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Plinian eruptions are the most common high impact explosive events, causing severe local impacts and 
influencing human settlement or migration and global climate. Understanding their pre-eruptive pro-
cesses and timescales is crucial for forecasting eruptions and mitigating hazards. The iconic 79 CE 
Somma-Vesuvius eruption (Italy) is considered the archetype of Plinian eruptions. However, knowledge 
of its plumbing system architecture and pre-eruptive magmatic processes remains incomplete. Chemical 
and isotopic data, clinopyroxene zoning analysis, and numerical modelling reveal a vertically extended 
plumbing system with deep mafic magma batches refilling a tephri-phonolitic reservoir multiple times
before the eruption. Diffusion modelling constrains recharge events in timescales from decades to less
than a year, which align with historically well-documented seismicity (‘‘non desiit enim assidue tremere
Campania”, Seneca; ‘‘Praecesserat per multos dies tremor terrae”, Pliny the Younger) preceding the erup-
tion. These findings enhance our understanding of volcanic behaviour, aiding in hazard assessment
and risk mitigation for future similar eruptions.
© 2026 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on 

behalf of China University of Geosciences (Beijing). Thi s is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

Plinian-type eruptions encompass a wide energetic interval in 
the spectrum of explosive activity, from micro-Plinian to ultra-
Plinian eruptions (e.g. Giordano et al., 2024), and can have devas-
tating local and global consequences. Historically, such eruptions 
have led to mass evacuations, economic loss, and in some cases,
to destruction of entire cities, health issues and loss of life (Self, 
2006; Baxter et al., 2015; Jay, 2024). 

In this paper, we focus on the 79 CE Somma-Vesuvius eruption, 
also known as Pompeii eruption, which is well-known for being the 
archetype of Plinian eruption due to the thorough description pro-
vided by Pliny the Younger (Epistulae VI.16–20), after whom this
type of large explosive activity was named. Somma-
Vesuvius’activity has threatened communities that have been liv-
ing around the volcano for millennia (e.g., Di Vito et al., 2019,
2023; Sparice et al., 2025). Nowadays ∼700,000 people are living 
in the peri-volcanic area (https://www.protezionecivile.gov.it/it/ 
approfondimento/aggiornamento-del-piano-nazionale-di-prote-
zione-civile-il-vesuvio/#, n.d.) and are exposed to a significant vol-
canic risk.

In recent decades, knowledge of Somma-Vesuvius eruptive his-
tory and its eruption impacts has advanced significantly (e.g.,
Sbrana et al., 2020). Substantial progresses have been made in 
understanding magma evolution through open-system processes, 
the role of clinopyroxenes in differentiation, volatile contents and
magma storage conditions, carbonate assimilation, and magma
residence times (Civetta et al., 1991; Santacro ce et al., 1993;
Cioni et al., 1995, 1998; Marianelli et al., 1995; Black et al., 1998;
Landi et al., 1999; Cioni, 2000; Morgan et al., 2006; Fulignati and
Marianelli, 2007; Iacono-Marziano et al., 2007, 2009; Scaillet
et al., 2008; Scheibner et al., 2008; Dallai et al., 2011; Balcone-
Boissard et al., 2012, 2016; Pichavant et al., 2014; Buono et al.,
2020; Wotzlaw et al., 2022; Esposito et al., 2023).
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Previous studies on the 79 CE eruption (Barberi et al., 1981;
Sigurdsson et al., 1985, 1990; Joron et al., 1987; Civetta et al.,
1991; Cioni et al., 1992, 1995; Marianelli et al., 1995; Cioni,
2000; Morgan et al., 2006; Piochi et al., 2006; Balcone-Boissard 
et al., 2008; Santacroce et al., 2008; Scaillet et al., 2008; Dallai
et al., 2011; Melluso et al., 2022; Doronzo et al., 2023; Esposito
et al., 2023; Fedele et al., 2025) detailed the geochemical and pet-
rographic variations within the pyroclastic sequence and investi-
gated the magmatic processes preceding the eruption. Despite all 
previous investigations, a detailed picture of what was happening 
beneath Somma-Vesuvius in the period leading up to the 79 CE
eruption is missing. A deeper knowledge of the mechanisms gov-
erning the evolution of the plumbing system prior to the possible
escalation toward an eruption is crucial to improve volcanic hazard
assessment and enhance risk mitigation.

It is now known that magmatic processes occurring in tran-
scrustal magmatic systems may trigger volcanic eruptions and
affect their style (Blundy and Cashman, 2008; Petrone et al.,
2016; Sparks and Cashman, 2017; Cooper, 2019). Several studies 
that investigated pre-eruptive processes were able to determine 
both the conditions and durations of pre-eruptive storage of mag-
mas and the timescales of processes (i.e. magma differentiation,
recharge and mixing processes) leading to magma assembly or
mush disruption and then to the eruption (Heumann et al., 2002;
Vazquez and Reid, 2004; Humphreys et al., 2006; Ginibre et al.,
2007; Turner and Costa, 2007; Streck, 2008; Claiborne et al.,
2010; Petrone et al., 2016, 2018, 2022; Ubide et al., 2019; Solaro
et al., 2020; Ostorero et al., 2022). 

The dynamics — and the relative evolution — of magma within 
the crust can be investigated utilizing approaches that allow the 
temporal changes in crystallisation conditions to be modeled. It
is possible to reconstruct the crystallisation history of zoned crys-
tals using the concept of magmatic environments (ME) that was
introduced by Kahl et al. (2011, 2015) and has been widely used 
since then (e.g., Solaro et al., 2020; Ostorero et al., 2022; Pelullo
et al., 2022, 2024). In a nutshell, the concept considers a specific 
composition of a given mineral to form as a consequence of one 
particular set of imposed relevant thermodynamic intensive vari-
ables (e.g. P, T, fO2, fH2O). This set of values define the magmatic 
environment (ME). This is an abstract quantity, unrelated to the 
physical nature of the magma reservoir (e.g., within the same 
physical reservoir there may be different magmatic environments, 
as in the case of a zoned magma chamber; or different physical 
reservoirs that are connected in a plumbing system may be differ-
ent magmatic environments). The strength of the approach comes 
from the abstract general nature of the quantity because inferences 
about conditions and the timescales over which these changes are 
independent of assumptions about the physical nature of magma 
storage. Thus, a plateau (area characterized by a specific brightness 
in a BSE image and by a homogeneous composition, or by a very 
weak variation typically 15–20 lm long) in a compositional profile
across a crystal indicates growth of that particular part of the crys-
tal at a constant set of conditions, in one ME; jumps in concentra-
tions represent sudden (with respect to rate of crystal growth)
changes in one or more of the intensive variables that define a
ME. The sequence of MEs recorded in a crystal zoning pattern
tracks the passage of that crystal through different environments
within a plumbing system; a statistical compilation of several crys-
tals allows the pre-eruptive magma dynamics within the plumbing
system to be deciphered. During the residence of a crystal in differ-
ent MEs and its passage between them at high temperatures diffu-
sion occurs to smooth the compositional gradients. Diffusion
models provide constraints on the timescales of residence in differ-
ent MEs, and/or transitions between them. More details are avail-
able in Costa et al. (2008) and Kahl et al. (2015). Subsequently, 
these may be related to physical processes such as mafic recharge,
2

magma ascent, and movement at different depths that are essen-
tial parameters for the understanding of eruption behavior and
hazard evaluation (Morgan et al., 2004; Costa et al., 2013;
Kilgour et al., 2014; Dohmen et al., 2017; Flaherty et al., 2018;
Petrone et al., 2018, 2022; Di Stefano et al., 2020; Mangler et al.,
2020; Palummo et al., 2021; Pelullo et al., 2022, 2024; Nardini
et al., 2024). The knowledge gained from such investigation aids 
in reconstructing future scenarios for volcanic eruptions and there-
fore in developing strategies for hazard assessment and risk miti-
gation (Kahl et al., 2015; Ostorero et al., 2022; Elms et al., 2023;
Polo-Sánchez et al., 2023). 

In this work, chemical and isotopic data, high-spatial resolution 
analyses of zoned clinopyroxene from selected 79 CE eruptive 
units, numerical modelling of magma evolution (Rhyolite- MELTS 
code) and Fe-Mg diffusion modelling applied to crystal zoning 
were used for reconstructing the evolution of magmas that fed 
the eruption. This approach allowed us to gather information on 
(i) the magmatic feeding system architecture and on (ii) the types 
and timescales of magmatic processes leading to this Plinian event. 
We provide a multifaceted comprehensive view of the magmatic
system linking the long-lasting evolution of the magmas feeding
the 79 CE to the last episodes of reservoir growth preceding the
eruption, and we propose a correlation with seismic crises that
occurred in the years before 79 CE. The knowledge of the behaviour
of the volcano prior to large eruptions can contribute to the hazard
assessment in such a densely populated area.
2. The 79 CE eruption: sampling and analytical rationale

