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Melt inclusions point to high dissolved volatiles content (H2O ≈ 0.5–2.9 wt.%; CO2 ≈ 120–2600 ppm; Cl
≈ 4000–10600 ppm; F ≈ 1400–3400 ppm; SO3 ≈ 0.2–0.05 wt.%) which suggest that magma differentiation
and degassing took place at pressures ranging approximately between 645 MPa and 74 MPa. In fact, one
of the major outcomes of the paper is the temporary coexistence, at pressures higher than 200 MPa of
felsic magma batches with mafic magmas. Modelling of gas release shows that trachytic magmas formed
due to crystallization in a system featured by a mean oxidation state with Fe3+/Fetot = 0.15, under variable
but high initial volatile contents: total volatiles exceed 5 wt.%, with not less than 2 wt.% CO2. The high
volatile elements content in the deep feeding system is possibly responsible for repeated fluxing events
that may prompt the ascent of differentiated magmas to the shallowest reservoirs. Water-loss, due to the
combination of repeated crystallization and CO2 fluxing events in crustal reservoirs, satisfactorily
explains the dD variability in melt inclusions, producing multiple paths approaching the dD of the local
magmatic water discharged from present-day, low-temperature fumaroles. Our findings suggest that:
(1) the studied eruptions were fed by trachytic magma inputs in equilibrium with a gas phase featured
by XCO2 ∼0.9 at pressures greater than 250 MPa; (2) XCO2 decreases nearly continuously while pressure
decreases; and (3) the obtained pressures cannot be simply converted into crystallization/storage depths.
Conversely, local overpressure associated with gas fluxing must be considered. The overpressure can
explain the ascent of differentiated, trachytic magmas that enter the uppermost plumbing system levels
with an excess of volatiles, which may drive further magma crystallization and eruption. The final stage
of magma ponding and degassing, between ∼200 MPa and ∼74 MPa, may represent the ultimate engine
of the unrest phases at Campi Flegrei that precede volcanic eruptions.

We attempt to reconstruct the architecture of the magmatic feeding system of the Campi Flegrei volcanic 
field, currently experiencing an unrest phase threatening several hundred thousand people, to shed light 
on the processes interplaying during magma evolution and transfer to the surface. To this aim, we pro-
vide, for the first time, a complete chemical dataset (major, trace and volatile elements, including hydro-
gen isotopes) of melt inclusions and their host pyroxenes. Case studies are the Campanian Ignimbrite
eruption (∼40 ka) and explosive events that occurred in a short time-span (from ∼5 ka to ∼4 ka), in sec-
tors of the Campi Flegrei caldera identified as having the highest probability of future eruptive activity.

© 2026 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on 
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
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1. Introductio n

Risk mitigation in densely inhabited volcanic areas requires the 
knowledge and sound interpretation of the behaviour of magma 
feeding systems and of the possible precursor phenomena of an 
eruption. Therefore, to contribute to volcanic hazard assessment 
in areas exposed to volcanic risk, it is important to deepen the 
knowledge on the geochemical features of the magmas, the archi-
tecture of the magma feeding system (number, geometry and
depth of reservoirs) and the pre- and syn-eruptive magmatic pro-
cesses that can affect the eruptive dynamics. Chemical analysis of
melt and fluid inclusions entrapped in crystals during magma dif-
ferentiation allow acquiring a large part of information on magma
storage and pre-eruptive conditions, as well as on ascent rates (e.g.,
Esposito et al., 2023; Forte et al., 2023; Zanon et al., 2024). Melt 
inclusions represent a sort of ‘‘snapshot” of a silicate melt and its 
volatile content at the time of the entrapment. Melt inclusions 
investigation is a powerful tool for assessing the nature of primi-
tive magmas and their source regions and for defining the physi-
cal–chemical conditions of the plumbing systems, their pre-
eruptive volatile contents and the degassing processes (e.g.,
Spilliaert et al., 2006; Blundy and Cashman, 2008; Moore, 2008;
Kamenetsky and Kamenetsky, 2010; Mormone et al., 2011;
Moretti et al., 2013a,b, 2018a; Di Muro et al., 2014; Cannatelli
et al., 2016; Esposito et al., 2018, 2023; Balcone-Boissard et al.,
2023). However, the data obtained by the study of melt inclusions 
must be taken with caution, due to the fact that melt inclusions can
be prone to H-diffusion or post entrapment modifications that can
make the obtained results unreliable (e.g., Esposito et al., 2018;
Barth and Plank, 2021). 

Several regions in Italy are characterized by high volcanic risk,
particularly the Neapolitan area (e.g., Santacroce et al., 2003;
Branca et al., 2023). Within the Neapolitan area, the Campi Flegrei
volcanic field (Fig. 1) is in unrest since at least 1950 (e.g., Del 
Gaudio et al., 2010; De Martino et al., 2021; Chiodini et al., 2022;
Tramelli et al., 2022) and the volcanic risk associated to this nested 
caldera is among the highest on Earth (Orsi et al., 2004). The inter-
pretation of the Campi Flegrei caldera boundaries was debated by
Fig. 1. Simplified geological map of the Campi Flegrei volcanic field. The investigated vo
boundaries. Solfatara (and Pisciarelli to its NE) geothermal area, featured by major prese
shown. Inset: Location of the Campi Flegrei volcanic field (in red) with respect to other
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many researchers, (e.g., Orsi et al., 1996; De Vivo et al., 2001;
Perrotta et al., 2006; Vitale and Isaia, 2014; De Natale et al.,
2016; Sbrana et al., 2021), and its structure and boundaries have 
not been unequivocally defined yet, based on the field data. On 
the other hand, there is agreement to recognize that the Campi Fle-
grei volcanic field has been mainly characterized by the emission
of compositionally evolved (trachyte and phonolite) products
(e.g., D’Antonio et al., 2022, and references therein), since at least
∼110 ka (Monaco et al., 2022; Sparice et al., 2024). The few poorly 
evolved products are shoshonites and latites such as those of
Minopoli (11.1 ka; Cannatelli et al., 2007; Arienzo et al., 2016;
D’Antonio et al., 2022) and Nisida (∼ 4 ka; D’Antonio et al., 1999;
Di Renzo et al., 2011) eruptions. K-trachybasalts have been only 
found as pyroxene- and olivine-hosted melt inclusions in Fondo
Riccio, Minopoli and Pomici Principali products (e.g., Cannatelli 
et al., 2007; Mangiacapra et al., 2008; Arienzo et al., 2016) and in 
Mg-rich pyroxene-hosted melt inclusions from the Campanian Ign-
imbrite (Webster et al., 2003). 

In recent years, several studies focused in reconstructing the 
Campi Flegrei plumbing system based on melt inclusions data
(e.g., Signorelli et al., 1999; Fulignati et al., 2004; Roach, 2005;
Cannatelli et al., 2007; Mangiacapra et al., 2008; Arienzo et al.,
2010, 2016; Fourmentraux et al., 2012; Esposito et al., 2018;
Voloschina et al., 2018; Moretti et al., 2019; Balcone-Boissard
et al., 2024). The published databases mostly include major and 
volatile elements data. Storage regions between 2 and ∼10 km of 
depth were hypothesized for the Campi Flegrei magmas. Moreover,
strong evidences that these magmas carry a huge amount of vola-
tile elements (Cl, F, H2O), including CO2, were found (e.g., Roach, 
2005; Arienzo et al., 2010, 2016; Esposito et al., 2018). Combined 
magma crystallization and CO2 fluxing are among the most impor-
tant processes determining the highlighted volatile distribution in
melt inclusions and the occurrence of CO2 enrichment in pre-
eruptive melts (e.g., Moretti et al., 2013a, b; Caricchi et al., 2018). 
This volatile specie was suggested to trigger the onset of explosive
activity both at closed- and open-conduit volcanoes (e.g., Roach, 
2005; Spilliaert et al., 2006; Severs, 2007; Mangiacapra et al.,
2008; Arienzo et al., 2010, 2016; Fourmentraux et al., 2012;
lcanoes are shown (red stars) together with the Campanian Ignimbrite (CI) caldera 
nt-day gas emission, and Pozzuoli town (the area of maximum vertical lift), are also
Italian volcanoes. Modified after Sparice et al. (2024). 
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Voloschina et al., 2018; Caricchi et al., 2024). An additional process 
able to explain the CO 2 enrichment in magmas was presented by
Moretti et al. (2019). The authors suggested the possible occur-
rence of a chromatographic separation between H2O and CO2 tak-
ing place in extended plumbing systems and leading to early
pulses of nearly pure CO2 and subsequent H2O enrichment.

In this study, for the first time, we acquired a complete chemical 
(major oxides, trace and volatile elements) and isotopic (hydrogen) 
dataset on pyroxene-hosted melt inclusions as well as on their host 
crystals extracted from Campi Flegrei erupted products. By using
the acquired data and by modelling variations in H2O-CO2-S and
dD in the melt and gas phases, we attempt to shed light on magma
degassing, crystallization, ascent, storage and extrusion.

