampled in the lithic-rich Breccia 
Unit (BU) of the Breccia Museo (BM) deposits cropping out at Punta 
della Lingua, Procida island (Fig. 1C). During the excavation for the 
construction of a marine cliff, a new BM sequence that contained a skarn 

Fig. 2. A) Sampled skarn, about 70 cm large, in the lithic-rich Breccia Unit (BU) of the Breccia Museo (BM) deposits (Procida Island - Campi Flegrei). B) Sample 
zonation consisting of four main zones (Z1, Z2, Z3, Z4). C) Sample BM1 D) Sample BM4 E) Sample BM2. Scale bar is the same for B, C and D images.
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boulder (about 70 cm in diameter) was revealed. From the latter, three 
samples, BM1–2-4, were taken at increasing distances from the outer 
surface, covering an overall length of about 16 cm (Fig. 2).

3.2. Petrographic investigations

The thin sections were carbon-coated and examined with a Hitachi 
SU5000 Schottky thermally assisted field emission scanning electron 
microscope (SEM) equipped with an Oxford Ultima 100 mm2 Energy 
Dispersive Spectroscopy (EDS) silicon drift detector with Oxford AZtec 
software. The samples were examined by SEM back-scattered electron 
(BSE) imaging to define points for analysis and mineral identification. 
We identified the mineral phases by optical petrography and by SEM 
peak identification and their relative intensities. For some accessory 
minerals where we were uncertain of their identification, we indicated 
that in the text. To obtain compositions for some of these mineral phases, 
we used the Oxford AZtec EDS beam measurement system with the 
extended set of factory element standardization (Supplemental Table 1). 
Operating conditions were 20 kV, 40 spot position (~1.7 nA probe 
current), 10 mm working distance, and 100 s live counting time. To 
check for accuracy, we noted the normalized cations to make sure they 
were compatible with their formulae. The Supplemental Tables (from 2 
to 8) contain data for olivine, clinopyroxene, feldspar, melilite, mon
ticellite, calzirtite, and carbonates.

3.3. FIs and MIs investigations

FI and MIs investigation in skarn-bearing minerals have been done 
using 300 μm thick double-polished wafer fragments. We performed 60 
heating/cooling experiments of MIs hosted in olivine. For the heating 
experiments we employed the Linkam TS1400XY heating/cooling stage 
(Esposito et al., 2012) using N2 gas flow (0.5 ± 5 % liter/min) and ca. 50 
μm gold flakes as standards to calibrate the instrument at the melting 
point of gold (1064 ◦C), with 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 around 5 ◦C. Only a few MIs were brought to 
1100 ◦C; the majority, to avoid decrepitation, was heated up to 1000 ◦C 
and cooled to room temperature at a variable rate between 30 and 
20 ◦C/min. On cooling, the MIs have been quenched (T quench range 
between 760 ◦C and 890 ◦C) when instantaneous unmixing occurs and 
the immiscible liquids form different pockets in the MI. Most of the 
heating/cooling experiments have been filmed; one is available in the 

supplementary material (Supplementary video 1), and others upon 
request.

At the Dipartimento di Scienze dell’Ambiente e della Terra Uni
versità degli Studi di Milano-Bicocca using a HORIBA LabRAM HR 
Evolution, micro-Raman spectroscopy has been utilized (Frezzotti et al., 
2012; Remigi et al., 2023). Analyses have been carried out on: 1) 
quenched MI, 2) selected MIs not heated and 3) FIs hosted in individual 
doubly-polished phenocrysts. The instrument is characterized by an air- 
cooled detector (1024 × 256 px Charge-Coupled Device) using a Peltier 
effect at − 70 ◦C and a spectrometer system with an 800 mm focal dis
tance. Micro-Raman analysis was obtained using a green laser source 
(532.06 nm) and a power of 75 mW. The micro-Raman spectra were 
obtained by focusing the beam into inclusions no more than 30 μm deep 
into the crystal host using a transmitted light microscope and a 100×
objective with a numerical aperture of 0.90 (spatial resolution ≤ 1 μm3). 
In addition, for the micro-Raman spectra acquisition, we used the 600 
grating (grooves/mm) along with the 100 μm diameter confocal 
pinhole, resulting in a spectral per-pixel resolution of ~1.43. We ob
tained spectra with acquisition time from 30 to 60 s and two accumu
lations. The instrument was calibrated using a silicon carbide (SiC) 
standard based on the micro-Raman system Service (Hutsebaut et al., 
2005). Micro-Raman analysis of the inclusions was performed at T 20 ±
0.5 ◦C. We used the software fityk 1.3.1 for all micro-Raman spectra to 
apply a baseline correction and to fit the peak with a pseudo Voigt 
function (e.g., Frezzotti et al., 2012).

