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Abstract

A variety of metamorphic and metasomatized sedimentary nodules and cumulate ejecta are commonly present in Somma–
Vesuvius pyroclastic products. In this paper we present compositional data for homogenized silicate melt inclusions (HMI) in
olivine and clinopyroxene from cumulate nodules ejected by the 79 AD plinian and the 1944 AD interplinian eruptions. Variation
diagrams of element ratios as a function of host crystal Mg# serve to constrain magma compositional variations. In addition HMI
compositions in olivines and clinopyroxenes from nodules and volcanic rocks are compared with bulk rock compositions to
examine the difference between “closed system” (MI) and “open-system” (bulk rocks) behaviour. Geochemical variations between
79 AD and 1944 AD samples are interpreted to represent the effects of hydrothermal processes active in the upper parts of the
shallow magma chamber, before and during explosive plinian eruption. During 1944 AD interplinian activity, magmas
continuously ascended through the system, undergoing simultaneous degassing and fractionation. The loosely cemented volcanic
conduit does not allow significant build up of volatile pressure, leading to frequent, non-violent interplinian eruptions. The
combination of ongoing magma supply and frequent eruptions results in near steady-state conditions under the volcano, which
explains why there is such a small variation in the composition of the 1944 AD melt. A self-sealing process (as a result of
precipitation of newly formed hydrothermal minerals) contributes to closing of the system at the end of the interplinian activity.
Plinian explosive eruptions (e.g. 79 AD) occur after a long repose time under closed-conduit condition. This means that a carapace,
surrounded by an impermeable rind, forms beneath the Somma–Vesuvius volcanic complex and around the upper portion of the
shallow magma chamber, and is the interface between brittle and plastic rocks. Several different mechanisms may play a role in
triggering major breaches of the sealed zone (e.g. the activation of a fault system after the 62 AD earthquake in the Somma–
Vesuvius area). In 79 AD the local strain rate increased due to an upward surge of new magma to such a degree that previously
plastic material underwent shear failure in response to a stress difference, causing an explosive eruption.
© 2006 Published by Elsevier B.V.
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1. Introduction

Somma–Vesuvius is a Quaternary, silica-undersatu-
rated, potassic to ultrapotassic eruptive center intruded
into Meso- to Cenozoic carbonate sequences.

The volcano is intensely investigated by many re-
search groups because it is one of the most potentially
hazardous volcanoes in the world. Nevertheless al-
though much is now known about the volcano and its
magmatic processes, a comprehensive understanding of
its complex magmatic system has not yet been achieved.

Somma–Vesuvius is a composite volcano located on
the southwestern coast of the Campanian Plain (Fig. 1).
The Campanian margin is a Middle Pleistocene half
graben filled by depositional sequences that are ar-
Fig. 1. Structural map of the Southern Campanian plain (from Mili
ranged in succession sets that display long-term ag-
gradational–progradational stacking patterns (Milia,
1999; Milia and Torrente, 1999). The Mesozoic–
Cenozoic carbonate substrate, cropping out on the
Sorrento Peninsula, dips towards the NWand is overlain
by Quaternary sediments and volcanic products. The
volcano lies above NW–SE normal faults that in the
submarine counterpart control the cryptodome emplace-
ment and gas emission (Milia et al., 1998; Bellucci et al.,
2006).

Mt. Somma began its eruptive activity at least 35 ka
BP (Scandone et al., 1993), but the first episode of
volcanic activity within the Somma–Vesuvius area has
been dated at 400 ka BP and occurred in a marine
environment (Brocchini et al., 2001). According to
a and Torrente, 1999), also shown are the sections of Fig. 6.
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Rolandi et al. (1998), the current Vesuvius cone was
built by post-472 AD interplinian activity that followed
the 472 AD subplinian eruption. Activity which can be
attributed to the Mt. Somma system extends to as recent
as 3.5 ka according to Webster et al. (2001).

The eruptive styles and cyclicity of the Somma–
Vesuvius system have varied widely. The effusive lava
flow and scoria eruptions were the most common type of
volcanism during the last 3.5 ka, but they were peri-
odically superseded by highly explosive plinian erup-
tions of pumice and ash, that also involved pyroclastic
flows and surges.

Somma–Vesuvius products include basic, silica-
undersaturated, potassic rocks, ranging from tephrite
to phonolite, and less alkaline basaltic trachyandesites.
Ayuso et al. (1998) have separated Somma–Vesuvius
volcanics into three age groups characterized by a grad-
ual change in composition. The three groups display
distinct positive trends of alkalis versus silica, which
become increasingly steeper with age. In the first group
(from N25,000 yr B.P. to about 14,000 yr B.P) there is
an increase in silica and alkalis with time, whereas an
opposite tendency is observed in the two younger
groups (from about 8000 yr B.P. to 2700 B.P. and from
79 A.D. to 1944 respectively).

Despite the significant efforts made to understand
Somma–Vesuvius magmatism, the depth (and the
internal physical parameters) of its magma chamber(s)
remain uncertain. Using petrological and isotopic data,
Santacroce et al. (1993) suggested that a single magma
reservoir is located at a shallow depth within the lime-
stone basement, whereas others, using isotopic and CO2-
rich fluid inclusion data, inferred the existence of two or
more magma chambers (Cortini and Hermes, 1981;
Belkin et al., 1985; Cortini et al., 1985; Belkin and De
Vivo, 1993; Marianelli et al., 1999; Lima et al., 2003).
High-resolution seismic tomography investigations did
not resolve a shallow magma chamber, instead recent
investigations identified a sharp transition to a low-
velocity zone at N8 km, which may represent the top of a
magma chamber (Zollo et al., 1998; Auger et al., 2001).

In this paper we present compositional data of
homogenized silicate melt inclusions (HMI) in olivine
and clinopyroxene from cumulate nodules ejected by the
79 AD plinian and the 1944 AD interplinian eruptions.
Comparison of compositional data from HMIs in olivine
and clinopyroxene from cumulate nodules with compo-
sitions of HMIs in the same minerals in the volcanics,
and with bulk rock compositions have been carried out
in order to examine differences between the “closed
system” represented by HMIs and the “open-system”
represented by bulk rocks.
2. Previous studies on Somma–Vesuvius nodules

Metamorphic and metasomatized sedimentary
nodules, ranging from carbonates to silicic skarn rocks,
and cumulate ejecta, commonly present in Vesuvius
pyroclastic products, were originally described by
Zambonini (1910). These nodules have been extensively
studied by Hermes and Cornell (1978, 1981, 1983),
Barberi and Leoni (1980) and Fulignati et al. (1998).
Hermes and Cornell (1978) identified four varieties of
nodule ejecta: 1) biotite-bearing pyroxenite, wehrlite,
and dunite “accumulative” rocks; 2) “skarns”, which are
metasomatized carbonates; 3) recrystallized carbonate
hornfels and 4) shallow plutonic rocks.