The products of four eruptions occurred between ∼5 kyr and ∼4 
kyr ago (Agnano-Monte Spina, Astroni 6, Averno 2 and Nisida)
were selected, three of them occurred in the eastern sector of the
Campi Flegrei caldera (Fig. 1). During the last epoch of activity
(5.5–3.5 ka; Smith et al., 2011), this sector was characterized by 
an extensional stress regime, henceforth becoming the most prone
to erupt (Orsi et al., 1996, 2004). It was recognized as the area with 
the highest probability of occurrence of a possible future eruption
(Selva et al., 2012; Bevilacqua et al., 2015). Moreover, in order to 
gather additional information on the ∼40 ka Campanian Ignimbrite 
eruption, we acquired a much larger dataset than the one available
in the majority of previous studies (e.g., Signorelli et al., 1999,
2001; Webster et al., 2003; Marianelli et al., 2006; Moretti et al.,
2019). 
2. Materials and methods

For the purpose of this study, we selected products from: (1) the
4482–4685 cal. years BP (Smith et al., 2011) Agnano-Monte Spina 
eruption (e.g., de Vita et al., 1999); (2) the Astroni 6 Unit (e.g., Isaia 
et al., 2004) produced by one of the seven eruptions occurred in the 
time span between 4345 and 4192 cal. years BP (Smith et al., 2011) 
in the Astroni area; (3) the ∼4.3 ka BP Averno 2 eruption (Pistolesi 
et al., 2016); (4) the Ar-Ar dated at 3.98 ± 0.53 ka Nisida eruption
(Di Renzo et al., 2011), and (5) the 39.85 ± 0.14 ka (Giaccio et al.,
2017) Campanian Ignimbrite eruption (Fig. 1). The latter represents 
the most voluminous and explosive volcanic eruption of the Campi 
Flegrei, and the most powerful occurred in the Mediterranean area
in the last 100 kyr (Orsi, 2022, and references therein). The 
Agnano-Monte Spina and Astroni 6 eruptions were selected as ref-
erence events in case of renewed volcanic activity in the Campi Fle-
grei caldera, for the largest- and the medium-size explosive events,
respectively (Orsi et al., 2009; Bevilacqua et al., 2015). Finally, 
Nisida and Averno 2 eruptions are both small-size, recent volcanic 
events at Campi Flegrei caldera showing clear evidence of mixing
between compositionally different magmas (Di Vito et al., 2011;
Arienzo et al., 2016; D’Antonio et al., 2022). 

Pyroxene crystals were hand-picked from pumiceous fragments 
of: (i) the major fallout layers (A, B and D) of the Agnano-Monte
Spina eruption (de Vita et al., 1999), representing the entire chem-
ical variability of the erupted sequence; (ii) layers C and F of the
Astroni 6 deposit (Tonarini et al., 2009), displaying the widest 
chemical and isotopic variability; (iii) Nisida latite (Arienzo et al.,
2016); (iv) Averno 2, Member C (Di Vito et al., 2011), the richest 
in pyroxene grains; and (v) Campanian Ignimbrite products
(Moretti et al., 2019). 

Specifically, we performed a combined Electron Microprobe 
(EMP), Laser Ablation-Inductively Coupled Plasma-Mass Spectrom-
etry (LA-ICP-MS) and Secondary Ion Mass Spectrometry (SIMS) 
study on pyroxene-hosted melt inclusions in order to determine
volatile, major and trace element contents and hydrogen isotopes
(dD). We considered glassy inclusions free of visible daughter crys-
3

tals and analysed the chemical composition of the host-pyroxene
(Supplementary Material 2, Supplementary Data Table S1) by Scan-
ning Electron Microscope (SEM) and LA-ICP-MS, close to the melt
inclusions. Melt inclusions containing bubbles are indicated in
Supplementary Material 2, Supplementary Data Table S2. 

Due to the fact that post-entrapment crystallization (PEC) can 
significantly affect the melt inclusions composition (e.g.,
Danyushevsky et al., 2002) and can modify their original volatile 
content, the reliability of melt inclusions composition was evalu-
ated before making inferences about magma evolution in the sub-
volcanic magmatic system. Due to the lack of reliable models to
implement the PEC correction for melt inclusions in pyroxene, as
also argued by Esposito et al. (2018), the correction was performed 
by analysing the composition of the host pyroxene and assuming 
that it was in equilibrium with the melt inclusions. To this purpose, 
assuming that the appropriate pyroxene-melt Kd [(XFeO/XMgO)cpx/
(XFeO/XMgO)melt] for potassic melts (Kamenetsky et al., 1995)  is
0.27 ± 0.06 (e.g., Putirka, 2008), we recalculated the melt inclusion 
compositi on by using the following equation:

CiMI =  (Cicpx× %PEC)/(1−%PEC)

where Ci is major oxides composition and %PEC is the fraction of 
pyroxene to be added to the corresponding melt inclusion. Details 
on the number of samples, description of melt inclusions, analyti-
cal techniques, operating conditions and utilized standards are
provided in Supplementary Material 1. Modelling of the volatile 
release was carried out by using the non-ideal, composition-
dependent model of Papale et al. (2006) and the CHOSETTO soft-
ware (Moretti et al., 2003; Papale et al., 2022; available at
https://github.com/charlesll/chosetto) implemented by accounting 
for magma crystallization. All the acquired data, as well as data
from modelling, are in Supplementary Material 2. Moreover, the 
acquired data have been made available through Mendeley Data
at Arienzo et al. (2026). 

3. Results 

3.1. Chemistry of the host pyroxene crystals

Pyroxene crystals from the selected eruptive units are diopside 
with quite homogeneous composition (Wo47-49En35-40Fs13-17; Sup-
plementary Material 3, Supplementary Data Fig. S1), and Mg# [mo-
lar Mg2+ /(Mg2+ +Fetot) × 100] ranging from 69 to 77. Major oxides 
and trace element contents in pyroxene generally vary in narrow 
ranges (Al2O3 = 2.6–4.8 wt.%, TiO2 = 0.5–0.9 wt.%, Na2O = 0.5–
0.8 wt.%, CaO = 22.5–23.9 wt.%, Cr < 80 ppm, V < 350 ppm,
Ni < 30 ppm; Supplementary Material 2, Supplementary Data 
Table S1). They do not display significant variations among the 
selected eruptions, except for some trace elements (e.g., Rb, Ba,
K, Sr; Fig. 2), and show no correlation with Mg# (Supplementary 
Material 3, Supplementary Data Fig. S2). The primitive mantle nor-
malized incompatible trace element patterns show variable Ba, K, 
Sr, Pb and Ti depletion relative to other trace elements (Fig. 2a). 
The chondrite-normalized REE (Rare Earth Elements) patterns
(Fig. 2b) show slight light REE (LREE) enrichment relative to the 
heavy REE (HREE; LaN/YbN = 2.6–3.9; N stands for normalized to 
the chondrite) and variable negative Eu anomaly [Eu/Eu*= EuN/
(SmN × GdN)0.5 = 0.35–0.96], which is generally more marked in
pyroxene with lower Mg# (Supplementary Material 3, Supplemen-
tary Data Fig. S2), indicating that the most evolved magmas had
also suffered significant feldspar crystallization.

In terms of trace elements, pyroxene crystals from Agnano-
Monte Spina, Astroni 6 and Campanian Ignimbrite pumices show 
chemical variability. Pyroxene crystals from layers A and B of the
Agnano-Monte Spina eruption have higher content in Ba, High

https://github.com/charlesll/chosetto
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Fig. 2. (a) Primitive mantle normalized incompatible trace element patterns and (b) Chondrite normalized REE patterns of the analysed pyroxene from the studied Campi
Flegrei eruptions. Normalization values are from Lyubetskaya and Korenaga (2007) and Anders and Grevesse (1989), respectively. Abbreviations: CI, Campanian Ignimbrite; 
Ast 6, Astroni 6; AMS, Agnano-Monte Spina; Nis, Nisida; Av 2, Averno 2.
Field Strength Elements (HFSE) and REE and lower content in Rb, K 
and Sr relative to pyroxene from layer D. Pyroxene grains from 
Astroni 6 display variable enrichment in Rb, Ba, K, Sr and REE, with 
one pyroxene from Astroni 6C layer having the lowest REE content 
among all the analysed pyroxene crystals. The few pyroxene crys-
tals from Nisida and Averno 2 erupted products are in the compo-
sitional range of those from Astroni 6. One pyroxene from
Campanian Ignimbrite has the lowest contents of trace elements
and displays strong depletion in Sr and Eu (Fig. 2; Supplementary 
Material 2, Supplementary Data Table S1). The REE patterns of 
the analysed pyroxene fall within the compositional fields reported
in literature for crystals from the same eruptions (Supplementary 
Material 3, Supplementary Data Fig. S3). Campanian Ignimbrite 
pyroxene have Mg# from 64 to 93, Astroni from 65 to 92, 
Agnano-Monte Spina from 45 to 92 and Nisida from 67 to 90
(Forni et al., 2016, 2018; Pelullo et al., 2022b). However, the major-
ity of the Campi Flegrei clinopyroxene have Mg# in the range of
67–78 (e.g., Pelullo et al., 2022a) similar to those of the crystals
analysed in this work.

3.2. Chemistry of melt inclusions

The major oxides and trace elements composition of the anal-
ysed melt inclusions is reported in Supplementary Material 2, Sup-
plementary Data Table S2. According to the Total Alkali vs. Silica (T. 
A.S.) classification diagram, the Agnano-Monte Spina melt inclu-
sions are trachytes, the Averno 2 and Campanian Ignimbrite melt
4

inclusions are phonolites, whilst melt inclusions from Nisida and 
Astroni 6 plot close to the boundary line between the trachyte
and phonolite fields (Supplementary Material 3, Supplementary 
Data Fig. S4). SiO2 content ranges from 58.6 wt.% to 62.0 wt.%, 
Al2O3 from 17.2 wt.% to 20.1 wt.%, Fe2O3tot from 3.0 wt.% to 
4.7 wt.% and MgO from 0.15 wt.% to 0.84 wt.%. Moreover, CaO var-
ies from 1.1 wt.% to 2.8 wt.%, Na2O from 3.8 wt.% to 5.4 wt.% and
K2O from 7.0 wt.% to 12.0 wt.%, with the lowest MgO, Fe2O3tot

and CaO, and the highest K2O contents shown by the Campanian
Ignimbrite phonolitic melt inclusion (Fig. 3).

The analysed inclusions overlap the trends depicted by melt 
inclusions and whole rocks from literature, for the corresponding
eruptions (Fig. 3), and more generally are similar to the majority 
of volcanic products erupted at Campi Flegrei caldera since at least
60 ka ago (e.g., Arienzo et al., 2016). Taking into account literature 
data, the few relatively poorly evolved (latite and trachybasalt) 
melt inclusions compositi ons, in trachytic rocks, are found in Cam-
panian Ignimbrite and Agnano-Monte Spina samples (Webster 
et al., 2003; Arienzo et al., 2010; Cariddi et al., 2026; Fig. 3, Supple-
mentary Material 3, Supplementary Data Fig. S4). 