4. Results

4.1. Petrography

Representative polished thin sections were prepared from a 16 cm 
section (Fig. 2) of the boulder and examined by optical and electron 
microbeam petrography. The samples display a large variability in rock 
textures and mineral assemblages. A clear zonation, consisting of four 
main zones, has been recognized (Fig. 4 and Supplementary Fig. 1).

Zone 1 represents the outermost part of the boulder. It is a medium to 
coarse-grained allotriomorphic syenite consisting of large alkali feldspar 
grains that range in composition from An3Ab26Or71 to An4Ab38Or59 
and less abundant plagioclase, hedenbergite, and titanomagnetite. The 
plagioclase composition averages An42Ab51Or7, large (up to 600 μm) 
anhedral to subhedral hedenbergite are unzoned, interstitial, and have a 
composition of En13Fs39Wo48. Accessory minerals are common zirco
nolite, fluorbritholite-(Ce), titanite, and rare baddeleyite and probable 

Fig. 3. Schematic cross section through a hypothetical granodiorite porphyry‑copper system in development (from Burnham, 1979). A) Initially, the system is open, 
and any volatiles by solidification (S1) escape; an impermeable rock rind forms at the top of the magma chamber, isolating the underlying magma, and only 
conductive heat loss is permitted. B) The crystallization front migrates downward (S2) along with H2O-saturated carapace. C) solidification proceeds (S3), and the 
magma chamber gets deeper and deeper over a long time. BP and D schematically represent a breccia pipe and dike that formed as a result of wall rock failure in the 
different stages (1,2,3).

A. Lima et al.                                                                                                                                                                                                                                    Journal of Volcanology and Geothermal Research 466 (2025) 108405 

4 



baghdadite.
Zone 2 is dominated by medium- to fine-grained melilite crystals, 

locally showing regular crystalloblastic textures with triple junctions 
(Fig. 4B). Some olivine crystals are also present (Fo97–98). The melilite 
composition ranges from Gh41Åk59 to Gh62Åk38; FeO varies from 0.9 
to 2.5 wt%, and Na2O varies from 0.4 to 0.7 wt%. Melilite, mainly 
200–300 μm in diameter, generally displays anomalous yellow-grey 
interference colors. Still, larger crystals (up to 500 μm) with inner 
patches showing anomalous blue interference colors were also observed. 
Some interstitial microcrystalline calcites, likely representing a late- 
stage cement, are locally present.

Zone 3 is the most heterogeneous, both in texture and mineral 
assemblage. The main mineral phases are monticellite, olivine, alumi
nous spinel, and calcite (Fig. 4C, D, E). Monticellite varies in composi
tion from Mtc94 Kir6 to Mtc90 Kir10 and, in some areas, shows regular 
crystallographic texture with triple junctions. Olivine has a relatively 
constant composition (Fo97–98). The MgO content of calcite varies from 
0.5 to 6.0 wt% and is texturally late in the assemblage in many places. 
Large (up to 2 mm) euhedral green spinel crystals have a FeO content of 
~9 wt%, whereas smaller aluminous green spinel, usually associated 
with olivine, are slightly more hercynitic (FeO ~14 wt%). Common 
accessory minerals are perovskite, calzirtite (Fig. 4C, D, E), fluorite, and 
anhydrite; less common are probable kimzeyite garnet and rare peri
clase. Perovskite occurs as anhedral to euhedral crystals, with the large 

(~125 μm) anhedral masses zoned in REEs, Nb and Th, whereas smaller 
(30 μm) perovskite tends to be euhedral and unzoned. Calzirtite is 
unzoned and stoichiometric.

Zone 4 (Fig. 4F) is a nearly monomineralic, medium- to coarse- 
grained granofelsic calcite (MgO ~0.4 wt%) marble with minor acces
sory olivine (Fo97–98). All 4 zones have been affected by late-stage 
fracturing with vein filling and some alteration. The common vein and 
alteration components are calcite, dolomite, chlorite, and a serpentine 
phase.

4.2. FIs and MIs results

This paper focuses on two types of inclusions, CO2-rich FIs and MIs, 
because they are the only ones present in the crystals. The former are 
uncommon.