Several studies of fluid and melt inclusions (De Vivo
et al., 1982; Belkin et al., 1985; Cortini et al., 1985;
Belkin and De Vivo, 1993; Gilg et al., 1999; Fulignati et
al., 2000a,b; Fulignati et al., 2001; Gilg et al., 2001;
Lima et al., 2003; Fulignati et al., 2004) have been
conducted to constrain the physical conditions of nodule
genesis. Cortini et al. (1985) reported crystallization
temperatures of 850–1050 °C for skarns and 1170–
1240 °C for cumulate rocks based on MI studies. Belkin
et al. (1985) studied nodules collected in interplinian
volcanics and estimated that the nodules formed at 1–
3.5 kbar based on densities of CO2-rich fluid inclusions.
The inclusions display a wide range of densities in a
single rock, and sometimes in a single mineral. How-
ever, an important feature of the depth distribution is
that it shows discrete groups, rather than a continuum,
suggesting that these rocks underwent a multistage
crystallization history. The multistage history is also
indicated by Sr isotopes (Cortini and Hermes, 1981).
The latter authors report that minerals of the cumulate
rocks generally are in disequilibrium with each other
with respect to Sr isotopes. This shows that these rocks
equilibrated in different environments with distinct Sr
isotopic compositions.

Belkin and De Vivo (1993) examined CO2 fluid
inclusions in clinopyroxene from cumulate and sub-
effusive nodules from plinian eruptions. They report
trapping depths between 1 and 2.5 kbar and also abun-
dant H2O-rich CO2 fluid inclusions. They point out that
such inclusions (H2O-rich CO2) are rare in non-plinian
eruptions. According to Belkin and De Vivo (1993),
fluid inclusions in plinian nodules record a higher pre-
eruptive H2O content of the magma.

Gilg et al. (2001) studied the mineralogy, fluid
inclusions and C, O, Pb, Sr, and Nd isotopic composi-
tions of skarn ejecta and associated xenolithic nodules.
The Pb, Nd, C and O isotope compositions of skarn
and the presence of silicate melt inclusion-bearing
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wollastonite nodules indicates assimilation of carbonate
wall rock by the alkaline magma at moderate depth
(b5 km) which promoted exsolution of CO2-rich vapor
and complex saline melts from a locally contaminated
magma. The main contributions from this study, for
understanding the Somma–Vesuvius hydrothermal sys-
tem, will be reported in the next section.

Lima et al. (2003) based on FI and MI, and on other
petrologic data, suggest that the entire Somma–
Vesuvius volcanic system resembles a complex feeding
column which is dominated by multiple mush zone
environments (small magma chambers), and thus
includes a variety of local crystallization environments
characterized by contrasting cooling rates and P–T
conditions (Marsh, 1995). The shallower chamber with
high aspect ratio should occur at a pressure of about
925–1000 bars (Belkin et al., 1985; Belkin and De Vivo,
1993). On the basis of petrography and mineral
compositions, Lima et al. (2003) suggest that clinopyr-
oxenes in cumulate nodules were formed at variable
stages of fractionation of a single magmatic system.

Higher concentrations of volatile elements in MIs in
more primitive phenocrysts imply that they crystallized
at a higher pressure in a deeper magma chamber. The
authors pointed out that the very tight major element
compositional trends, formed by “basaltic” post-472 AD
Vesuvius volcanic rocks, indicate that the composition
of the erupting evolved melts has changed little since
472 AD, and that the magma chamber supplying post-
472 AD interplinian eruptions is essentially in a steady-
state condition. Interplinian volcanic rocks usually have
higher MgO contents because their compositions reflect
accumulation of clinopyroxene by a melt with ∼4 wt.%
MgO, whose composition remained unchanged since
the 79 AD eruption. The similarity in composition of the
plinian and interplinian bulk rocks with ∼4 wt.% MgO
suggests that during all Vesuvius post-79 AD eruptions
the composition of the melt remained essentially the
same.

Fulignati et al. (2004) argue that processes involved
in skarn genesis at the walls of Vesuvian magma cham-
bers are controlled by the characteristics of magma
reservoirs. They indicate circulation of magmatic
hypersaline fluid phases in the peripheral upper parts
of the 79 AD and of 472 AD magma chambers. The
magma chamber had a larger dimension in the 79 AD
eruption. Segregation and migration of these hypersa-
line phases from crystallizing melts are responsible for
endoskarn and exoskarn formation. Conversely, mag-
matic skarns are dominated by melt–solid diffusion
processes. Fulignati et al. (2004) also support the idea
that these xenoliths derive from margins of growing
magma chambers and are not related to older magmatic
reservoirs.

2.1. Previous studies of the Somma–Vesuvius hydro-
thermal system

Much of the information available on the Somma–
Vesuvius hydrothermal system is derived from studies
of skarn xenoliths. Skarns are Ca–Fe–Mg–Mn-rich
silicate rocks formed by high-temperature metasomatic
reactions mostly involving carbonate rocks (e.g.
Einaudi et al., 1981). An aqueous fluid phase is always
involved in such metasomatic reactions (e.g.Kwak,
1986; Meinert et al., 1997). At Somma–Vesuvius, skarn
ejecta is characterized by a specific mineralogy that
includes vesuvianite, wollastonite, anorthite, phlogo-
pite, gehlenite, scapolite and clinopyroxene. Mineral
zonation at the contact with the carbonate rocks is
common in the plinian and subplinian eruption pro-
ducts. Skarn ejecta are potentially valuable sources of
information to understand fluid evolution at magma
chamber walls.

Gilg et al. (2001) calculated the pressure of skarn
formation from the densities of CO2 inclusions in wol-
lastonite in skarn nodules. The results indicate trapping
pressures from 660 to 1368 bars [assuming a formation
temperature of ∼1000 °C and using Brown and Lamb
(1989) equation of state for CO2]. Gilg et al. (2001) also
calculated the salinity of multiphase aqueous brine in-
clusions of 43–52 wt.% NaCl equiv. with total ho-
mogenization temperatures ranging between 720–
820 °C. Fulignati et al. (2004) calculate salinity in the
range 62–66 wt.% NaCl equiv. and temperatures in the
range 760–880 °C in skarn sampled from 79 AD vol-
canics. Saline–melt inclusions showing immiscibility
between silicate and salt melt (Gilg et al., 1999) have
salinities up to 55 wt.% NaCl equiv., with total homo-
genization temperatures ranging between 870–890 °C
(Gilg et al., 2001). Fulignati et al. (2004) calculate
salinities ranging between 52–80 wt.% NaCl equiv. and
temperatures between 970–980 °C for the same type of
inclusions of Gilg et al. (2001) from skarns of 79 AD
volcanics.

Gilg et al. (2001) conclude that there is no evidence
for a convectively cooling hydrothermal system at the
magma–carbonate wall rock interface at Somma–
Vesuvius, based on a lack of participation of externally
derived fluids, such as meteoric waters or formational
fluids. Chiodini et al. (2001) suggest that NaCl brines
reside in the high temperature reservoir beneath
Somma–Vesuvius volcano and influences the chemical
composition of the gases discharged by the fumaroles of



Table 1
Representative EMPA analyses (wt.%) of homogenized silicate melt inclusions hosted in olivine and clinopyroxene phenocrysts from cumulate
nodules sampled in 79 AD and 1944 AD volcanics

Sample DV506 DV11

Host mineral Olivine Clinopyroxene Olivine

Eruption 79 A.D. 1944 A.D.