In general, at decreasing MgO content, Fe2O3tot, CaO and V con-
tents decrease, whilst SiO2,  Na2O and Zr contents increase in both
the analysed and literature melt inclusions and associated whole
rocks (Fig. 3). The correlation between MgO and V or Zr is not 
observed in few (six in total) melt inclusions from Campanian Ign-
imbrite, Nisida and Astroni 6 samples (Fig. 3e, f). However, when 
their trace elements are plotted (e.g., Zr vs. Ce; Fig. 4) these inclu-

move_f0015
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Fig. 3. Diagrams of MgO (wt.%) vs. (a) SiO2 (wt.%), (b) Fe2O3 tot (wt.%), (c) CaO (wt.%), (d) Na2O (wt.%), (e) V (ppm), (f) Zr (ppm) for the analysed melt inclusions (MI), compared
with whole rocks (WR*) and MI* from literature: CI WR* (Civetta et al., 1997; Signorelli et al., 1999, Marianelli et al., 2006; Fowler et al., 2007; Fedele et al., 2008; Forni et al.,
2016, 2018), Ast 6WR* (Tonarini et al., 2009), AMS WR* (de Vita et al., 1999; Forni et al., 2018), Nis WR* (Melluso et al., 2012; Arienzo et al., 2016; Forni et al., 2018), Av 2 WR*
(Fourmentraux et al., 2012), CI MI* (Signorelli et al., 1999; Fulignati et al., 2004; Marianelli et al., 2006; Severs, 2007; Moretti et al., 2019; Cariddi et al., 2026), Ast 6 MI*
(Arienzo et al., 2016), AMS MI* (Roach, 2005; Arienzo et al., 2010; Esposito et al., 2018; Cariddi et al., 2026), Nis MI* (Arienzo et al., 2016; Cariddi et al., 2026), Av 2 MI*
(Fourmentraux et al., 2012). CI MI* data (big size symbol) are major oxide elements published in Moretti et al. (2019), integrated with trace elements from this study.
Abbreviations as in Fig. 2.
sions follow the trends defined by whole rocks too. As expected, 
incompatible trace elements such as Zr, Nb, Rb, Ce increase during 
magma evolution through fractional crystallization, that is at
decreasing MgO content (the latter taken as index of differentia-
tion), as shown in Figs. 3 and 4 (Zr vs. Nb, Zr vs. Rb and Zr vs. Ce 
diagrams). Sr (not shown) and Ba contents decrease during magma
differentiation due to feldspar fractionation (Fig. 4d).

All the analysed melt inclusions, although with evolved compo-
sition, have the typical pattern of subduction-related igneous rocks 
in the incompatible trace elements diagram normalized to the
primitive mantle, showing features such as a positive peak in Pb
and a depletion in Nb, Ta, Ti (Fig. 5a). Melt inclusions from layers 
A and B of Agnano-Monte Spina and from layer C of Astroni 6 have
5

the most marked Ba and Sr depletion. Moreover, melt inclusions 
from Astroni products show the largest chemical variations. A sin-
gle melt inclusion in Astroni 6 layer C is the most enriched in trace
elements and REE among all the analysed inclusions, whilst one
melt inclusion from the Campanian Ignimbrite pyroxene is the
least enriched (Fig. 5). In the chondrite normalized REE diagram
(Fig. 5b), all melt inclusions are enriched in LREE with respect to 
the HREE (LaN/YbN = 13–23) and have variable Eu anomaly (Eu/ 
Eu* = 0.3–1). In the diagram of trace elements normalized to prim-
itive mantle, melt inclusions overlap the patterns of the corre-
sponding whole rock, generally showing a larger variability, and
a lower enrichment, in trace elements (Supplementary Material 
3, Supplementary Data Fig. S5).
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Fig. 4. Diagrams of Zr (ppm) vs. (a) Nb (ppm), (b) Rb (ppm), (c) Ce (ppm), (d) Ba (ppm). Data for the analysed melt inclusions (MIs), are compared with data on whole rocks
(WR*) and MI* from literature. References as in Fig. 3.

Fig. 5. (a) Primitive mantle normalized incompatible trace element patterns (Lyubetskaya and Korenaga, 2007) and (b) Chondrite normalized REE patterns (Anders and 
Grevesse, 1989) of the analysed melt inclusions. Abbreviations as in Fig. 2.
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3.3. Volatile elements contents in melt inclusions

The volatile elements content (H2O, CO2, Cl, F) determined on
43 melt inclusions is reported in Supplementary Material 2, Sup-
plementary Data Table S2.  H2O ranges from 0.51 wt.% to 2.92 wt. 
% with the highest value detected in one melt inclusion of Astroni 
6 layer C and the lowest in one of the Campanian Ignimbrite. CO2 

ranges from 121 ppm to 2666 ppm (0.01–0.27 wt.%). The whole 
range of variation is found in Agnano-Monte Spina A melt inclu-
sions. SO3 varies from 0.05 wt.% to 0.20 wt.% (S = 200–801 ppm),
with the highest and lowest values in melt inclusions of Nisida
and Agnano-Monte Spina, respectively. Cl and F vary from
4061 ppm to 10629 ppm and from 1456 ppm to 3458 ppm, respec-
tively, with the highest values in Agnano-Monte Spina and the
lowest values in Campanian Ignimbrite melt inclusions (Fig. 6).

At increasing differentiation index (e.g., at increasing Cl and Zr
contents), F slightly increases (Fig. 6a, b), H2O increases, with 
two inclusions out of trend, one with lowest (0.5 wt.%) and one
with highest (2.9 wt.%) H2O contents (Fig. 6c, d). No clear correla-
tion is observed between CO2 and Cl or Zr, particularly when taking 
into account the few CO2-richest melt inclusions of Agnano-Monte
Spina products (Fig. 6e, f). By excluding them, an inverse correla-
tion is observed. SO3 decreases at increasing Cl, except for Campa-
nian Ignimbrite melt inclusions from literature showing the
opposite trend (Fig. 6g), and at increasing Zr contents from 
∼200 ppm to ∼600 ppm (Fig. 6h). Above 600 ppm of Zr, SO3 slightly 
increases. Generally, the H2O, F, Cl and SO3 contents overlap data
from literature on Campi Flegrei melt inclusions (Fig. 6). 

Finally, the delta Deuterium (dD), referred to SMOW, measured 
on a subset of melt inclusions (Supplementary Material 2, Supple-
mentary Data Table S2) ranges from −41‰ to −137‰, for H2O con-
tents varying from ∼0.5 wt.% to ∼2 wt.%. No clear correlation 
between dD and incompatible elements (Cl and Zr) is observed,
except for a slightly negative correlation for some Agnano-Monte
Spina melt inclusions (Fig. 6i, j). 

3.4. Partition coefficients (cpx/melt Kd)

The trace element partition coefficients between pyroxene and 
trachytic/phonolitic potassic melts from Campi Flegrei products
were provided through Instrumental Neutron Activation Analysis
(INAA) by Villemant (1988), in situ SIMS analysis of minerals and
coexisting glasses by Pappalardo et al. (2008), and LA-ICP-MS anal-
ysis on minerals and coexisting glasses by Fedele et al. (2009). 
Fedele et al. (2009) made an exhaustive discussion of the data pre-
sented in Villemant (1988) and Pappalardo et al. (2008) and, there-
fore, we only focus on the similarities and/or differences between 
the cpx/melt Kd obtained in this work and the data provided by
Fedele et al. (2009). 

Using the composition of pyroxene-melt inclusion pairs, trace 
element partition coefficients have been calculated, and results
are shown in Fig. 7 and summarized in Supplementary Material 
2, Supplementary Data Table S3. Average partition coefficients 
are considered for pyroxene hosting more than one melt inclusion. 
The alkali metals (K, Rb, Cs and Ba) have very low values (Kd≪ 0.01).
Ti shows negative troughs with respect to the adjacent elements
(sorted by increasing atomic number) while Sc, V and Ni show pos-
itive peaks (Fig. 7a) for their high compatibility with pyroxene 
(Kd≫1). Generally, cpx/melt Kd relative to trachytic and trachyphono-
litic melts show similar distribution patterns, with slightly differ-
ent values only for high atomic mass elements (REEs, Hf, Ta, Th,
U and Pb).

The REEs show near-parabolic trends (Fig. 7b) with flat distribu-
tion in the Sm–Tm region and with cpx/melt Kd(Yb/La) ≃6 and ≃5 and 
cpx/melt Kd(Ta/Nb) between ≃4 and ≃2, in agreement with the values
determined by Fedele et al. (2009) for trachytic and trachyphonolic
7

melts, respectively. Based on Fedele et al. (2009), the most impor-
tant difference between the compositions of the two melts is the 
partition coefficient of Eu. The authors found that, in trachytic 
melts, the cpx/melt Kd for Eu defines an important negative peak that
is absent in the trachyphonolitic melts. However, in our melt inclu-
sions, either in trachytic or phonolitic melts, the cpx/meltKd for Eu
displays both peaks and troughs (Fig. 7b) depending on the plagio-
clase fractionation.

In view of the above considerations, based on the calculated cpx/ 
melt K d, pyroxene 5 and 4 from the Campanian Ignimbrite samples
(Supplementary Material 2, Supplementary Data Tables S1, S3) 
possibly crystallized from a phonolitic and a trachytic magma, 
respectively. Similarly, crystals from Astroni 6 samples (as well
as those from Agnano-Monte Spina) formed in chemically slightly
different magmas.