4.2.1. CO2-rich fluid inclusions
CO2-bearing fluid inclusions are uncommon in the unheated olivine, 

sanidine and calcite hosts investigated. They have been found mainly in 
zone 1 in sanidine. In other zones and hosts, FIs are rare; when observed, 
they are <2 μm. They show spherical to subspherical shapes with a 
vapor phase only and are <5 μm. Most measures 3 μm (Fig. 5A) and they 
are along fracture planes (secondary FI), about 30 are randomly isolated 
inside the crystal hosts (primary FI). Isolated FIs analyzed by micro- 

Fig. 4. Representative BSE-SEM images of the 4 zones. A) Zone 1, sanidine (Sa) with intersertal hedenbergite (Hd), and late stage calcite (Cal). B) Zone 2, melilite 
(Mll) crystals with two melt inclusions (Mi), and late stage calcite (Cal). C) Zone 3, spinel (Spl), monticellite (Mtc) that has been fractured and partially altered, and 
subhedral crystals of perovskite (Prv), and calzirtite (Caz). Late stage deposition of calcite (Cal), and dolomite (Dol) has formed voids (V). D) Zone 3, large and small 
crystals of monticellite (Mtc), with olivine (Ol) and spinel (Spl) inclusions. Subhedral to euhedral spinel (Spl) and late-stage calcite (Cal). E) Zone 3, olivine-rich (Ol) 
area with spinel (Spl), calcite (Cal), and calzirtite (Caz). Melt inclusions (Mi) in olivine, spinel and calzirtite are shown. F) Zone 4, calcite (Cal) with two olivine 
crystals (Ol). Late-stage fractures are filled with zoned calcite (Cal) and dolomite (Dol).
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Raman spectroscopy are empty except for 10 FIs that show CO2 signals. 
Of these 10 CO2-rich FI, three show H2S signals along with CO2 
(Table 1). The CO2 signals of these Fis are characterized by the Fermi 
diad peaks. For one FI, the Fermi diad peaks were weakly above the 
background and could not be considered for the density calculation 
(Remigi et al., 2021; Bodnar and Frezzotti, 2020). Three of the FIs are 
strongly asymmetric, but the other FIs show CO2 Fermi diad peaks, 
which do not show this asymmetry. For FIs that do not show either 
asymmetric CO2 peaks or H2S signals, we calculated the density based 
on the Remigi et al. (2021) densimeter. The density calculated ranges 
from 0.11 to 0.14 g/cm3 (Table 1). These densities likely have at least 
>20 % 1σ error based on the uncertainty of peak positions as reported by 
Remigi et al. (2021), and they need to be taken with caution. Also, a 
possible optically undetectable film (<1 μm) of liquid CO2 could be 
present at the T of measurements (20 ◦C). Thus, the estimated densities 
can be used only to calculate the minimum P of entrapment based on an 
EOS (Pitzer and Sterner, 1994) and assume a range of T from 900 to 
1100 ◦C. Pressures calculated using this method range from 26 to 44 
MPa, corresponding to depths from 1 to 2 km (Table 1). The H2S signals 
of the three FIs are relatively weak and show an asymmetric shape, 
indicating that it is present as a gas phase, likely corresponding to 
relatively low density (e.g., Salmoun et al., 1994).

4.2.2. Melt inclusions
The MIs suitable for experiments have been found primarily on 

olivine and spinel in zones 2 and 3. They have very variable dimensions, 
from a few microns to >60 μm, most measures 15 μm andshows a 
polygonal shape at room temperature (RT), showing numerous daughter 
crystals and the shrinkage bubble(s) (Fig. 5B and C). Fig. 6 shows SEM- 
BSE images of representative MIs in Zone 3 in olivine and spinel. 
Commonly, calcite, along with anhydrite, fluorite, monticellite, baryte, 
uraninite, chlorapatite, pyrrhotite, galena and scheelite have been 
detected in these MI.

Selected MIs have been investigated by microthermometry and show 
roughly the same behavior during heating and cooling experiments. 
Upon heating (rate 20 ◦C/min) at about 160 ◦C, droplets of hydrosaline 
liquid start to move and converge in a pocket that gradually expands. 
The NaCl daughter crystals (identified with good approximation by 
optical microscopy) melt completely at T between 620 and 670 ◦C. 