Label 5A-MI 3D-MI 4A-MI 6A-MI 6B-MI 4B-MI 6C-MI 7A-MI 2D-MI 3C-MI 3D MI 4B-MI
Trun °C 1130 1126 1082 1159 1159 1123 1123 1081 1133 1119 1131 1118
Tcalc. °C 1208 1213 1206 1227 1151 1176 1174 1154 1205 1193 1198 1214
Mg# host meas. 85.45 85.03 84.94 84.80 86.20 88.51 88.51 86.58 85.72 85.70 84.48 86.05
Mg# host calc. 85.97 85.60 84.85 84.49 81.10 87.28 89.05 84.06 84.74 84.37 84.81 86.65
SiO2 47.94 47.09 45.75 47.68 48.03 46.35 48.06 46.24 44.88 47.06 46.39 46.19
TiO2 1.01 1.08 1.19 0.88 1.16 1.05 0.86 0.99 1.12 0.81 0.90 0.94
Al2O3 14.05 14.01 13.46 13.17 14.08 13.45 14.35 14.52 14.53 15.45 14.80 14.68
FeO 8.02 7.85 8.13 9.98 9.24 6.73 5.84 7.84 8.48 8.71 8.47 7.88
MnO 0.14 0.15 0.08 0.17 0.22 0.10 0.14 0.16 0.16 0.24 0.14 0.14
MgO 7.05 6.63 6.32 8.03 5.80 6.37 6.57 6.01 6.40 6.59 6.68 7.09
CaO 10.48 9.36 9.86 10.39 10.96 10.52 11.51 11.21 10.11 10.74 10.58 10.68
Na2O 2.02 1.62 1.88 1.99 1.30 2.01 2.03 2.01 1.78 1.87 1.65 1.70
K2O 3.92 4.90 5.11 3.11 5.51 4.94 3.67 3.44 5.60 4.92 4.73 4.78
P2O5 1.00 0.79 0.92 0.96 0.94 0.79 1.04 0.95 0.95 0.91 0.90 0.90
SO2 0.61 0.56 0.63 0.58 0.17 0.42 0.50 0.55 0.39 0.37 0.37 0.39
F bdl 0.20 0.31 bdl⁎ 0.09 0.24 bdl bdl 0.24 bdl bdl bdl
Cl 0.54 0.38 0.42 0.52 0.31 0.42 0.56 0.57 0.44 0.62 0.63 0.55
–O_Cl, F 0.12 0.17 0.23 0.12 0.11 0.20 0.13 0.13 0.20 0.14 0.14 0.12
Total 96.64 94.45 93.83 97.32 97.69 93.21 95.00 94.34 94.88 98.16 96.07 95.81

FeO⁎ represents total iron; Mg#=[100⁎atomic Mg/Mg+∑Fe]. Host crystal Mg# measured and calculated; quenching temperatures (Trun) and
calculated liquidus temperatures (Tcalc.) of olivine and clinopyroxene are also shown. The calculated values represent liquidus temperatures of
clinopyroxene and olivine for the analyzed HMIs compositions under anhydrous conditions and are accurate within 15 °C (Ariskin et al., 1993). All
calculations have been performed using the software PETROLOG (Danyushevsky, 2001).
⁎bdl = below detection limit.
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the bottom of the crater. During the present period of
repose, geochemical evidence indicates that there was
no input of fresh magma at shallow depths after the end
of the last eruptive period (Chiodini et al., 2001; Lima
et al., 2003).

3. Sample description and methods

New cumulate nodules have been sampled to carry
out detailed analysis on MI: the sample DV506 was
collected at Terzigno in the 79 AD volcanic products
and sample DV11 was collected on the slopes of
Vesuvius, in the products of the 1944 activity, where the
occurrence of scoriae, lava fragments and xenoliths
mark a significant increase of explosivity late in the
eruptive event (Dolfi and Trigila, 1978).

Nodules were hand crushed in an agate mortar and
the resulting material was sieved to extract the 0.5–
2 mm grain fraction from which olivine and clinopyr-
oxene phenocrysts were hand-picked, mounted into
epoxy and doubly polished to be examined for the
presence of MI. The majority of MIs range from 25 to
50 μm in size and were either re-crystallized or devit-
rified. In order to obtain homogeneous glass composi-
tions from MIs that have undergone post-entrapment
crystallization they have been homogenized, even if not
always totally (see the detailed description of the theory
of homogenization of MIs given in Roedder, 1979) and
quenched in the laboratory (experiments were con-
ducted according to the procedure described in
Danyushevsky et al., 2000; Lima, 2000). Homogeniza-
tion experiments have been carried out at the Depart-
ment of Geosciences of Virginia Tech (Blacksburg,
USA) using the Vernadsky heating stage (Sobolev and
Slutskii, 1984). After quenching, single crystals were
mounted with epoxy on transparent polycarbonate rods
and polished according to the technique described by
Thomas and Bodnar (2002) to expose homogenized MIs
(HMIs). Inclusions were analyzed at the “Istituto di
Geologia Ambientale e Geoingegneria” (CNR), Roma,
Italy, with an automated Cameca SX-50 and at the
United States Geological Survey (Reston, Virginia) on a
JEOL JXA-8600 electron microprobe. Whenever the
size allowed it, HMIs were analyzed in two different
spots. Host phenocrysts were analyzed at distances of
about 20 μm from MI.
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On both electron probes, analytical conditions were
15 keV and 10 nA, with a fixed beam size of 10 μm. In
each analytical run, alkalis were always measured first,
and no correction has been made for Na loss. Test runs
made on synthetic and natural glass standards prior to
the beginning of the analysis showed no significant
alkali migration under the specified analytical condi-
tions. Relative one-sigma precision is estimated to be 1
to 2% for major elements and 5 to 10% for minor
elements.

4. Results

Representative compositions of HMIs (in olivine and
clinopyroxene) from nodule DV506, collected in 79 AD
volcanics, and from nodule DV11 (in olivine), collected
in 1944 AD volcanics are shown in Table 1. Olivine
compositions in nodules collected in 79 AD and 1944
Fig. 2. Major-element compositions of HMIs in olivine and clinopyroxene f
their host minerals. Also shown for comparison: post-1631 AD volcanic comp
79 AD volcanics (Sintoni et al., 2005); MIs in olivine from 79 AD volcan
(Marianelli et al., 1999). The compositions of the equilibrium olivine for eac
model of Ford et al. (1983), assuming an Fe2+/Fe3+value of 6. For Vesuvius c
NNO buffer. All calculations have been performed using the software PETR
AD volcanic rocks range from Fo84.6 to Fo85.5 and from
Fo84.5 to Fo86, respectively. Cumulus clinopyroxene in
nodules in 79 AD volcanics is diopsidic and Mg# (cal-
culated on total Fe) ranges from 86.6 to 88.8. Each host
crystal was analyzed in two different spots, on opposite
sides of the HMI; no compositional variation exceeding
the accuracy of microprobe analysis has been noted
between individual points in each grain.