Even if the comparison with literature data suffers from some 
uncertainties, mainly related to the type of matrix employed as liq-
uid (glass in Fedele et al., 2009, melt inclusion in this work), our 
calculated partition coefficients are in line with those presente d
for trachytic and trachyphonolitic melts and calculated on Campi
Flegrei juvenile products (Fedele et al., 2009). 
4. Discussion 

4.1. H-loss, post entrapment crystallization (PEC) and dissolution 
(PED) in the studied melt inclusions

H-loss from melt inclusions have been discussed by many
authors (e.g. Lloyd et al., 2012; Barth and Plank, 2021; Esposito 
et al., 2023). It has been demonstrated that this process is much 
more effective in small size melt inclusions, particularly below 
40 lm radius. The H-loss is superimposed on the degassing, fluxing 
and crystallization processes and can be identified, in olivine-
hosted melt inclusions by consistent offsets to lower H2O with
respect to K2O, S, and CO2 (Lloyd et al., 2012). In Supplementary 
Material 3, Supplementary Data Fig. S6, the H2O vs. K2O diagram 
shows no evidence of this offset and the melt inclusions follow a
main trend of degassing driven crystallization (Barth and Plank,
2021, and references therein). H2O content displays a linear corre-
lation with respect to S (not shown) and Cl (Fig. 6c), slightly 
increasing with differentiation, whereas with respect to K2O (Sup-
plementary Material 3, Supplementary Data Fig. S6), H2O 
decreases, varying between 2 wt.% and 1.5 wt.%. One H2O-rich melt 
inclusion is also present together with one H2O-poor melt inclu-
sion from Campanian Ignimbrite. If H-loss occurred, it is limited 
to few melt inclusions and only slightly modified their initial water
content. K2O and CO2 (not shown) do not show a clear trend, but
for CO2 contents below 1000 ppm, they appear directly correlated.
In addition, Barth and Plank (2021) suggested that if H2O contents 
in melt inclusions, or ratios of H2O contents to incompatible ele-
ments correlate with other trace elements, it is possible that the
measured H2O concentrations reflect primary melt compositions.
In Supplementary Material 3, Supplementary Data Fig. 7a and b, 
we show the inverse correlation between H2O content and incom-
patible trace elements in the analysed melt inclusions. H2O/Zr vs. 
CO2 (not shown) display the increase in CO2 content at increasing
incompatible trace elements content.

Based on these evidences, we reject the hypothesis that all the 
analysed Campi Flegrei melt inclusions are affected by significant 
H-loss. Moreover, the majority of them have more than 100 lm 
radius, and are located at not less than 200 lm distance from the
crystals rim. Only few melt inclusions have less than 100 lm
radius. Therefore, even if H-loss cannot be completely ruled out,
its impact should be ‘‘resized”, being the majority of melt inclu-
sions unaffected by post-entrapment processes. On the contrary,
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Fig. 6. Diagrams of (a) Cl (ppm) vs. F (ppm), (b) Zr (ppm) vs. F (ppm), (c) Cl (ppm) vs. H2O (wt.%), (d) Zr (ppm) vs. H2O (wt.%), (e) Cl (ppm) vs. CO2 (ppm), (f) Zr (ppm) vs. 
CO2 (ppm), (g) Cl (ppm) vs. SO 3 (wt.%), (h) Zr (ppm) vs. SO3 (wt.%), (i) Cl (ppm) vs. dD (‰), and (j) Zr (ppm) vs. dD (‰), for the analysed melt inclusions (MIs), compared with
MI* from literature. Literature data are: CI MI* (Signorelli et al., 1999, 2001; Fulignati et al., 2004; Marianelli et al., 2006; Severs, 2007; Moretti et al., 2019; Cariddi et al.,
2026), Ast 6 MI* (Arienzo et al., 2016), AMS MI* (Roach, 2005; Arienzo et al., 2010; Esposito et al., 2018; Cariddi et al., 2026), Nis MI* (Arienzo et al., 2016; Cariddi et al., 2026), 
Av 2 MI* (Fourmentraux et al., 2012). H2O and CO2 data on CI MI* (big size symbol), were published in Moretti et al. (2019) whilst their trace elements, Cl, F, S and d D are from
this study. Abbreviations as in Fig. 2.
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Fig. 7. Calculated cpx/melt Kd values between the analysed melt inclusions and host-pyroxene for (a) trace elements (in increasing order of atomic number) and (b) REE,
compared to those calculated by Fedele et al. (2009) in trachytic* and trachyphonolitic* melts from Campi Flegrei. Abbreviations as in Fig. 2.
they more likely reflect primary melt compositions and the CO2 

increase, associated to the H2O decrease during crystallization,
could be due to fluxing.

We also calculated the degree of PEC. It is generally less than 
11%. Despite this, the analysed melt inclusions, except for six, gen-
erally follow the trends defined by whole rocks (Fig. 3), and can be 
considered ‘‘normal”, as defined in Esposito et al. (2018). The PEC-
corrected compositions were calculated and reported in Supple-
mentary Material 2, Supplementary Data Table S2, and plotted in
Supplementary Material 3, Supplementary Data Fig. S8. When plot-
ted, they are not consistent with the trend of the whole rocks and 
melt inclusions from literature, particularly for MgO vs. V, Zr, Fe2-
O3tot and Na2O contents, confirming the issues related to the PEC
correction for melt inclusions in pyroxene (Esposito et al., 2018) 
and suggesting a more effective use of the PEC uncorrected compo-
sitions. Therefore, based on (i) the relatively low values of the per-
centage of PEC, (ii) the good correlation between the uncorrected
major elements content in melt inclusions and whole rocks litera-
ture data, and (iii) the similarity between the calculated partition
coefficients (Section 3.4; Fig. 7) with those obtained on Campi Fle-
grei juvenile products (Fedele et al., 2009), we asses that the PEC 
effect is negligible and that the trace elements composition, mea-
sured in melt inclusions, can well track the evolution of the magma
from which pyroxene was crystallizing.

Additional evidences are provided by the cpx/MI Kd Fe-Mg calcu-
lated using the uncorrected melt inclusion compositions. Values
reported in Supplementary Material 2, Supplementary Data 
Table S2, are lower compared to the recommended value of
9

∼0.27. However, for the majority of the analysed melt inclusions, 
no meaningful trends are observed among the cpx/MI Kd Fe-Mg and
the volatile elements such as H2O (Supplementary Material 3, Sup-
plementary Data Fig. S9a). Moreover, covariation diagrams of 
major and trace elements compatible with pyroxene crystals ver-
sus volatile elements content (e.g., V vs. H2O, Supplementary Mate-
rial 3, Supplementary Data Fig. S9b) do not display any clear trend 
or multiple trends that could be associated to a significant role of 
PEC, such as a marked increasing H2O content at decreasing V.
The alignment we observe can be traced back to fractional
crystallization.

The PEC could be also related to the occurrence of vapour bub-
bles. Indeed, significant amount of CO2 may enter the vapour bub-
ble during crystallization (Esposito et al., 2011; Steele-Macinnis
et al., 2011), particularly in the least evolved melt inclusions, 
together with H2O, minor S and Cl (Esposito et al., 2016, and refer-
ences therein). In some analysed crystals, bubble-free melt inclu-
sions coexist with melt inclusions containing bubbles. Sometimes 
multiple small bubbles occur, probably due either to the fast 
depressurization of the system concurrently with fast magma
ascent or to entrapment of a melt in which a CO2-rich gas phase
was already partially exsolved (e.g., Capriolo et al., 2020). Despite 
the presence of bubbles in few melt inclusions, for all the reasons 
given above, in this study, only the uncorrected chemical analyses
were used for the modelling. However, the 6 melt inclusions that in
Fig. 3 are out from the main differentiation trend, are the only ones 
that could be corrected for PEC when their major element content
is plotted in binary diagrams for comparison with literatura data.
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Therefore, we assume a limited, if any, contribution of the PEC to
the chemical composition of the melt inclusions.

The PED process, described in Esposito (2020) must also be 
excluded. Covariation diagrams of major vs. trace elements com-
patible in pyroxene (e.g., MgO vs. V, Fig. 3, or V vs. H2O, Supple-
mentary Material 3, Supplementary Data Fig. S9b), do not show 
the expected correlation among them. In fact, in case of PED we 
should observe an increase in the concentration of elements com-
patible in pyroxene lattice and a decrease in volatile elements. In
Supplementary Material 3, Supplementary Data Fig. S9b, the oppo-
site trend is observed. Moreover, we do not see any MgO, CaO and 
SiO2 content enrichment in melt inclusions (that will occur in case
of PED due to pyroxene dissolution) at similar incompatible (in
pyroxene) element contents. Therefore, we exclude any effect
related to PED.

4.2. Evolution and degassing of Campi Flegrei magmas based on H 2O-
CO2-S and dD modelling
Fig. 8. (a) Dissolved H2O (wt.%) vs. dissolved CO2 (ppm) diagram. Isobars were
calculated with the model of Papale et al. (2006). A pressure range from 50 to 
500 MPa, an average trachytic composition for the melt, temperature of 1223 K and 
Fe3+ /Fetot = 0.15 were used for calculations. Curves at constant proportion of H2O 
and CO2 in the gas phase were calculated. Curve 0 corresponds to H2O = 10 mol% 
and CO2 = 90 mol%, Curve 1 to H2O = 25 mol% and CO2 = 75 mol%, Curve 2 to H2O =
50 mol% and CO2 = 50 mol%; (b) XCO2 (molar fraction) vs. saturation pressures
(MPa), obtained with the model of Papale et al. (2006), at temperature of 1223 K for 
Fe3+ /Fetot = 0.15. The semi-transparent yellow field represents the X CO2 of the
magmatic gas feeding the hydrothermal system at the present-day Campi Flegrei
fumaroles (e.g., Caliro et al., 2007). References as in Fig. 6. 
4.2.1. Modelling of melt saturation pressures and gas composition
The major elements composition of the melt inclusions charac-

terized only for their volatile contents was assumed to be equal to
the mean composition of melt inclusions belonging to the same
eruption/eruptive unit (Supplementary Material 2, Supplementary 
Data Table S2). These compositions allow us to derive the satura-
tion pressure for each melt inclusion using the non-ideal,
composition-dependent model of Papale et al. (2006). The same 
model was applied for obtaining the isobars (Supplementary Mate-
rial 2, Supplementary Data Table S4) at pressures up to 500 MPa, 
using as starting composition the averaged trachytic composition 
of all analysed melt inclusions, regardless of the eruption. A con-
stant 1223 K value of temperature was assumed, based on the
results reported in Roach (2005) and Pelullo et al. (2022a). 