Several pockets containing immiscible liquids form in a range of T be
tween 730 and 750 ◦C (Fig. 7A), they progressively shrink with 
increasing T (Fig. 7B) and homogenize at 920 ◦C (Fig. 7C). On further 
heating, MIs completely homogenize (i.e., shrinkage bubble disappear
ance) between 980 and 1060 ◦C. To avoid decrepitation for quenching, 
MIs was not always wholly homogenized and cooling experiments 
started at about 1000 ◦C. After MIs homogenization or when it is almost 
homogenized, the cooling experiment starts (rate 20 ◦C/min). The 
shrinkage bubble forms between 880 and 1000 ◦C; cooling on, between 
790 and 750 ◦C, an instantaneous unmixing occurs (Fig. 7D) (see also 
the Supplementary video 1 showing clips of instant unmixing for 
different MI) and then pockets of immiscible liquid form (Fig. 7E and F). 
Since pockets of immiscible liquids form in the same way, both by 
heating and cooling, the process is reversible.

At T between 520 and 450 ◦C, NaCl crystallizes from a moving 
hydrosaline liquid in the MI; the latter’s droplets are visible up to 150 ◦C. 
Note that even during heating experiments, the droplets of hydrosaline 
liquid begin to form at about 160 ◦C.

Micro-Raman spectrometry analyses have been performed on the 
previously quenched (between 760 and 890 ◦C) to determine the qual
itative geochemical composition of the observed immiscible liquids in 
MI. Unheated MIs have also been analyzed to compare the geochemical 
compositions (Fig. 8A and B, Table 2). Fig. 8C and D show MIs after 
quenching and compositions by micro-Raman spectrometry analyses. 
After that, unmixing occurs in MI, carbonate liquid, silicate melt (glass) 
and hydrosaline liquid (brine) form the observed separate pockets 
(Fig. 7A). Hydrosaline liquid (brine) has been detected based on heat
ing/cooling experiments. The analyzed MIs have been named sali
ne‑carbonate melt inclusions (SCMI) to reflect their composition.

All the heated and unheated SCMI analyzed are hosted in olivine and 
show carbonate micro-Raman signals. The most frequent carbonate 
detected is Mg-calcite in unheated or heated SCMI (Supplementary 
Fig. 2, Table 2). Many of the SCMI include a strong peak in the range of 
1001–1019 cm− 1, often accompanied by a peak at 469–477 cm− 1. These 
signals are characteristics of sulfate vibrations (e.g., 1018 cm− 1 anhy
drite). In one case, all peaks of cesanite [Na3Ca2(OH)(SO4)3] were 
identified (Frezzotti et al., 2012; Supplementary Fig. 3), along with 
gypsum. For gypsum, however, the higher wavelength numbers could 
not be investigated for the high fluorescence of the samples. Additional 

Fig. 5. FIs and MIs pictures at room temperature: A) CO2 FIs in sanidine; B) and C) MIs named Saline Carbonate Melt Inclusions (SCMI) in olivine.

Table 1 
Calculated density based on the Remigi et al. (2021) densimeter for FIs that do not show neither asymmetric CO2 peaks nor H2S signal.

ID Host V- V+ Delta V Density Notes Pressure (Mpa)* Depth (km)**

BM1 cip2-FI-P5 Sanidine 1286.42 1389.38 102.96 V- asymmetrical
BM1 cip2-FI-P6 Sanidine 1286.48 1389.48 103.00 0,11 26–31 0.96–1.14
BM1 cip2-FI-P7 Sanidine 1286.82 1389.58 102.76 V- asymmetrical
BM1 cip2-FI-P8 Sanidine 1286.29 1389.33 103.04 0,14 33–44 1.22–1.63
BM1 cip2-FI-P9 Sanidine 1286.80 1389.80 103.00 H2S present
BM1 cip2-FI-P11 Sanidine 1286.46 1389.47 103.01 0,12 28–34 1.04–1.26
BM1 cip2-FI-P12 Sanidine 1286.42 1389.35 102.93 V- asymmetrical
BM1 cip2-FI-P13 Sanidine 1286.63 1389.62 102.99 H2S present
BM1 cip2-FI-P14 Sanidine 1286.65 1389.67 103.02 H2S present

