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Abstract. Mount Somma–Vesuvius is a stratovolcano that represents a geological hazard to the population of
the city of Naples and surrounding towns in southern Italy. Historically, volcanic eruptions at Mt. Somma–
Vesuvius (SV) include high-magnitude Plinian eruptions, such as the infamous 79 CE eruption that occurred after
295 years of quiescence and killed thousands of people in Pompeii and surrounding towns and villages. The last
eruption at S V  was in 1944 and showed a Volcanic Explosivity Index (VEI) of 3 (0.01 km3 of volcanic material
erupted). Following the 1944 eruption, S V  has been dormant for the past nearly 79 years, with only minor
fumarolic and seismic activity. During its long history, centuries of dormancy at S V  have ended with Plinian
eruptions (VEI  6) that signal the beginning of a new cycle of eruptive activity. Thus, the current dormancy
stage demands a need to better understand the mechanism involved in high-magnitude eruptions in order to
better predict future eruption magnitude and style. Despite centuries of research on the S V  volcanic system,
many questions remain, including the evolution of magmatic volatiles from deep primitive magmas to shallower
more evolved magmas. Developing a better understanding of the physical and chemical processes associated
with volatile evolution at S V  can provide insights into magma dynamics and the mechanisms that trigger highly
explosive eruptions at SV.

In this study, we present new data for the pre-eruptive volatile contents of magmas associated with four Plinian
and two inter-Plinian eruptions at S V  based on analyses of reheated melt inclusions (MIs) hosted in olivine. We
correct the volatile contents of bubble-bearing MIs by taking into account the volatile contents of bubbles in the
MIs. We recognize two groups of MIs: one group hosted in high-Fo olivine (Fo85–90) and relatively rich in
volatiles and the other group hosted in low-Fo olivine (Fo70–69) and relatively depleted in volatiles. The
correlation between volatile contents and compositions of host olivines suggests that magma fractionation took
place under volatile-saturated conditions and that more differentiated magmas reside at shallower levels relative to
less evolved/quasi-primitive magmas. Using the CO2 contents of corrected MIs hosted in Fo90 olivine from SV,
we estimate that 347 to 686 t d of magmatic CO2 exsolved from S V  magmas during the last 3 centuries
(38–75 Mt in total) of volcanic activity. Although this study is limited to only few S V  magmas, we suggest that
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further study applying similar methods could shed light on the apparent lack of correlation between the volatile
contents of MIs and the style and age of eruptions. Further, such studies could provide additional constraints on the
origin of CO2 and the interaction between the carbonate platform and ascending magmas below SV.

1     Introduction

Melt inclusions (MIs) are tiny droplets of melt trapped in
igneous crystals during growth (Fig. 1) and in recent years
have become a widely used tool to determine directly the pre-
eruptive compositions of melts in volcanic systems (Espos-
ito, 2021; Rose-Koga et al., 2021; Frezzotti, 2001; Lowen-
stern, 1995; Métrich and Wallace, 2008; Roedder, 1979;
Sobolev and Danyushevsky, 1994; Esposito et al., 2023).
Once the MI is sealed within the crystal, the melt may re-
tain the original composition, especially if the host crys-tal
is ejected shortly after the MI was formed and is not stored
in magma at elevated pressure and temperature (P , T )
conditions for extended periods of time during which re-
equilibration of the fast-diffusing elements may occur (e.g.,
H; Wallace et al., 2021, and references therein). One of the
main concerns is H diffusion into and/or out of the MI that
can occur if a geochemical gradient exists between the MI
and the melt around the growing host crystal (e.g., Portnya-
gin et al., 2008; Barth and Plank, 2021; Bucholz et al., 2013;
Qin et al., 1992; Ferriss et al., 2018). It has been shown
that significant amounts of H2O can diffuse out of MIs af-
ter/during eruption, especially for lavas (in particular when
they build up a thick sequence of flows) and bomb samples
that cool relatively slowly (Lloyd et al., 2013) and for rela-
tively small MIs close to the rim of the host crystal (Barth et
al., 2019). Various methods have been proposed to estimate
magma decompression rates based on modeling H diffusion
out of the MI into the host during magma ascent (Barth and
Plank, 2021), and diffusion of H into and out of the MI can
modify the concentration of CO2 in the melt phase in the MI
(Mironov et al., 2015). If a significant amount of H diffuses
out of the MI, a void space (vapor bubble) may form and C
(in the form of CO2) can diffuse through the melt and into the
vapor phase of the MI. Because C  does not diffuse through
the host easily (Bucholz et al., 2013), the CO2 content of the
MI remains constant, but it is re-distributed between the melt
and the vapor bubble within the MI.

In addition to H loss, MIs in volcanic samples often show
various degrees of crystallization of material on the walls af-
ter trapping that is referred to as post-entrapment crystalliza-
tion (PEC) (e.g., Danyushevsky et al., 2002; Portnyagin et
al., 2019; Esposito, 2020; Rasmussen et al., 2020). As for H
loss, PEC causes the formation of a shrinkage bubble as the
newly formed mineral growing on the wall of the MI has a
higher density (smaller molar volume) than the silicate melt
from which it is crystallizing (e.g., Steele-Macinnis et al.,
2011). Also, the partition coefficient of H2O between olivine
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Figure 1. Photomicrographs of MIs as found (a, c, e) and after heat-
ing (b, d, f). (a, b) MIs from the Pompeiian eruption (79 CE, mega-
cycle III) that cannot be quenched to a glass after homogenization.
(c, d) MIs from a pre-Codola inter-Plinian eruption ( >  33 ka, mega-
cycle I) that contain glass plus a bubble after quenching from high
temperature. (e, f) MIs from the Pompeiian eruption (79 CE, mega-
cycle III) that contain only glass after homogenization and quench-
ing from high temperature. Scale bar in photomicrograph (b) ap-
plies to all other photomicrographs.

and the silicate melt can increase with the increase in CO2
concentration of the melt driven by H diffusion loss (Sokol et
al., 2013), causing further H loss from the MI. However,
such behavior has been only reported for experiments at high
P  (6.3 GPa) and T (1400 C).
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The volatile contents of silicate melts in subvolcanic mag-
mas exert fundamental controls on magma dynamics, heat
and mass transport, explosivity of volcanic eruptions, global
volatile cycles, and ore formation (e.g., Edmonds and Wal-
lace, 2017). Thus, developing a better understanding of the
pre-eruptive volatile content of magmas associated with the
Mt. Somma–Vesuvius (SV) volcano in southern Italy can
provide valuable insights into mechanisms that trigger highly
explosive eruptions. Despite abundant research on the S V
system during the last century (e.g., Doronzo et al., 2022
and Table 1), important questions about the volatile evolu-
tion of magmas erupted at S V  still remain, including the pre-
eruptive abundances of magmatic volatiles in primitive mag-
mas at SV, the relationship between the pre-eruptive volatile
contents and the age and style of past eruptions, and the rel-
ative contributions of carbonate assimilation by upwelling
magmas versus deep (mantle) sourced CO2 to the total CO2
flux at the surface.

At SV, the lack of correlation between MgO content of the
bulk rocks and average Mg# (TMg=.Mg C Fe2C/ 100U) of
olivine and clinopyroxene in the rock suggest disequilibrium
between the bulk rock composition and the contained olivine
and clinopyroxene phenocrysts (Fig. S1 in the Supplement).
This lack of correlation indicates that bulk rock composi-
tions represent a mixture of various proportions of clinopy-
roxene and/or olivine cumulus material and evolved phono-
litic and trachytic magmas. For example, major-element
compositions of bulk rocks from the post-472 CE eruptions
with MgO > 4 wt % could reflect incorporation of variable
amounts of clinopyroxene into a relatively evolved melt as
reported by Danyushevsky and Lima (2001). Also, bulk rock
compositions of pre-19.2 ka eruptions showing high K2 O
concentrations exhibit geochemical trends that reflect addi-
tion of large proportions of olivine in addition to clinopy-
roxene. An important implication of rock–mineral disequi-
librium is that information about the primitive melts associ-
ated with S V  volcanism is not directly available from bulk
rock analyses alone. Volatile contents of the original silicate
melt generated by partial melting in the upper mantle, be-
fore addition of volatiles from decarbonation of the carbonate
platform occurred below the S V  system, may be preserved in
MIs hosted in phenocrysts that formed at crustal depths be-
neath the carbonate platform.

Many researchers investigated glassy, naturally quenched
MIs to study the magmatic history of some of the most recent
eruptions of S V  (1944, 1906, and 1822 inter-Plinian erup-
tions; Table 1) (e.g., Marianelli et al., 1995, 1999, 2005).
The studied MIs are hosted in olivine and clinopyroxene
phenocrysts with high Mg# (from 83 to 90), which are in-
terpreted to have crystallized during early stages of differ-
entiation (Marianelli et al., 1995, 1999, 2005). Specifically,
Marianelli et al. (2005) reported H2O and CO2 contents of
MIs ranging from 2.3 wt % to 4.9 wt % and 1500–3500 ppm,
respectively. These researchers reported that bubbles were
present in the studied MIs, but they did not consider the

https://doi.org/10.5194/ejm-35-921-2023

volatile contents of the bubbles when determining the volatile
contents of the trapped melt, resulting in underestimates of
H2O and especially CO2 contents of the melts.

Unfortunately, a large portion of all MIs in samples from
S V  are partially to completely crystallized as found (see
Fig. 1a, c, and e for completely crystallized MIs; see also
Esposito et al., 2016). Also, crystallization after trapping has
been observed during experimental quenching of S V  MIs in
the laboratory following heating to melt and homogenize the
inclusion contents (Fig. 1b). If the goal of the MI study is to
determine the pre-eruptive volatile contents of the melt, it is
not possible to obtain the volatile composition of the origi-
nally trapped melt if the MI has crystallized. Crystallized MIs
can be heated in the laboratory and homogenized (melted)
and then quenched quickly to produce MIs containing only
glass (Fig. 1f) for subsequent analysis (Bartoli et al., 2013;
e.g., Esposito et al., 2012). Care must be taken to minimize
the duration of the heating experiments to limit H diffusion
loss from the MIs at high T (Barth and Plank, 2021). In fact,
the duration of the experiment should be planned based on
the size of MIs and the size and nature of the host crystal
(Danyushevsky et al., 2002; Esposito et al., 2018, 2016) as
also discussed in more detail below. Similar to some natu-
rally quenched MIs, MIs quenched from high temperature in
the lab sometimes contain a vapor bubble in addition to glass
(Fig. 1d; see also Wallace et al., 2015). To reconstruct the
original volatile concentrations of the melt, the volatile con-
tents of the vapor bubble must be included in the bulk com-
position determination (e.g., Esposito et al., 2011; Moore et
al., 2015; Esposito et al., 2016; Hartley et al., 2014; Borghini
et al., 2023).