The 79 CE eruption unfolded through three main phases: it 
started with an initial phreatomagmatic explosion, climaxed in 
the formation of an oscillating to collapsing eruption column (Pli-
nian phase) and then ended with a caldera-forming to final
phreatomagmatic phase. These dynamics resulted in a complex
stratigraphy consisting of fall and pyroclastic current deposits
(e.g. Sigurdsson et al., 1985; Cioni et al., 1990, 1992, 1999;
Doronzo et al., 2022; Scarpati et al., 2024). In this paper, we rely 
on the stratigraphic framework of Cioni et al. (1990, 1992) who 
arranged the composite 79 CE succession in eight Eruption Units 
(EUs). A basal thin phreatomagmatic ash layer (EU1) is overlaid 
by a Plinian fall deposit characterized by an upward colour varia-
tion from white phonolitic (EU2f) to grey tephri-phonolitic 
(EU3f) pumice. The fall deposit is interspersed with pyroclastic cur-
rent ash deposits (EU3pf sub-units) associated with several partial 
collapses of the Plinian column, and covered by a complex succes-
sion of pyroclastic current deposits interstratified with thin lithic-
rich fall layers (EU3pftot to EU8). These deposits are associated
with pyroclastic fountaining following the ultimate collapse of
the eruption column (EU3pftot), beginning and climax of caldera
collapse (EU4 to EU6) and final phreato-magmatic phase (EU7
and EU8) punctuated by brief resumptions of a post-Plinian erup-
tion column (Scarpati et al., 2024). Due to the extremely sectoral 
and narrow dispersal of some units (e.g., Gurioli et al., 1999;
Doronzo et al., 2022; Scarpati et al., 2024), a complete type section 
of the 79 CE deposits is not available. Based on literature data, Poz-
zelle quarry (40.796935°N, 14.467026°E), in the municipality of 
Terzigno, 4.5 km south-east of the current Vesuvius crater, has 
been selected for sampling. The selected site is representative of
most of the 79 CE pyroclastic sequence, as it is located well inside
the dispersal area of the Plinian fall deposit as well as in the area
inundated by part of the intra-Plinian and all post-Plinian pyroclas-
tic currents (Scarpati et al., 2024). The sampled stratigraphic 
sequence at Pozzelle quarry (Fig. 1) is composed of 7 out of 8 
EUs (EU5 is the less dispersed unit), resting on brown paleosols,
and attaining a total thickness between 10 and more than 20 m
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Fig. 1. Photos of the stratigraphic sequence of the 79 CE eruption at Pozzelle quarry (Terzigno) modified from Doronzo et al. (2022) and Scarpati et al. (2024). (a) Panoramic 
view of the stratigraphic sequence (EU1 to EU8). (b) Detail of the basal part of the sequence (EU1 to EU2f); (c) detail of the middle part of the sequence (EU2f to EU6; EU5 is
lacking in this exposure being the less dispersed unit); (d) detail of the upper part of the sequence (EU6 to EU8).
(Doronzo et al., 2022; Scarpati et al., 2024). Samples representative 
of the componentry (juvenile) of each unit were collected through-
out the sequence.

3. Material and methods

Density measurements, bulk major and trace elements, isotopic 
(Sr and Nd) and mineral chemistry analyses were carried out on 
pumice samples (samples labelled ‘‘VT-79” followed by the corre-
sponding unit) and two mafic cumulates (samples VT-C1 and VT-
C2 sampled in EU3fC base unit) vertically from the whole strati-
graphic sequence (Table 1; Supplementary Data Tables S1–S3).

Moreover, 3 He/4 He and d13 C isotopic analyses were performed 
on fluid inclusions in minerals from mafic cumulate fragments
and from the grey pumices.

The whole dataset provides a comprehensive record of the 
physical and compositional variability between grey and white 
pumices. Details on sample preparation, density measurements,
chemical and isotopic analyses are given below and in Supplemen-
tary Material (Samples and Methods).
3

Pumice samples belonging to the EU2f and EU3f (VT-79 EU2f 
top and VT-79 EU3fB) eruptive units show the widest variability 
in terms of density, chemical and isotopic composition, and thus 
have been selected for the zoning pattern characterization and dif-
fusion modelling. The two selected samples consist of weakly por-
phyritic pumice fragments. Sample VT-79 EU2f top (white 
pumices) is vesicular and characterized by a few small phenocrysts
— mainly sanidine with minor green clinopyroxene, garnet, leucite,
phlogopite, amphibole, plagioclase and opaque minerals — and dis-
plays a glassy groundmass. Sample VT-79 EU3fB is less vesicular
and contains more abundant phenocrysts of sanidine and clinopy-
roxene along with phlogopite, amphibole, and rare olivine, and
shows microlitic textures in the groundmass.

Pumices were washed in distilled water, and then dried at 
110 °C. Later, these were gently crushed through a jaw crusher 
and sieved. Grain size fractions between 0.025 mm and 1 mm were 
inspected under a stereo microscope for picking up clinopyroxene
crystals. Selected crystals within the 0.5–1 mm range were embed-
ded in epoxy resin and polished for scanning electron microscope
(SEM) inspection and electron microprobe analyses (EMPA). About
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Table 1 
List of the 79 CE Eruptive Units (EU) and related samples. The analyses performed on each sample are shown.

Pumice 
colour 

Eruptive 
unit 

Whole rock
analyses

Sr-Nd isotopic
ratios

Mineral 
chemistry 

Density 
measurements 

Noble gases and
CO2

Sample Compositional profiles 
in Cpx

EU8 VT-79 EU8 x 
EU7 VT 79 EU7 base
EU6 VT-79 EU6 x 
EU4 VT-79 EU4pf 

VT-79 EU3pftot
base

EU3pftot x 

EU3f VT-79 EU3fC top
VT-79 EU3fC
base

EU3f x x 

EU3pf VT-79 EU3pf top x 
VT-79 EU3pf
base

EU3pf x 

Grey p. EU3f VT-79 EU3fB x x  
Grey p. EU3f VT-79 EU3fAtop x 

VT-79 
EU3fAbase 

Grey p. EU3f x x 

. EU2/3pf VT-79 EU2/3pf 
White p. EU2f VT-79 EU2f top x x  
White p. EU2f VT-79 EU2f mid x 
White p. EU2f VT-79 EU2f base x  
White p. EU1 VT-79 EU1 
M.cum EU3f VT-C1 
M.cum EU3f VT-C2 

Note: Grey p. = grey pumices; White p. = white pumices; M.cum = mafic cumulate.
220 clinopyroxenes were separated from pumice samples and 
about 50 from cumulate samples. Compositional core-to-rim tra-
verses were acquired on clinopyroxenes belonging to the EU2f 
and EU3f eruptive units. The quantitative compositional profiles 
were measured on 35 crystals showing optical evidence of compo-
sitional zoning (Supplementary Data Table S4). Among the 35 anal-
ysed clinopyroxenes, 13 crystals belong to sample VT-79 EU2f top
and 22 crystals belong to sample VT-79 EU3fB.

3.1. EMP analyses

Mineral compositions were obtained at the HP-HT Laboratory of 
Experimental Volcanology and Geophysics of the Istituto Nazionale 
di Geofisica e Vulcanologia in Rome (Italy), using a Jeol-JXA8200 
electron microprobe equipped with five wavelength dispersive 
spectrometers and performing single spot analyses on both 
unzoned and zoned crystals and core-to-rim transects on zoned 
clinopyroxene crystals. Crystals were analysed under high vacuum 
conditions, using an accelerating voltage of 15 kV and a beam cur-
rent of 7.5 nA. Spot dimension varies between 2 and 3 lm in diam-
eter. The compositional transects in zoned clinopyroxenes were
realized with 3 to 6 lm spots separation and length of transects
varies between 18 and 300 lm depending on the zoning pattern.
Elemental counting times were 10 s on the peak and 5 s on each
of two background positions. Corrections for inter-elemental
effects were made using a ZAF (Z: atomic number; A: absorption;
F: fluorescence) routine. The range of standards for calibration
was taken from Micro-Analysis Consultants (https://www.mac-
standards.co.uk, n.d.) (MAC) and variable diffraction devices: albite 
(Si-PET, Al-TAP, Na-TAP), forsterite (Mg-TAP), augite (Fe-LIF), apa-
tite (Ca-PET), orthoclase (K-PET), rutile (Ti-PET) and rhodonite 
(Mn-LIF). Accuracy was better than 1%–5% except for elements
with abundances below 1 wt.%, for which it was better than 5%–
10%. Precision was typically better than 1%–5% for all analysed
elements.

3.2. Diffusion modelling

Diffusion modelling was performed only on crystals showing 
suitable conditions, i.e. not on crystals showing intricate textures
4

(patchy zoning) and complex Al vs Mg# relations. The diffusion
equation

dC 
dt 

d 
dx 

D  t  dC
dx

1

describes how concentration gradients (i.e., concentration profiles: 
dC/dx) evolve as a function of time (t) and was solved with the Finite 
difference method to determine the time (t). The diffusion coeffi-
cient, based on Fe-Mg interdiffusion rates in clinopyroxene
obtained by Müller et al. (2013), was calculated using the
expression:

DFe Mg 2 77 4 27 10 7 exp 320 7 16 kJ mol
RT

m2 s 2

where R is the gas constant and T is the temperature in Kelvin.
The compositional (Mg#, Al2O3) plateaus found in the crystals 

were used to infer the initial profile shapes before the diffusive 
modification. Based on the different behaviours shown by the 
Mg# vs Al2O3 content in the core to rim profiles, two different
methods were used for diffusion modelling. Overall, these
parameters show a linear anti-correlation (e.g., Fig. 2) related 
to magma evolution (e.g., fractional crystallisation). A detailed 
analysis of the single profiles shows subtle differences (Fig. 2a 
and b).