* EOS (Sterner and Pitzer, 1994).
** 27 Mpa/km.
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Fig. 6. Representative SEM BSE images showing inclusions in olivine (Ol, Fo97) and spinel (Spl, 14 wt% FeO) crystals from Zone 3 of the investigated BM skarn 
samples. A: 60 μm inclusion containing calcite (Cal, 1.5 wt% MgO), anhydrite (Anh), fluorite (Flr), chlorapatite (Clap, V-, As-bearing), and a void (V). B: 20 μm 
inclusion containing Cal (1.4 wt% MgO), Anh, Flr, monticellite (Mtc), baryte (Brt, 1 wt% SrO), and uraninite (Urn). C: 50 μm inclusion containing Cal (2 wt% MgO), 
Anh, Flr, Mtc, Clap (V-bearing), and a V. In many of the inclusions, Ol was precipitated on their walls. D: 30 μm inclusion containing Cal (1.4 wt% MgO), Anh, Flr, 
pyrrhotite (Pyh) and galena (Gn). E: 40 μm inclusion containing Cal (1.2 wt% MgO), Anh, Flr, iron oxide (Fe-ox), and scheelite (Sch, Mo-bearing).

Fig. 7. Pictures of Saline Carbonate Melt Inclusions (SCMI) during heating/cooling experiments. On heating: A) the homogenized melt at 730 ◦C form separate 
pockets of immiscible liquids; B) the pockets shrink C) at 920 ◦C the pockets containing immiscible liquids homogenize. On cooling: D) instant unmixing occurs, E) 
different pockets of immiscible liquids form and F) on cooling, they grow up.
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phases recognized in SCMI are spinel, anatase, and glass. Importantly, 
CO2 was not detected in any SCMI shrinkage bubbles.

5. Discussion

5.1. Petrology of BM skarn xenoliths

According to the International Union of Geological Sciences (IUGS), 
skarn is a term denoting metasomatic rocks that form at the contact 
between a silicate rock (or melt) and a carbonate rock (Fettes and 
Desmons, 2007). All skarn types are generally characterized by complex 
alternations of different levels with varying mineral assemblages and/or 
textures, giving rise to a closely spaced zonation at the cm- to the mm- 
scale [see Meinert, 1998; Meinert et al., 2005; Knuever et al., 2023a for a 
review]. Controlling factors of zonation can include depth of formation, 
magma composition, timing of the exsolution of magmatic aqueous 

fluids, redox state of the magma and redox state of the wall rocks. 
Regarding magma composition, volatiles can also affect the formation of 
skarns and zoning patterns.

The four distinctive mineral zones identified in the samples studied 
testify to the complex magma‑carbonate interaction processes. Zone 1 
reasonably represents the crystallization front of the magma which gave 
rise to the formation of syenite rocks. This passes to the well- 
equilibrated, melilite-dominated Zone 2. The presence of melilite, 
known to be stable at generally high T (e.g. ~ 900 ◦C or > 950 ◦C at 100 
MPa; Tracy and Frost, 1991; Whitley et al., 2020), is consistent with the 
temperature measured by SCMI. Zone 3 is highly heterogeneous in 
texture and mineral assemblage, rich in accessory minerals containing 
elements commonly transported by hydrothermal fluids. Olivine- 
bearing SCMI crystallized in this zone and trapped melts during its 
growth. Zone 4 is nearly monomineralic and represents the thermome
tamorphic transformation of the carbonate country rock. For the pur
poses of this paper, the detailed composition of the accessory minerals 
by electron microprobe is not relevant, but in a future project the 
complex suite of accessory minerals will be studied in detail, with 
particular attention to zirconium minerals.

The abundance of Mg-bearing skarn minerals (olivine, clinopyrox
ene, melilite), coupled with the absence of wollastonite, suggests that at 
CF, the carbonate country-rock is not pure limestone (as in the case of 
the Merapi skarn samples; Whitley et al., 2020). A mixed limestone- 
dolostone country rock was also proposed for the skarn xenoliths 
found in the pyroclastic products of the Somma-Vesuvius eruptions (79 
CE, Pollena 472 CE, 1631 CE and 1944 CE; Fulignati et al., 2000, 2001, 
2004; Pascal et al., 2011; Jolis et al., 2015; Lima and Esposito, 2024). 
The latter are characterized by mineral assemblages that generally 
feature variable Ca-Al-rich “fassaitic” clinopyroxene abundances. The 
Colli Albani skarn samples (Gaeta et al., 2009; Di Rocco et al., 2012) also 
have abundant Ca-Al-rich (“Ca-Tschermak-rich”) clinopyroxene, which 
have higher MgO and lower Al2O3 and FeO with respect to Somma- 
Vesuvius counterparts. Such compositional differences likely reflect 
the least evolved, more silica-undersaturated nature of the Colli Albani 
magmas and the fact that the Colli Albani basement is known to consist 
of dolostone country rock (e.g. Di Rocco et al., 2012). The notable 
absence of Ca-Al-rich clinopyroxene in CF skarn samples could be 
explained by fluorine (fluorbritholite is a common accessory mineral) 
that can dramatically increase the solubility of Al in hydrothermal fluids 
by forming strong Al–F complexes (Tagirov et al., 2002).