All HMIs are characterized by low analytical totals.
This is interpreted to reflect the presence of significant
amounts of H2O in the trapped melts. This interpretation
is supported by secondary ion mass spectrometry
(SIMS) analyses made on Somma–Vesuvius volcanics
(Belkin et al., 1998; Cioni, 2000; Raia et al., 2000; Lima
et al., 2003) which showed H2O contents up to 6 wt.% in
MI. Indirect support for moderate to high H2O contents
in the MIs is also evident from the calculated liquidus
temperatures of olivine and clinopyroxene (Table 1).
rom Somma–Vesuvius volcanics and nodules, plotted against Mg# of
ositions (bulk rocks) (Ayuso et al., 1998); HMIs in clinopyroxene from
ics (Marianelli et al., 1995); MIs in olivine from 1944 AD volcanics
h rock sample have been calculated using an olivine–melt equilibrium
ompositions, this value corresponds to oxygen fugacity just below the
OLOG (Danyushevsky, 2001).
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The calculated values represent liquidus temperatures of
clinopyroxene and olivine for the analyzed MI compo-
sitions under anhydrous conditions and are accurate
within ±15 °C (Ariskin et al., 1993). Since H2O is
known to lower the liquidus temperatures of all anhy-
drous silicates, calculated anhydrous liquidus tempera-
tures of the H2O-bearing melts are higher than the actual
liquidus temperatures (quenching temperature indicated
as Trun in Table 1). The latter evidence indicates eff-
icient quenching of MI. Calculated clinopyroxene and
olivine compositions (indicated in Table 1 as Mg# host
calc.) are generally similar to the measured ones (in-
dicated in Table 1 as Mg# host meas.), implying that
most MIs were not overheated during experiments (in
overheated case host Mg# calculated should be higher
than host Mg# measured). However, ratios of elements
that are incompatible in the host, and also concentrations
of elements that are present at similar levels in the melt
and in the host (such as FeO⁎ in inclusions in magnesian
clinopyroxene and olivine, and TiO2 and SiO2 in inclu-
sions in clinopyroxene), should not be affected sig-
nificantly by over- or under-heating.
Fig. 3. Volatile element compositions of HMIs in 79 AD and 1944 AD olivin
against host mineral Mg#. Symbols as in Fig. 2.
Variation diagrams for HMIs in olivine and clin-
opyroxene from cumulate nodule DV506 and HMIs in
olivine from nodules DV11 and S3 are shown in Figs. 2
and 3. Olivine HMIs data from cumulate S3 nodule are
from Lima et al. (2003). For comparative purposes, in
the diagrams of Figs. 2 and 3 the following data have
been considered: post-1631 AD volcanic compositions
(bulk rocks) (Ayuso et al., 1998); HMIs in clinopyrox-
ene from 79 AD volcanics (Sintoni et al., 2005); MIs in
olivine from 79 AD volcanics (Marianelli et al., 1995);
MIs in olivine from 1944 AD volcanics (Marianelli
et al., 1999). To plot post-1631 AD interplinian
volcanics shown in Figs. 2 and 3, the compositions of
the equilibrium olivine for each rock sample have been
calculated using the olivine-melt equilibrium model of
Ford et al. (1983), assuming an Fe2+/Fe3+ value of 6. For
Vesuvius compositions, this value corresponds to an
oxygen fugacity just below the NNO buffer.

The CaO/Al2O3 values of MIs in olivine and clino-
pyroxene from 79 AD and 1944 AD nodules and vol-
canics are shown in Fig. 2A. In general all MIs show
decreasing CaO/Al2O3 values with decreasing host
e and clinopyroxene from Somma–Vesuvius cumulate nodules, plotted



Table 2
P2O5/K2O, Na2O/K2O, Cl/K2O and S/Cl average values in cumulates
olivine and clinopyroxeneHMI, volcanic rock olivine and clinopyroxene
HMIs and average volcanic bulk rock compositions

Average value of: 79 A.D. 1944 A.D.

P2O5/
K2O

Mis in nodule o1° and cpx° 0.24 (0.06) 0.18 (0.01)
Mis in volcanic o1° and
cpx (I group)⁎

0.19 (0.04) 0.15 (0.03)

Mis in volcanic cpx
(II group)⁎⁎

0.16 (0.07)

Volcanic compositions
(b.r.°)⁎⁎⁎

0.02 (0.01) 0.12 (0.02)

Na2O/
K2O

Mis in nodule ol and cpx 0.49 (0.12) 0.36 (0.03)
Mis in volcanic ol and cpx
(I group)⁎

0.40 (0.05) 0.39 (0.06)

Mis in volcanic cpx
(II group)⁎⁎

0.43 (0.1)

Volcanic compositions
(b.r.)⁎⁎⁎

0.54 (0.07) 0.33 (0.01)

Cl/
K2O

Mis in nodule ol and cpx 0.136
(0.041)

0.116 (0.017)

Mis in volcanic ol and
cpx (I group)⁎

0.099 (0.014) 0.089 (0.021)

Mis in volcanic cpx
(II group)⁎⁎

0.061 (0.016)

Volcanic compositions
(b.r.)⁎⁎⁎

0.068 (0.005) 0.024 (0.007)

S/Cl Mis in nodule ol and cpx 0.52 (0.1) 0.36 (0.06)
Mis in volcanic ol and
cpx (I group)⁎

0.39 (0.7) 0.27 (0.06)

Mis in volcanic
cpx (II group)⁎⁎

0.21 (0.1)

Volcanic compositions
(b.r.)⁎⁎

b0.05 b0.05

In parenthesis standard deviation; °Data from this study and Lima et al.
(2003).
⁎Data from: (Marianelli et al. 1995, 1999; Raia et al. 2000; Webster
et al., 2001).
⁎⁎Data from Sintoni et al. (2005). ⁎⁎⁎Data from Ayuso et al. (1998).
°o1 = olivine, cpx = clinopyroxene, b.r. = bulk rocks.
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mineral Mg#. This trend, as discussed by Lima et al.
(2003), is consistent with olivine–clinopyroxene cotectic
crystallization. Olivine and clinopyroxene HMIs from
cumulate nodule (DV506) collected in 79 AD volcanics
show less evolved compositions, with CaO/Al2O3 ratios
varying in a more narrow range, with lower TiO2/Al2O3

and K2O/Al2O3 values (Fig. 2A–C) compared with
HMIs in olivine from DV11 and S3 nodules, collected in
1944 AD volcanics. Olivine and clinopyroxene HMIs
from 79 AD cumulate nodule also have the highest P2O5/
K2O,Na2O/K2O, Cl/K2O and S/Cl contents (Fig. 3A–D).