Most crystals display a good correlation (Fig. 2c). This correla-
tion can be used to infer the hypothetical initial Mg# profile that
is plotted in Fig. 2e. The measured profile (black diamonds in
Fig. 2e) and the theoretical profile (red diamonds in Fig. 2e) are 
almost identical within the data’s accuracy. This suggests that 
the Mg# profile experienced minimal, if any, Fe-Mg interdiffusion. 
Most profiles have a good Mg# vs Al2O3 (wt.%) correlation and,
hence, exhibit negligible signs of diffusive modifications of growth
zoning. They were used for classifying compositional populations
in the zoning pattern (section 4.2) and for estimating an upper 
limit for the residence timescale using Method I. This limit may 
correspond to the maximum duration that the crystals could have 
remained in a magmatic environment at a given temperature,
without detectable diffusive modification of the profiles (within
the analytical resolution of this study; Chakraborty et al., 1991;
Trepmann et al., 2004; Pelullo et al., 2022, 2024).

https://www.macstandards.co.uk
https://www.macstandards.co.uk
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Fig. 2. Examples of the different behaviours of the Mg# vs Al2O3 content in the crystal profiles and associated diffusion modelling; (a, b) examples of Mg# and Al2O3 (wt.%) 
profiles of two selected crystals; the distance increases from core to rim; (c, d) Mg# vs Al2O3 (wt.%) relations of the two selected crystal profiles; (e, f) measured (black 
diamonds) and inferred (red diamonds) initial Mg# profiles calculated based on the relations assessed by best fit of the linear trendlines shown in panels (e and f); (g, h)
examples of diffusion modelling applied to the selected crystals showing different relations between Mg# and Al2O3 (wt.%); black diamonds indicate the measured profiles;
black dashed lines indicate the initial profile shapes: these are different depending on the relationships between Al2O3 (wt.%) and Mg# in the profiles; red lines indicate the
modelled profiles.
In a few crystals, Al2O3 content and Mg# do not show a very
good linear correlation (in Fig. 2d, the slope of the observed -
black- and inferred -red- linear trendlines is different). In this case, 
the Al2O3 profile preserves a sharper gradient while the Mg#
shows more smoothed concentration patterns (e.g., Fig. 2b). This 
indicates that the original concentration was affected by Fe-Mg 
interdiffusion. The crystals in which deviations in the correlation 
between Mg# and Al2O3 content are observed were modelled using
Method II, yielding more reliable temporal constraints on the dura-
tions of residence of the crystals in a magmatic environment. The
trendline of Fig. 2d is used to infer original initial Mg# profile that
5

is shown in Fig. 2f. Such a theoretical initial Mg# profile (red dia-
monds in Fig. 2f) deviates from the measured profile (black dia-
monds in Fig. 2f), and the difference is more perceptible in the 
region of the compositional gradient. In agreement with the known
different diffusion behaviour of Fe-Mg and Al in clinopyroxenes
(Sautter et al., 1988; Müller et al., 2013), this points to the fact that 
the Mg# profiles have been affected by diffusion whereas Al was
less affected (or not at all).

In Method I, the measured profiles are taken as the initial pro-
files, and Eqs. (1) and (2) are used to simulate the temporal evolu-
tion of the profile shapes. The timescales at which the calculated
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profiles significantly differ from the initial profiles (Fig. 2g) are con-
sidered upper limits of the crystals’ residence times in a specific
magmatic environment.

In Method II, the Mg# profiles inferred on the Al2O3 contents
(e.g., Fig. 2f) are taken as the initial profile shapes for Mg# and,
through Eqs. (1) and (2), the timescales at which the calculated 
profiles fit the measured Mg# profiles (Fig. 2h) represent residence 
times in a specific magmatic environment. In both methods, solu-
tions to the diffusion equation for suitable initial and boundary 
conditions are used. The boundary conditions may either be con-
stant composition or no flux at the ends of the diffusion zones, with
minimal impact on the results because the system behaves as an
infinite diffusion couple.

4. Results 

4.1. Chemical and Sr-Nd isotopic composition

The 79 CE whole rocks composition shows a clear variation in 
major and trace elements from the white phonolitic- to the grey
tephri-phonolitic- pumices, as well as in density (Supplementary 
Material; Supplementary Data Table S1).

Results of the isotopic analyses show a variation from the first 
erupted white phonolitic pumices, featured by relatively high 87-
Sr/86 Sr ratios, to the grey ones, relatively less enriched in radio-
genic Sr. Crystals have variable Sr isotopic ratios. Among them,
feldspars are more enriched in radiogenic Sr and are similar to
the white pumices. Nd isotopes are similar, within the analytical
error, from the base upward (Supplementary Material). 

4.2. Clinopyroxene compositional populations and zoning patterns

Clinopyroxenes from the 79 CE eruption are diopsidic to Fe-
salitic in composition (Wo45–52En16–49Fs6–32) with small differ-
ences between those from the white and grey pumices (except
for one crystal from the white pumices showing more Fe-rich com-
position; Supplementary Material; Supplementary Data Table S2).

Most (65%) of the 79 CE clinopyroxenes from pumice samples
show optical evidence of zoning (Table 2). 

In this study, for the zoned crystals, we use the term ‘‘mantle” to 
refer to the distinguishable plateaus between their core and rim
(Fig. 3a). The zoned crystals typically (36%) present patchy zoned 
cores and, in minor part (29%), homogenous cores with mantles
and rims typically forming concentric growth zones (Supplemen-
tary Data Fig. S5).

Moreover, the variation in the chemical composition along 
core-to-rim traverses highlights several zoning patterns (Fig. 3a 
and b) of clinopyroxene that are described below and in Supple-
mentary Material (Section 2.5).

The unzoned crystals from pumice samples have Mg# in the 
range 76–92 and Al2O3 in the range of 1.3–5.8 wt.% (Fig. 3c). 

Clinopyroxene crystals of mafic cumulates are all unzoned
(Table 2), they mostly have very high Mg# (88–92) and low
Al2O3 (1.4–2.5 wt.%) (Fig. 3c; Supplementary Data Fig. S4b–d).
Table 2 
Number of observed crystals and percentages of zoned and unzoned clinopyroxenes f
clinopyroxene crystals from the pumice samples is also reported.

Sample Observed crystals Unzoned

EU3fB 206 73 (35%)
EU2fA top 19 5 (26%)
tot 225 78 (35%)
VT-C1 33 33 
VT-C2 14 14 
tot 47 47 (100%) 
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Zoned clinopyroxene crystals, on which core-to-rim microanal-
yses were acquired, were selected from pumice samples represen-
tative of the white and grey pumices, which exhibit the most 
variable texture and chemical and isotopic compositions (Supple-
mentary Material; Supplementary Data Figs. S1 and S2). In the
samples VT-79 EU3fB (grey pumices) and VT-79 EU2f top (white
pumices), 65% and 74% of the clinopyroxene crystals are zoned,
respectively (Table 2). 

The Mg# and Al2O3 content of the zoned crystals span wider 
compositional ranges (40–92 wt.% and 0.9–11.3 wt.%, respectively;
Fig. 3c) with respect to those of the unzoned crystals.

The chemical composition of the zoned 79 CE clinopyroxene is 
made up of five compositional populations (MEs), clearly distin-
guishable based on the Mg# and the Al2O3 content and their occur-
rence in the different zones (core, mantle and rim) of the crystals
(Fig. 3c): 

– ME0 (Mg# = 87–92, Al2O3 = 1.0–2.2 wt.%) represents 36.5% of
the analysed zoned crystals.

– ME1 (Mg# = 82–86, Al O = 2.3–4.2 wt.%) accounts for 9.5%.
– ME2 (Mg# = 63–81, Al2O3 = 4.4–8.4 wt.%) is the most common,
comprising 38.6%.

– ME3 and ME4 (Mg# = 50–62 and 39–46, both with Al2O3 = 8.6– 
11.2 wt.%) are less frequent, occurring in 13.6% and 2.2% of crys-
tals, respectively.

Core compositions are dominated by ME0 (63%), followed by 
ME1 (17%), ME2 (9%) and ME3 (11%); no cores corresponding to
ME4 were found.

Mantles, observed in 10 out of 35 analysed zoned crystals, dis-
play the following distribut ion: ME0 (22%), ME1 (12%), ME2 (44%),
ME3 (16%), and ME4 (6%).

Rims are predominantly ME2 (71%), with minor contributions 
from ME3 (17%), and ME0/ME1 (6% each).

Together with Mg# and Al2O3 content, the classification into the 
above mentioned five MEs is largely corroborated by SiO2, and
Na2O contents (Fig. 3d). 

It is worth noting that ME0 and ME2 are the two most abundant 
compositions, representing about 75% of the compositions . ME0 is
also the most frequent composition of the unzoned crystals from
both pumices and cumulates (Fig. 2c). Notably, most cores (63%) 
of the zoned crystals have the ME0 compositi on, whereas ME2 is
the most frequent composition in the rims (71%).

A schematic and comprehensive view of the 79 CE clinopyrox-
ene zoning patterns is given by the system connectivity diagram
(Fig. 4). In such statistical approach, MEs can be visualized as com-
ponents of a petrological box model, where each box represents a 
distinct ME and each arrow (connecting two or more boxes) indi-
cates the composition of a crystal from core to rim (Kahl et al.,
2011, 2013, 2015; Solaro et al., 2020; Ostorero et al., 2022;
Pelullo et al., 2022, 2024). The arrows in Fig. 4 show the chemical 
variation, in terms of MEs, from core (to mantle, if any) to crystal 
rim. It allows tracking the sequential growth of MEs in each crystal.
As a result, it is possible to quantify the connections among various
or each pumice and mafic cumulate samp le. The number of analysed profile for

Zoned Analysed crystals (along profiles)

133 (65%) 22 
14 (74%) 13 
147 (65%) 35 
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Fig. 3. (a) BSE image of a zoned clinopyroxene crystals from the 79 CE eruption showing several mantles between core and rim; (b) core-to-rim Mg# profile from the crystal 
in panel (a); green diamonds are points measured along the core-to-rim profile (indicated by a green line in the BSE images); (c) Mg# vs Al2O3 (wt.%) variation diagrams for 
core, mantle and rim of zoned clinopyroxene crystals. This allows different compositional populations (MEs) to be identified. The frequency of occurrence of each ME in the 
zones (c: core, m: mantle, r: rim) of the analysed clinopyroxenes is reported; it is based on the total number of zones of the 35 analysed crystals. The composition of the
unzoned crystals is also plotted. (d) SiO2, and Na2O box plot diagrams showing the distinct clinopyroxene compositional populations; the upper and lower lines indicate the
maximum and minimum values, respectively; the box encompasses the 95% of confidence intervals; the line within the box is the average of the values.
MEs through the entire set of zoning patterns, reconstructing the
past history of conditions and processes.

Zoning patterns were distinguished in normal and reverse. Nor-
mal zoning is defined by the decrease of Mg# from core outwards
(e.g., thick purple lines linking ME0 to ME2 in Fig. 4). Overall, 74% 
of the 35 analysed crystals show normally zoned cores. Reverse 
zoning, displayed by 26% of the analysed crystals, is characterized
by Mg# increasing from core outwards (e.g., thick yellow lines
from ME3 to ME2 in Fig. 3). 