Many studies have used MIs to constrain the pre-eruptive
volatile contents of magmas erupted during the volcanic his-
tory of S V  (Table 1) (see also Cannatelli, 2020, and refer-
ences therein). Other studies have used densities of fluid in-
clusions hosted in crystals from xenoliths to constrain depths
associated with the carbonate platform below S V  (Belkin et
al., 1998; Fulignati et al., 2004). In the present study, a MI
is defined as an inclusion that originally trapped a silicate
melt a vapor bubble at magmatic conditions. Similarly, a
fluid inclusion (FI) is defined as an inclusion that origi-
nally trapped a volatile non-silicate fluid, such as H2O and/or
CO2. We note, however, that Steele-Macinnis et al. (2017)
report that, if the melt is volatile saturated at the time of
inclusion formation, some inclusions may trap only the sil-
icate melt phase, others may trap only the coexisting fluid
phase, and still others may trap various proportions of both
melt and H2O CO2 fluid to produce a continuum in inclu-sion
properties between MIs and FIs. Some of these studies listed
in Table 1 focused on cumulate nodules and crustal
xenoliths (e.g., Fulignati et al., 2001; Belkin and De Vivo,
1993; Klébesz et al., 2015) but did not include juvenile phe-
nocrysts. Other workers studied MIs hosted in phenocrysts of
juvenile material. Some of these studies reported concentra-
tions of some, but not all, volatile components of interest in
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Table 1. Summary of studies of Somma–Vesuvius eruptions that report pre-eruptive volatile contents of magmas based on CO2 and/or H2O
analyses of melt inclusions and/or fluid inclusions.

Reference

Sobolev et al.
(1971)

Vaggelli et al.
(1993)

Belkin and De Vivo
(1993)

Cioni et al. (1995)

Marianelli et al.
(1995)

Belkin et al. (1998)

Cioni et al. (1998)

Marianelli et al.
(1999)

Signorelli et al.
(1999)

Raia et al. (2000)

Fulignati et al.
(2001)

Webster et al.
(2001)d

Fulignati et al.
(2004)e

Marianelli et al.
(2005)

Fulignati and Mari-
anelli (2007)

Balcone-Boissard
et al. (2008)

Balcone-Boissard
et al. (2012)

Sample type

lava

lava

cumulitic
nodules

pumice

lapilli, pumice,
scoria

lava, dike,
scoria

lapilli, pumice

lapilli

pumice

lava and scoria

xenoliths

lava, pumice,
scoria

lava, scoria,
lapilli, xenolith

lapilli

pumice, scoria,
xenoliths

pumice

pumice

Phenocryst
hosts for
MI or FI

cpx, leu

cpx, fsp, leu, ol

cpx

cpx, san, leu

ol, cpx

cpx, fsp

cpx

cpx, ol, leu

fsp

cpx

ne, fsp, cpx, leu

cpx

ol, fsp, leu

ol, cpx

cpx, fsp, leu, ne

cpx, fsp

cpx, fsp

Eruptions studied

recent lavas (1631–1944)

recent lavas (1631–1944)

Avellino (4.36 ka),
79 CE Pompeii, Pollena

79 CE Pompeii

1906, 1944, 472 CE Pollena,
79 CE Pompeii, Avellino
(4.36 ka)

pre-Codola ( >  33 ka),
33–19.2 ka and 472–1631 CE
inter-Plinian activity

1906, 472 CE Pollena,
79 CE Pompeii, sub-Plinian
between Avellino (4.36 ka) and
79 CE Pompeii

1906, 1944

Avellino (4.36 ka)

33–19.2 ka and 472–1631 CE
inter-Plinian activity

472 CE

pre-Codola ( >  33 ka),
25–17 ka, Avellino (4.36 ka),
79 CE Pompeii, 79–472 CE
inter-Plinian activity, 472 CE
Pollena, 893–1944 inter-Plinian
activity

1944

1794, 1822, 1872, 1906, 1944

472 CE Pollena

79 CE Pompeii

Avellino (4.36 ka)

Volatile species
measured

CO2,
N2 C noble
gas

CO2

CO2, H2O

H2O, Cl, S

H2O, Cl, F, S

H2O, Cl, F, S

Cl

CO2, H2O, Cl,
F, S

CO2a, H2O, Cl,
F, S

H2O, Cl, F, S,
B

H, C, and S-
bearing phases

H2O, Cl, F, S,
B

CO2, H2O, Cl,
F, S

CO2, H2O, Cl,
F, S

CO2, H2O, Cl,
F, S

H2Ob, Cl, F

H2Ob, Cl, F

Inclusion type and
material analyzed

MI bubbles

MI bubbles

FI

MI glass

MI glass

MI glass

MI glass

MI glass

MI glass;
MI bubblesc

glass

MI bubbles

MI glass

MI glass; FI

MI glass

MI glass

MI glass

MI glass
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Table 1. Continued.

Reference

Klébesz et al.
(2015)

Esposito et al.
(2016)

This studyf

Sample type

cumulitic
nodules

lava and
pumice

lava and
pumice

Phenocryst
hosts for
MI or FI

cpx

ol

ol

Eruptions studied

Pomici di Base

pre-Codola ( >  33 ka),
Avellino (4.36 ka), 79 CE
Pompeii, 472 CE Pollena, 1631

pre-Codola ( >  33 ka),
Avellino (4.36 ka), 79 CE
Pompeii, 472 CE Pollena, 1631

Volatile species
measured

CO2, H2O, Cl,
F, S

CO2, H2O, S-
bearing phases

CO2, H2O, Cl,
F, S

Inclusion type and
material analyzed

MI glass

MI bubbles

MI glass and
bubbles

cpx: clinopyroxene; leu: leucite; fsp: feldspar; ol: olivine; ne: nepheline. a CO below the instrumental detection limit. b H O calculated from EMPA total difference. c No Raman
active gases detected in bubbles. d Partly based on Raia et al. (2000). e Based on other studies (Marianelli et al., 1999; Fulignati et al., 2000a, b, c; Del Moro et al., 2001). f

Includes data from analysis of MI bubbles reported by Esposito et al. (2016).

the MI, and many did not report data for both H2O and CO2 in
the MI (e.g., Cioni et al., 1995, 1998; Vaggelli et al., 1993;
Sobolev et al., 1971; Raia et al., 2000; Belkin et al., 1998;
Webster et al., 2001; Balcone-Boissard et al., 2008, 2012).
For example, Webster et al. (2001) analyzed MIs hosted in
clinopyroxene phenocrysts for H2O, Cl, and S (but not CO2).
Because some studies do not report a complete volatile bud-
get for the trapped melts, it is difficult to compare results
from different studies, which show wide ranges in reported
volatile concentrations and estimated depths (pressures) of
trapping. The study by Webster et al. (2001) suggests that
the magnitude and style of eruptions at S V  correlate with the
pre-eruptive volatile concentrations of magmas. In particular,
for Plinian and sub-Plinian eruptions between 3.55 and 4.3 ka
(Santacroce et al., 2008, and references therein), MIs are as-
sociated with higher H2O and S contents and higher S/Cl rel-
ative to magmas associated with inter-Plinian volcanic events
during the same time frame. Moreover, Webster et al. (2001)
reported that average H2O contents for individual S V  erup-
tions (individual sample) range from 3 to <  0:5 wt % with a
maximum of 6 wt % H2O obtained from a single MI from the
79 CE eruption. It was also shown that after heating and
quenching, the glass in most of the MIs studied by Webster et
al. (2001) contained a vapor bubble. The average S  con-tents
of the 79 CE eruption were found to range from <  500 to
2400 ppm, and the average Cl  contents range from 2000 to
8000 ppm with several individual MIs showing >  1 wt % Cl;
CO2 contents of the MIs were not reported in this study.
Although the MIs studied by Webster et al. (2001) were re-
ported to contain vapor bubbles, the volatile contents of the
bubbles were not considered when estimating the volatile
budget of the trapped melt. As previously mentioned, fail-
ure to account for volatiles contained in the bubble can lead
to significant underestimation of CO2 and S concentration
in the trapped melt. For SV, up to 1757 ppm of CO2 and up
to 1192 ppm S were the maximum estimated to be hosted

https://doi.org/10.5194/ejm-35-921-2023

in the bubble by Esposito et al. (2016; MI LFL2-D44-1-1).
These values correspond from 44 % to 80 % of the total CO2
(3094 896 ppm) and 61 % of the total S  (1946 ppm) as de-
scribed below for MI LFL2-D44-1-1.

A  review of the literature highlights the lack of informa-
tion regarding the CO2 contents of mafic magmas erupted at
SV. In order to more accurately constrain the depths of MI
formation, assuming that the melts were volatile satu-rated,
information is required for the concentrations of the volatile
components (e.g., CO2, H2O, S, Cl, F) in the MI, with CO2
perhaps being the most important volatile in more mafic
melts. More accurate determination of depths of trap-ping
from MIs hosted in crystals could also shed light on the
origin of CO2 that is being fluxed to the surface. In the
present study, we provide new insights into the volatile bud-
gets of some inter-Plinian and Plinian eruptions at S V  based
on measured volatile contents of MIs hosted in olivine crys-
tals.

The work presented here builds and expands on the heat-
ing experiments and Raman data from 20 vapor bubbles in
bubble-bearing MIs reported by Esposito et al. (2016). Nine
of the same MIs for which Raman data were reported ear-
lier by Esposito et al. (2016) were analyzed in the present
study to determine the major elements and volatile contents
of the glass (not the bubble). In addition, we present new
major-element and volatile data of the glass phase in an-
other bubble-bearing MI, as well as new major elements and
volatile unpublished data for 10 additional bubble-free MIs
(Table 2 and flowchart in Fig. 2). Based on the new data pre-
sented here, MIs hosted in high-Fo olivine (Fo85–90) show
relatively high volatile contents compared to MIs hosted in
low-Fo (Fo74–69) olivine. Based on the restored CO2 content
of MIs hosted in olivine Fo90, we estimated the amount of
CO2 that has exsolved from ascending magmas during the
last 300 years of activity at SV.

Eur. J.  Mineral., 35, 921–948, 2023
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Figure 2. Flowchart for the sample preparation and analysis of MIs presented in this study and those of Esposito et al. (2016).

Table 2. Comparison between the analytical techniques and the number of MIs analyzed reported by Esposito et al. (2016) and in this study.