Even if HMIs in olivine from 1944 nodules generally
are in good agreement with MIs in olivine from 1944
volcanics, the latter have lower P2O5/K2O, Cl/K2O and S/
Cl and higher Na2O/K2O ratios thanHMIs in olivine from
nodule collected in 1944 AD volcanics (Fig. 3A–D).
Olivine and clinopyroxene HMIs from 79 AD
volcanics can be divided into Group I and Group II.
Group I has compositions consistent with MIs in oliv-
ines and clinopyroxenes from 79 AD nodules; Group II
vice versa has more evolved compositions, with much
lower CaO/Al2O3 values, increasing TiO2/Al2O3 ratios
(Fig. 2B), decreasing K2O/Al2O3 (Fig. 2C) and scattered
P2O5/K2O (Fig. 3A) ratios compared with correlative 79
AD nodule MIs. Group II HMIs have been trapped in
more evolved 79 AD volcanic clinopyroxenes and in
addition they have Na2O/K2O ratios comparable with
olivine MIs in 1944 volcanics (Fig. 3B) but very low Cl/
K2O values – similar to N1631 volcanic bulk rock
(Fig. 3C) – and S/Cl values (Fig. 3D).

Table 2 shows P2O5/K2O, Na2O/K2O, Cl/K2O and S/
Cl average contents (in parenthesis 1 sigma precision) for
HMIs from this study, for MIs previously plotted in
Figs. 2 and 3 and also for 79 AD and 1944 AD MIs in
clinopyroxenes from volcanics studied by Webster et al.
(2001) and Raia et al. (2000). Note that in Table 2, HMIs
in minerals fromAD 79 volcanics have been organized in
two groups because, as already pointed out, they rep-
resent two different populations.Group IHMIs have been
averaged along with all MIs in minerals from volcanics
(e.g. Marianelli et al., 1995; Webster et al., 2001), where-
as Group II represents only Sintoni et al. (2005) data.

In Table 2, P2O5/K2O values for the 79 AD samples
vary from 0.24 in cumulate-hosted MIs to 0.19 (decrease
of 21%) and to 0.16 (Group II with a decrease of 33%) in
MIs from volcanic rock crystals with a strong decrease
down to 0.02 (decrease of 88%) in bulk rock. The
average P2O5/K2O values for the 1944 AD interplinian
samples vary from 0.18 in cumulate-hosted MIs to 0.15
in volcanics MIs (decrease of 17%), whereas a limited
variation (20%) betweenMIs from volcanic rock crystals
and bulk rock is observed. Average Na2O/K2O values
vary in different ways. They decrease from 0.49 in
cumulate-hostedMIs to 0.40 (18%) and to 0.43 (Group II
with a decrease of 12%) in MIs from volcanic rock
crystals and then increase to 0.54 (35%) in bulk rock.
The average Na2O/K2O values for 1944 AD show only
very weak variations from cumulate-hostedMIs (0.36) to
MIs from volcanic rock crystals (0.39) to bulk rock
composition (0.33) (increase and decrease of 8%,
respectively). The average Cl/K2O values for 79 AD
decrease markedly from cumulate-hosted MIs (0.136) to
MIs from volcanic rock crystals of Group II (0.061)
(decrease of 55%); the latter has Cl/K2O content slightly
lower than bulk rock. The average Cl/K2O values for
1944 AD interplinian decrease from 0.116 to 0.089
(23%) from cumulate-hosted MIs to MIs from volcanic
rock crystals. Bulk rocks show a strong Cl/K2O decrease,



Fig. 4. A) S/Cl versus FeO⁎ total iron and B) S/Cl versus Na2O/FeO⁎

in olivine and clinopyroxene MIs from AD 79 and 1944 cumulate
nodules and volcanic rocks.

Fig. 5. Total iron (FeO⁎) in MIs versus Fo content of the host olivine
for 79 AD (A) and for 1944 (B) MIs in nodules and volcanics.
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up to 0.024 (73%). Average S/Cl values can be compared
only between cumulate and volcanic rocks MIs data.
There is a decrease from 0.52 to 0.39 (Group I) to 0.21
(Group II) (25% and 60% respectively) for 79 AD and a
decrease from 0.36 in cumulates MIs to 0.27 (25%) in
volcanic crystals MIs for 1944 AD.

The 79 AD plinian cumulate MIs clearly display a
higher S/Cl content compared with 1944 AD cumulate
MIs (Fig. 3D). For HMIs, S/Cl values against FeO⁎

(total iron) and NaO/FeO⁎ are shown in Fig. 4; S/Cl
ratio increases with increasing FeO⁎ (Fig. 4A) and also
with CaO and MgO (not shown) and decreases with
increasing Na2O/FeO⁎ (Fig. 4B) and also with K2O (not
shown). In both diagrams (Fig. 4A and B), MIs from 79
AD plinian crystals show an evolutionary trend with a
higher S/Cl ratio compared with MIs in 1944 AD inter-
plinian crystals. These correlations do not reflect post-
entrapment re-equilibration of MIs resulting in sulphide
precipitation because there is no correlation between S
and FeO⁎ content of MIs.

5. Discussion

As shown in Figs. 2 and 3, HMIs in minerals from
nodules display larger compositional variations com-
pared with MIs in minerals from volcanics even if the
general trend is always consistent with olivine–clin-
opyroxene cotectic crystallization. Particularly impor-
tant is the finding that compositions of MIs in 79 AD
volcanics represent two different population (named
Group I and Group II).

Only HMIs in less evolved host crystals (Group I)
have compositions consistent with 79 AD nodule HMIs.
On the other hand plotting FeO⁎ contents in MIs in
olivine from the cumulate nodules versus Fo content of
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the host olivine (Fig. 5), MIs in olivine from 79 AD
nodules and from 79 AD volcanics Group I display
(Fig. 5B) a similar trend to the ones shown by MIs in
olivine from 1944 AD nodules and volcanics. As dis-
cussed by Danyushevsky et al. (2000), a negative cor-
relation between FeO⁎ contents inMIs and the Fo content
of the host olivine (Fig. 5A and B), when observed in a
magmatic series, results from post-trapping re-equilibra-
tion of MIs with their hosts at similar temperatures. The
FeO⁎ content of the residual melt inside MIs in olivine
does not usually reflect its content in the trappedmelt, but
is a function of temporal variations in temperature after
trapping (Danyushevsky et al., 2002), and it can be either
lower or higher than the trapped value. Similar trend for
MIs from the nodule DV11 and S3 and the host 1944 AD
lava and for MIs from the nodule DV506 and host 79 AD
volcanics indicate their common thermal evolution for
some time prior to eruption.

The variation diagrams of volatile concentration as a
function of host crystal Mg# selected here (Fig. 3A–D)
reveal volatile variations in magma during olivine and
clinopyroxene crystallization. Generally this type of
diagram shows that olivine and clinopyroxene MIs from
79 AD plinian cumulate have a higher volatile content
than olivine MIs from 1944 AD interplinian cumulate,
even in host crystals showing the same Mg#.

Compositions of HMIs in olivine and clinopyroxene
from cumulate nodule DV506 (sampled in 79 AD
volcanics) and in olivine from nodules DV11 and S3
(sampled in 1944 AD volcanics) have been compared
with compositions of HMIs in olivine and clinopyrox-
ene from the 79 AD and 1944 AD volcanic rocks and
with correlative 79 AD and 1944 AD bulk rock com-
positions (Table 2). The purpose of this comparison is to
examine the possible different volatile trends between
the “closed system” represented by MIs in crystals in
nodules and volcanic rocks (even if MIs could represent
partially degassed magma if the volatile phase or phases
left the magmatic system) and the “open-system”
behaviour expected for the bulk rock compositions.