Since the different proportions of FeO and Fe2O3 in the melt 
affect the isobars shape, calculations were carried out by using 
Fe3+ /Fetot = 0.5 and Fe3+/Fetot = 0.15 (corresponding to FeO/
Fe2O3 = 1 and 5, respectively; Supplementary Material 2, Supple-
mentary Data Table S4). The former ratio is in agreement with
Vetere et al. (2011) and Moretti et al. (2013a) for poorly differenti-
ated rocks, the latter is in agreement with the ratios determined on
evolved Campi Flegrei rocks (Melluso et al., 2012). Due to the 
evolved composition of the analysed melt inclusions, in Fig. 8a, 
only curves calculated with Fe3+ /Fetot = 0.15 are plotted. Redox-
induced differences are observed between the resulting isobars,
when comparing results in Fig. 8a with those in Supplementary 
Material 3, Supplementary Data Fig. S10, obtained with Fe3+ / 
Fetot = 0.5. The differences are mostly related to the different pro-
portions of dissolved CO2 and H2O, which in turn affect the curva-
ture of the isobars for pressures higher than 250 MPa and water
contents between 3 wt.% and 5 wt.%.

Curves with constant H2O/CO2 ratios in the gas phase in equilib-
riumwith the melt (Curves 0, 1 and 2 in Fig. 8a) were calculated for 
the two different Fe3+ /Fetot ratios and at different pressures (Sup-
plementary Material 2, Supplementary Data Table S4). The left-
most Curve 0 corresponds to H2O and CO2 contents of 10 mol% 
and 90 mol%, respectively. Curve 1 corresponds to H2O and CO2 

contents of 25 mol% and 75 mol%, respectively, whilst Curve 2 cor-
responds to H2O and CO2 contents of 50 mol% and 50 mol%,
respectively.

Some analysed melt inclusions (11%) cluster around 50– 
100 MPa, the remaining record CO2 contents continuously increas-
ing from 150 MPa up to 400 MPa. Four melt inclusions above the
400 MPa isobar are from Agnano-Monte Spina Unit A, one is from
Averno 2 (Fig. 8a). The majority of melt inclusions from Astroni 6, 
Averno 2 and Agnano-Monte Spina align along, or are very close to,
10
Curve 0, displaying a sharp decrease in CO2 contents at small H2O 
content variations. This feature indicates that the magmas of the 
investigated Campi Flegrei eruptions were in equilibrium with a 
CO2-rich gas phase (90 mol%) at high pressures. Furthermore, most 
of the Agnano-Monte Spina melt inclusions with CO 2 < 500 ppm
fall close to the H2O-rich Curves 1 and 2, and seem to be aligned
along isobars between 100 and 150/200 MPa. This feature becomes
even more evident when considering literature data acquired on
melt inclusions from the same eruption (Arienzo et al., 2010;
Cariddi et al., 2026). No difference is observed in the volatile con-
tent of the bubble-bearing and the bubble-free melt inclusions
(Fig. 8a; Supplementary Material 2, Supplementary Data 
Table S2). They both contain high and low CO2 contents and rela-
tively high and low H2O contents.

Finally, using the major oxides composition of each melt inclu-
sion and the measured H2O-CO2 pairs, saturation pressures varying
from 74 MPa to 645 MPa were obtained (Supplementary Material 
2, Supplementary Data Table S2). Different saturation pressures 
are obtained (P = 106–564 MPa) when Fe3+ /Fetot = 0.5 is used for 
calculations. Calculations also return the composition of the gas
phase (XCO2 molar fraction) in equilibrium with the rising magma.

move_f0040


I. Arienzo, B. Cariddi, C. Pelullo et al. Geoscience Frontiers 17 (2026) 102262

Fig. 9. (a) H2O (wt.%) vs. CO2 (ppm), (b) H2O (wt.%) vs. S (ppm) and (c) CO2 (ppm) 
vs. S (ppm) diagrams, showing the melt inclusions data and the modelled degassing 
paths (two groups of Curves 1, 2, 3: solid and dashed) for a trachytic magma,
computed assuming different values of total, initial H2O, CO2, S contents. Degassing
paths (coloured solid and dashed lines) were calculated by using the CHOSETTO
code (Moretti et al., 2003; Papale et al., 2022), assuming T of 1223 K and Fe3+ / 
Fetot = 0.15. Black and red lines refer to closed and open-system degassing 
conditions, respectively. Blue lines reproduce open-system degassing acting 
together with magma crystallization. Solid and dashed lines refer to initial ST

contents of 650 ppm and 400 ppm, respectively. Purple arrows indicate the
direction of the degassing trends. References as in Fig. 6. 
At pressures decreasing from 645 to 74 MPa, the XCO2 decreases 
nearly continuously from 0.93 to 0.70–0.60, revealing a trend dom-
inated by decompression and CO2 degassing (Fig. 8b). Conse-
quently, at shallow depth the gas phase composition tends 
towards the values inferred for the magmatic gas currently feeding
the Solfatara (Fig. 1) hydrothermal system (XCO2 = 0.32 in Caliro 
et al. (2007, 2014); XCO2 = from 0.3 to 0.5 in Moretti et al.
(2013b)). The difference between the values recorded by melt 
inclusions and those currently measured at Campi Flegrei during 
the monitoring activity is ascribable to the fact that melt inclusions
record pre-eruptive values, which refer to a temporally defined
entrapment event.

4.2.2. H2O-CO2-S-melt and d D modelling
A joint H2O-CO2-S-(dD)-melt modelling was used for reproduc-

ing the distribution of volatile elements contents and the dD vari-
ations in the melt and gas phases, in order to constrain the set of 
physical–chemical conditions and the processes able to explain 
their distribution/variability. The acquired data allow modelling 
simultaneously H2O-CO2 , H2O-S, CO2-S and H2O-dD covariations
and putting more stringent constraints on the values of the initial
total (exsolved + dissolved) contents of H2O, CO2, S, and iron oxida-
tion state (Fe3+/Fetot).

To this purpose, we used the CHOSETTO code (Moretti et al.,
2003; Moretti and Papale, 2004; Papale et al., 2022) that models 
volatiles components, reconstructing the degassing patterns in 
relation with magma decompression, fractional crystallization as
well as volatile fluxing (e.g., Aiuppa et al., 2007, 2010, 2022;
Edmonds et al., 2010; Pino et al., 2011; Moretti et al., 2013a,b,
2018, 2019; Burton et al., 2023). 

For the H2O-CO2-S modelling we used the same parameters
used in Section 4.2.1 (the mean trachytic composition in Supple-
mentary Material 2, Supplementary Data Table S2, T of 1223 K 
and two redox conditions: Fe3+/ Fetot = 0.15 and Fe3+/ Fetot = 0.5). 
Using different, fixed iron ratios is the best approach for evaluating 
how this parameter controls the S release in its oxidized (SO2) and
reduced (H2S) forms and for exploring the effects of fO2 variability.

Degassing runs were conducted under either closed or open-
system conditions starting from 600 MPa, considering different ini-
tial total (i.e., gas + melt phases) volatile contents. In open-system 
degassing conditions, at each decompression step, 5 wt.% of the gas 
phase equilibrated in the previous calculation step was removed
from the system. Given the key role played by magma differentia-
tion on volatile release, degassing runs in open-system conditions
were also performed by including crystallization. We account for
the following pressure-dependent crystallization equation (see
Marini et al., 2011; Moretti et al., 2013b, 2018a). 

XX(from0 1 35) = -0.0582P + 35 (MPa) 1

where XX is the percentage of crystallization and P is the pressure. 
The equation assumes a maximum of 35% crystallization while
decompressing from 600 to 0.1 MPa. Fig. 9 summarizes the results 
of modelling for Fe3+ /Fetot = 0.15. Black and red lines refer to closed 
and open-system degassing conditions, respectively. Blue lines 
reproduce open-sys tem degassing acting together with magma
crystallization. Solid and dashed lines refer to the different, initial,
total contents of S. In Supplementary Material 3, Supplementary 
Data Fig. S11, results of modelling with Fe3+ /Fetot = 0.5, are shown.
Data are reported in Supplementary Material 2, Supplementary 
Data Table S5. 

The distribution of the volatiles content in melt inclusions was 
modelled starting from plausible values of initial total volatile con-
tents (H2OT, CO2

T, ST) in the gas and melt phases. Based on
Mangiacapra et al. (2008), Arienzo et al. (2010) and Moretti et al.
(2013b, 2019) and on findings from fluid geochemistry, showing
11
that the shallow magmatic fluids entering the hydrothermal sys-
tem are featured by high CO2 contents and comparable molar pro-
portions of H2O and CO2 (Caliro et al., 2007), three groups of curves 
were generated, having different combinations of H 2OT and CO2

T as
initial values (Fig. 9). Curve 1 were generated by using H2OT = 
3.5 wt.% and CO2 

T = 2 wt.%, Curves 2 and 3 by using two sets of 
equimolar H2O-CO2 total volatile contents: H 2OT = 2 wt.% and
CO2

T = 4.9 wt.%, H2OT = 1.5 wt.% and CO2
T = 3.7 wt.%, respectively

(Supplementary Material 2, Supplementary Data Table S5). In 
terms of initial ST , a total content of 650 ppm was considered for 
the trachytic melt inclusions, based on the S contents in melt inclu-
sions with the highest values of dissolved H2O (Fig. 9b, solid lines;
Supplementary Material 2, Supplementary Data Tables S2 and S5).
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Fig. 10. H2O (wt.%) vs. dD  (‰) diagram. Composition of the analysed melt 
inclusions and calculated curves which model the evolution of the melt (thick, 
solid and dashed lines) and that of the associated gas phase (thin, solid and dashed 
lines) during both closed and open-system degassing regimes, respectively. Purple 
arrows indicate the direction of the degassing process. Curves with different colours 
have different H2 O and dD starting compositions (Green: H2O = 3 wt.% and dD =
−69‰; blue: H2O = 2 wt.% and dD = −39.9‰; red: H2O = 1 wt.% and dD = −39.9‰).
The semi-transparent yellow field represents the present-day range of dD of the
Campi Flegrei fumaroles (Caliro et al., 2007, 2025).
However, based on the S vs. CO2 covariation (Fig. 9c), a ST content 
of 400 ppm was also used as initial value (dashed lines), at least for 
reproducing the variability of melt inclusion from Agnano-Monte
Spina eruption. This low value could be compatible with a compo-
sitionally different initial magma, relatively S-depleted.