Analytical technique

Heating experiments

Raman (MI bubbles)

EMPA (MI glass)

SIMS (MI glass)

All four techniques

Number of MIs and
bubbles analyzed

43 olivines

20 bubbles

24 MI

18 MI

18 MI

Reference

This study (23 olivines),
Esposito et al. (2016)
(20 olivines)

Esposito et al. (2016)

This study

This study

This study

Eruption (number of olivines, bubbles, MI)

1631 CE (3), 472 CE Pollena (4), 79 CE Pompeii (15),
Avellino (9), pre-Codola (12)

1631 CE (1), 472 CE Pollena (1), 79 CE Pompeii (8),
Avellino (5), pre-Codola (5)

1631 CE (1), 472 CE Pollena (1), 79 CE Pompeii (9),
Avellino (5), pre-Codola (8)

1631 CE (1), 472 CE Pollena (1), 79 CE Pompeii (8),
Avellino (2), pre-Codola (6)

1631 CE (1), 472 CE Pollena (1), 79 CE Pompeii (8),
Avellino (2), pre-Codola (6)

2     Geological background

The Mt. Somma–Vesuvius (SV) volcanic complex is located
in the Campanian Plain in the eastern part of the city of
Naples (southern Italy; Fig. S2). The history of this vol-
canic system dates back to 400 ka based on lava flow sam-ples
from a bore hole at Trecase (Brocchini et al., 2001), but
most current knowledge concerning the volcanic his-

Eur. J.  Mineral., 35, 921–948, 2023

tory of S V  is from < 40 ka to 1944 CE, when the most re-
cent eruption occurred. The S V  volcanic field is part of the
Campanian Magmatic Province, which in turn is part of the
Plio-Quaternary volcanism of the Italian Peninsula (Peccer-
illo, 2020, and references therein). Volcanic activity at S V
has been divided into three megacycles (Fig. S3): mega-
cycle I  (pre-19.2 kyr BP, Santacroce et al., 2008), megacy-

https://doi.org/10.5194/ejm-35-921-2023
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cle I I  (19.27 kyr BP to 79 CE), and megacycle I I I  (79 CE to
1944 CE) as proposed by Ayuso et al. (1998). The most re-
cent megacycle began with the 79 CE eruption (also known
as the Pompeii eruption) following 295 years of repose
(Stothers and Rampino, 1983). Following the 79 CE erup-
tion, two other high-magnitude explosive eruptions (Plinian
and sub-Plinian) occurred in 472 CE (Pollena eruption) and
in 1631 CE. These high-magnitude events were followed
by episodic low-magnitude vulcanian and effusive activity
(Fig. S3). At SV, the 79 CE and Avellino (4.36 ka, Santacroce
et al., 2008) Plinian eruptions produced airfall deposits in
which the lower half of the deposit is characterized by white
pumice clasts, while in the upper half pumice clasts abruptly
change to a gray color (e.g., Lirer et al., 1973; Sigurdsson
et al., 1982). The color change has been correlated with a
change in chemical composition of pumices of these de-
posits (Civetta et al., 1991) that reflects eruption from a com-
positionally layered magma chamber, an interpretation that
is also supported by the Sr and Nd isotopic compositions
(Civetta et al., 1991).

At SV, a correlation is observed between the megacycle of
eruption and the extent of Si undersaturation and K  enrich-
ment of erupted magmas (Ayuso et al., 1998; Joron et al.,
1987; Peccerillo, 2020; Piochi et al., 2006; Santacroce et al.,
2008; Pappalardo and Mastrolorenzo, 2010). In fact, the three
megacycles represent three distinct suites of rocks. The old-
est suite of rocks (megacycle I) follows a trajectory from tra-
chybasalts to shoshonite, latite, and trachyte on a total alkali–
silica (TAS) diagram (Fig. 4a from this study and Fig. 5.3 in
Peccerillo, 2020). The megacycle I  rock suite is represented
by moderately silica undersaturated magmas similar to those
defined by the rocks in the nearby Campi Flegrei (Phlegraean
Fields) volcanic field (Fig. S2). The second rock suite (mega-
cycle II) lacks mafic rocks and shows a prevalence of Si-
undersaturated composition evolving from tephriphonolites
to phonolites. The megacycle II I  rock suite represents the
most Si-undersaturated rocks of SV. This rock suite defines
in general a trend starting from the upper part of the trachy-
basalt field crossing to the phonotephrite and tephriphono-
lite fields (Fig. 4a from this study and Fig. 5.3 in Peccerillo,
2020). This chronological correlation with Si undersaturation
has been interpreted to represent the progressive interaction
between magmas and carbonates that comprise the upper part
of the local crust with time (Peccerillo, 2020). The 79 years
of dormancy since the last eruption of S V  in 1944 can be
interpreted as the beginning of a long repose time before the
next (fourth) megacycle begins. Alternatively, the 79 years of
dormancy might represent the beginning of an anomalously
long repose time within megacycle I I I  (De Vivo et al., 2010),
based on the observation that during the 1631–1944 inter-
Plinian cycle the repose time between eruptions has ranged
from 7 to 30 years.

The structure of the crust beneath S V  has been investi-
gated by geophysical studies (Nunziata et al., 2020, and ref-
erences therein) that have attempted to define the base (bot-
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tom) of the carbonate platform beneath SV. The carbonate
platform is interpreted to extend no deeper than 10 km based
on one- and two-dimensional velocity models (Nunziata et
al., 2006). Conversely, the base of the carbonates could be at
12 km below the surface where the magnetic basement rep-
resenting metamorphic rocks is present (Merlini and Mostar-
dini, 1986). The thickness of the carbonate platform in the
Campanian Plain is thought to be 3 km based on geological
field work and mapping in the southern Apennines (Vitale
and Ciarcia, 2018). Some have also suggested that the thick-
ness of the carbonate platform below Vesuvius could be up
to 6 km if its thickness has been doubled as a result of thrust-
ing (Nunziata et al., 2020). In addition to geophysical stud-
ies, many studies of magma dynamics and depth of magma
storage at S V  were based on melt and fluid inclusions hosted
in crystals from xenoliths and in crystals interpreted to have
grown from the erupted magma (Belkin et al., 1998; Fulig-
nati et al., 2004). Scaillet et al. (2008) presented experimen-
tal phase equilibria data suggesting that magma reservoirs
feeding eruptions at S V  migrated from 7–8 km before the
79 CE Pompeii event to 3–4 km before the 472 CE Pollena
event. This upward migration of magma reservoirs could be
larger (9–11 km) if the Pomici di Base (22 ka; Santacroce et
al., 2008) and 1944 volcanic events are considered.

These studies all point to magma storage at various depths
consistent with those of the carbonate platform, especially if
the platform is doubled in thickness as discussed above.

3     Methods

3.1     Sample preparation

In this study, 23 olivine phenocrysts containing one MI or
multiple MIs were selected from samples representative of
S V  eruptions based on Ayuso et al. (1998) and Redi et
al. (2017). Locations of the studied samples are reported in
Fig. S2. The 23 olivine crystals were in addition to 20 olivine
crystals studied earlier by Esposito et al. (2016) (Table 2).
Three olivine crystals are from the 1631 CE Plinian erup-
tion and four are from the 472 CE (Pollena) Plinian erup-
tion. Fifteen olivine phenocrysts are from the 79 CE (Pom-
peii) Plinian eruption. Of the olivines from the 79 CE Pom-
peii Plinian eruption, seven are from the gray pumice deposit
and eight are from the white pumice deposit. Nine olivine
crystals are from of the Avellino Plinian eruption (4.36 ka).
Four of the olivines are from the white pumice deposit, while
the rest of the crystals are from the gray pumice deposits of
the same eruption. The rest of the olivines (12) are from two
lava flows that occurred at >  33 ka, preceding the Codola
eruption which formed the Somma Caldera at 33 ka (Giaccio
et al., 2008). Six olivine crystals were selected for each of
these lava flows. Additional information related to the sam-
ples used for this study can be found in Ayuso et al. (1998)
and Redi et al. (2017). Data from the present study are di-
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vided into microthermometric data, major-element concen-
trations, and volatile concentrations. A  summary of the data
collected in this study and data from Esposito et al. (2016)
is listed and compared in Table 2 and Fig. 2. The crystals
studied were separated from the bulk rock by gentle crush-
ing. Olivine crystals were separated and mounted in several
epoxy mounts (2.54 cm in diameter). The mounts were exam-
ined with a petrographic microscope, and crystals containing
suitable MIs were selected for further study. Suitable MIs
were those sufficiently large ( >  25 μm) to be analyzed by the
technique we employed in this study (see text below). MIs se-
lected for heating experiments were examined to search for
evidence of decrepitation and/or connection with the outside
of the olivines (Esposito, 2021). The selected MI-bearing
olivine crystals were extracted from the epoxy mounts using
a hot probe and mounted with super glue on a standard glass
section. Several 300 μm thick pieces of glass were mounted
around the olivine crystals to control the thickness during
grinding and polishing. The 300 μm thickness was impor-tant
to enhance the quality of the optics during experiments at
high temperatures (Esposito et al., 2012). After polishing,
heating experiments were conducted to re-homogenize the
MI using a Vernadsky stage (Sobolev et al., 1980) at the Cen-
tre for Ore Deposit and Earth Sciences (CODES), Univer-
sity of Tasmania (Australia). After the heating experiments,
the crystals were remounted in single aluminum cylinders
(5 mm in diameter), with the crystal surface that was clos-
est to the MI facing upward. During polishing, an amount of
material was removed such that the approximate middle (in
term of thickness) of each MI was exposed at the sur-face.
After exposing the MI, the crystals were removed from the
epoxy mount for Raman analyses as reported by Espos-ito et
al. (2016). After the Raman data were collected, the crystals
were remounted in 2.54 cm epoxy mounts for major-and
minor-element concentrations using wavelength disper-sive
X-ray spectroscopy (WDS) electron probe techniques at the
University of California Los Angeles (UCLA; USA). Fi-
nally, after this third extraction, the crystals were pressed
into an indium mount for analysis of volatiles in the MI
glass using secondary ion mass spectrometry (SIMS) at Cen-
tre de Recherches Pétrographiques et Géochimiques (CRPG;
France). Note that when crystals are pressed into indium,
they may break and the MI can be compromised. Also, some
crystals were lost through sample extractions and remount-
ing. To summarize, during the sample selection and prepara-
tion process many crystals were initially selected, but some
crystals were lost during the process of repeated mounting
and extraction, and some MIs were accidentally destroyed or
damaged during polishing. Some other MIs were too small
for one or more of the selected analytical techniques. In spite
of these various occurrences, we were able to obtain SIMS
data for 18 MIs. Vapor bubbles in 9 out of 10 bubble-bearing
MIs studied here were analyzed for volatile contents using
Raman spectroscopy at Virginia Tech (US) and the results
were reported by Esposito et al. (2016). Those latter results
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are incorporated together with the new results reported here
in order to provide full characterization of the studied bubble-
bearing MI.

3.2     Heating experiments

In this study, 43 heating experiments were conducted to ho-
mogenize crystal-bearing MIs, followed by quenching to a
homogeneous glass (a vapor bubble) using a Vernadsky
heating stage (Sobolev et al., 1980). The experiments were
done on single crystals to observe and record temperatures
of phase changes in each individual MI (Table S1 in the Sup-
plement). Out of the 43 experiments, 18 heating experiments
were reported previously by Esposito et al. (2016), while the
other 25 experiments were newly conducted for the present
study. Reheated olivines contained one MI or multiple MIs.
One olivine (P1-D49-2-3) from the Pompeii eruption was
heated twice to homogenize the MI to a single phase after
failing on the first attempt. We included a gold flake dur-
ing each experiment and positioned it close to the MI being
analyzed to monitor and correct for known thermal gradi-
ents within the Vernadsky stage (e.g., Schiano et al., 2006).
Based on melting 50 μm gold flakes mounted on the top
surface of the olivine phenocryst and 100 μm from the an-
alyzed MI, the average of the measured gold melting temper-
ature was 1063 C with a range of temperature between 1050
and 1073 C (the known melting temperature of pure gold is
1064 C). In fact, factors such as the thickness of the crystal, its
position inside the furnace, and the position of the MI it-self
inside the crystal may influence the measured T . The av-erage
duration of the experiments was 17 min, and the length of time
an individual phenocryst and its contained MI was held at T
>  800 C was less than 9 min (see also Esposito et al., 2016).
The olivine phenocrysts were held at maximum T (1143–
1238 C) for 3 min to attain thermal equilibrium. Before
heating, some of the MIs were partially glassy, and in some
cases it was possible to recognize one or more bub-bles and
daughter crystals. Other selected MIs showed a high degree of
crystallization and were completely opaque on the optical
microscope (Fig. 1a, c, e). In these cases, it was not possible
to recognize a bubble or daughter crystals before heating.
During the heating ramps we noted that the glass begins to
crystallize (devitrify) in the glass portion of the par-tially
crystallized MI. The crystallization T ranges from 560 to
996 C. Also, during the heating ramp we noted that melt-ing
starts at the MI wall at 686 to 1107 C (Table S1).