A great number of arrows among two or more MEs highlights 
common intracrystalline variations. Most of the connections are 
between ME0 and ME2 environments (thick purple lines). The con-
nections, in some cases, are also from ME1 to ME0 to ME2. Some 
arrows connect ME3 (cores) and ME2 (rims) or ME0 and ME3, or
ME1, ME2 and ME3 (in the form of normal and reverse-to-
normal zoning). No ME other than ME3 is connected to ME4. A
detailed description of the zoning in terms of MEs is in Supplemen-
tary Material (section 2.5).

4.3. Temperature conditions of clinopyroxene crystallisation

Crystallisation conditions of the 79 CE clinopyroxene were 
investigated using the thermometers of Masotta et al. (2013) and 
Bardeglinu et al. (2020). We considered the composition of MEs
and, as regard the Masotta et al. (2013) geothermometer, both 
MEs and liquids in equilibrium with them (see Supplementary
Material, section 2.6). We tested the equilibrium conditions for
7

several clinopyroxene-melt couples belonging to the different 
MEs using the clinopyroxene-liquid equilibrium exchange coeffi-
cient obtained for Vesuvius magmas (Fe−MgKdCpx-Liq = 0.27 ± 0.06;
Pichavant et al., 2014) and hypothetical melt compositions inferred 
from chemical analyses of whole rock, groundmass glass and melt
inclusions taken from the literature (Cioni et al., 1995, 1998, 1999;
Santacroce et al., 2008; Esposito et al., 2023)  (Fig. 5; Supplemen-
tary Data Table S11). Both the white and grey pumices are weakly
porphyritic to nearly aphyric (e.g., Fedele et al., 2025), hence the 
bulk chemical composition, due to not being significantly affected 
by the crystal content, is comparable to the groundmass glass com-
position. ME3 and ME4 compositional populations resulted in 
equilibrium with the phonolitic whole rocks and matrix glasses 
(Mg# = 17–32), ME2 and ME3 with the tephri-phonolitic whole
rocks and melt inclusions with Mg# in the range 30–64, whereas
ME1 and ME0 resulted in equilibrium only with melt inclusions
with Mg# in the range 58–69 (Fig. 5a). Based on the 
clinopyroxene-melt equilibrium and clinopyroxene compositions, 
we calculated the crystallisation temperatures for each ME. The
average temperatures (Fig. 5b; Supplementary Data Table S6) 
obtained with the Masotta et al. (2013) themometer for clinopy-
roxene of the compositional groups ME0 and ME1 are 
1115 ± 6 °C and 1074 ± 7 °C, respectively. Almost identical values
(1115 ± 6 °C for ME0 and 1086 ± 6 °C for ME1) were obtained fol-
lowing Bardeglinu et al. (2020). The ME2 clinopyroxenes 
(Mg# = 64–81) present average crystallisation temperatures of 
1008 ± 31 °C (1026 ± 26 °C following Bardeglinu et al., 2020).
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Fig. 4. System connectivity diagram of the 79 CE clinopyroxene zoning pattern. 
Each line indicates the core to rim composition along the analysed profiles; the size 
of the boxes is proportional to the frequency of occurrence of the MEs. Thick lines
refer to core-rim transitions; thin lines refer to core-mantle transitions; thin dashed
lines refer to mantle-rim transitions.

Fig. 5. Equilibrium test and temperature estimates for the 79 CE clinopyroxene-
melt couples. (a) Test of equilibrium for the MEs of the 79 CE clinopyroxene based
on the Fe–Mg partitioning (Fe−MgKdCpx-Liq = 0.27 ± 0.06; Pichavant et al., 2014) 
between clinopyroxene and host rock; continuous line is Fe−Mg KdCpx-liq = 0.27; 
dotted lines = ± 0.06; (b) T (°C) vs clinopyroxene Mg# variation diagram and
histogram of the calculated T values.
The ME3 (Mg# = 50–62) and ME4 (Mg# = 39–46) clinopyroxenes 
present average crystallization temperatures of 920 ± 21 °C and 
882 ± 40 °C, respectively (933 ± 15 °C and 851 ± 10 °C, respectively,
following Bardeglinu et al., 2020). The standard error of estimate 
(SEE) for the employed geothermometers are 18.2 (calibration
SEE of Masotta et al., 2013) and 14.5 °C (Bardeglinu et al., 2020).

4.4. Noble gas and carbon isotopes in fluid inclusions in clinopyroxene

The results of elemental and isotopic analyses of helium (3 He/4-
He ratio), neon (20 Ne), argon (40 Ar/36 Ar), and CO2 in fluid/melt 
inclusions hosted in olivine and clinopyroxene crystals from 
pumices and mafic cumulates are reported in Supplementary Data 
Table S5. Further information on noble gas concentrations are in 
Supplementary Material (section 2.4). The 3 He/4 He ratios corrected 
for the atmospheric contamination (expressed Rc/Ra) vary 
between 2.61 and 2.70 with a bias with the uncorrected 3 He/4 He 
ratios ≤ 0.1 Ra. The CO2 concentrations in fluid inclusions hosted 
in olivine and clinopyroxene from pumices and mafic cumulates
range from 2.1 × 10−10 to 4.3 × 10−8 mol g−1 (the highest values
recorded by crystals in cumulates), with CO2/3He ratios varying
between 2.3 × 107 and 3.7 × 109. It is worth mentioning that in
clinopyroxene from the cumulate sample VT-C1, the CO2 concen-
tration, quantified during crushing for noble gas analysis yielded
values of 3.9 × 10−8, comparable with those obtained during the
crushing finalized to the carbon isotopic measurement
8

(4.3 × 10−8 mol g−1 ). The d13 C value of the CO2 in clinopyroxene 
from the cumulate is −3.8‰.  N  o d13C values were determined on
clinopyroxene from pumices due to the low CO2 concentrations.

4.5. Modelling Vesuvius magma evolution

The rhyolite-MELTS code (v.1.2.0; Gualda et al., 2012; https:// 
melts.ofm-research.org/) was employed to conduct thermody-
namic simulations on the Vesuvius magmas. The MELTS thermody-
namic approach has been successfully employed to estimate 
temperature, pressure and volatile content conditions during the
crystallisation of mafic to silicic magmas of Campi Flegrei
(Fowler et al., 2007; Pappalardo et al., 2008; Fowler and Spera,
2010; Cannatelli, 2012; Amstutz et al., 2025), Ischia (Brown et al.,
2014) and Somma-Vesuvius (Pappalardo and Mastrolo renzo,
2010), among others. Approximately 100 fractional and equilib-
rium crystallisation models were run. The experimental glass 17–
2 of Pichavant et al. (2014) was used to represent the initial mafic 
magma composition. This glass derives from a trachybasaltic glass 
equilibrated with olivine crystals (Fo90) at 1200 °C, 2 kbar, redox 
conditions approximating QFM + 4, and containing 3 wt.% of H2O
and 1861 ppm of CO2 dissolved in the melt. This composition is
comparable to that of melt inclusions in Fo-rich olivine (Esposito 
et al., 2023), exhibiting a marginally higher MgO content. The best

https://melts.ofm-research.org/
https://melts.ofm-research.org/
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fit with the 79 CE melt inclusions data taken from the literature
(Fig. 6a and b) was achieved through the implementation of a 
multi-step equilibrium crystallisation model. This entailed the exe-
cution of equilibrium crystallisation at different P, T, and fO2 condi-
tions, aimed at reproducing the physico-chemical conditions of the 
recognized MEs, followed by the utilisation of the resulting liquid 
composition for the subsequent equilibration step. The equilibrium 
crystallisation steps were started at 1220 °C, 5 kbar and QFM + 2, 
and performed at progressively decreasing temperature (1220 to
840 °C), pressure (5 to 2.5 kbar) and redox conditions (QFM + 2
to QFM−1). Results of MELTS modelling are reported in Supple-
mentary Data Tables S7–S10. We observed that a primitive
(trachy-basaltic) liquid at 1220 °C and 5 kbar first crystallises oli-
vine (Fo89.3) followed by the cotectic crystallisation of clinopyrox-
ene (with Mg# = 91.2) at 1200 °C (Fig. 6c). For temperature and 
pressure decreasing from 1220 to 1000 °C and from 5 to 2.5 kbar, 
respectively, melt evolution is driven by the crystallisation of oli-
vine and clinopyroxene, whilst the melt composition attains Mg# 
in the range of 71.7–45.3 and a CaO/Al2O3 ratio within a 1.2–0.4
range. In this T-P range, the olivine composition exhibits a varia-
tion from Fo89.3 to Fo68.2, while the Mg# of clinopyroxene varies
from 91.8 to 78 (Fig. 6d). At a pressure of 2.5 kbar and temperature 
below 1020 ° C, biotite replaces olivine in the crystallisation
sequence (Fig. 6c), while feldspar becomes stable at T ≤ 900 °C.
Fig. 6. Results of MELTS modelling compared with literature data and thermometric mod
compared with whole rocks (Santacroce et al., 2008), melt inclusions (Cioni et al., 1995, 
2008; Esposito et al., 2023) and experimental results (Pichavant et al., 2014); (b) Mg#
compared with the liquid compositions calculated through MELTS software; (c) CaO/Al
mineral assemblages; ol: olivine, cpx: cplinopyroxene, bt: biotite, Kfs: alkali-feldspar; (d
of Masotta et al. (2013) and Bardeglinu et al. (2020), compared with the result of MELT
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In the temperature range of 1000–840 °C, the composition of 
clinopyroxene evolves from Mg# = 78 to Mg# = 53 (Fig. 6d). It 
was not possible to perform MELTS simulations at temperatures 
below 840 °C and pressures of < 2.5 kbar.

4.6. Diffusion modelling

The kinetic modelling of the zoning patterns of the 79 CE 
clinopyroxene yields information on the crystals residence time-
scales in the different detected MEs. According to the equilibrium
conditions and the results of thermometry (Fig. 5b), we used the 
average temperature representative of the ME occurring in the 
outer plateau of the modelled profile (i.e., 1008 °C for the ME2 rims
in a core-rim or mantle-rim profile) in Eq. (2). It is worth noting 
that the two independent thermometric approaches and the
MELTS simulations converge on comparable temperature esti-
mates (Fig. 6d). Consequently, using temperatures derived from 
any of these models in the diffusion calculations would yield
essentially similar timescale estimates. Eighteen out of 25 (Table 3) 
crystals were suitable to model the relaxation of growth zoning 
(Method I), while 7 crystals were suitable for modelling the resi-
dence times (Method II) (details in section 3.2).