Although nodule samples were collected in the same
eruption where studied phenocrysts from volcanics were
found, it is still important to determine when individual
phenocrysts found in the ejecta formed or, alternatively,
when MIs were trapped in phenocrysts. The best way to
establish a relative chronology of MIs trapping is by
evaluation of host crystal evolutionary trends (e.g.
Mg#). As a consequence HMIs in less evolved crystals
represent an earlier stage of magma evolution.

– The decreasing P2O5/K2O ratio (Table 2 and Fig. 3A)
from MIs in cumulate crystals to MIs in volcanic
rock crystals for both 79 AD and 1944 AD, results
from apatite crystallization that lowers the P concen-
tration in the melt during magma evolution. Com-
pared with bulk rock compositions, MIs in 1944 AD
volcanic rock crystals show a week variation in P2O5/
K2O (there is a small difference between closed and
open system behaviour). The large P2O5/K2O deple-
tion observed in 79 AD bulk rock (about 83% com-
pared with 1944 AD bulk rock and 87.5% compared
with P2O5/K2O in MIs in 79 AD more evolved
volcanic rock crystals, Group II) could be explained
by hydrothermal fluids that (as discussed in the next
paragraphs) deplete the magmatic system in P during
magma ascent.

– The 1944 AD MIs and bulk rock compositions
(Table 2 and Fig. 3B) show Na2O/K2O ratios that are
very similar (difference is 8%). This implies that Na
behaves as an incompatible element during magma
fractionation. The increases of Na2O/K2O ratio in 79
AD bulk rock (∼64% compared with 1944 AD bulk
rock and ∼35% to∼26% compared with 79 ADMIs
Group I and II, respectively) imply that during
magma ascent there was Na enrichment in the mag-
matic system (as discussed in the next paragraphs).

– MIs from the 79 AD and 1944 AD cumulate and
volcanic crystals, and bulk rock compositions, show
a progressive decrease in Cl/K2O ratio (Table 2 and
Fig. 3C). Somma–Vesuvius 79 AD and 1944 AD
magmas were affected by Cl loss during their evo-
lution. Bulk rock compositions from 1944 AD show
a larger Cl/K2O depletion compared with correlative
MIs in volcanic crystals (∼73%), vice versa Cl/K2O
content is quite the same in plinian 79 AD bulk rocks
and in more evolved crystal MIs from AD 79
volcanics (Group II). This implies that removal of Cl
was more efficient in pre-eruptive condition and/or
during the 1944 AD interplinian eruption. On the
other hand, Cl solubility is extremely sensitive to
melt composition. Crystallization of Ca, Mg, Fe, and
Al-rich minerals dramatically reduces Cl solubility
(Webster and De Vivo, 2002; Webster et al., 2003;
Mathez and Webster, 2005), so the large difference in
Cl/K2O ratios in 79 AD and 1944 AD bulk rocks
might reflect pre-eruptive magma composition and
pressure condition.

– MIs in olivine and clinopyroxene from cumulates
and volcanic rocks show S/Cl depletion (∼25% for
Group I and 60% for Group II for 79 AD and ∼25%
for 1944 AD) for both plinian and interplinian events
(Table 2 and Fig. 3D). These differences imply that S
loss during early fractionation was similar for both
AD 79 and 1944 AD magmas.
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Experimental studies have determined that S solubil-
ity behaviour in silicate melts is complex due to multiple
valence states and the occurrence of non-volatile S-rich
Fig. 6. Stratigraphic successions below Somma–Vesuvius (A), showing also m
(see Fig. 1 for their location). B) Transition from lithostatic to hydrostatic con
plastic transition, consisting of a self-sealed zone, should occur at pressure bet
temperature of about 720 °C (Fig. 7). Temperature and fluid pressure (Pf) gra
water circulates at hydrostatic pressure in brittle rock, whereas highly saline
rock.
phases. Sulfur solubility varies as a function of melt
composition, especially with Fe content (Carroll and
Webster, 1994) and the vapor/melt partition coefficient
agmatic chambers as in Lima et al. (2003), and below Naples Bay (C)
dition in the Somma–Vesuvius subvolcanic environment. The brittle to
ween 900–1100 bars equivalent to about 3.6–4.5 km depth assuming a
dients across the interface are very steep. Dilute, dominantly meteoric
brines of magmatic origin accumulate at lithostatic pressure in plastic



412 A. Lima et al. / Chemical Geology 237 (2007) 401–417
for S varies strongly also as a function of both temper-
ature and relative oxygen fugacity (Wallace, 2003 see
Fig. 3 pag. 111). At the same oxygen fugacity, S solu-
bility decreases strongly with decreasing temperature,
e.g., the partition coefficient increases from about 100 at
900 °C to about a 1000 at 750–780 °C. As a result,
magmas may saturate and exsolve an S-rich aqueous
volatile phase if the melts evolve to compositions and
conditions characterized by lower S solubilities.

As shown in Fig. 3D, even though 1944 AD cumu-
late olivine phenocrysts have similar Mg# compared
with 79 AD cumulate olivine, they are characterized by
lower S/Cl content. This observation, along with the
evolutionary trend shown in Fig. 4, implies that MIs in
79 AD plinian cumulates were trapped at higher tem-
perature and pressure (considering that magma cham-
bers commonly have a vertical gradient) compared with
MIs in 1944 AD interplinian cumulates. On the other
hand, Lima et al. (2003) argue that higher concentra-
tions of volatile elements in MIs in primitive pheno-
crysts suggest crystallization at higher pressure in a
deeper magma chamber.

5.1. Differences between plinian (79 AD) and inter-
plinian (1944) hydrothermal system at Somma–Vesuvius

As discussed in the previous section there are marked
differences between average volatile contents of MIs as
well as in P2O5 and Na2O contents in plinian and inter-
plinian volcanic products. These differences likely re-
present the effects of hydrothermal activity, when
magma resides in the shallow crust and remains a closed
system to volatile phase escape for a long time, pro-
ducing a state of volatile saturation under lithostatic
pressure.

During the 1944 AD interplinian activity at Vesuvius,
magmas continuously ascended through the system,
undergoing simultaneous degassing and fractionation.
This could explain part of the Cl/K2O and S/Cl varia-
tions between MIs of 79 AD and 1944 AD cumulates
and volcanics and bulk rocks, as discussed in the pre-
vious paragraph. The loosely cemented conduit within
the volcano did not allow significant build up of volatile
pressure, leading to frequent, non-violent inter-plinian
eruptions.

This combination of ongoing magma supply and
frequent eruptions results in nearly steady-state condi-
tions beneath the volcano, which explains why there is
little variation in the composition of the 1944 AD
erupting melt (Figs. 2 and 3). The uneven distribution of
earlier formed phenocrysts in the ascending magmas
(mainly clinopyroxene with subordinate olivine) ex-
plains compositional variations observed in the inter-
plinian volcanic rocks (Lima et al., 2003).