3.3     Electron microprobe (EMP) analysis of
major-element concentrations of MI and olivine

Major- and minor-element abundances in MIs were deter-
mined using a JEOL JXA-8200 Superprobe equipped with
five WDS detectors at UCLA.  The accelerating voltage was
15 kV, with a beam current of 10 nA and a 10 μm spot. The
1 standard errors were <  2 % (relative) for SiO2, Al2O3,
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FeO, MgO, and CaO; <  9 % for Ti2O3, NaO, K2O, and Cl;
and <  20 % for MnO based on counting statistics. Back-
ground counting times were 10 s, while counting times at
peaks were 20 s, with the exception of Na and K  that were
counted for 10 s and were analyzed first to minimize loss by
diffusion. Major- and minor-element concentrations were de-
termined for 24 MIs, and most MIs were analyzed twice (at
two different spots within the MI) to test the homogeneity of
the glass. More MIs were heated in the Vernadsky stage than
were analyzed using EMPA for the following reasons.
Firstly, some MIs could not be homogenized. Secondly, some
MIs showed decrepitation halos after heating, suggesting loss
of some components from the MI (Fig. S4). Thirdly, some
crystals were lost or damaged during one of the steps from
heating experiments to sample preparation and analysis. Fi-
nally, some MIs were damaged or completely consumed dur-
ing sample preparation to expose the MI at the surface of the
sample. All of the analyzed MIs are hosted in olivine (Ta-
bles S1 and S2).

The composition of olivine host crystals was analyzed
with the same instrument as for the MI. The oxides analyzed
were SiO2, Al2O3, MgO, FeOtot, CaO, NiO, and Cr2O3. An
accelerating voltage of 15 kV and a beam current of 40 nA
were used in focused spot mode (spot size around 1 μm). The
standards used for this set of analyses were the same as were
used for the glass analyses, with the addition of a synthetic
Ni-olivine. The 1 error is <  1 % relative for SiO2, MgO, and
FeOtot, and it is <  5 % for CaO. For NiO concentrations >
0:10 wt %, the 1 error is <  20 % but increases to 30 % for
NiO concentrations <  0:10 wt %. The 1 error for Al2O3 and
Cr2O3 can be as much as 40 %.

The compositions of the 24 olivine-hosted MIs were cor-
rected for PEC and Fe loss (Petrolog3; Danyushevsky and
Plechov, 2011); see Table S2. We assumed 8.00 wt % FeO for
the glass composition for the Fe-loss correction. Olivine-melt
equilibrium was calculated as described by Ford et al. (1983),
and a Ni–NiO buffer was assumed to calculate the oxygen
fugacity based on the model of Borisov and Shapkin (1990).
Corrections of MI composition based on this method indi-
cate that 0.2 % to 10 % excess olivine was added to the melt,
suggesting MIs were overheated during the heating experi-
ments. Accordingly, aliquots of olivine were removed (not
added back) from the liquid to reach equilibrium based on
the conditions assumed (Table S2). In two cases, from 3 %
to 4 % of olivine had to be added back to the measured MI
composition to reach equilibrium with the MI hosts.

3.4     Analysis of volatiles by SIMS

Volatile (CO2, H2O, F, S, Cl) and Al  concentrations of
the glass in reheated melt inclusions were determined us-
ing secondary ion mass spectrometry (SIMS) at Centre de
Recherches Pétrographiques et Géochimiques (Nancy,
France). Thirteen (13) international reference glasses were
used to construct calibration curves for each of the following
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isotopic ratios: 12C=30Si, 16O1H=30Si, 19F=30Si, 27Al=30Si,
32S=30Si, and 35Cl=30Si (Table S3). Based on repeated anal-
ysis of the standards, the 1 error for 12C=30Si is <  12 %
when the CO2 concentration in the glass is >  120 ppm
and <  31 % when the CO     concentration of the glass is
<  120 ppm; the 1 error for 16O1H=30Si is <  7 % for H2O
concentrations from 0.01 wt % and 3.07 wt %; the 1 error for
19F=30Si, 32S=30Si, and 35Cl=30Si is  7:4 %; the 1 er-ror for
27Al=30Si is  10 % (Table S3). The analytical ac-curacy was
calculated based on the average deviation of the individual
reference glasses from the calibration curves. This deviation
was 18 % for CO2, 5 % for H2O, 4 % for F  and S, and 11 %
for Cl. Additional information related to glass ref-erence
identities and sources is available in Table S3. Cali-bration
curves for SIMS analysis are reported in Fig. S5 in the
Supplement.

3.5     Restoration of CO2 recorded by MIs

For the bubble-bearing/high-Fo MIs, the total CO2 concen-
tration of the trapped melt was obtained by correcting the
CO2 contents of the glass determined by SIMS to account
for the CO2 contained in the bubble (Table 3). The Fo-rich
MIs analyzed by EMPA and SIMS in the present study are
the same as those for which Esposito et al. (2016) previously
reported micro-Raman and microthermometric data for the
bubble (not the glass). In this study, major and minor el-
ements and volatile contents of the glass (not the bubble)
were obtained to gain comprehensive volatile analyses of
both the glass and the bubble for these bubble-bearing MIs.
The volatile contents of the glass obtained in this study were
thus combined with volatile contents reported by Esposito et
al. (2016) to obtain the total volatile budget of the trapped
melt. One of the 10 high-Fo MIs for which we measured ma-
jor and minor elements and volatile contents of the glass (P1-
D50-1-8-M6: in red in the Table 3) was not analyzed using
Raman analysis because the bubble was opened during pol-
ishing to expose the MI at the surface. However, the olivine
hosting this MI contained other MIs, one of which (P1-D50-
1-8-M1) was analyzed both in this study and by Esposito et
al. (2016). For P1-D50-1-8-M6, which was destroyed during
polishing, the correction for the CO2 content of the bubble
was based on the other MIs hosted in the same olivine crys-
tal (P1-D50-1-8-M1) because the major-element and volatile
compositions of the glass of the two MIs are the same within
analytical error. In addition, the bubble = MI volume ratio of
the two MIs is similar (1.9 and 2.5). The volume proportion
of the MI occupied by the bubble could be determined for
both MIs because photomicrographs after the heating exper-
iments were taken for all the MIs selected (Table 3). Also,
the bubble of MI LM8-D57-4-4 was analyzed by Esposito et
al. (2016) and the Raman Fermi diad peaks for CO2 were de-
tected. However, the Fermi diad peaks were defined by <  6
data points above the background, and the estimated peak
positions were imprecise. If the peak positions have large
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uncertainty, the calculated CO2 density of the bubble will
also be highly imprecise (see the Supplement by Esposito
et al., 2016, for method details). It was not possible to re-
peat the analysis in an attempt to obtain a better resolution
because the bubble was opened during further polishing to
bring the MI closer to the surface. However, the glass of
this MI was analyzed for volatiles using SIMS because the
glass was not compromised. In this study, the CO2 content of
the bubble in MI LM8-D57-4-4 was assumed to be the
average content measured in other bubbles. For 9 out of the
10 bubble-bearing and Fo-rich MIs, Esposito et al. (2016) re-
ported whether mineral phases on the wall of the bubble were
present using micro-Raman. The mineral phases reported in-
cluded calcite, native sulfur, and gypsum (see the dark ob-
jects in the bubble in Table 3). Esposito et al. (2016) used a
mass balance method to calculate the amount of CO2 or S
contained in these minerals present in the bubble, similar to
Moore et al. (2015), who determined the amount of min-eral
on the bubble wall optically. The amount in volume of the
mineral detected in the bubble was based on two assump-tions.
The first one is that the thickness of the dark objects is 2 μm.
The second one is that the amount of crystals (in terms of
volume) observed on the top wall of the bubble is the same as
the bottom part. For bubbles showing both carbonate and S-
bearing phases, different proportion of the two phases were
assumed, and this explains the error reported in Table 3 (LFL2-
D4-4-1-1, P1-D4-9-2-7, P1-D5-0-1-8-M1, P1-D5-0-1-8-
M6, R6-D5-4-4-2, SCL14-D92-3-1). The lower bound is
calculated assuming a carbonate = S-bearing phase ratio of
0.1. The upper bound is calculated assuming carbonate = S-
bearing phase ratio of 0.9. For the other bubbles showing
only carbonate Raman signal, a single value of CO2 from
carbonate was calculated. The four bubbles reported in Ta-
ble 1 by Esposito et al. (2016) were also reported in our Ta-
ble 3 (SCL14-D92-3-1, LFL2-D4-4-1-1, P1-D4-9-2-7, R6-
D5-4-4-2). For the other bubbles, we considered their pho-
tomicrographs, and we applied the same method to calculate
the amount of CO2 stored as carbonates within the bubble.
As discussed above, for P1-D5-0-1-8-M6, the contribution
to the CO2 budget from carbonates was assumed to be the
same as for P1-D5-0-1-8-M1. For LM8-D57-4-4, no correc-
tion for carbonate was applied because a Raman signal for
carbonates was not detected in this bubble. A  final correc-
tion of the CO2 content of MIs involved correction for PEC.
The CO2 contents of bubbles were based on the sum of the
CO2 contained in the gas (fluid phase) and CO2 hosted by
carbonates within the bubble, combined with the CO2 con-
tained in the glass (Table 3). A  correction coefficient was
applied based on the PEC using Petrolog3 software (Danyu-
shevsky and Plechov, 2011). Furthermore, we compared our
CO2 bubble restoration values with that predicted using the
method by Rasmussen et al. (2020) and by Riker (2005) us-
ing Mimic software (Rasmussen et al., 2020); see Table S4.

Based on results reported by Esposito et al. (2016) for
one bubble (LFL2-D44-3-2), the molar fractions of H2O
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and CO in the bubble were estimated from the relative Ra-
man peak areas measured at 150 C, normalized according to
the relative scattering efficiencies (Burke, 2001). For inclu-
sion LFL2-D44-3-2 (Avellino eruption; 4.36 ka), two analy-
ses at two focal depths within the bubble yielded H2O con-
centrations of 20 12 mol % and 30 21 mol % H2O. The CO2
Fermi diad peaks were obtained both at room T and at 150
C. Comparison of the splitting of the CO2 Fermi diad of the
two micro-Raman analyses suggests that the peaks taken at
different temperatures do not show a significant shift (Fig. S6).
The most important source of error for the density estimation
is represented by the asymmetry of the Fermi diad peaks for
relatively low density, hampering the curve fitting of these
peaks (Remigi et al., 2021). In this work, we esti-mated an
error of the CO2 density of the bubble based on the calculation
of the bubble = MI volume percent as described by Tucker et
al. (2019); see Table 3.