The estimates obtained using Method I are less than 10 years, 
with 6 out of 18 crystals yielding durations of less than 2 years that
els. (a) Results of MELTS modelling plotted in the Total Alkali vs Silica diagram and
1998; Marianelli et al., 1995; Cioni, 2000; Lima et al., 2007; Balcone-Boissard et al.,
 vs CaO/Al2O3 of the 79 CE whole rocks, melt inclusions and experimental dataset 
2O3 vs T (°C) of liquid compositions resulting from MELTS modelling, showing the
) Mg# of clinopyroxenes vs temperature calculated with both the geothermometers
S calculations.
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Table 3 
Timescale (in years) estimates for the 79 CE clinopyroxene crystals derived from Fe-Mg diffusion modelling across selected transects. The timescales were calculated using the 
output temperatures obtained for the ME represented by the most external plateau of the crystals. In Method I, the measured profile is taken as the initial profile, whilst time in
Eq. (1) (Section 3.2) is varied until the modelled profile diverges from the initial profile. This approach estimates the maximum extent of diffusive smoothing that a concentration 
(Mg#) profile has experienced, providing an upper limit to the residence times. In Method II, the shape of the initial profile is inferred based on the correlation between Al2O3 and
Mg# (Fig. 2). Residence times are then determined by matching the modelled profile to the measured profile. In this case, error estimates (in brackets) were calculated based on
the standard error of estimates of the thermometer (18.2 °C; Masotta et al., 2013); ‘‘stages” refer to crystals showing more than two growth zones/plateaus (e.g., core-mantle-rim) 
and on which sequential diffusion modelling was performed applying Method II; c = core, m = mantle, r = rim.
represent upper limits of residence times in a magmati c environ-
ment, mostly in ME2 (Table 3). The timescales modelled using 
Method II are residence times themselves, ranging from 9 to
32 years, and again mostly concerning ME2 (Table 3). Crystals 
belonging to the different analysed samples yield similar esti-
mates. The uncertainties of time determinations were calculated 
for Method II propagating the uncertainties in the determination 
of temperature; thus maximum and minimum errors were calcu-
lated for each value based on the standard error of estimates of
the thermometer (18.2 °C; Masotta et al., 2013). This allows to
10
account also for the small differences in the temperature values
obtained with the two thermometers.

5. Discussion 

5.1. Crystal-melt evolution in the 79 CE feeding system

We compare and discuss MELTS modelling results with the 
geothermometric models, literature data and experimental studies
to: (i) describe the melt-crystal evolution of a nearly primitive
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magma up to the shallow storage regions of Vesuvius and (ii) 
obtain further constraints on the magma storage conditions. Prim-
itive eruptive products are almost lacking at Somma-Vesuvius. 
Rare evidences of primitive magmas feeding the Somma-
Vesuvius plumbing system were found in melt inclusions from
the Avellino eruption (4.36 ka) and from recent activity (1906
and 1944 eruptions; Marianelli et al., 1995; Esposito et al., 2023) 
although their crystallisation conditions are not well defined.
Esposito et al. (2023) highlighted that volatile-rich melt inclusions 
in Fo-rich olivine from the 79 CE eruption were trapped at a pres-
sure of approximately 4–5 kbar, corresponding to a depth of ∼13–
16 km, which is very close to the estimated Moho depth (17.5 km;
Nunziata et al., 2006). Similar high pressures were recorded by 
melt inclusions within olivine crystals erupted during the 1794–
1944 CE Vesuvius eruptions (Marianelli et al., 1999,2005). Accord-
ing to the general picture presented above, we applied MELTS 
modelling to constrain the pre-eruptive conditions of the 79 CE
magmas.

5.1.1. ME0-ME1: The mafic magma
For beginning we modelled the evolution of a primitive magma 

(i.e. a basalt to trachy-basalt with Mg# = 71 and CaO/Al2O3 = 1.18) 
that, whilst migrating from its mantle source, undergoes a progres-
sive decrease in pressure and temperature (Supplementary Data 
Table S7). At pressures of 4.5–4 kbar, while temperature decreases
from ∼1200 °C to 1120 °C, the Mg# and CaO/Al2O3 of the melt vary
from 70 to 60 and from 1.12 to 0.71, respectively (Fig. 6b and c; 
Supplementary Data Table S7). Such melt compositions 
(Mg# = 70–60) are well represented by melt inclusions in diopsidic
clinopyroxene and Fo-rich olivine (Esposito et al., 2023). At these 
X-P-T conditions, the evolution of melt is driven by the crystallisa-
tion of clinopyroxene and olivine (Fig. 6c). Experimental phase 
equilibria (Pichavant et al., 2014), mineral-melt equilibrium and 
thermodynamic modelling (Figs. 5 and 6; Supplementary Data 
Tables S7 and S9), all indicate that, for the aforementioned range 
of melt compositions, the Mg# in clinopyroxene varies from 
approximat ely 91 to 80 that corresponds to the compositional pop-
ulations ME0 (Mg# = 87–92) and ME1 (Mg# = 82–86) (Fig. 3). 
Therefore, magmatic environments ME0 and ME1 may correspond 
to slightly compositionally different (trachy-basalt and K-tephrite)
primitive mafic batches.

5.1.2. ME2: The compositionally intermediate magma
MELTS modelling shows that, in the pressure range of 4–3.5 

kbar, when temperature decreases from ∼1120 to 1080 °C, the 
primitive magma evolves into a phono-tephrite. Phono-tephritic
compositions are represented only in a few melt inclusions, found
in olivine with composition Fo73–76 (Esposito et al., 2023). At lower 
pressures (3.5–2.5 kbar), when temperature decreases till 950 °C,
the magma reaches a tephri-phonolitic composition (Fig. 6a) which 
is represented by the 79 CE whole rocks and groundmass glass 
composition, mainly those of the grey pumices. Therefore, in this
temperature range (∼1120–950 °C), the melt evolves and its Mg#
ranges from 60 to 30 (Fig. 6b and c). The ME2 clinopyroxenes
(Mg# = 81–64; Fig. 5a) are in equilibrium with the latter melts, 
whilst olivine, according to the MELTS results, have Fo60–80 compo-
sitions. Therefore, the P-T conditions at 3.5–2.5 kbar and 1120– 
950 °C represent a magmatic environment where a phono-
tephritic magma forms, is stored and partially evolves at its shal-
lowest levels to tephri-phonolite.

5.1.3. ME3-ME4: The evolved magma
At pressures of 2.5 kbar, with temperature ranging from ∼950 

to 840 °C, the composition of melt evolves from Mg# = 30 to
< 30, reaching the phonolitic composition of the white pumices
(Fig. 6). Clinopyroxenes crystallising in equilibrium with tephri-
11
phonolitic and phonolitic melts belong to the ME3 and ME4 com-
positional populations, with crystallisation temperatures of 950–
920 °C and 890–860 °C (Fig. 5; Fig. 6d), respectively. These findings 
are in agreement with the experimental results on the 79 CE
phonolites (Scaillet et al., 2008). 

5.1.4. Further constraints from MELTS modelling
Our MELTS modelling, in agreement with the different geother-

mometer calculations (Fig. 6d; Masotta et al., 2013; Bardeglinu
et al., 2020) and the experimental results (Scaillet et al., 2008;
Pichavant et al., 2014), proves the relationship between the less 
and more evolved products of the 79 CE eruption. The evolution 
from trachy-basalt to tephri-phonolite was reproduced with equi-
librium crystallisation experiments at 1–2 kbar by Pichavant et al.
(2014), while the crystallisation conditions of the 79 CE phonolites 
were experimentally constrained at 2 kbar by Scaillet et al. (2008). 
The reason for the discrepancy in crystallisation pressures deter-
mined through experiments and those simulated by MELTS mod-
elling remains unclear at this time. However, considering the
constraints derived from recent studies on melt inclusions
(Esposito et al., 2023), MELTS modelling has demonstrated the 
capacity to reproduce the compositions of liquids and mineral 
phases undergoing a progressive decrease in pressure and temper-
ature, as well as variations in oxygen fugacity. Further constraints
can be gained from the crystallisation conditions of the main min-
eral phases.

Olivine − The composition of olivine and its role in the evolu-
tion of the Vesuvius magmas represents another point of interest
due to (i) its rare presence in the eruptive products (Santacroce 
et al., 1993; Cioni et al., 1995) and (ii) the difficulties to experimen-
tally constrain its occurrence (Trigila and De Benedett i, 1993;
Pichavant et al., 2014). MELTS modelling constrains the crystallisa-
tion of olivine (Fo60-89.5) during melt evolution when Mg# and 
CaO/Al2O3 decrease from 71.7 to 45.0 and from 1.17 to 0.43, 
respectively, reproducing the two compositional groups of olivine 
along with their melt inclusion chemistry. This supports the role
of olivine in the early stages of magma differentiation. The scarcity
of olivine in erupted products may partially reflect resorption dri-
ven by carbonate assimilation, as suggested by previous experi-
mental studies (Iacono-Marziano et al., 2009; Pichavant et al.,
2014). 

Phlogopite − MELTS modelling (Fig. 6c) shows that at tempera-
tures of ∼1000 °C and at melt’s Mg# < 50, the mineral assemblage 
of the tephri-phonolite is characterized by the disappearance of
olivine and the stability of phlogopite, which is in agreement with
experimental results (Pichavant et al., 2014). Phlogopite charac-
terises both the white and grey pumices, and its Mg# varies from 
71 to 82 — the highest values being found in phlogopite crystals
from the grey pumices and from magmatic cumulates (Cioni 
et al., 1995). 