Fig. 8. A) A rectangle map of 72 points of micro-Raman spectroscopy analyses 
of the unheated Saline Carbonate Melt Inclusions (SCMI) showed in B. C and D) 
Different SCMI were quenched and analyzed by micro-Raman spectroscopy. 
The scale refers to all SCMI.

Table 2 
Heated and unheated Saline Carbonate Melt Inclusions (SCMI) analyzed by micro-Raman spectroscopy.

ID Type Host Found in SCMI

Carbonate Spinel Glass*** CO2 H2S

BM4 cip 22-MI1 SCMI olivine yes yes yes no no
BM4 cip 9-MI1 SCMI olivine yes yes yes no no
BM4 cip 9-MI2 SCMI olivine yes no no no no
BM4 cip30-MI1 SCMI olivine yes yes yes no no
BM4 cip30-MI2 SCMI olivine yes yes yes no no
BM4 cip33-MI1 SCMI olivine yes** no yes no no
BM4 cip21-MI1 SCMI olivine yes probable probable no no
BM4 cip 16-MI1 SCMI olivine yes** yes yes no no
BM4 cip 13-MI1 SCMI olivine yes yes yes no no
BM4 cip 13-MI2 SCMI olivine yes yes yes no no
BM4 cip 34-MI1 SCMI* olivine yes yes yes no no
BM4 cip 34-MI2 SCMI* olivine yes yes yes no no
BM4 cip 34-MI3 SCMI* olivine yes yes yes no no
BM4 cip 35-MI1 SCMI olivine yes no yes no no
BM4 cip 35-MI2 SCMI olivine yes no yes no no

* Not heated.
** Possible presence of strontianite.
*** Possible presence of sulphate.
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5.2. Campanian Ignimbrite shallow magma chamber depth

The pressures calculated for the shallow CI magma chamber by CO2 
FIs hosted in sanidine range from 26 to 44 MPa, corresponding to depths 
of about 1 to 2 km (Table 2). As discussed above, the latter can only be 
used to calculate the minimum P. This shallow depth would approach 
the depth ranging from 2 to 4 km indicated by several studies (e.g. Milia 
and Torrente, 1999; Milia et al., 2003). On the other hand, if CF rep
resents a porphyry copper system at the embryonic stage, as discussed in 
the introduction, as shown in Fig. 3 magma chamber and the crystalli
zation front (S1-S2-S3 in Fig. 3A, B and C) deepens over time along with 
the H2O-saturated carapace. Based on data by MIs in previous studies 
(Danyushevsky and Lima, 2001), it is possible to hypothesize that the 
deep CF magmatic system (likely feeding CI, at T between 1160 and 
1200 ◦C) was geochemically similar to the one feeding the old SV 
eruptions >25 kyr. Instead, from the ages of 52 ka, obtained by zircon 
U–Th geochronology for CI (Fedele et al. (2006), it could be possible to 
argue that CI magma had a long repose time. The latter has been 
calculated by Gebauer et al. (2014) of 9.1 kyr.

5.3. Campanian Ignimbrite magma composition at the top of the magma 
chamber

Melt inclusions (MI) are microscopic droplets of magma trapped in 
growing crystal microcavities; they are closed microsystems that pre
serve valuable information on pre-eruptive magma composition, 
including the volatile content that escapes during the eruptions. On 
heating, MIs homogenize, and the homogenization temperatures (Th) 
indicate the host crystallization temperature if the confining pressure of 
the system is relatively low (Roedder, 1979; Cannatelli et al., 2016 and 
references therein; Esposito, 2021, Rose-Koga et al., 2021; Wallace et al., 
2021). The SCMI are assumed to reproduce, on a small scale, the 
behavior at larger scale of the melt that forms in the transition zone 
between the magma dominated system and hydrothermal dominated 
system. This means that the melt was homogeneous at T between 980 
and 1060 ◦C, during olivine crystallization, and instantaneous unmixed 
between 790 and 750 ◦C leading to the formation of three immiscible 
liquids: carbonate, silicate (glass) and hydrosaline (Fig. 7D, E, F, Sup
plementary video 1). Instantaneous unmixing has already been reported 
in SV skarn MIs (Fulignati et al., 2001; Gilg et al., 2001; Lima and 
Esposito, 2024) studied for different purposes.