3.6     Restoration of H2O recorded by MIs

H2O can be lost from the MI during residence in the plumb-
ing system before eruption or after eruption during cooling at
the Earth surface (natural processes) and during the heat-ing
experiments in the laboratory (human-induced process). We
tested for H loss during experiments by applying H diffu-sion
models of Qin et al. (1992). For the calculation, we em-ployed
the Hmelt-olivine partition coefficient k D  0:001 (Barth and
Plank, 2021). The H diffusion coefficients (D) in olivine were
based on the Arrhenius relationship (equation reported in
Table 1 by Barth and Plank, 2021). To solve this equation, we
assumed different H diffusion coefficients (D0) according to
the composition of the host for each MI studied here. For the
high-Fo MIs, we used the diffusion coefficient reported by
Ferriss et al. (2018), and for low-Fo MIs we used that
reported by Barth et al. (2019). For the T to solve the Ar-
rhenius relationship, we used the maximum T of the heating
experiment of each MI analyzed in the present study. This
is a conservative assumption because the maximum T of the
heating experiment was held only for 3 min. For the extent of
re-equilibration calculated using Eq. (12) of Qin et al. (1992),
we used the size of MIs obtained from petrographic observa-
tions and assumed that the host olivine crystals were 2 mm in
diameter as this is a reasonable average for the olivines
studied here. Using the spherical model of Qin et al. (1992)
in combination with the D  along the [100] direction overes-
timates H diffusive loss, providing an upper bound. In our
calculation, we assumed that the MIs are located in the cen-
ters of the olivine hosts, and this introduces some uncertainty
because the amount of H loss by diffusion depends on the dis-
tance from the MI to the rim of the olivine host. In order to
estimate the error based on the location of the MI within the
host, we considered that the host olivine radius was 250 μm
instead of 1000 μm as a limiting condition. Based on this as-
sumption, for high-Fo MIs, the average relative error on the
restored H2O content after experiments is 27 % (or 1.06 wt %
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of the total MIs). For the low-Fo MIs, the average relative er-
ror is 0.60 wt % of the H2O mass, even though the error in
the degree of re-equilibration is >  100 % for half of the MIs
studied.

After these observations, based on the location of the MI
within the host, we observe that the distance from the MI to
the rim of the host has a larger effect for MIs hosted in low-
Fo olivine, especially for MIs associated with a diffu-sion
coefficient on the order of 10 10 cm2 s 1 and with a rel-atively
small radius ( <  30 μm). Particular attention should be taken
when heating MIs show these size and host composi-tion
conditions. On one hand, there is a positive error associ-ated
with the location of the MI relative to the rim of its host. On the
other hand, there is negative error associated with the
assumption that the D  calculated using the quenching T is
constant at high T during the experiments. These two errors
likely compensate. We have developed a program to calcu-
late the degree of the re-equilibration of the MI as a function
of the diffusion coefficient (D), the radius of the MI and its
host, and the densities of melt and host, based on Eq. (12) by
Qin et al. (1992) available upon request to the corresponding
author.

We also tested for possible H loss before eruption during
residence in the magma chamber by predicting the crystal-
lization path using Petrolog3 (Danyushevsky and Plechov,
2011). We used as a starting composition the high-Fo MI of
this study and selected the trend that best fit our MI data in
K2 O versus Fo content (mol %) space. We assumed a poly-
baric crystallization path and an H2O-saturated magma. Fi-
nally, we tested the correlation between H2O and K2 O by
comparing our MI data to the trend predicted by Petrolog.
Based on this comparison, we did not correct the H2O con-
tents of MIs for H loss during residence in the plumbing sys-
tem (see Sect. 5.1 for further details).

The MIs studied here were also corrected for H diffusive
loss post-eruption in nature (see flowchart of Fig. 3 and Ta-
ble 4). To correct the H2O contents of MIs we compared
MI data of lava samples (which are assumed to have cooled
more slowly and, as a result, lost more H2O after erup-
tion) with those of lapilli samples of airfall deposits from
the Pompeii 79 CE eruption which presumably cooled more
quickly. For the Pompeii 79 CE eruption sample, the white
and gray pumices have an average size of 2 cm (Sigurds-
son et al., 1982). As reported by Lloyd et al. (2013), a MI

at the center of a 2 cm lapillus cools from 1034 to 400 C in
1 min. To correct for post-eruption H loss, we assumed that all
MIs hosted in olivines with similar compositions showed the

same initial H2O content, regardless of the sample type
(pumices versus lava samples). This assumption is supported
by the correlation between the Fo content of the host and the
volatile contents of MIs (see flowchart of Fig. 3 and Table 4).

In addition to modifications of the H2O contents of MIs
from H diffusive loss, the H2O contents of the bubbles in
bubble-bearing MIs were calculated to correct the original
H2O content of the MIs (Table 4). This calculation was based
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Figure 3. Flowchart for the H2O restoration of MIs studied.

on the fluid composition returned by the solubility model
MafiCH (Allison et al., 2022) using as input the volatile and
major-element compositions of the glass in MIs. Knowing
the composition and density of CO2, the amount of H2O in
the bubble was calculated from the molar fraction predicted
by MafiCH (Allison et al., 2022). The need to correct for
H2O is based on the presence of H2O liquid and vapor in
six bubbles in MIs as reported by Esposito et al. (2016).
As for CO2, the H2O content was corrected to account for
PEC. In summary, we corrected the H2O contents of the MI
by (1) adding to the H2O content of the glasses of bubble-
bearing MIs the H2O content of the bubble, (2) adding the
H2O loss during heating experiments for each individual
MI, (3) adding the H2O content lost during natural cooling
post-eruption (only for MIs hosted in olivine from lavas),
and (4) taking into account the PEC of individual MIs (see
flowchart of Fig. 3 and Table 4). We did not correct the H2O
content for possible loss during magma residence.
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4     Results

4.1     Heating experiments

Petrographic descriptions of the MI before and after heat-
ing, as well as other information related to individual MIs
and their host crystals, are listed in Table S1. References
to individual MIs and/or host crystals below use the identi-
fiers listed in column N of Table S1. During heating, crystals
in most MIs melted to produce MIs that contain melt plus
vapor at high T (Table S1, column T). With further heat-
ing, the size of the bubble in MIs in three olivine crystals
decreased with increasing T until complete dissolution into
the melt occurred (experiment M161, M162, and M142 in
column N of Table S1). The MIs contained in these three
olivines were quenched to produce bubble-free MIs. In addi-
tion to these three olivine crystals, one olivine showed that
smaller MIs were quenched to only glass, but the larger one
selected for the study leaked to the surface (experiment M147
in column N of Table S1). In contrast, in 18 other heating ex-
periments (18 olivine crystals), the bubble size of MIs did
not decrease significantly with increasing T after a specific
high T was reached (M141, M163, M136, M167, M165,
M129, M158, M138, M137, M139, M140, M135, M130,
M130a, M132, M000, M152, M156). Esposito et al. (2016)
quenched 20 MIs from 18 experiments when the bubble was
not completely dissolved, and, after quenching, the MIs con-
tain glass plus a vapor bubble. In eight additional heating ex-
periments (eight olivine crystals, experiments M143, M128,
M150, M151, M154, M155a, M146, and M145), the MIs still
contained a solid (mineral) phase bubble after heating to
high T . In two experiments (M143 and M155a) the mineral
phases in the MI are opaque, and for the other six experi-
ments, the mineral phases are colorless. In these cases, the
minerals did not dissolve into the melt with further heating,
suggesting that these MIs represent heterogeneous trapping
of melt plus mineral plus or minus bubble. In nine of the
experiments, the MI crystallized microlites (M166, M159,
M160, M133, M157, and M134) or exsolved multiple bub-
bles (M144 and M158 from this study and M145 by Espos-
ito et al., 2016) during quenching. In most of these cases, the
MIs were completely dark when viewed on the optical mi-
croscope after quenching and were not considered further for
this study (Fig. 1b). During four experiments (M143, M148,
M155, and M164), the MIs leaked or decrepitated during re-
heating. Finally, during the loading or unloading of the crys-
tals to the furnace, three olivine crystals were lost (olivines
associated with experiment M131, M149, and M153). Af-
ter heating and quenching experiments, we noticed that three
MIs showed a decrepitation halo (MI associated with exper-
iment M147 and M143 from this study and M139 by Espos-
ito et al. (2016); see also Fig. S4), indicating loss of volatiles
from the MI, and we did not consider these MIs for further
examination. Notice that during an individual heating exper-
iment more than one MI could have been described, and dif-
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ferent MI behaviors could have been reported for individual
olivine.

4.2     Major-element compositions of MIs

Corrected major-element compositions of MIs cluster into
two groups in the TA S  diagram (Le Bas et al., 1986) as
shown in Fig. 4a. One group represents MIs hosted in high-
Fo olivine (Fo D 85 mol %–90 mol %) showing compositions
near the fields for trachybasalt, shoshonite, tephrite, and
phonotephrite (Fig. 4a). In particular, MIs from the Avellino
and Pollena eruptions show lower total alkali contents rela-
tive to MIs from the pre-Codola, Pompeii, and the 1631 CE
eruptions. The other group represents MIs hosted in high-Fo
olivine (Fo D 69 mol %–76 mol %) from the 79 CE Pompeii
eruption and pre-Codola eruptions ( >  33 ka). All MIs of this
group plot within the tephriphonolite field (Fig. 4a).

It is important to note that compositions of MIs from the
high-Fo olivine group are not distinguished from those of the
bulk rocks based on the time (age) of the eruption (Fig. 4a, b,
d). This behavior is in contrast with the three trends (mega-
cycles) defined on the TA S  when bulk rock compositions
are considered instead of the MI compositions (Ayuso et
al., 1998). The major-element compositions of MIs from
this study are comparable to compositions of MIs hosted in
olivine from the most recent 1944 eruption at SV, i.e., the
last eruption in megacycle II I  (Marianelli et al., 1995, 1999,
2005). It is also important to note that the bulk rock compo-
sitions for the 79 CE Pompeii eruption up to the most recent
eruptions (megacycle III) all show a lower SiO2 concentra-
tion at a given MgO concentration on the SiO2 vs. MgO di-
agram, compared to MI compositions (Fig. 4b–c). Note that
this behavior is not observed in the older eruptions (mega-
cycle I  and II). In addition, bulk rock compositions of the
younger S V  products show a higher K2 O concentration for a
given MgO compared to the MI compositions (see Fig. 4d–
e). The low SiO2 and high K2 O versus MgO trends have
been commonly interpreted to be the result of assimilation of
Mesozoic carbonates into the younger magmas, an interpre-
tation that is supported by skarn xenoliths that are frequently
found in S V  volcanic deposits (e.g., Gilg et al., 2001). Alter-
natively, these same trends can be explained as a mixture of
accumulated olivine and clinopyroxene crystals and evolved
magmas (Fig. S1). When all compositions of MIs hosted in
olivine from this study and from the literature are compared
to compositions of bulk rocks, MI compositions plot along
one single trend in the K2 O and SiO2 versus MgO diagrams,
independent of the age (Fig. 4a, b, c) or style of the eruption
(Fig. 4d–e).