Alkali Feldspar − Alkali feldspar is ubiquitous in the mineral 
assemblage of the tephri-phonolitc (grey) and phonolitic (white) 
pumices. MELTS modelling and experimental results concord that 
alkali feldspar becomes stable at T ≤ 900 °C in the evolved
tephri-phonolitc to phonolitic magma(s), which are in equilibrium
with the ME3-ME4 clinopyroxenes.

5.2. Evidence from light noble gases and C isotopes in fluid inclusions

The 3 He/4 He ratios of the present-day Vesuvius gas emissions 
are comparable with those of fluid inclusions in minerals from Pli-
nian and inter-Plinian tephra and lavas, including those of 79 CE
eruption (Allard et al., 1983; Tedesco et al., 1990; Graham et al.,
1993; Graham and Lupton, 1999; Martelli et al., 2004; Gherardi
et al., 2022). The most magmatic samples typically show 3 He/4 He 
ratios in the narrow range of 2.6–2.8 Ra. In contrast, helium iso-
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topic ratios < 2 Ra are generally observed in some spring gases
(Federico et al., 2002) and in leucite and sanidine minerals from
erupted products (Gherardi et al., 2022), suggesting shallow con-
tamination by radiogenic 4 He from U-Th-rich rocks, or helium loss 
from crystals through diffusion. Helium isotope data, here obtained 
from olivine and clinopyroxene crystals in mafic cumulates, as well 
as clinopyroxene from grey pumices, show a remarkably consistent 
3 He/4 He compositions ranging from 2.6 to 2.7 Ra (Supplementary 
Data Table S5). This range aligns closely with the most magmatic 
values from previous studies. We observed that clinopyroxenes 
from grey pumice exhibit a 4⁰Ar/3⁶Ar ratio of 295.7, closely match-
ing the atmospheric signature, whereas cumulates VT-C1 and VT-
C2 display average ratios of 319 and 301, respectively, indicating
slightly less contamination by atmosphere-derived fluids and a
highly deep provenance. Generally, the 40Ar/36Ar compositions
measured in Vesuvius fluid inclusions fall within the range
expected for subduction-related volcanism (Lages et al., 2021;
Rizzo et al., 2021), where contamination from recycled 
atmosphere-derived fluids likely occurs within the mantle itself.

Fluids from the magmatic source sustain the present day gas 
emissions, although carbonate assimilati on at shallower depths
affects the carbon isotopic composition of CO2 (Federico et al.,
2002; Gherardi et al., 2022). It is generally understood that lime-
stone contamination or assimilation occurs at mid-crustal depths
at Vesuvius (Iacono-Marziano et al., 2007, 2009; Pichavant et al.,
2014). However, a major question remains on whether 
carbonate-derived CO2 contaminat ion originates in the mantle
from subducting sediments (Gennaro et al., 2017), within crustal 
carbonates, or both. Determining the depths at which melts degas 
and feed volcanic gases, as well as the CO2 entrapment depth in 
fluid inclusions, poses a significant challenge at Vesuvius. Addi-
tionally, the extent of magma degassing in the analysed fluids
can significantly alter d13C values in CO2 trapped within magmatic
crystals and in volcanic emissions, progressively lowering d13C as
degassing and differentiation progress (Hoefs, 2015; Aubaud,
2022). 

Our unique measurement of CO2 trapped in clinopyroxene crys-
tals from the VT-C1 cumulate shows a d13 C  o  f −3.8‰ and a CO2/3He
ratio of 3.3 × 109 (Fig. 7). The d13 C and CO2/3 He values are signifi-
cantly lower than those previously observed in volcanic gases 
(−0.7‰ < d13C < 0.7‰ and CO2/3He ∼ 6 × 1010; Allard et al.,
1983; Chiodini et al., 2001; Federico et al., 2002; Caliro et al.,
2011) and metasomatized carbonate rocks, marble and syenite 
xenoliths erupted during the 79 CE (−0.5‰ < d13C < 2.1‰; Allard 
et al., 1983; Federico et al., 2002; Fulignati et al., 2005; Gherardi
et al., 2022) indicating that they cannot be directly attributed to
shallow carbonate contamination.

When plotting the available data in a d13 C  v  s CO2/3He diagram
(Fig. 7), we interpret that our cumulate sample results from 
degassing-induced fractionation of a pristine magmatic source 
having a gas phase with d13 C ∼ 0‰ and CO2/3 He ∼ 2 × 1010 (purple
line), which likely results from mixing between a MORB-like car-
bon and limestone, as observed in other Mediterranean
subduction-related volcanism (e.g., Santorini and Vulcano; Fig. 7). 
Instead, volcanic gases from Vesuvius fumaroles, as well as those
from Solfatara (Phlegrean Fields) (Allard et al., 1983; Chiodini
et al., 2001; Federico et al., 2002; Caliro et al., 2011), whose fluids 
sustain the present day gas emissions, show d13 C and CO2/3 He val-
ues that are not representative of the pristine magmatic source. 
They show a significantly higher CO2/3He ratio that contrasts with
the expected ratio reduction in more degassed and shallow melts
(Gennaro et al., 2017; Lo Forte et al., 2024; Sandoval-Velasquez
et al., 2024). These features likely reflect the addition of CO2—re-
leased by local decarbonation of the limestone- platform—to a 
gas phase compositionally similar to that found in fluid inclusions
from the cumulates, which had already undergone a level of degas-
12
sing comparable to that recorded in our cumulate sample (red line
in Fig. 7). 

In this scenario, the volcanic gases emitted nowadays at Vesu-
vius are degassed from already differentiated and degassed melts, 
possibly residing at depths shallower than 10 km, i.e. within the 
carbonate platform, where CO2 contamination through decarbona-
tion is likely. Within this framework, d13C values measured in sani-
dine crystals, which are thought to result from decarbonation of
carbonates, metalimestones, or metadolostones (Gherardi et al.,
2022), would have crystallised at shallowest depths within or
above the carbonate platform.

5.3. The 79 CE plumbing system architecture

Civetta and Santacroce (1992) and Santacroce et al. (1993) pro-
posed a steady-state mafic magma supply during the last 
3400 years of Somma-Vesuvius activity, and the input of mafic 
magma was considered responsible for the growing process of
Somma-Vesuvius shallow reservoir(s). This scenario, which
includes the repeated injections of deeper and mafic magma (e.g.,
the mafic batches of Cioni et al., 1995), is also consistent with the 
observed chemical zoning patterns in the clinopyroxene crystals. 
The different compositional populations (MEs) reflect different P-
T conditions and melt compositions. Their abundances and the 
relations among them, detected through the zoning patterns, yield 
information on the sequence of events that occurred pre-
eruptively in the 79 CE plumbing system. Most of the analysed
clinopyroxenes (∼75%) are representative of the magmatic envi-
ronments ME0 and ME2. The abundant normally zoned profiles
are dominated by crystal cores with the composition ME0
(Mg# = 87–92) and rims with the composition ME2 (Mg# = 64–
81) (Fig. 4). Reverse zoning pattern characterizes only 26% of the 
analysed profiles, with some (9%) of them presenting cores with 
ME3 composition (Mg# = 50–62) and rims with ME2 composition.
For both normally and reversely zoned profiles, ME2 constitutes
the rim composition in 71% of the crystals (Figs. 3 and 4), hence, 
representing the last crystallising environment experienced by 
most of the clinopyroxenes. Primitive magmas (trachy-basalts to 
K-tephrites) are injected in the deep crust, crystallising and segre-
gating Fo-rich olivine and ME0-ME1 clinopyroxene to form cumu-
lates (i.e., VT-C1, VT-C2). Clinopyroxenes with composition ME0,
whose crystallisation temperature is ∼1200–1120 °C (Fig. 5), were 
possibly transported by the periodic rise of mafic batches in a 
phono-tephritic reservoir at temperature of ∼1000 °C where nor-
mally zoned crystals (ME0 cores to ME2 rims) form. Oscillations
between ME0, ME1 and ME2 (e.g., red lines in Fig. 4) suggest long 
lasting connectivity between mafic batches, cumulates, and the 
phono-tephritic magma. The ME0 clinopyroxenes could be either 
phenocrysts of trachy-basaltic to K-tephritic magmas or cumulate 
antecrysts remobilized by the deeper batches. On this basis, it is 
reasonable to interpret that ME2 is the physical environment 
where most of the magmatic interaction(s) took place: it can rep-
resent the first thermal and density barrier to the entry of the den-
ser and hotter mafic magma batches. The hypothesized recharge 
scenario and consequent mixing is also supported by both the tex-
ture of most zoned crystals, which show resorbed and patchy 
zoned cores (Supplementary Data Fig. S5), and by the Sr-isotopic
signature. Feldspars that are separated from the white pumice
are in isotopic equilibriumwith their host rocks (87Sr/86Sr = 0.7077;
Supplementary Data Fig. S2b). This suggests that alkali feldspars
and ME3 and ME4 clinopyroxenes from the phonolitic portion
(white pumices) of the reservoir approached crystal–liquid equilib-
rium before eruption. In contrast, feldspars that are separated from
the grey pumice (87Sr/86Sr = 0.70767–0.70769) have Sr isotopic
ratios similar to the white pumice, hence they grew in the phono-
lite and were subsequently remobilized in the tephri-phonolitic

move_f0035


P. Romano, C. Pelullo, S. Chakraborty et al. Geoscience Frontiers 17 (2026) 102283

Fig. 7. CO2/3 He vs d13 C in clinopyroxene-hosted fluid inclusions from the VT-C1 cumulate compared to literature data. Literature data from: (i) average value of Vesuvius
crater fumarole (Chiodini et al., 2001); (ii) Solfatara (Phlegrean Fields; Caliro et al., 2011); (iii) Vulcano fumaroles (Aeolian Islands; Paonita et al., 2013); (iv) Santorini 
fumaroles (Aegean Volcanic Arc; Rizzo et al., 2016). The black dotted line represents the mixing between a MORB-like carbon (−6‰ < d13 C  <  −4‰ and CO2/3He ∼ 2 × 109;
Marty and Jambon, 1987; Javoy and Pineau, 1991) and limestone (−1‰< d13 C  <  1‰ and CO2/3He ∼ 1 × 1013; Sano and Marty, 1995). The purple line indicates an open system 
degassing path (Fractional Equilibrium Degassing; equation of Jambon et al., 1986; Macpherson and Mattey, 1994; Hoefs, 2015), while the red line a mixing between a 
magmatic term with a composition like that of our cumulate sample and a limestone, intended as a progressive addition of carbon from decarbonation of the carbonate 
platform. Starting conditions for degassing modelling of the gaseous phase are: d13C = −0.3‰ and CO2/3He = 2 × 1010, evap-melt = 2.7‰ (Mattey, 1991), SHe = 2.3 × 10−4 cm3 

STP g−1 bar−1 , SCO2 =  1 × 10−4 cm3 STP g−1 bar−1 (Gennaro et al., 2017).
magma (grey pumices). Clinopyroxenes (87 Sr/86 Sr = 0.70717–0.70 
737) have isotopic ratios lower than the grey host pumice. Their 
Sr-isotopic signature can be tentatively associated with the
clinopyroxene compositional populations ME1 and ME0, and hence
with the trachy-basalt and K-tephrite.