In Fig. 9a, which considers CO2 and H2O only, either closed or 
open system degassing regimes (better if including crystallization) 
can explain the variability shown by most of our data, irrespective
of the oxidation state and of the eruption (see Supplementary 
Material 3, Supplementary Data Fig. S11 for calculations at Fe3+ / 
Fetot = 0.5). However, the distribution of the data that partially 
overlap the groups of Curves 2 and 3 further suggests the occur-
rence of gas fluxing. Following Caricchi et al. (2018), we verify such 
a possibility by combining major, trace element data and the calcu-
lated XH2O (molar fraction) and XCO2 (Supplementary Material 2, 
Supplementary Data Table S2). As expected and shown by other
evidences discussed in Section 4.1, at decreasing CaO due to crys-
tallization, XH2O tends to decrease, whilst XCO2 increases (Supple-
mentary Material 3, Supplementary Data Fig. S12). When plotted 
with respect to Zr content we observe a roughly constant XCO2 

(not shown). Fluxing could explain the progressive switch from 
the relatively H2O-rich conditions of the melt (H2OT = 3.5 wt.% 
and CO2 

T = 2 wt.%) to the relatively dehydrated and CO2-enriched 
ones (e.g., H2OT = 1.5 wt.% and CO2

T = 3.7 wt.%). This latter compo-
sition, typical of a gas phase extremely rich in CO2, represents a
vapour-buffered condition, and corresponds to the locus of points
having a constant gas composition with XCO2 = 0.9, in Fig. 8 (or 
mCO2 

/mH2O = 22 by weight; see also Moretti et al., 2013b). Moretti 
et al. (2013b) suggested that this condition is achieved in a gas-
dominated system, virtually unaffected by CO2 and H2O exchanges 
between melt and gas upon depressurization. This condition could 
explain the large CO2 flux measured at the ground level in the
Campi Flegrei caldera. It is currently of above 16000 g/(m2 × day)
in the Pisciarelli area (Bollettini di sorveglianza, Osservatorio Vesu-

viano: https://www.ov.ingv.it/index.php/monitoraggio-e-infra-

strutture/bollettini-tutti, accessed 8 April 2025).
Conversely, when taking into account S, the distribution of CO2, 

H2O and S in our melt inclusions is reproduced only assuming the 
combined effect of open-system degassing, crystallization and
variations in the oxidation state. This combination may explain
the general trend of S reduction from the least evolved
(∼3000 ppm; e.g., Mangiacapra et al., 2008; Arienzo et al., 2016) 
to the most evolved magmas (below 1000 ppm; Fig. 9; e.g., 
Arienzo et al., 2016), as well as local S enrichments when consider-
ing different eruptions. At constant oxidation state (e.g., for Fe3+/
Fetot = 0.15, Fig. 9), local S-enrichment in the melt could be 
favoured by an open-system degassing, that causes the less soluble 
CO2 to be removed (with the consequent relative increase of H2O
and S), either by crystallization, or by a combination of both
processes.

Summarizing, most of our data can be explained by consider-
ing a trachytic magma that evolves by crystallization (of mostly 
feldspar and pyroxene) under oxidated conditions (Fe3+/-
Fetot = 0.15), and assuming a combination of closed-, open-
system degassing and fluxing, starting f rom a system with H2-
OT = 3.5 wt.%, CO2

T = 2 wt.% (or close to Curve 1 in Fig. 9)  and  ST 

from 400 ppm to 650 ppm. We cannot rule out completely the 
possibility that some melt inclusions may have been affected
by H-Loss and/or PEC (Esposito et al., 2023, and references 
therein). In any case, the occurrence of few melt inclusions that 
may have been affected by these processes, will not invalid the 
fluxing hypothesis as well as will not affect the general interpre-
tation of the architecture and dynamics of the C ampi Flegrei
plumbing system, which is based on the whole set of chemical
data acquired so far in this and literature papers.
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The investigated melt inclusions offered the possibility to 
retrieve information on the original dD of magmatic fluids at Campi 
Flegrei and on the processes leading to its variations. Since we are 
dealing with deep trappedmelt inclusion, we exclude the contribu-
tion of external fluids, such as the meteoric water, in determining
variations in dD, and for the reasons reported in Section 4.1 we 
exclude effect of H-loss in determining data dispersion. On the con-
trary, these variations were reproduced by considering that the 
bulk hydrogen-isotope fractionation between water vapor (H2O) 
and melt (DDvapor–melt) is a function of the relative amounts of
hydroxyl and molecular water in the melt and of the fractionation
factor relative to H2O vapour for each species:

DDvapor—melt = dDvapor dDmelt = YH2Omelt DDvapor H2Omelt 
1 Y H2Omelt DDvapor—OHmelt 2

where Y=  H2Omol/(H2Omol + OH); DDvapor-melt = dDvapor −dDmelt, 
DDvapor-H2Omelt = dDvapor −dDH2Omelt, and DDvapor–OHmelt = dDvapor

−dDOHmelt (Holloway and Blank, 1994). De Hoog et al. (2009) satis-
factorily approximated Eq. (2) to the following temperature inde-
pendent function:

DDvapor—melt = 44.53 (CH2O/7.03 + 1) 1 2 3

with CH2O as the concentration of bulk dissolved water in wt.%.
According to Taylor (1986), due to the fact that DDvapor–melt ≈ 

1000lna, the patterns of isotope fractionation under closed- and
open-system (Rayleigh distillation) conditions of water extraction
from the melt, are given by:

dDmelt = dDi (1 F ) 1000lna 4

and 

dDmelt = dDi (1000 + dDi) (1 Fa 1) 5

respectively, where i stands for ‘‘initial”, a is the isotope fractiona-
tion factor for hydrogen isotopes and F is the weight fraction of
water remaining in the melt. It is worth noting that Eq. (4) and 
Eq. (5) apply to any kind of water-loss, notwithstanding if this 
occurs via decompression, degassing or dehydration upon CO2-
fluxing.

https://www.ov.ingv.it/index.php/monitoraggio-e-infrastrutture/bollettini-tutti
https://www.ov.ingv.it/index.php/monitoraggio-e-infrastrutture/bollettini-tutti
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By using Eqs. (4) and (5) and the melt-vapour fractionation fac-
tor for hydrogen isotopes, we modelled the evolution of the melt 
during both closed and open-system degassing (thick, solid and 
dashed lines, respectively) as well as the evolution of the associ-
ated gas phase (thin, solid and dashed lines, respectively) which
separates from the melt causing further fractionation (Fig. 10). 
Moreover, we investigated the role of CO2 fluxing and crystalliza-
tion in modifying the H2O contents and dD values.

In order to explain the large variability of dD and the narrow 
range of H2O in melt inclusions, we must first recall that the major-
ity of the studied melt inclusions are not significantly affected by 
PEC and thus preserve their original chemical and isotopic signa-
ture. For calculations, we selected, as a starting point, one of the 
Astroni 6C melt inclusions. This melt inclusion was assumed to
be representative of a relatively H2O-rich melt, not modified by
the arrival of a CO2-rich gas, because it has the highest water con-
tent (2.9 wt.%) among the available data and displays a dD value of
−71‰.

This value is similar to that of magmatic waters found in the 
Campi Flegrei boreholes (−46‰ to −79‰; Caprarelli et al., 1997) 
and to the values obtained on fluid inclusions entrapped in mag-
matic minerals, from the juvenile fraction of the 79 A.D. and 472
CE Vesuvius eruptions (Fulignati and Boyce, 2023). Fulignati and 
Boyce (2023) obtained dD values of the biotite between −52‰ 
and −58‰, and they interpret them as representative of the water 
dissolved in the melt, since it has been shown that there is little
isotopic fractionation between OH-bearing minerals and melt
water (Suzuoki and Epstein, 1976). The exact values used in our 
calculations as starting compositions (green curves in Fig. 10), 
are H2O = 3 wt.% and dD  = −69‰ for the magma (Supplementary 
Material 2, Supplementary Data Table S6). Based on the results of 
modelling, during evolution, the dD of the melt becomes more neg-
ative, i.e., moves from −69‰ to ∼ −110‰ (Fig. 10), or even more 
negative in case of open-system degassing condition (dashed green
curve in Fig. 10) while magma evolves and loses water from the 
liquid phase during degassing. Rightward shift from the curves, 
towards H2O-rich terms, could be due to the crystallization that
causes an increase of the dissolved H2O content in the melt (‘‘crys-
tallization shift” arrow in Fig. 10), even if the whole system expe-
riences water-loss. At the same time, due to isotope fractionation, 
the gas phase in equilibrium with the magma evolves displayin g
less negative dD than the melt (i.e., evolves from ∼ −40‰ to ∼
−70‰ or lighter in open-system degassing condition).