4.3     Volatile contents of magmas

The H2O and CO2 contents of MIs obtained from analysis of
the glass and the vapor bubble were corrected for post-
trapping changes resulting from re-equilibration using the

https://doi.org/10.5194/ejm-35-921-2023
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Figure 4. Major-element composition of olivine-hosted MIs from this study compared to olivine-hosted MIs of recent S V  activity from the
literature and to bulk rock compositions reported by Ayuso et al. (1998). (a) TA S  diagram (Le Bas et al., 1986). Note that MI data for the pre-
Codola lava flows (Somma Caldera) >  33 ka do not match with the bulk rock compositions associated with megacycle I. (b) MgO versus SiO2
discriminated by the age (megacycles) of eruptions. Note that MIs do not show the low-SiO2 trends as defined by the bulk rock data for
megacycle III. (c) MgO versus SiO2 discriminated by the style of eruptions. (d) MgO versus K2 O discriminated by the age of eruptions;
volatile-rich MIs hosted in Fo-rich olivines from the Avellino eruption (4.36 ka, megacycle II) show lower K2 O contents compared to volatile-
rich MIs associated with the other eruptions. (e) MgO versus K2 O discriminated by the style of eruptions. The field delineated by the dashed
dark-green line represents volatile-poor MIs hosted in low-Fo olivines, and the field delineated by the dashed blue line represents volatile-rich
MIs hosted in high-Fo olivines. The orange fields in panels (a), (b), and (d) and the light-green fields in panels (c) and (e) represent
unheated MIs hosted in olivine from the most recent activity at S V  (megacycle III) reported by Marianelli et al. (1995, 1999, 2005) and
corrected for PEC and Fe loss using the same methods as for the MIs of this study.
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methods mentioned above. For H2O, H diffusive loss is the
main process that could modify the H2O concentration in the
MI after trapping. Here, we present the results of the cor-
rections for H diffusive re-equilibration during heating ex-
periments in the laboratory. Our results show that diffusive
loss of H2O during heating experiments for all MIs studied
ranges from 0.01 wt % to 0.16 wt % relative to the total mass
of the respective MI (Table S5, H2O “correction and MafiCH
press” worksheet column C). The extent of re-equilibration
of MI H2O content correlates with the host composition,
whereby high-Fo MIs show re-equilibration <  1 %, while the
low-Fo MIs show re-equilibration from 11 % to 62 % (Ta-
ble S5, “H diffusive experiments” worksheet column K).

Considering the correction for the H diffusive loss post-
eruption in nature, the highest H2O content of low-Fo MIs
hosted in olivine Fo73 from lapilli samples is 0.52 wt % (P1-
D50-1-4; see Table 4). Thus, as an upper boundary, the
largest amount of H2O loss from MIs hosted in olivine
from lava is 0.42 wt % (SCL14-D49-5-3-M1; after correc-
tion for the 0.10 wt % loss during the heating experiment).
This maximum H2O correction corresponds to 81 % H2O re-
equilibration of which, in turn, corresponds to a cooling time
of 16 min based on the Eq. (12) of Qin et al. (1992). A  cool-
ing time of 16 min is significantly greater than the 10 min
cooling time estimated for the 6 cm bomb as calculated by
Lloyd et al. (2013). The thickness of the lava flow from which
sample SCL14 was collected is 2 m, and, thus, the results
could be consistent with the nature of the sample depending
on the position of the olivine hosting the MI within the lava
flow. The estimated cooling time represents the shortest pos-
sible amount of time because the diffusion coefficient is as-
sumed constant at high T (1198 C quenching T of SCL14-
D49-5-3-M1), while it is known that the diffusion coefficient
decreases as T decreases (Zhang and Cherniak, 2010). For
the high-Fo MIs, MI SCL14-D92-3-1 is the only one hosted
in olivine from lavas. This MI shows 3.35 wt % H2O after
the heating experiment correction (Table 4). The largest dif-
ference in H2O contents between lava samples and pumice
samples is 1.03 wt % and is observed between MI SCL14-
D92-3-1 (from the lava flow) and MI P2-D53-4-1 hosted in
an olivine crystal from pumice. This amount of H2O loss cor-
responds to 26 min of cooling time and 24 % re-equilibration
based on Eq. (12) of Qin et al. (1992). For this MI (SCL14-
D92-3-1), the calculated cooling time is consistent with cool-
ing rates of lavas, which varies as a function of the distance of
the olivine crystal from the surface of the flow.

Finally, the Fo-rich MIs were corrected to account for the
H2O contents of the bubble. Adding the H2O contents of the
bubble to the amount in the glass increases the concentration
of H2O in the MI by 0.04 wt % to 0.007 wt %. The magnitude
of the H2O correction is on the order of the error of SIMS
analyses used to determine the H2O concentration in the
glass (Table S3; see also Esposito et al., 2014). Corrections
for CO2 in bubbles and from PEC range from 340 214 to
1479 896 ppm. In comparison, CO2 corrections predicted
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by the model proposed by Rasmussen et al. (2020) using
Mimic software range from 1719 to 4720 ppm.

Results of corrected volatile contents of MIs show that
all of the bubble-free MIs are volatile-poor relative to the
bubble-bearing MIs. In turn, the bubble-bearing and volatile-
rich MIs are contained in olivine showing Fo 85 mol %–
90 mol %, while bubble-free, volatile-poor MIs are hosted
in olivine showing Fo 69 mol %–76 mol % (Fig. 5). In par-
ticular, the corrected CO2 content of MIs hosted in high-Fo
olivine (Fo D 85 mol %–90 mol %) ranges from 5884 255 to
2263 57 ppm, while the CO2 content of MIs hosted in low-
Fo olivine (Fo D 69 mol %–76 mol %) ranges from 45 to
381 ppm (Fig. 5b, d, f). The same correlation can be found for
H2O, F, S, and Cl  (Fig. S7). For example, the corrected H2O
content of the high-Fo MI group ranges from 2.91 wt % and
4.64 wt %, while that of MIs in the low-Fo group ranges from
0.21 wt % to 0.55 wt % (Fig. 5a, c, e). Also, the Cl  contents
of the MI hosted in Fo90 are from 2739 to 6220 ppm, which is
anomalously high for primitive magmas (e.g., Ruscitto et al.,
2012).

As can be observed in Fig. 5 the CO2 and H2O contents
of MIs hosted in high-Fo olivine of the eruption studied here
partially overlap with but extend to higher H2O and CO2 val-
ues than those of MIs hosted in high-Fo olivine from more
recent eruptions (Marianelli et al., 2005, 1995, 1999). How-
ever, it should be emphasized that we are comparing compo-
sitions of MIs that were reheated (our study) with those that
were not reheated (MIs from the literature). Also, Marianelli
et al. (2005) reported that the MIs studied are glassy with
only one bubble, but the volatile content of bubbles was not
discussed, and any volatiles contained in the bubbles was not
added to the total MI volatile budget. For these reasons, the
CO2 contents of the unheated MI reported by Marianelli et
al. (2005) likely underestimate the actual CO2 contents of the
MI, in light of more recent findings relative to the importance
of bubbles in MIs (e.g., Esposito et al., 2011; Wallace et al.,
2015).

4.4     Estimates of pressure of trapping of MIs

The alkali and the SiO2 concentrations of MIs studied here
show a wide range (Fig. 4a). Based on the major-element
composition and the corrected H2O and CO2 contents of MIs
studied, we have applied the solubility model MafiCH de-
veloped by Allison et al. (2022). Although other solubility
models from the literature could be used for estimating pres-
sures (e.g., Duan, 2014; Ghiorso and Gualda, 2015; Iacono-
Marziano et al., 2012; Newman and Lowenstern, 2002; Pa-
pale et al., 2006; Shishkina et al., 2014), the MafiCH model
is valid for silicate melts containing 44 wt % to 53 wt % SiO2
and from 2 wt % to 9 wt % Na2OCK2O, which is the most
recent model fitting with the composition of the high-Fo MI
of this study. For the low-Fo MI, compositions are at or
above the upper limit of K2 O C Na2 O and SiO2 concentra-
tions considered for the MafiCH model. However, the Fo-

https://doi.org/10.5194/ejm-35-921-2023
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Figure 5. Correlation between Fo content (mol %) of the host and corrected volatile contents of MIs hosted in olivine from this study. For
H2O and CO2 (a and b respectively), MIs from this study are compared to MIs hosted in olivine reported by Marianelli et al. (1995, 1999,
2005) delimited by the colored fields as in Fig. 4. (a) Fo content versus H2O content discriminated by single eruptions. (b) Fo content
versus CO2 content discriminated by single eruptions. (c, d) Fo content versus H2O content and Fo content versus CO2 content, respectively,
discriminated by the age of eruptions. (e, f) Fo content versus H2O and Fo content versus CO2, respectively, discriminated by the style of
eruptions. MIs that represent primitive or near-primitive melts below S V  and hosted in olivine with Fo90 are highlighted. The error bars for
CO2 contents are shown in panels (b), (d), and (f) representing the uncertainties based on the volume of the bubble of bubble-bearing MIs and
the fraction of carbonates for the crystalline aggregates observed in bubbles of bubble-bearing MIs.

poor MIs show relatively low volatile contents, and the dif-
ference in the pressures calculated using different solubil-
ity models is less significant for silicate melts showing low
volatile contents (Fig. 6 in Wieser et al., 2022). In the Sup-
plement (Fig. S8), we included a comparison of the 400 MPa
isobar calculated by MafiCH with that calculated by Mag-
maSat (Ghiorso and Gualda, 2015). The 400 MPa isobars
were estimated based on the composition of MI LFL2-D44-
1-1 from our study, as well as 1200 C and NNO buffer for
the oxidation state as input for the MagmaSat solubil-

https://doi.org/10.5194/ejm-35-921-2023

ity model. The two models predict similar isobars especially
within the range of compositions of the high-Fo MI stud-
ied. MIs hosted in high-Fo olivines show calculated pressures
from 225 6 and 456 46 MPa if corrections of CO2 for vapor
and carbonate are considered (Fig. 6a). On the other hand,
all of the MIs hosted in low-Fo olivine show pressures ranging
from 38 to 7 MPa (Fig. 6). Thus, there is an apparent gap of
187 MPa (7 km) for the trapping pressures of MIs between
those hosted in high-Fo olivine versus those hosted in low-Fo
olivine. MIs with more evolved compositions were

Eur. J.  Mineral., 35, 921–948, 2023
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trapped at much lower pressure compared to the more primi-
tive MI, as expected in transcrustal magmatic systems (Cash-
man et al., 2017). The very low volatile contents of MIs
hosted in olivine from lavas could represent crystallization
during magma stalling in a conduit or an extremely shallow
reservoir magma. A  shallow magma reservoir ( <  1000 m)
below S V  has been proposed for recent volcanic activity by
Santacroce et al. (1993). Also, the size of the low-Fo olivine
is comparable to the size of the high-Fo olivine averaging
around 2 mm. Growing large phenocrysts is difficult to rec-
oncile with olivine crystallizing during magma stalling in a
conduit, as in this case magma is expected to cool relatively
rapidly.

To     calculate     depths     we     assumed     a     gradient     of
27 MPa km 1 based on Fuis et al. (1991) and a crustal
thickness of 25 km (Nunziata et al., 2020; Piana Agostinetti
and Amato, 2009). The implied depths corresponding to the
pressures estimated for MIs hosted in high-Fo olivine are
8.3 0.2 to 16.9 1.7 km, while those for the low-Fo MI range
from 1.4 to 0.3 km.

5     Discussion

In the following section, we first discuss the corrections ap-
plied to estimate the original volatile contents of the MI.
Then, we consider the link between the volatile contents of
the melt and the forsterite content of the host. Finally, we es-
timate the CO2 budget driven by degassing of relatively deep
and primitive magmas based on CO2 concentrations recorded
by MIs.