The magmatic environment ME2, hence, corresponds to a set of 
conditions where a phono-tephritic to tephri-phonolitic magma, 
located below the phonolitic reservoir (ME3-ME4), interacts with 
mafic batches and their crystal cargo represented by ME0-ME1.
Assuming that the phonolitic reservoir of the 79 CE eruption was
emplaced at ∼7.5 km depth (Balcone-Boissard et al., 2008,2011), 
and that it had a small vertical extent, we propose that a further 
mafic reservoir may have existed below 8 km. This hypothesis is 
consistent with the existence of a vertically extended magmatic
system, and is compatible with the model of reservoir growth
and ground deformation prior to the 79 CE eruption (Doronzo 
et al., 2023). 

Several geochemical and geophysical studies have estimated 
the carbonate platform beneath Vesuvius to extend to around
12 km depth (Belkin et al., 1998; Fulignati et al., 2004; Nunziata
et al., 2006; Esposito et al., 2023). A schematic sketch of the 
Somma-Vesuvius magmatic system is presented in Fig. 8, including 
the link among the recognized MEs, as displayed by the zoning
patterns.

MELTS modelling suggests that olivine and clinopyroxene crys-
tals in mafic cumulates likely crystallised from a primitive trachy-
basaltic magma at pressures of 5–4.5 kbar, while clinopyroxenes 
from grey pumice probably formed in phono-tephritic to tephri-
phonolitic magmas at pressures of 4–2.5 kbar. If this depth is accu-
rate, our d13C value of −3.8‰ supports the MELTS model by sug-
gesting that cumulate crystals crystallised below the carbonate
platform, avoiding CO2 contamination by intra-crustal decarbona-
tion (Fig. 7). 

The grey-white magma transition was discussed in depth by
Cioni et al. (1995). The authors suggest a sharp compositional 
break between tephri-phonolite and phonolite magmas within
the chamber and a complete mixing process occurring when the
13
residual liquid from the crystallisation of grey magma reached a 
density equal to that of the white layer. These mechanisms also 
efficiently explain the rare reverse zoning patterns (ME3 cores to
ME2 rims) observed in the 79 CE clinopyroxene (Fig. 4), as well 
as the few normal zoning patterns from ME2 cores and mantles 
to ME3 rims. The preservation of zoning patterns confirms that 
crystals were incorporated in the erupted magma not long before
the beginning of the eruption. Indeed, the time estimated from
the mixing to a near complete hybridization was less than 15 h
(Cioni et al., 1995). This refers to the syn-eruptive physical mixing 
(mingling) of melts occurring in the last moments just before the
eruption, whereas crystals record the previous history of older pro-
cesses (e.g., Pelullo et al., 2024). 

5.4. Timescales of magmatic processes before the 79 CE eruption

The differentiation processes and the formation of the plumb-
ing system architecture are expected to take place over long 
timescales (e.g., hundreds to thousands of years). For the phono-
litic magma of the 79 CE eruption, garnet uranium–thorium
petrochronology suggests storage in the upper crust of ∼1 ka
(Wotzlaw et al., 2022). 

Morgan et al. (2006) applied Ba diffusion modelling to sanidine 
crystals of the 79 CE eruption to obtain time estimates. The sani-
dine showed resorption/regrowth evidence and the authors related 
the chemical variations in the crystal profiles to three distinct 
recharge events that occurred in the century before the eruption. 
Overall, their timescales, calculated at 870 °C, range from 84 to 
16 years, with most values being <35 years. Moreover, they statis-
tically calculated a peak at ∼20 years for the last recharge event.
Our MELTS modelling underscores the beginning of feldspar crys-
tallisation at slightly higher temperatures (880 °C) and within
a ±20 °C range. This can affect diffusion time estimates by one
order of magnitude, and as such, if performed at slightly higher
temperatures, the timescales calculated by Morgan et al. (2006)
would be in the same range as our times estimates. With respect
to previous works, our diffusion modelling calculations indicate
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Fig. 8. The 79 CE plumbing system architecture, the pre-eruptive dynamics and their timescales based on the whole geochemical data and modelling. (a) Geological
schematic cross section of Somma-Vesuvius modified from the literature (Nunziata et al., 2006; Esposito et al., 2023). Two inferred Moho depths (Nunziata et al., 2006; Piana 
Agostinetti and Amato, 2009) are shown while the question mark is related to the uncertainty of the carbonate platform depth (6 or 12 km). The fractured and intruded rocks
were extended according to MELTS modelling. Noble gas and carbon isotopes of gas emissions and fluid inclusions (FI) from literature data (Chiodini et al., 2001; Federico
et al., 2002; Martelli et al., 2004; Gherardi et al., 2022) are also reported. (b) The plumbing systems of the 79 CE eruption in terms of the five distinct MEs detected from the 
clinopyroxene zoning pattern. Repeated input of ME0 mix with ME2 leading to the formation of the chemically intermediate long-lasting phono-tephritic to tephri-phonolitic
reservoir.
crystal residence durations mostly at the ME2 conditions (Table 3). 
In particular, Method I allowed to constrain the upper time limit 
that 18 crystals may have spent in a certain magmatic environ-
ment, corresponding to less than 10 years (with 11 out of 18 being 
less than 5 years). In contrast, Method II indicate residence times 
between 9 and 32 years, for other 7 crystals. The different times 
obtained can hence be related to the different episodes of crystal
transfer mostly from the ME0 to the ME2 environment. The differ-
ences in the clinopyroxene compositions possibly record the differ-
ent moments at which the crystals resided at the X-P-T condition of
ME2. In fact, the behaviors of different elements (Fe-Mg, Al) in the
clinopyroxenes (Fig. 2) suggest that some zoned crystals (those 
modelled with Method II), showing more evidence of diffusion, 
could have been transferred to the ME2 environment before those
that were less affected (or not at all and modelled with Method I)
by diffusion. These differences may well reflect the different times
14
of crystals transfer, thus highlighting the repeated occurrence of 
the mafic recharge. Magma recharge events did not build up imme-
diate critical conditions to rapidly trigger the eruption; on the con-
trary, magma resided for years in the ME2 reservoir. Timescales of
magma injection in the range of years to centuries have been esti-
mated for other Plinian eruptions by Weber et al. (2019), which 
highlighted a recurrent recharging pattern prior to the eruptions. 
The hypothesis of recharging events causing the growth of the 79
CE feeding system was explored by Doronzo et al. (2023). The 
authors emphasize the role of magma recharge processes, assum-
ing that multiple episodes of magma injection contributed to the 
reservoir’s growth over a 300-year period. For simplicity, they 
adopted a fixed frequency of magma recharge of 60 years, which
can be refined here by the diffusion modelling, indicating a shorter
timespan elapsed among the recharge events, at least for those that
occurred in the periods close to the eruption.
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5.5. Timescales of magmatic processes and seismicity in the I century
CE: Are they linked?

Volcanic eruptions occur when magma ascends through the 
crust to the Earth’s surface and are, usually, preceded by signs of
unrest, such as seismicity, ground deformation and gas emissions
(e.g. Sigmundsson et al., 2018; Caricchi et al., 2021; Martí, 2024). 

The duration of the unrest phase can provide fundamental 
information on the dynamics of magma ascent from the magma
reservoir, until building up critical conditions (e.g., Passarelli and 
Brodsky, 2012; Caricchi et al., 2021; Martí, 2024). Several recent 
studies (Saunders et al., 2012; Martí et al., 2013; Shapiro et al.,
2017; Ostorero et al., 2022) have correlated seismic activity with 
plumbing system processes (e.g., magma mixing, reservoir
recharge, fluid pressure propagation) preceding and triggering
eruptions.

For historical eruptions that occurred before the era of monitor-
ing instruments, the historical chronicles reporting the occurrence 
of seismic activity (or any other potentially precursor phe-
nomenon) months to years in advance of (large) eruptive events
are of paramount importance. The integration of seismicity with
the investigation of timescales of magmatic processes, eventually
triggering volcanic activity, has implications for risk mitigation
(e.g. Zanon et al., 2022, 2024; Ostorero et al., 2025). 

Prior to the 79 CE eruption, at least three historically ascer-
tained earthquakes occurred in 37, 62 and 64 CE (e.g. Cubellis 
and Marturano 2002, 2013; Marturano, 2008)  (Fig. 9).

In addition to these documented earthquakes, the occurrence of 
seismic events between 64 and 79 CE has been hypothesized
through the integration of vague historical information and archae-
ological data (e.g. Marturano, 2006, 2008), with a relevant seismic 
period bracketed between 72 and 78 CE and in the year/months
before the eruption (Marturano, 2006, 2008). Moreover, tremors 
were clearly felt for several days before the eruption according to
Pliny the Younger’s second letter to Tacitus (Epistulae, VI.20).