These observations, combined with the results of
studies of the Somma–Vesuvius hydrothermal system
using fluid and saline–melt inclusions, allow us to argue
that hydrothermal processes in the Somma–Vesuvius
subvolcanic environment, both before and during
plinian eruptions, are controlled by the transition from
magmatic to hydrothermal conditions (brittle to plastic
transition), as described by Fournier (1999).

The 79 AD plinian explosive eruption occurred after a
long repose time at closed-conduit conditions. The
conduit became closed as a result of cooling of ascending
magma at the end of a previous interplinian eruption. As
depicted in the model described by Fournier (1999) to
explain the formation of epithermal ore deposits
associated to porphyry systems, the closing of the
system is enhanced by self-sealing processes, such as
precipitation of newly formed hydrothermal minerals.

Beneath the Somma–Vesuvius volcanic complex
near the upper portion of the shallow magma chamber, a
carapace, surrounded by an impermeable rind, forms
(and acts as) an interface between the brittle rocks above
and plastic rocks below (see also Lima et al., 2006; De
Vivo and Lima, 2006). As shown schematically in
Fig. 6B, in brittle rock fluids circulate under hydrostatic
pressure conditions. In this region, the strain rate needed
to cause shear failure of a preexisting open cracks is
highly dependent on the coefficient of friction, on fluid
pressure (Pf), and on the orientation of the fracture with
respect to the stress field (Sibson, 1984). In the plastic
rocks at lithostatic pressure conditions (where the least
principal stress is the lithostatic load), brine and steam
exsolve from crystallizing magma (as in the case of
Vesuvius, Webster et al., 2001; Webster and De Vivo,
2002; Webster et al., 2003) and tend to accumulate in
thin, overlapping horizontal lenses (Burnham, 1979). In
this region the stress difference required to initiate
plastic deformation is highly dependent on temperature,
strain rate and rock type. When breaches of the self-
sealed system occur, and steam and brine are discharged
into the brittle, hydrostatically pressured domain,
faulting, brecciation, hydrothermal alteration, and vein
mineralization occur along with an explosive plinian
eruption.

In this scenario, HMIs from 79 AD plinian nodules
and from volcanic less evolved crystals (Group I) (Figs.
2 and 3) are trapped in the deeper magma chamber in a
state of volatile saturation under lithostatic pressure.
More evolved crystal from 79 AD volcanics (Group II)
formed in a surficial magma chamber (see Lima et al.,
2003) and trapped MIs representing a degassed magma,
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in different oxidation state. Note that more evolved
clinopyroxene that trapped Group II MIs have been
collected in the 79 AD white pumice fallout, which
represents the basal products of the eruption.

5.2. Somma–Vesuvius stratigraphic system and brittle-
plastic transition zone

The stratigraphic succession below the Somma–
Vesuvius volcano (Fig. 6A) has been described by
Bernasconi et al. (1981), Milia (1999), Brocchini et al.
(2001) and Milia et al. (2003). A carbonatic substrate
was encountered at a depth of 1670 mbsl in the Trecase
well. The substrate is made up of thrust sheets that
involve the Meso–Cenozoic succession and form the
Apennine thrust belt. This succession experienced emer-
sion during the Miocene–Pliocene and resulted highly
porous rocks in its upper part (approximately 2000 m in
thickness) because of karst processes. Successively ex-
tensional tectonic activity followed. This tectonic event,
occurred during the Pleistocene, was responsible for the
formation of a half graben basin bounded by listric faults
(Fig. 6C), which merge at∼12 km depth, corresponding
to the low velocity zone of Zollo et al. (1998). The
Quaternary succession is made up of clastic and volca-
niclastic deposits (Fig. 6A).

In particular, the carbonatic rocks are overlain by
conglomerates that are in turn covered by 0.98–1.24Ma-
old marine siltstones and calcarenites covered by a thin
strata of deep marine clay followed by a succession of
marine to subaerial sandstones and siltstones with inter-
bedded lavas and tuffites. A thick pyroclastic succession
made up of the Campanian Ignimbrite (39 ka, De Vivo
et al., 2001) and pre-Campanian Ignimbrite (Rolandi
et al., 2003) was deposited before the volcano formation.

As described in the previous paragraph, several dif-
ferent mechanisms may play a role in triggering major
breaches of the self-sealed zone (Fig. 6B). Tectonic
activity affected the Vesuvius area before the 79 AD
eruption. A tectonic uplift occurring offshore Pompei,
predates the deposition of the 79 AD pumice fall (Sacchi
et al., 2005). An earthquake, which seriously damaged
Pompei, occurred on February 5th 62 AD, with a Mag-
nitude of 5.9 (AAVV, 2004). Because of the high value of
the magnitude and of the NW–SE trend of the isosists,
we suggest a tectonic origin for the earthquake. We
hypothesize that the tectonic event triggered an upward
surge of new magma, that 17 years later was responsible
of the 79 AD Plinian eruption (see also Hill et al., 2002).

Indeed, the ascending magma temporarily increased
the local strain rate to such a degree that previously
plastic material underwent shear failure in response to
the stress difference. Shear failure allows hypersaline
brine and gas to be released quickly from the normally
plastic region into the brittle, lower pressure and lower
temperature, domain, where hydrothermal veins are
deposited as a result of decompression and cooling of
the magmatic fluid (Fig. 6B). This mechanism produced
skarn type mineralization including chlorides, sulfates
and carbonates at Somma–Vesuvius. In particular,
fluoride-rich saline fluids led to the formation of acces-
sory Ti-, Zr-, Th-, U- and REE-bearing minerals in
vesuvianite skarns (Gilg et al., 2001, Fulignati et al.,
2004). Based on data from fluid inclusions in the skarns
(Fulignati et al., 2000a; Gilg et al., 2001), the brittle–
plastic transition beneath Somma–Vesuvius should
occur at 900–1100 bars (3.6–4.5 km dept, Fig. 6B),
and at temperature of about 720 °C. Phase relations in
the systems NaCl–H2O and NaCl–KCl–H2O (Cline and
Bodnar, 1994) can provide a good, first approximation
of how salinity is likely to vary in Somma–Vesuvius,
where hydrothermal fluids exsolved from crystallizing
magmas. Precipitation of NaCl occurs when fluid pres-
sure (Pf) is controlled by lithostatic pressure (Fig. 7), at a
pressure above 200 bars (about 1 km deep).

5.3. Geochemical variation in volcanic rocks asso-
ciated with the 79 AD plinian eruption

During plinian events there is a drop in pressure
resulting from a breach in the self-sealed zone and mag-
matic fluid escape into the overlying brittle zone, pro-
ducing an explosive eruption. The rapid expulsion of
steam and brine into overlying, previously hydrostatically
pressured part of the system, determines hydraulic
fracturing and brecciation (phreatic explosions are likely
to occur above the most permeable zone of upward flow).