In the transition zone, many chemical reactions can occur, like high- 
temperature hydrolysis with phase separation and formation of other 
phases (Veksler, 2004; Veksler and Charlier, 2015). Carbonate country 
rocks melting increase CO2, Ca, and Mg concentrations (Lentz, 1999, 
2017). In SCMI, high Ca and Mg content have been found by micro- 
Raman analysis, and contrary to our initial predictions, we did not 
detect any trace of CO2 in their shrinkage bubble as a free gas species, 
based both on microthermometric investigations and on micro-Raman 
spectroscopy.

As previously discussed, trapped melt is enriched also in a wide va
riety of trace elements (e.g. Zr, F, Nb, Th, and Rare Earth Elements) 
generally transported by magmatic fluids and found in porphyry copper 
systems (Fig. 3). Fedele et al. (2006) reached the same conclusion 
studying the alkali syenitic samples from the same BU deposit at CF. In 
addition, the ore minerals present in the cores of the Mofete and San Vito 
wells in the CF area, and attributable to a porphyry mineralized system, 
have recently been studied in detail (Belkin and De Vivo, 2023; Belkin 
et al., 2024).

Until now immiscibility, between carbonate, silicate and hydrosaline 
liquids has been widely documented at SV, as already mentioned, and in 
other subvolcanic Italian systems as well, such as the islands of Ponza 
(Belkin et al., 1996; De Vivo et al., 2006), Ventotene (De Vivo et al., 
1995; Fulignati et al., 2005), and Pantelleria, the latter in the Sicily 
Channel (De Vivo et al., 1992, 1993, 2006; Lowenstern, 1993, 1994).

5.4. Inferences from unmixing behavior

The above discussion raises two main issues: 1) Although carbonate 
melting should increase Ca, Mg and CO2 in the melt that form in the 
transition zone, CO2 was not found in the SCMI bubbles. How can this be 
explained? 2) Why does the instantaneous unmixing happen? It could be 
essential to answer these questions to understand the role of carbonate 
reacting with magma.

We interpret the lack of CO2 as a free gas species in the trapped melt 
due to a series of reactions. When carbonates melt in the transition zone, 
where H2O by magmatic system second boiling accumulate, at the top of 
the magma chamber, CaCO3 dissolution produces CaO + CO2 at high T 
> 980 ◦C, then CaO and CO2 react with H2O forming Ca(OH)2 and 
H2CO3 respectively, we assume that both dissolved into homogeneous 
melt. Upon cooling unmixing occurs and Ca(OH)2 and H2CO3 form again 
CaCO3 and water as a by-product, at T < 790 ◦C, according to the 
following equations: 

CaCO3 = CaO+CO2 T > 980◦C (1) 

CaO+H2O = Ca(OH)2 T > 980
◦

C (2) 

CO2 +H2O = H2CO3 T > 980◦C (3) 

Ca(OH)2 +H2CO3 = CaCO3 + 2H2O T < 790
◦

C (4) 

The first three reactions occur at high temperatures (>980 ◦C), 
typical of the boundary of the magma chamber with the country rock (e. 
g. carbonate), and the last Reaction (4) at a later time along with 
unmixing, at a lower temperature (e.g. between 750 and 790 ◦C) as 
evidenced by SCMI heating/cooling experiments reported in previous 
paragraphs. When at lower temperature, unmixing occurs (see Supple
mentary video 1), two moles of H2O are instantly released, allowing in 
SCMI the formation of the immiscible hydrosaline liquid as H2O dis
solves salts (e.g. NaCl). As previously discussed, in the SCMI at T <
750 ◦C, there are three immiscible liquids: carbonate, silicate (glass) and 
hydrosaline. Reactions (1)–(3) represent an efficient mechanism for 
retaining H2O with the absorption of two moles of H2O per each car
bonate mole; Reaction (4) represents an efficient mechanism for 
releasing H2O instantly. Reactions (1)–(3) can only occur in the presence 
of abundant H2O as in the area of the saturated carapace (Fig. 3). Since 
SCMI is homogeneous at the entrapping temperature, we can infer that 
Ca(OH)2 and H2CO3 are dissolved in the melt that form by carbonate 
interactions. This is the most relevant assumption we adopt in the pre
sent paper for its implication during melt rise, as described in the next 
paragraph. The observed instantaneous unmixing on cooling would be 
due to the release of water produced by Reaction (4). The latter leads to 
a new vision of the processes that can affect eruptions explosivity. If, for 
instance, the melt (modified magma) residing at the top of the shallow 
magma chamber gets involved in an eruption, on cooling at T < 790 ◦C it 
unmixes releasing water that at these temperatures exist as highly su
perheated vapor or gas with a very high energy content.