Notably, the timescales derived from Fe-Mg diffusion modelling 
overlap with the chronology of the earthquakes that plagued the
Vesuvius territory (Fig. 9). The 62 and 64 CE events and, when con-
sidering the uncertainties, the 37 CE earthquake, are well consis-
tent with the timescales yielded by Method II. The inferred 
seismicity that occurred after the 64 CE earthquake until the 72 
CE is consistent with some estimates obtained with Method II
and some of those obtained with Method I. The relevant seismic
period from the 72 CE until the eruption aligns with the estimates
obtained with Method I (Fig. 9). Our diffusion timescales indicate 
that important variations occurred in the plumbing system (ME2) 
in a period between ∼30 years (even 48 years, considering the 
uncertainties) to a few years (even less than 2 years) before the
79 CE eruption. Magma replenishment may have built up overpres-
sure, causing fracturing of the host rock and seismicity (e.g.,
Currenti and Williams, 2014; Sigmundsson et al., 2018; Segall,
2019; Cas et al., 2024). On the other hand, tectonic earthquakes 
can perturb magmatic systems and trigger eruptions, even years 
or decades after their occurrence, provided that magma is reaching
near critical conditions and seismic sources are in the vicinity of
the volcano (e.g., Latter, 1971; Marzocchi, 2002; Walter and
Amelung, 2007; Watt et al., 2009; De la Cruz-Reyna et al., 2010;
Bebbington and Marzocchi, 2011; Nishimura, 2017; González
et al., 2021; Legrand, 2022). At Vesuvius, several studies suggest 
statistical and mechanical links between the spatially close Apen-
nine chain seismicity and major eruptions (Marzocchi et al.,
1993; Nostro et al., 1998; Bragato, 2015, 2017). Whatever the ori-
gin of the documented earthquakes, magmatic (i.e. due to magma 
transfer) or tectonic (i.e. due to the dynamics of the Apennine), the
cross-referencing of the timescales of pre-eruptive magmatic pro-
cesses involved in the assembly of magmas that fed the 79 CE
15
eruption and the historical seismicity of the I century CE supports 
the hypothesis of a causal link between them. In this regard, the
origin (volcanic or tectonic) of the 62 CE earthquake remains under
debate (e.g., Sigurdsson et al., 1985; Marturano and Rinalsis, 1998;
Dal Maso et al., 1999; Marturano 2008; Galli, 2020), as it is the 
strongest historical seismic event occurred in the Vesuvius area
(e.g., Cubellis et al., 2007). Based on the above-mentioned pre-
mises, a hypothetical tectonic origin for the 62 CE earthquake 
would not preclude a causal link to the 79 CE eruption. In fact,
our diffusion timescales (Method II) suggest a magma recharge
event in the ME2 reservoir (Table 3) in a time span compatible with 
the occurrence of the 62 CE earthquake. Similarly, Morgan et al.
(2006) suggest a significant magma recharge about two decades 
before the eruption, consistent with the 62 CE earthquake. The 
earthquake may have been able to destabilize deep magma (e.g.,
from the ME0 reservoir), promoting its upward transfer and subse-
quent stalling in ME2, as recorded by the most common zoning
(Fig. 4) and constrained by diffusion modelling (Table 3), without 
reaching the surface (as the magma was still not in a critical state). 
Magma upward migration (e.g., transfer from ME0 to ME2) may 
have enhanced surface degassing, consistent with Seneca’s report
(Naturales Questiones, VI.1.1-3) of the death (plausibly due to
asphyxiation) of a flock of six hundred sheep at the time of the
earthquake (Guidoboni, 1989). Nevertheless, taking into account 
that the 62 CE earthquake represents the beginning of a prolonged 
seismic period induced by episodes of magma transfer, as recorded
by the crystal zoning and related diffusion modelling (Fig. 4; 
Table 3), this major seismic event could be associated with the 
effects produced by magmatic processes that created the condi-
tions for the explosive awakening of Vesuvius in 79 CE. This con-
clusion supports an origin related to the dynamics of the volcano,
as proposed by most scholars, thereby making a tectonic origin
unlikely.

5.6. Hazard implications at Vesuvius

The 79 CE eruption is not the only large historical eruption of 
Somma-Vesuvius preceded by decade-long seismicity. The 1631 
CE sub-Plinian eruption occurred after a period of sealed conduit
conditions and dormancy possibly lasting not less
than ∼150 years (Cioni et al., 2008; Santacroce et al., 2008) 
although the occurrence of minor eruptive activity in the second
half of XVI century has been suggested (Giudicepietro et al.,
2025). Seventeen earthquakes occurred in the 15 years preceding 
the event, between 1616 and 1630 CE, which can represent long-
term precursory phenomena (Guidoboni and Mariotti, 2011). 
Short-term precursory seismicity occurred in the weeks prior to 
the event, dramatically escalating the night before (e.g., Rosi 
et al., 1993; Bertagnini et al., 2006; Guidoboni and Mariotti, 2011). 

In a broad view, the investigation of timescales of magmatic 
processes can be useful to understand how the magmatic system
has behaved in the past and can behave in the future (e.g.,
Pelullo et al., 2024). When integrated with historical accounts of 
potential precursory phenomena, if available (e.g., the 1631 CE 
eruption), such timescales can offer valuable insights into the 
occurrence of unrest signals preceding an eruption, which can be 
detected by surveillance networks, in turn having implication on
hazard assessment. Unrest episodes (months to years in advance
of an eruption) at Somma-Vesuvius can be characterized by
magma accumulation in a deep reservoir followed by progressive
transfer to shallower segments of the plumbing system (e.g.,
Fig. 8). Magma migration can be associated with a progressive 
increase of seismicity (besides other signals) induced by the pres-
surization of the plumbing system (Rosi et al., 2022). The unrest 
signals usually intensify as the eruption approaches (weeks to
months). In this regard, a hazard-related implication of our study
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Fig. 9. Comparison between the timescales obtained through diffusion modelling and the occurrence (date) of earthquakes in the I century CE, prior to the 79 CE eruption. 
The green arrows represent the timescale limits set by Method I on clinopyroxenes from the eruptive products. These show enhanced magma input about 10 years before the
eruption. Blue symbols with error bars represent timescales obtained using Method II on clinopyroxenes. Solid symbols represent total timescales while open symbols
represent the stages from the same crystals, as reported in Table 3. Vertical purple lines represent the documented (solid lines; Marturano, 2006, 2008) and inferred (dashed
lines; Marturano, 2008) earthquakes that occurred in the four decades before the eruption (red line). The results show that the timescales obtained with both Method II and
Method I coincide with the recurrent seismic activity in the region.
is whether long-term (years to decades) seismicity at Somma-
Vesuvius should (or not) be regarded as a potential unrest signal 
that may culminate in a large (Plinian and sub-Plinian) eruption. 
In light of this, it is interesting to note that the diffusion timescales
associated with episodes of magma upward transfer prior to the
3.9 ka Avellino Plinian eruption of Somma-Vesuvius yielded values
in a range of decades (15–56 years) (Falasconi et al., 2025). Based 
on these premises, a question arises: Was the Avellino Plinian
16
eruption heralded by long-term (decades) seismic unrest? Unfor-
tunately, it will remain unanswered.

Somma-Vesuvius has been experiencing sealed conduit condi-
tions since 1944, year of the last eruption, when the volcano 
entered a dormant state. The length of current dormancy (over 
80 years) is much longer that the duration of repose time between
eruptions (mainly weak- to mild-explosive to effusive) of the last
eruptive period (1631–1944), but still shorter than those that pre-
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ceded Plinian and major sub-Plinian eruptions throughout the his-
tory of the volcano (Cioni et al., 2008; Scandone et al., 2008;
Scandone and Giacomelli, 2008). It is impossible to establish a pri-
ori the duration of the repose time required to build up critical con-
ditions leading to the occurrence of unrest signals and, possibly, 
culminating in an eruption. Our study suggests that the investiga-
tion of timescales of magmatic processes at Somma-Vesuvius can
be an additional tool to ‘‘predict” the possible behaviour of the vol-
cano in the years to decades prior to the renewal of the activity,
possibly heralded by long-term seismicity for large eruptions.

6. Conclusion s

Historical Latin texts describe earthquakes and structural dam-
age preceding the 79 CE eruption of Vesuvius, often interpreted as 
divine wrath. In light of the contemporary knowledge of the unrest 
dynamics, these records raise critical questions: Could the resi-
dents of Pompeii have foreseen the disaster? Considering our 
results and current knowledge, as well as the dense geophysical 
and geochemical monitoring network and the role of civil protec-
tion authorities, should phenomena such as unrest, deformation, 
increased degassing or seismicity occur in the present or near 
future, can we reasonably assume that effective mitigation strate-
gies would prevent an event comparable to the 79 CE eruption? 
This study provides a detailed reconstruction of the magmatic pro-
cesses beneath Vesuvius leading up to the 79 CE Plinian eruption. 
Geochemical data and modelling indicate the presence of a verti-
cally extended magmatic system, where mafic magma ascended 
from deep storage to a shallower reservoir (∼3.5–2 kbar) over dec-
ades, most frequently in the final years before eruption. In fact, the 
clinopyroxene crystals record residence for 30–20 years, while
most of them for less than 10 years (mostly less than 5 years) in
a phono-tephritic magma reservoir before the eruption. These find-
ings align with the historical record of seismicity and offer a frame-
work for understanding precursory activity in future eruptions. The
study highlights the interplay between seismic activity and magma
transfer, suggesting that whether magma chamber growth trig-
gered prolonged seismicity or seismic events facilitated magma
movement, the combination of these processes was responsible
for the damage to inhabited areas and ultimately led to the catas-
trophic Plinian eruption which destroyed Pompeii and Hercula-
neum. Similar decades-long periods of unrest, with related
seismicity, were observed for other highly explosive events (e.g.,
the sub-Plinian 1631 eruption) of Vesuvius. Identifying warning
precursory signs and their run-up time would allow a more precise
volcanic hazard assessment and integrating this knowledge with
modern monitoring techniques can contribute to adequately
improving the risk mitigation strategies.
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