5.1     Corrections to estimate the H  loss of MIs before
eruption

To correct for H2O loss driven by H re-equilibration before
the MI was ejected onto the Earth’s surface, we employed
the Petrolog3 crystallization model and used the composi-
tion of MI SCL14-D92-3-1 as the starting melt composition.
The composition of this MI showed the best fit relating the
host Fo mol % versus K2 O concentration of MIs (Fig. 7a).
The initial composition is in equilibrium with an olivine hav-
ing a composition of Fo85 based on Petrolog3. After 40 % of
fractional crystallization, the liquid is in equilibrium with an
olivine of Fo69 (Table S6). In this calculation, we assumed
a polybaric fractional crystallization path that is consistent
with a gap in pressure determined in this study – crystalliza-
tion is not permitted in this region. In particular, the first
20 % of crystallization (from olivine Fo85 to Fo77) occurs
progressively as the pressure decreases from 100 to 30 MPa,
followed by an additional 20 % of crystallization from 3 to
1 MPa. This fractional crystallization trend is consistent with
the K2 O concentration of the liquid when compositions of
high-Fo MIs are compared to those of low-Fo MIs (Fig. 7a).
If the predicted liquid compositions and MI data are plotted
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in a H2O versus K2 O diagram, the restored H2O contents of
MIs are consistent with the predicted trend for which crys-
tallization of an H2O-saturated magma is occurring while
magma is ascending through the crust (Fig. 7b). This sug-
gests that the H2O content of the melt originally trapped in
the low-Fo group of MIs was relatively low and that H loss
after trapping and before eruption did not significantly affect
the H2O concentration of the MI.

To further support the interpretation that no significant H
loss occurred while MIs resided in the plumbing system at
high T , we tested the correlation between the H2O contents
and the size of the MI, as proposed in other studies (e.g.,
Barth et al., 2019). We considered the two groups of MIs sep-
arately because of the difference in H2O and major-element
compositions between the MI of these two groups. There is
no correlation between the size of the MI and their respec-
tive H2O contents (Fig. S9). Other researchers have reported a
correlation between H loss and SiO2 contents of MIs (Port-
nyagin et al., 2019). In fact, Portnyagin et al. (2019) reported a
positive correlation between the H2O content and the SiO2
content of MIs hosted in olivine from the Klyuchevskoy vol-
cano (Russia). For our MI data, the opposite correlation can
be observed. The SiO2 content increases as the H2O concen-
tration decreases (Fig. 8). Because of this, we did not correct
the MI contents for H diffusive loss before the MI was ejected
from the volcano.

5.2     L ink between composition of olivine hosts and the
volatile contents recorded by MIs

Many researchers have discussed the role that volatiles play
in determining the style of volcanic eruptions (Edmonds and
Wallace, 2017, and references therein). When volatile con-
tents of undegassed melt (based on MI analysis) were com-
pared to the style of the eruption at SV, a correlation between
the explosivity or magnitude of eruptions is observed based
on volatile contents of reheated MIs hosted in clinopyrox-
ene from several eruptions (Webster et al., 2001). Plinian
and sub-Plinian eruptions younger than 3.55 ka show higher
H2O, S, and S=Cl ratios relative to older relatively passive
inter-Plinian eruptions. However, MIs in that study were re-
heated and held at high temperature for 2 h (Webster et al.,
2001), also because at the time of their study the knowl-
edge of H2O loss by diffusion through the host was not as
well constrained as it is now based on recent studies. In
fact, many researchers reported that when MIs are reheated
and held at high T for longer periods of time, diffusive loss of
H (H2O) can be significant after 2 h (e.g., Sobolev and
Danyushevsky, 1994; Barth and Plank, 2021; Bucholz et al.,
2013; Severs et al., 2007). Based on our estimated H loss,
MIs studied here would have re-equilibrated from 40 % to
99 % if the heating experiments lasted for 2 h (7200 s). MIs
with different sizes and/or different distances from the sur-
face of the studied crystals should show different degrees of
H loss, assuming that they all trapped a melt with the same
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Figure 6. Host Fo content (mol %) versus pressure P  and implied depths of corrected MIs hosted in olivine from this study and from recent
activity of S V  (Marianelli et al., 1995, 1999, 2005) discriminated by individual eruptions studied. (a) Pressure estimates based on MIs
corrected for CO2 and H2O (see text and Tables 3 and 4 for additional information). In panel (a) the dashed lines correspond to depths of 6 and
12 km, representing the possible bottom of the carbonate platform. The pink area represents the pressure gap based on the MI studied. (b)
Geological schematic cross section of S V  proposed by Nunziata et al. (2006) based on Rayleigh wave dispersion measurements. For this panel
the upper part above sea level is a photo of S V  taken from the west side (San Giovanni a Teduccio neighborhood in Naples). The upper part the
section below sea level shows a different vertical scale. Two inferred depths for the Moho are shown, including that suggested by Nunziata et
al. (2006) and that reported by Piana Agostinetti and Amato (2009). The question mark relates to the uncertainty associated with the depth of
the base of the carbonate platform (estimates range from 6 to 12 km). Depths estimated for the corrected MIs of our study (red rectangles) and
those estimated from MIs hosted in olivine of recent activity (gray rectangle; Marianelli et al., 1995, 1999, 2005) are shown. For comparison,
we report the depths estimated based on fluid inclusions of nodules of the 79 CE (Belkin and De Vivo, 1993). The blue arrow represents the
CO2 flux estimate based on the ascent of deep degassing magmas during the last 300 years of activity at SV.
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Figure 8. SiO2 concentration of MIs versus H2O concentration for
MIs of this study. The H2O content of MIs decreases as the SiO2
content increases, suggesting that H2O degasses from the melt dur-
ing crystallization of magmas at SV.

Figure 7. Comparison of trends in the K2 O vs. Fo content (a) and
K2 O vs. H2O content (b) predicted by Petrolog3 (small dark red cir-
cles) with corrected composition of MIs. The Petrolog3 calculation
conditions are summarized in Table S6 and the main text.

H2O contents (Esposito, 2021, and references therein; Barth
et al., 2019; Barth and Plank, 2021; Qin et al., 1992). In
addition, Webster et al. (2001) also reported that reheated
MIs in their study contained bubbles after quenching, and
any volatiles that may have been contained in the bubbles
were not included in estimating the volatile budgets of the
quenched MI. In this case, knowledge of the importance and
quantification of volatiles in bubbles of MIs was not as ad-
vanced as it has been in the last decade (e.g., Esposito, 2021,
and references therein). More importantly, the compositions
of the clinopyroxene hosts were not reported by Webster et
al. (2001), and, thus, host phase compositions were not com-
pared with the volatile contents. As shown here, the volatile
contents correlate with the host composition (Fig. 5). Also,
the average composition of the Plinian pyroxenes in the sam-
ples analyzed by Webster et al. (2001) had much higher Mg#
compared to other inter-Plinian samples studied (Redi et al.,
2017). Additionally, the original S  and Cl  contents of the
melt trapped in MIs studied by Webster et al. (2001) could
be underestimated. In fact, Esposito et al. (2016) reported
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that a significant amount of S  could be stored in the bub-ble
of olivine-hosted MIs in the form of S-bearing phases such
as gypsum and native sulfur. Esposito et al. (2016) esti-mated
that up to several hundreds of parts per million (ppm) of S
could be stored in the bubble, and this would not be ac-
counted for if only the volatiles in the glass are measured.
Other studies have also reported S-bearing phases in bub-
bles of MIs (Schiavi et al., 2020, and references therein). It is
also likely that a portion of Cl  in the melt partitions into the
bubble along with H2O (Esposito et al., 2016). Owing to the
long duration of the heating experiments and the possible
underestimation of S  and Cl  that results when amounts that
may have been sequestered in the MI bubbles are not consid-
ered, the correlation between volatile concentrations and the
eruptive style for S V  found by Webster et al. (2001) may be
questionable.

In contrast to Webster et al. (2001), Lima et al. (2003)
showed that the H2O and S  contents of MIs from nodules
and from volcanic rocks negatively correlate with their host
Mg#. Based on this correlation, Lima et al. (2003) proposed a
model involving multiple magma chambers at various depths
below SV, each of which differentiates magmas at differ-
ent P –T conditions, as proposed for other volcanic systems
(Cashman et al., 2017). In this model, the difference in erup-
tion style simply reflects the pressure needed to open the
conduit. Since the pressure needed after a long repose is
much higher as the conduit is cold and fully sealed, a Plinian
eruption will be triggered. When the conduit is open while
magma supply continues, an inter-Plinian eruption is trig-
gered instead. Such a model does not imply differences in
the compositions of the parental melts.

One of the most important observations we can make re-
garding the volatile contents of MIs hosted in olivine from
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this study is that there is a correlation between volatile con-
tents and the host crystal composition (Fig. 5e–f). While we
can estimate the amounts of CO2 and H2O in the MI bubble, it
is more difficult to correct for the for S  and Cl  contents of MI
bubbles and quantify the original melt contents and corre-
lations among volatiles. Regardless of these uncertainties and
limitations, volatile contents of MIs define two groups when
plotted versus host crystal composition (Fig. 3, Table 4, and
Fig. S7). One group of MIs shows low volatile contents (from
45 to 381 ppm CO2; 127 ppm CO2 on average) and low host
forsterite contents, while the other group shows high volatile
contents (2263–5884 ppm CO2; 3437 ppm CO2 on average)
and high host forsterite contents (Fig. 5).

5.3     CO2 budget of deep ascending melts and the CO2
flux during the last 300 years

Here, we consider the source of the CO2 budget recorded
by the MI hosted in high-Fo olivine. One possibility is that
the CO2 contained in these melts was generated by interac-
tion between the S V  magmas and the carbonate platform that
underlies SV. On the other hand, the CO2 could have been
sourced from the upper mantle where the magmas were gen-
erated (e.g., Kovács et al., 2021).

Currently, magmatic CO flux at the surface at S V  is es-
timated to be 301 t d 1 (tonnes per day) based on CO2 gas
diffusing through soil and CO2 gas present in groundwater
(Caliro et al., 2005; Frondini et al., 2004). A  possible contri-
bution to the CO2 budget by decarbonation triggered by in-
teraction of the silicate magma with the carbonate platform
beneath the S V  has been previously proposed and studied
by many researchers. For instance, Chiodini et al. (2001) re-
ported that most of the CO has a crustal origin based on
isotopic analysis of C  of fumarolic fluids (13C D 0.06 ‰–
0.34‰ relative to Vienna Pee Dee Belemnite, VPDB). Dal-
lai et al. (2011) presented 18O values (relative to Standard
Mean Ocean Water, SMOW) for mafic phenocrysts from four
S V  eruptions that vary from 5.5‰ to 7.1‰ for olivines and
from 6.04‰ to 7.47‰ for clinopyroxene. They found that
the origin of oxygen was consistent with near-primary melts
experiencing a CO2 flux derived from decarbonation reac-
tions via magma–carbonate interaction. Jolis et al. (2013)
showed experimentally that the interaction between magma
and carbonate at S V  is a significant process operating on
both long and short timescales. This conclusion was based
on piston cylinder mixing experiments using an S V  shoshon-
ite composition and dolostone–limestone as starting materi-
als at 0.5 GPa, 1200 C, and a duration from 0 to 300 s. More
recently, Knuever et al. (2023) suggested that the viscosity of
magma is a fundamental factor controlling the short-term as-
similation of carbonates by magmas. In addition, many stud-
ies have focused on skarn xenoliths found in many of the de-
posits from S V  (e.g., Del Moro et al., 2001; Fulignati et al.,
2004). For instance, Fulignati et al. (2004) studied fluid in-
clusions in skarn xenoliths from the 1944 deposits to estimate
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the pressure of formation of the newly formed skarn miner-
als. These pressures are consistent with the inferred depth of
the carbonate platform (100 MPa or 3.7 km assuming
27 MPa km 1, Fig. 6b). Also, pressure estimates from CO2-
rich fluid inclusions from cumulate nodules in S V  deposits
are consistent with the carbonate platform depths (4, 8, and
12 km; Belkin et al., 1998).