These reactions, although studied on a micrometric scale, have been 
considered a simulation of what happens on a large scale in the brittle- 
plastic transition zone that forms between the magmatic-dominant 
system and the hydrothermal-dominant system. Therefore, it is not the 
size of the system that is relevant, but its behavior. The amount of water 
released by Reaction (4) depends on the amount of melt that forms in the 
transition zone that could open the eruption.

5.4.1. New vision on magma intrusions and its consequence on the opening 
phase of the eruptions

Here we hypothesize possible consequences on the propagation of 
dykes, associated with the occurrence of the above chemical Reaction 
(4). The occurrence of Reaction (4), at lower temperatures, may play a 
crucial role in the propagation of dykes during a volcanic unrest 
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associated with magma intrusion. In fact, once the rocks at the top of the 
magma chamber are fractured and magma begins to intrude, we can 
reasonably assume that the melt formed by carbonate interaction, near 
the top of the magma chamber is the first that intrudes into the fractures 
and, as seen previously, contains a much higher quantity of dissolved 
water with respect to the same uncontaminated magma which did not 
experience the contact with the carbonate. As the dyke propagates up
wards in the colder rocks it cools significantly increasing its viscosity, 
until it may not be able to propagate in the narrow fractures, and halts. 
Instead, when the temperature reaches the unmixing temperature, a new 
quantity of entrapped water becomes immediately available with the 
consequence of pressurizing the tip of the dike, facilitating the opening 
of the fracture, and allowing it to propagate up to the surface. We can 
further hypothesize that under this condition, the opening phase of the 
eruption can be a phreatic explosion caused by the vaporization of the 
H2O at the top of the dyke.

6. Conclusions

Recently it has been proposed (e.g. Knuever et al., 2022, 2023b; 
Colucci et al., 2024) that magma– carbonate country rock interaction 
can occur on different timescales, that range respectively from several 
thousand of years to hours or even shorter, and that short-term mag
ma‑carbonate interaction could represent a plausible mechanism to 
trigger eruptions and enhance the explosivity (Deegan et al., 2010; 
Sottili et al., 2010; Freda et al., 2011; Troll et al., 2012; Jolis et al., 2015; 
Blythe et al., 2015; Knuever et al., 2023b).

In this study, it has been demonstrated, through heating/cooling 
experiments on saline carbonate melt inclusions (SCMI), that the inter
action between the magma and the carbonate country rock, in the 
transition zone between a magma dominated system and hydrothermal 
dominated system, allows the formation of a melt (modified magma). 
The latter is homogeneous at T > 980 ◦C. Upon cooling at T < 790 ◦C, it 
instantly unmixes, giving rise to the formation of three immiscible liq
uids, a silicate (glass), a carbonate and a hydrosaline (brine). Consid
ering that the modified magma resides at the top of the shallow magma 
chamber, a new vision on mechanisms for the propagation of dykes and 
for enhancing the ongoing eruptions explosivity is proposed. The for
mation of the carbonate immiscible liquid (CaCO3) at lower tempera
tures instantly plays a fundamental role as Ca(OH)2 from the melt takes 
one mole of CO2 to produce CaCO3 and releases instantly two moles of 
H2O immediately available with the consequence of pressurizing the tip 
of the dyke, facilitating the opening of the fracture and allowing the 
dyke to propagate up to the surface. In addition, during an ongoing 
eruption, instantaneous unmixing and the provision of water can trigger 
its explosivity.

From this perspective, interesting issues emerge from the results of 
this study. First of all, the detailed thermochemistry of the above- 
mentioned Reactions (1)–(4). What chemical-physical parameters can 
control the unmixing, the role of magma compositions, and its residence 
time in the shallow chamber.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jvolgeores.2025.108405.
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