When fluxing occurs, the gas phase, characterized by less nega-
tive dD values (e.g., −70‰) with respect to the associated magma
(−120‰), may re-equilibrate at shallower depth with a different
melt. Fig. 10 shows that this melt (1) could be featured by lower 
H2O contents (e.g., blue solid and dashed, thick lines), because 
the fluxing process is dominated by CO2, and dD values of ∼ 
−80‰; (2) could then acquire the less negative (−70‰) dD signa-
ture of the water vapor released by the deepest magma. This pro-
cess is synthesized by the arrow labelled ‘‘fluxing shift” in Fig. 10, 
which connects the gas phase of a deep magma, having H2O 
content = 3 wt.% and dDi = ∼  −40‰ (thin green lines), with a shal-
lower (re-equilibrated) melt having H2O contents of 2 wt.% (thick 
blue line). The shallower melt will be in equilibrium with a gas
phase with less negative values of dD (thin blue lines) that can in
turn intercept and react with an even more shallow magma, with
even low H2O contents (1 wt.% in Fig. 10, thick red line). However,
Fig. 10 also shows a possible connection between the gas phase 
from the deep magma and the melt having 1 wt.% of H2O contents. 
Consequently, each gas phase once flowing upward, may produce 
‘‘fluxing shift arrays” in the uppermost levels of the vertically
extended, transcrustal Campi Flegrei plumbing system. Along this
system, different magma portions may re-equilibrate and then
generate further closed and open-system degassing trends, also
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accompanied by magma crystallization. The chemical parameters 
were chosen as a simple example for describing a step-wise, cyclic 
process, acting during the evolution history of the Campi Flegrei
volcanic area, including the bradyseismic crises. A similar process
was described by Fulignati and Boyce (2023), for explaining the 
chemical and isotopic features of Vesuvius fluid inclusions. The 
occurrence of this process over time and at variable depths may 
have produced fluids with decreasing dD, reaching values in line
with those reported in the present-day Campi Flegrei fumaroles
(semi-transparent yellow field in Fig. 10; e.g., Caliro et al., 2007,
2025). The above mechanism brings to mind the chromatographic
effect (Moretti et al., 2019), through which rising CO2 and H2O 
decouple, because CO2 percolates faster due to its lower solubility 
with respect to H2O. This partial decoupling favours the shallow 
magma to become enriched in a CO2-rich, exsolved fluid phase 
and to acquire the hydrogen isotope signature of the gas rising
from larger depth: in fact, when invested by early pulses of CO2,
magmas more efficiently dehydrate and acquire a less negative dD.

4.3. Reconstruction of the storage conditions and of the architecture of
the plumbing system

The Campi Flegrei plumbing system has been reconstructed by 
many authors on the basis of petrological, geophysical and melt 
inclusions studies. Despite the differences among the proposed 
models, two main storage zones have been recognized: a deep
reservoir filled by mafic, volatile-rich magmas at > ∼170–
200 MPa (Mangiacapra et al., 2008; Zollo et al., 2008; Arienzo
et al., 2010, 2016; Moretti et al., 2013b; Fedi et al., 2018;
Pappalardo and Buono, 2021; Buono et al., 2022; Caliro et al.,
2025) and a relatively shallow felsic magma reservoir at < ∼170–
200 MPa (e.g., Arienzo et al., 2010, 2016; De Siena et al., 2010;
Moretti et al., 2013b; Di Vito et al., 2016; Pappalardo and Buono,
2021; Buono et al., 2022). Equilibration pressures below 
200 MPa, particularly below 100 MPa, were interpreted as shallow,
transitory, short-lived magma apophyses (e.g., Balcone-Boissard 
et al., 2024, and references therein).

The majority of the melt inclusions analysed in this study 
record dissolved H2O and CO2 contents and trapping pressures in
line with: (i) similar studies on Campi Flegrei melt inclusions
(e.g., Signorelli et al., 2001; Roach, 2005; Cannatelli et al., 2007;
Severs, 2007; Mangiacapra et al., 2008; Arienzo et al., 2010,
2016; Fourmentraux et al., 2012; Esposito et al., 2018;
Voloschina et al., 2018), and (ii) crystallization and solubility 
experiments at variable pressures on Campi Flegrei products
(Roach, 2005; Fanara et al., 2015; Supplementary Material 3, Sup-
plementary Data Fig. S13). However, with respect to the experi-
ments on the trachytic Campanian Ignimbrite samples (Fanara 
et al., 2015), the pressures calculated with the model of Papale 
et al. (2006) are ∼50 to 100 MPa higher. This is likely due to the 
oxidation state at which the experiments were conducted 
(NNO + 2.6 log units), which is higher than that corresponding to 
the oxidation state assumed in this study by fixing Fe3+/Fetot at
0.15 and 0.5. Additionally, the CO2 contents measured by SIMS,
although with large uncertainty (Esposito et al., 2014), are higher 
than literature values measured with Fourier Transform Infrared 
(FTIR) spectroscopy and in some cases could be underestimated
in the melt inclusions with shrinkage bubbles.

The calculated entrapment pressures vary from 74 MPa to 
645 MPa (or from 106 MPa to 564 MPa assuming a Fe3+ /Fetot ratio 
of 0.5). They were converted in depths using densities of 2.65 g/
cm3 for pressures less than 100 MPa, and of 2.90 g/cm3 for pres-
sures greater than 100 MPa, taking into account results of Fedi 
et al. (2018). The calculated depths vary from ∼ 2.6 km to ∼23 km.

The frequency histograms of the obtained pressures and depths
(Fig. 11a and b) allow us to visualize the data distribution and how
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Fig. 11. Frequency histograms of the (a) pressures and (b) calculated depths. The
bin width was calculated as follows: Bin Width max value min value 

N analyses 2 .
they are spread across different values. The histograms show that 
the frequency is similar for melt inclusions recording pressures 
between 74 MPa and 350 MPa, corresponding to depths from 
∼2.6 km to ∼12.5 km. This crystallization/trapping depths range 
coincides with the location of the hypothesized felsic (shallowest)
and mafic (deepest) Campi Flegrei reservoirs. However, eleven
melt inclusions are featured by high pressures that converted in
depth would suggest the unrealistic formation of trachytic magmas
close to the local Moho, which is set at ∼25–30 km depth (Di 
Stefano et al., 2011), below the Campi Flegrei volcanic area.

In order to constrain the meaning of these trapping pressures 
and of the associated storage depths, we combine the information 
retrieved by the solubility laws of the volatiles in melt inclusions 
with those obtained by the chemical composition of the investi-
gated pyroxene. To this purpose, the distribution between AlIV

and AlVI yields a first qualitative and reliable indication of their
crystallization pressures. In fact, relatively low AlVI can be consid-
ered typical of low-pressure crystallization conditions (e.g., Aoki 
and Kushiro, 1968; Aoki and Shiba, 1973; Thompson, 1974;
Herzberg, 1978; Seyler and Bonatti, 1994). The pyroxene hosting 
the studied melt inclusions have AlIV and AlVI < 0.3 and 0.1, respec-
tively. In Fig. 12, they are plotted together with experimentally
produced pyroxenes (Laporte et al., 2014; Perinelli et al., 2019;
Bonechi et al., 2021). Pyroxene in Laporte et al. (2014) was pro-
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duced by experiments performed at 1000–1300 MPa and T of
∼1200 °C, whereas pyroxene in Perinelli et al. (2019) through crys-
tallization experiments performed at 800 MPa, and T of 1000–
1310 °C. Pyroxene analysed by Bonechi et al. (2021) formed during 
crystallization experiments at 800 MPa and T of 1030–1250 °C. For 
comparison, the AlIV and AlVI of pyroxene from Astroni, Nisida,
Averno 2, Campanian Ignimbrite and Agnano-Monte Spina from
literature (Fedele et al., 2008; Arienzo et al., 2010, 2016; 
Fourmentraux et al., 2012) are also displayed. In addition, the
coloured fields in Fig. 12 are built on the compositions of pyroxene 
produced in experiments at different pressures selected from the
LEPR (Library of Experimental Phase Relations) database, following
Perinelli et al. (2019). Both newly analysed and literature Campi 
Flegrei pyroxene have lower AlVI with respect to the experimental 
pyroxenes falling in the fields of pressure higher than 0.5 GPa.
Therefore, we may confidently assume that the crystallization
pressure of the analysed pyroxene is lower than the calculated
entrapment pressures at 500–650 MPa.

Specifically, Fig. 12 suggests that pyroxene likely crystallized in 
a pressure range from ∼100 to ∼300/500 MPa, therefore the high-
est pressures calculated with the model of Papale et al. (2006) are 
overestimated. This hypothesis is corroborated by the pressure
estimates obtained by Pelullo et al. (2022b) on clinopyroxene from 
Agnano-Monte Spina having Mg# = 70–78 (in the same range of 
clinopyroxene analysed in this study) which yielded values of 
30–240 MPa. By assuming that variations in the oxidation state
likely occur during magma crystallization and transfer from the
deepest part of the feeding system (>200 MPa) up to the surface
(see Section 4.2.1), Fe3+ /Fetot = 0.5 better reproduces the features 
of the magmas at pressures greater than 200 MPa. This ratio pro-
duces slightly lower entrapment pressures not exceeding
564 MPa (Supplementary Material 2, Supplementary Data 
Table S2), in agreement with the experiments presented in
Fanara et al. (2015) (Supplementary Material 3, Supplementary 
Data Fig. S13). However, the different redox condition alone does 
not completely explain the meaning of the high pressures, tra-
chytic melt inclusions. More likely, the pressure estimates above 
∼ 300 MPa could be explained by local overpressure, induced by 
gas fluxing, occurring at variable depths, which adds to the litho-
static pressure, leading to the increase in the saturation pressure 
recorded by melt inclusions, which cannot be simply converted 
into lithostatic pressures over the crystallizing melt. Notwith-
standing this limitation, our results are extremely important for
the comprehension of the architecture and processes acting in
the Campi Flegrei feeding system. In fact, for the first time, we
are emphasizing the importance of the occurrence of relatively
evolved magmas at pressure ≥ 200 MPa, suggesting the temporary
coexistence of felsic magma batches in a deep mafic magma reser-
voir (Fig. 13). Evidences of storage at large depth of trachytic mag-
mas were already presented for high magnitude eruptions such as 
the Campanian Ignimbrite, the Neapolitan Yellow Tuff, and the
Agnano-Monte Spina eruptions, for which pressures up to
500 MPa were calculated (Roach, 2005; Arienzo et al., 2010;
Esposito et al., 2018; Moretti et al., 2019). An important conse-
quence is that the presence of evolved magmas at depth larger 
than 200 MPa may have influence on the temperatures and density 
distribution, and on the stability of the feeding system. Once 
formed due to crystallization induced by fluxing, the felsic magma 
batches, becoming unstable and buoyant, can easily find a pathway 
to the surface, sustained by the large amount of volatiles that sep-
arate and accumulate at shallow depth (above 200 MPa). This pro-
cess might also induce mixing among magmas with different
compositions, explaining several hybrid features, including miner-
alogic and isotopic disequilibria, displayed by many Campi Flegrei
rocks, especially from recent eruptions (e.g., Tonarini et al., 2009;
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Fig. 12. AlIV (apfu) vs. AlVI (apfu) variation diagram. AlIV apfu = 2 −Si apfu; AlVI apfu = (6/anion sum) × cations of Altot −AlIV (apfu). Coloured fields are from LEPR database
(Perinelli et al., 2019). The red one includes experiments carried out at 0.7–1 GPa, the green one experiments carried out at 0.3–0.5 GPa and the blue one experiments from
0.0001 and 0.2 GPa. Experiments on pyroxene were carried out by Laporte et al. (2014), using rocks from the Massif Central, at 1000–1300 MPa, and by Perinelli et al. (2019)
and Bonechi et al. (2021), using rocks from Procida, at 800 MPa. Campi Flegrei literature data are on pyroxene from: Astroni (Arienzo et al., 2016); Nisida (Arienzo et al., 2016); 
Averno 2 (Fourmentraux et al., 2012); Campanian Ignimbrite (Fedele et al., 2008); Agnano-Monte Spina (Arienzo et al., 2010).
Di Renzo et al., 2011; Arienzo et al., 2016; D’Antonio et al., 2022, 
and references therein).