Conversely, Fulignati et al. (2004) examined a combina-
tion of mineral chemistry, melt and fluid inclusions, and sta-
ble and radiogenic isotope data reported by previous stud-
ies from S V  (Del Moro et al., 2001; Marianelli et al., 1999;
Fulignati et al., 2000a, b, c) and proposed a model for the
reconstruction of the magmatic feeder system associated
with the 1944 eruption in which S V  magmas did not ex-
perience significant exchange with the carbonate wall rock.
Also, models based on the geodynamics of Plio-Quaternary
Tyrrhenian magmatism and CO2 surface flux along the Ital-
ian Peninsula suggest that the amount of deep mantle CO2
fluxing produced by the interaction between subduction-
related fluids and mantle melting is sufficient to explain the
surface fluxes (Frezzotti et al., 2009). The mantle-derived
CO2 flux has been quantified as 70 Mt yr 1 on average for
all of the Tyrrhenian coast (Frezzotti et al., 2009). More lo-
cally at SV, Avanzinelli et al. (2018) modeled the mantle CO2
flux based on U isotopic compositions of recent lavas and es-
timated an average CO2 fluxing during the last 300 years of
0.15 to 0.8 Mt yr . In this study, we used the MafiCH
solubility model (Allison et al., 2022) based on melt compo-
sitions consistent with the compositions of the MI studied to
estimate CO2 flux. The pressures estimated from the volatile-
rich MIs correspond to depths of 8.3 0.2 to 16.9 1.7 km (Fig.
6b). Depths >  12 km are inconsistent with maximum depths
of the carbonate platform beneath Vesuvius (Berrino et al.,
1998; Patacca and Scandone, 2007). The depths esti-mated
using MI compositions in this study would be slightly greater
(8.6 0.2 to 17.6 1.8 km) if the pressure gradient is assumed to
be 26 MPa km 1 (e.g., Marianelli et al., 2005). In addition,
some MIs from Fo-rich olivine were reheated in the lab and
could not be quenched to a glass (Table S1 in the
Supplement). This thermometric behavior may signify that
these unquenchable MIs could be much richer in H2O and
CO2 than those we were able to quench in the lab (Esposito,
2021; Gavrilenko et al., 2019; Steele-Macinnis, 2019; Stu-
dent and Bodnar, 1999). For instance, mafic-hydrous melts
were fully quenched from high T if the H2O content was up
to 6 wt % (Gavrilenko et al., 2019). If the H2O content of
these melts were from 6 wt % to 9 wt % the melt could not
be fully quenched, based on results from previous studies.
Thus, the high volatile abundances, Fo-rich host, and deep
nature of these MIs ( >  8 km) indicate that it is unlikely that
the CO2 contained in melts from which the MIs were trapped
originated from interaction with the carbonate platform, es-
pecially if the bottom of the carbonate platform is assumed to
be at 6 km below the Earth’s surface. If the bottom of the car-
bonate platform is assumed to be at 12 km, 6 out of 10 MIs
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Table 5. Magmatic CO2 flux mass balance calculations.

Average output rate of S V  magmasa

Over the last 300 yearsb

Average density of S V  magmas
Total erupted mass over the last 300 years
Average fractionation percent of S V  magmasc

Total mass of parental magma
CO2 flux at Vesuvius over the last 300 years based on the today fluxd

Calculated CO2 in parental magma based on the model of this study
CO2 flux at Vesuvius over the last 300 years based on Iacono-Marziano et al.’s (2009) model
Calculated CO2 in parental magma based on the model of this study
Measured CO2 contents in MIs hosted in Fo90 (this study)
Calculated CO2 flux assuming the CO2 contents of MIs from this study

0.3 m3 s 1

2.8 km3

2.7 g cm 3

7 663 248 000 t
40
12 772 080 000 t
32 959 500 t (301 t d 1)
2580 ppm
335–1566 t d 1

2872–13 426 ppm
2934–5884 ppm
347–686 t d 1

a Output magma rate based on Wadge (1980) and on Civetta and Santacroce (1992). b Volume of magma erupted after the 1631 CE Plinian eruption (see also
Scandone et al., 1993).     Average fractionation based on the model using Petrolog3 (Danyushevsky and Plechov, 2011) to predict a silicate liquid in equilibrium
with an olivine Fo      starting from a silicate liquid (MI SCL14-D92-3-1) in equilibrium with a Fo     . d The CO today flux is based on Frondini et al. (2004)
and Caliro et al. (2005).     This flux is based on the carbonate assimilation model by Iacono-Marziano et al. (2009).

show depth (pressure) of formation greater than 12 km (from
13.5 1.4 to 16.9 1.7 km, Table S5). If the depths are cal-
culated assuming 26 MPa km 1, the calculated depths of 6
out of 10 MIs are still greater than 14 1.4 km. Also, the
high-Fo MIs studied here show higher volatile contents rel-
ative to MIs hosted in Fo-rich olivine from recent eruptions
which were not reheated in the lab (Marianelli et al., 2005).
In agreement with this observation, a similar systematic re-
lationship has been found in reheated versus natural MIs
hosted in olivine from Mauna Loa (Hawaii) reported by Wal-
lace et al. (2015). This highlights the importance of reheating
the MI and correcting the MI volatile concentrations to ac-
count for the volatiles contained in the bubbles. Differences
between MIs reported from volatile content in our study and
those reported from recent eruptions (Marianelli et al., 2005)
cannot be assessed because the contribution of volatiles in the
bubbles of MIs from recent eruptions were not determined.
Further studies of the most recent MIs at S V  are needed to
determine whether or not the bubbles in these MIs contain
significant amounts of volatiles.

Based on evidence that at least half of the MIs studied here
were trapped at significant depth ( >  12 km; Fig. 4), we esti-
mate the amount of CO2 exsolved from primitive melts dur-
ing volcanic activity during the last 300 years (Table 5). Af-
ter the last Plinian eruption occurred in 1631 CE, the average
magma output rate at S V  was 0.3 m3 s 1 (Civetta and San-
tacroce, 1992; Wadge, 1980, and references therein). Thus,
the total output in the last 300 years was 2.8 km3 (see also
Appendix Table by Scandone et al., 1993). Assuming an av-
erage density of 2.7 g cm 3, 7:66 109 t of magma was de-
posited on the Earth’s surface around the S V  vent. In our cal-
culation, we assumed that the magma that was erupted had
undergone 40 % crystallization of the original melt. As men-
tioned above, the algorithm predicts the formation of a Fo69
olivine after 40 % crystallization has occurred (see Petrolog3
prediction in Table S6). Thus, the total mass of parental melt
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was 12:77109 t. Also, here we assume that this mass of melt
ascended to shallow crustal depths exsolving most of its CO2
into a magmatic vapor phase. CO2 flux at the S V  volcanic
area is 301 t d based on Frondini et al. (2004) and Caliro et
al. (2005). Thus, over the last 300 years, 32:96106 t of CO2 has
been produced at S V  (Table 5), assuming a constant out-put
rate. The calculated CO2 content of the magma required to
produce 301 t d flux is 2580 ppm (32:96 10 t of CO2 per
12:77109 t of parental melt). Based on the assimi-lation model
by Iacono-Marziano et al. (2009), the outflux of CO2 during
the last 300 years of activity is 335–1566 t d 1, still assuming
a constant output rate (Fig. 6b). This amount of CO2 is
consistent with the CO2 contents recorded by MIs hosted in
Fo90 olivine (most primitive melts) which range from 347–
686 t d      (from 2934 to 5884 ppm CO2). The up-per bound
of our calculated fluxes is yet a lower boundary if we assume
that CO2-saturated magma could be stored at greater depths
relative to that estimated by the composition of MIs of this
study. The assumption that the primitive deep melts remain
volatile saturated after they form has been sug-gested for
magmas in subduction zones around the globe (Wallace,
2005). If we assume a Moho depth of 25 km (700 MPa)
below S V  (Piana Agostinetti and Amato, 2009), the solubility
of CO2 in high-alkali melts is relatively high al-though
difficult to quantify because the upper pressure limit of the
MafiCH solubility model employed does not extend higher
than 600 MPa (Allison et al., 2022). In addition, the amount
of CO2 in the gas phase that could have been present in the
mantle should be taken into account when estimating the total
CO2 budget outfluxed at the surface (as also reported by
Iacono-Marziano et al., 2009).
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6     Conclusions

Somma–Vesuvius (SV) is an active volcanic system located
in a heavily populated area of southern Italy. In order to bet-
ter understand the nature of future volcanic events at SV, a
fundamental understanding of its past activity is required.
An important observation is that past eruptions at S V  have
ranged from those that were very large and explosive to oth-
ers which were smaller and more passive in nature.

Our results confirm that the volatile contents of the melts
recorded as MIs correlate with their olivine host composi-
tions (Fig. 5). In particular, high volatile contents are asso-
ciated with high-Fo olivines and vice versa. This systematic
correlation suggests that deep and quasi-primitive melts dif-
ferentiate and outgas during ascent to shallower depths be-
low SV. Secondly, we quantified the amount of CO2 flux-
ing from deep quasi-primitive melts to the surface and com-
pared the flux from our study (347–686 t d 1; Fig. 6b) with
the CO2 flux modeled for carbonate–magma interaction be-
low S V  by Iacono-Marziano et al. (2009; 335–1566 t d ).
The two calculated ranges of fluxes partially overlap, sug-
gesting that CO2 degassing driven by carbonate–magma in-
teraction produce a similar CO2 flux to that produced by the
ascent of deep volatile-saturated magma. The two types of
CO2 degassing could both occur at SV. On one hand, the
presence of skarn in S V  deposits and the oxygen isotopic
composition of mafic phenocrysts (Dallai et al., 2011) sug-
gest that magma has interacted with carbonates. On the other
hand, the findings of this work suggest that deep and primi-
tive melt trapped as MIs in olivine can degas CO2 that origi-
nated from a mantle source or from the lower crust. We also
suggest further MI studies applying our method to correct for
the volatile contents of bubbles and H diffusive loss, targeting
MIs hosted in olivine with compositions (Fo84–77) intermedi-
ate to those reported here (Fo90–86 and Fo76–69). Results from
MIs hosted in intermediate-composition olivines could cor-
roborate or contradict the apparent gap in pressure (187 MPa,
7 km) observed between the two groups of MIs studied
here. Further, analysis of a larger number of MIs from the
various eruptions considered here could help to confirm or
refute the apparent lack of correlations between pre-eruptive
volatile contents and the style and age of eruptions.
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