When fluid pressure (Pf) drops as a result of
breaching sealed zone, brine will boil. Brine boiling is
important because it may produce a large volume of
steam and a coexisting, high salinity brine or vapor plus
salt if the pressure drops below about 200 bars (such as
in the Vesuvius case) (Fig. 7). At near-magmatic tem-
peratures, decompression from lithostatic to hydrostatic
Pf causes brines to become much more saline with the
simultaneous evolution of a lower salinity vapor phase.

The shifting of brine into the field of gas (superheat-
ed steam)+solid salt at low pressure has important
implications regarding the concentrations of HCl that
may be transported when (and if) the vapor phase
escapes into overlying rock. It is well established that
HCl tends to partition into the vapor phase in equili-
brium with boiling brine (Candela and Piccoli, 1995;
William et al., 1995). This happens because, at pressures



Fig. 7. Temperature–depth diagram showing phase relations in the system NaCl–H2O with depth corresponding to lithostatic conditions. Multiphase
aqueous brine inclusions, yielding salinity between 43 and 53 wt.% NaCl eq., found in Somma–Vesuvius skarn ejecta (Gilg et al., 2001) would be
trapped at a pressure between 900–1100 bars, equivalent to about 3.6–4.5 km, assuming a temperature of 720 °C. G = gas; L = liquid; S = solid; dot–
dashed lines are contours of constant wt.% NaCl dissolved in brine; short dashed line shows the boiling point curve for a 10 wt.% NaCl solution at
pressures and temperatures above its critical point C. Curve A shows the three-phase boundary G+L+S for the system NaCl–H2O; curve B shows
the three-phase boundary G+L+S for the system NaCl–KCl–H2O, with Na/K in solution fixed by equilibrium with albite and K-feldspar at the
indicated temperatures (After Fournier, 1987).
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sufficiently low for halite to precipitate, the reaction of
NaCl with H2O become important and hydrolysis
reactions produce HCl and NaOH that remain prefer-
entially in the melts (Veksler, 2004).

As discussed above, the greater average Na2O and Cl
content found in 79 AD bulk rocks at Vesuvius could be
explained by pre–syn–post eruptive reactions. Fluid
migration during cooling and post-emplacement fluid
exsolution, can mobilize sufficient material to form a
variety of volatile-rich phases like Cl-rich cancrinite,
sodalite, halite, and sylvite, as pointed out by Belkin
et al. (2006) that identified in massive yellow and gray
facies of Campanian Ignimbrite and in piperno:
marialitic scapolite containing 4.1 wt.% Cl; cancrinite,
containing 8 wt.% Cl (SO3=4 wt.%); and sodalite
containing 7.2 wt.% Cl.

The hydrothermal model could also explain the
phosphorus depletion in 79 AD plinian bulk rocks and
the loss of other metallic elements. Phosphorus, along
with other elements such as Ti, Fe, Mg and Mn, likely
forms primary phosphate deposits depending on the
physical characteristics of the vapor phase separating
from boiling brine during decompression from litho-
static to hydrostatic Pf.

The escape of magmatic fluids from plastic rock at
Vesuvius under normal circumstances and without a
major perturbing event, is mostly represented by gas
(Chiodini et al., 2001; Federico et al., 2002). Likely,
during very long repose times, such as the one before the
79 AD plinian eruption, highly differentiated volcanic
products were formed by in situ processes (exsolution of
volatiles at depth and transport to the top of the plutons
by convection of the magma) (Shinohara et al., 1995). A
necessary condition for volatile transfer to be significant
is melt supersaturation with respect to H2O (Trial and
Spera, 1990).

6. Conclusions

Compositions of HMIs in olivine and clinopyroxene
(from 79 AD and 1944 AD cumulate nodules and from
79 AD and 1944 AD volcanic rocks) and bulk rock
compositions (from 79 AD and 1944 AD eruptions)
have been compared to examine differences between the
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“closed system” represented by MIs and the “open-
system” represented by bulk rocks. P2O5/K2O, Na2O/
K2O, Cl/K2O and S/Cl variations between 79 AD and
1944 AD MIs and 79 AD and 1944 AD bulk rocks have
been interpreted as being strongly influenced by hydro-
thermal processes active before, during and post-em-
placement explosive eruptions.

During 1944 AD interplinian activity at Vesuvius,
magmas continuously ascended through the system,
undergoing simultaneous degassing. The loosely cemen-
ted conduit within the volcano did not allow significant
build up of volatile pressure, leading to frequent, non-
violent inter-plinian eruptions. This combination of
ongoing magma supply and frequent eruptions results
in nearly steady-state conditions under the volcano,
which explains why there is little variation in the com-
position of the 1944 AD erupting melt.

The 79 AD explosive plinian eruption occurs, after a
long repose time (similar to all the other plinian eruptions
at Vesuvius) at closed-conduit conditions. The latter are
created by cooling of magma at the end of previous
interplinian eruptions, and are further enhanced by self-
sealing processes (precipitation of newly formed miner-
als) in the waning stage of the active magmatic–
hydrothermal system. The above scenario implies that
beneath the Somma–Vesuvius volcanic complex, around
the upper portion of the shallow magma chamber at a
depth between 3.6–4.5 km, a carapace forms and acts as
an interface between the brittle and plastic rocks
(Fig. 6B). Several different mechanisms may play a
role in triggering major breaches of the self-sealed zone.
It is likely that the activation of a fault system by a
tectonic earthquake in the 62 AD, produced an upward
surge of new magma, which after 17 years and im-
mediately before the 79AD plinian eruption, temporarily
increased the local strain rate to such a degree that
previously plastic material underwent shear failure in
response to a stress difference.

When fluid pressure (Pf) drops as a result of breaching
sealed zone, brine will boil producing a large volume of
steam and a coexisting, high salinity brine or vapor plus
salt if the pressure drops below about 200 bars (Fig. 7).
Pre-eruptive reactions (e.g. reaction of NaCl with H2O)
and/or fluid migration during cooling and post-emplace-
ment fluid exsolution that mobilizes sufficient material
to form a variety of volatile-rich phases Cl-rich, could
explain the greater average Na2O/K2O and Cl/K2O
content found in 79 AD volcanic rocks at Vesuvius.
Phosphorus, along with other elements such as Ti, Fe,
Mg and Mn, forms hydrothermal veins (likely in cor-
respondence of skarn) as a result of decompression and
cooling of the magmatic fluid.
Olivine and clinopyroxene HMIs from cumulate
nodules collected in 79 AD volcanics and HMIs in
olivine from 79 AD volcanics (Group I), were trapped at
depth, when the magma was is in a state of volatile
saturation. These olivine bearing HMIs from both 79
AD nodules and volcanics experienced common ther-
mal evolution for some time prior to eruption.

The large Cl/K2O depletion in 1944 bulk rocks
reflects pre-eruptive magma conditions as well. During
magma fractionation, crystallization of Ca, Mg, Fe,
and Al-rich minerals dramatically reduces Cl solu-
bility removing Cl from melt. Chlorine, in addition,
escapes from the 1944 AD volcanic system because
the latter, in contrast with 79 AD, is in open conduit
condition.
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