Remarkably, for some of the studied eruptions, melt inclusions
align along Curve 0 in Fig. 8a, which has a constant proportion of 
H2O (10 mol%) and CO2 (90 mol%), or along a CO2 richer curve 
(not shown) where Agnano Monte-Spina and Campanian Ign-
imbrite melt inclusions seem to be aligned. This may indicate that,
in those specific cases, corresponding to high magnitude eruptions,
the magma transfer was dominated by a CO2-rich gas phase in
equilibrium with the magma.

Following a mechanism previously suggested by Moretti et al.
(2013b) and that with different nuances was also suggested by
De Vivo and Lima (2006), Bodnar et al. (2007), Lima et al. (2009,
2021) and Caliro et al. (2025), the principal actor of the bradyseis-
mic crises, particularly after the 2005–2012, is possibly the deep 
system (> 200 MPa) which is degassing and consequently transfer-
ring gas to the system between 200 MPa and 100 MPa (∼8 km to
∼4 km) and in turn to the uppermost hydrothermal system.
Magma ascent has been proposed for the actual bradiseismic crises
by Astort et al. (2024) and Giacomuzzi et al. (2024), whereas 
Moretti et al. (2013b, 2018b)) and Caliro et al. (2025) proposed, 
for the actual crises, that the uplift episodes were mostly driven
by deep fluid influx in the aquifers.

Whatever process is in place today, the arrival of gas, possibly 
from just above the local Moho, in the deep portions of the tran-
scrustal Campi Flegrei plumbing system (∼200–350 MPa) and the
consequent formation of trachytic magma batches may favour
fracturing of a crystal-rich/fragile zone (see Fig. 13) and earth-
quakes at ∼9–10 km depth (e.g. earthquake of 2025/04/13,

05:37:55, local time; in https://terremoti.ov.ingv.it/gossip/flegrei/ 
index.html, access 14 April 2025). It may also induce pressuriza-
tion of the shallow part of the Campi Flegrei caldera, up to the base 
of the hydrothermal system causing the majority of the earth-
quakes and seismic swarms, which are located between ∼1–4 km
depth. These processes may cause instability, possibly facilitating
magma ascent and interconnection among the deepest and the
shallowest portions of the plumbing system, and then the
eruptions.

As already suggested by Arienzo et al. (2010) and Moretti et al
(2018b), the connection among different portions of the plumbing 
system could be favoured by depressurization induced by the pos-
sible disruption of the cap of rocks below the hydrothermal sys-
tem, weakened by the continuous supply of deep gas,
particularly CO2, into the shallow zones. The depressurization
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may facilitate the emptying of uppermost, small, short-living 
reservoirs, and the consequent transfer of magma from 
the > 200 MPa deep regions, upward. This process may possibly 
escalate towards a high magnitude eruption at high XCO2 gas value 
(∼0.9; e.g., Agnano Monte Spina, Campanian Ignimbrite). This com-
position, if detected during the geochemical monitoring of the 
fumaroles, may suggest the arrival of deep magmas. However, such 
high XCO2 gas value could be not necessarily detected due to the
possible occurrence of events producing a too fast depressurization
(e.g., phreatic eruptions, earthquakes). In addition, the proposed
scenario explains why the majority of magmas drawn toward the
surface are not mafic; conversely, in agreement with volcanologi-
cal and geochemical reconstructions, in most of the cases they
are felsic, CO2 rich magmas, easier to mobilize.

5. Conclusi ons

For active volcanoes, such as the Campi Flegrei volcanic field, 
the knowledge of the architecture of the plumbing system and 
the processes favouring or triggering the variable magnitude erup-
tions are extremely important for the land use management in case 
of volcanic crises, such as the current unrest phase. Therefore, it is
important to deepen the knowledge on the geochemical features of
the magma feeding past eruptions and on the pre- and syn-
eruptive magmatic processes that can affect the eruptive
dynamics.

Our combined microanalytical study on pyroxene-hosted melt 
inclusions from different Campi Flegrei eruptions allow us to iden-
tify a major crystallization zone located at an equivalent depth
from ∼2.6 km to ∼12.5 km. Major points, which emerge from our
study, are:

(1) Papale et al. (2006) model returns entrapment pressures 
between 74 MPa and 645 MPa, which cannot be simply converted 
into lithostatic pressures over the crystallizing melt. Our data sug-
gest that melt inclusions may record local overpressure, due to the
presence of a gas phase in equilibrium with the uprising and crys-
tallizing magma. Local overpressures due to CO2 fluxing may affect
the calculated trapping pressures below the fragile-ductile
transition.

(2) Between ∼100 MPa and < 300 MPa, possibly at Fe3+ / 
Fe tot = 0.15, relatively evolved trachytic magmas form and may
accumulate.

(3) At pressure > 250–300 MPa, at Fe3+ /Fetot = 0.15 or even at
Fe3+/Fetot = 0.5, trachytic magmas may temporarily coexist with

https://terremoti.ov.ingv.it/gossip/flegrei/index.html
https://terremoti.ov.ingv.it/gossip/flegrei/index.html
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Fig. 13. Sketch illustrating the Campi Flegrei plumbing system architecture and processes, as reconstructed by solubility models of volatile contents in melt inclusions, 
clinopyroxene compositions and previous knowledge. The sketch shows the coexistence of felsic and mafic batches in the deep system (>8 km) and connection between the 
deep and shallow storage zones (that can occur before/during eruption). The volatile fluxing drives the evolution of mafic magmas toward trachytic to phonolitic composition
and causes overpressure, able to give rise to highly explosive eruptions. The Moho depth and the rocks of the basement are from Di Stefano et al. (2011) and Pappalardo and 
Mastrolorenzo (2012).
relatively less evolved magmas. When the deep-seated trachytic 
magma batches, containing up to 5–6 wt.% of total dissolved gases, 
reach a critical volume with respect to the surrounding mafic mag-
mas, and equilibrate with a volatile rich gas phase extremely rich 
in CO2 (75–90 mol%), they become highly buoyant. This process
may lead to magma ascent, and further crystallization and degas-
sing at shallow depth. Furthermore, the coexistence of mafic and
felsic magmas may generate hybrid magmas of which there is evi-
dence in several, especially young, Campi Flegrei eruptive
products.

(4) The appropriate choice of total volatile contents (H2OT ,  CO2 
T , 

ST) and redox state generates degassing paths that in combination
16
with crystallization and fluxing may explain the ensemble of melt
inclusions data.

(5) Results of modelling support the concept that the Campi Fle-
grei plumbing system acts like a crustal magmatic chromatograph,
which produces CO2-rich gas flooding the shallowest part of the
feeding system (Moretti et al., 2019). 

(6) Our modelling suggests that the dD of the melt becomes 
more negative while magma evolves and loses water from the liq-
uid phase during degassing. A shift towards H2O-rich terms could 
be due to crystallization that causes an increase of the dissolved
H2O content in the melt. At the same time, due to isotope fraction-
ation, the gas phase in equilibrium with the magma evolves dis-
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playing less negative dD than the melt, approaching the dD of the 
local magmatic water discharged from present-day fumaroles. 
Although we cannot exclude that few melt inclusions were affected 
by H2O loss due to diffusion, or other post-entrapment processes,
we have no clear evidence for this occurrence. In any case, this pos-
sibility will not invalid the fluxing hypothesis and the general
interpretation of the dynamic and architecture of the Campi Flegrei
plumbing system.

(7) The Agnano Monte-Spina eruption displays the largest over-
pressure, with respect to the other recent eruptions. Therefore, a 
relation between local overpressure and explosivity of the erup-
tions can be suggested. It implies the occurrence, in most cases,
of a CO2 rich-gas phase associated to the eruptible magma.

(8) Extreme values in our dataset (e.g., H2O ∼0.5 wt.% for the 
Campanian Ignimbrite melt inclusions) might be explained by H-
loss or by introducing one more set of total volatile contents, even 
more enriched in CO2 that could be related to an extremely fluxed
and dehydrated magma. It is not by chance that the Campanian
Ignimbrite eruption was the most explosive event of the Mediter-
ranean area.

(9) Our data strengthen that before/during volcanic activity at 
Campi Flegrei a sequence of events and processes (e.g., fluxing, 
crystallization) may have occurred several times and at variable
depths, producing magmas with chemical features similar to those
recorded by melt inclusions, and gases with the chemical features
of gases from the Solfatara fumaroles.

(10) Finally, our reconstruction also implies that the entire crust 
beneath Campi Flegrei is flooded by huge amounts of magmatic 
fluids, possibly produced close to the local Moho that migrate to 
the surface explaining the high CO2 content of melt inclusions,
the occurrence of gas rich zones below the hydrothermal system
and the strong CO2 emissions observed at surface.
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