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Abstract Mantle peridotites from the Veneto Volcanic
Province (VPP) have been investigated in order to constrain
P-T conditions of mantle events, determine the style of the
metasomatic reactions, and the compositions of the meta-
somatic agents. Studied rocks show dominant protogranular
and transitional textures; only one sample shows effect of
pyrometamorphism. Clinopyroxenes in protogranular
lherzolites show depleted LREE patterns, while those
of transitional rocks are characterised by spoon-shaped
REE patterns (La up to 60 times chondrite), and
variable enrichments in LILE. Two generations of fluid
inclusions are recognised: 1) Type I (CO2 ± CO ± C fluid)
found only in orthopyroxene of transitional xenoliths
which may contain very small amphibole; 2) Type II
(CO2-rich fluid) found in all minerals of all xenoliths.
Most of inclusions homogenize to liquid, with ThL
ranging between −44 and 31°C. The densest CO2 fluid
inclusions (d=1.13 g/cm3), indicates a trapping pressure
of ~10 kbar at 800°C. We propose that the mantle beneath
the VVP equilibrated at pressures of 10 kbar, at about
800°C. Traces of an aqueous fluid preserved as fluid
inclusions in orthopyroxene suggest the existence of an
older subduction related metasomatic event and the
occurrence of two stages metasomatism in the lithosphere
beneath the SE Alps.

Introduction

Tertiary alkali-basalts of the Veneto Volcanic Province
(VVP, SE Alps) contain abundant mantle xenoliths and
represent a unique opportunity to study the mantle
beneath northern Italy. Previous studies showed that
peridotites consist of protogranular lherzolites and
harzburgites, re-equilibrated under spinel-facies condi-
tions (Morten 1987; Morten and Bondi 1981). Some
authors (Siena and Coltorti 1989, 1993; Coltorti et al.
2000; Beccaluva et al. 2001; Bonadiman et al. 2001) have
shown that the peridotites from this area are representa-
tive of variable degree of mantle depletion and subse-
quent enrichment, revealing a major metasomatic event
by the presence of abundant interstitial glasses (strongly
reacted xenoliths or pyrometamorphic). More recently
Gasperini et al. (2006) suggested that the lithosphere
under the VVP has been affected by two metasomatic
events: an older one induced by slab-derived material
related to Alpine Orogeny, followed by more recent
alkaline metasomatic event consistent with the Tertiary
volcanism of the area.

Present study reports the petrography, mineral chemistry,
fluid and melts inclusions of selected peridotites from three
localities of VVP: San Giovanni Ilarione quarry, Mt.
Madarosa and Mt. di Gloso. Studied rocks consist of
protogranular and transitional (this last one described for
the first time) lherzolites and harzburgites, with limited or
no evidence of pyrometamorphism. These rocks were
carefully selected to study mantle evolution prior the
infiltration of melts related to the Tertiary volcanism, in
order to characterize the petrological and geothermobaro-
metric history of the lithosphere in this area prior the
petrogenesis of VVP alkali basalts.
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Geological setting

The VVP is located in Northeastern Italy, SE of the Southern
Alps sector (Fig. 1). During the Tertiary, convergence between
Africa and Europe induced a subduction of the European
plate underneath the African plate, forming a district where
the magmatic activity extended over 1,500 km2 (De Vecchi et
al. 1976; De Vecchi and Sedea 1995). The VVP magmatism
occurred in several stages, starting with the sporadic eruption
of Na-alkaline lamprophyre dikes in the Late Cretaceous
(Galassi et al. 1994), with the main volcanic events occurring
between Late Paleocene and Oligocene (De Vecchi and Sedea
1995). The VVP volcanic activity can be related to the
foreland reaction to the Alpine orogenic phase and is
considered to have a “within-continental-plate” signature
(De Vecchi and Sedea 1995; De Vecchi et al. 1976; Piccoli
et al. 1981; Barbieri et al. 1982, 1991).

The magmatic activity in the VVP developed in about
35 Ma (De Vecchi and Sedea 1995) and was not continuous,
spanning in 1–3 Ma time period (Barbieri et al. 1982) with an
apex in the middle Eocene (De Vecchi and Sedea 1995). The
volcanic products span among (mela)-nephelinites, basanites,
alkaline basalts, transitional basalts and tholeiites (Bianchini
et al. 2008). Incompatible element patterns and Sr-Nd-Pb
isotopic composition of the most primitive basalt show a
prevalent HIMU and DMM-like mantle source (Siena and
Coltorti 1989; Beccaluva et al. 2001; Macera et al. 2008).

On the basis of different tectonic and magmatic
characteristics the VVP can be divided in three sectors: 1–
2) Mts. Lessini (Western and Eastern), delimited by the
Castelvero and Schio-Vicenza tectonic lines (Fig. 1). In this
area, the magmatic activity occurred from Upper Paleocene
to the Upper Oligocene (Barbieri et al. 1982) and the
volcanic products consist of tuffs, pillow lavas, lavas flows
and eruptive necks with compositions spanning among
nephelinic, basanitic, alkali basalt, transitional basalt and
tholeiitic (Bonadiman et al. 2001); 3) Marostica Hills,
delimited to the west by the Schio-Vicenza tectonic line
(Fig. 1) and to the east by the Brenta River. In this area the
magmatic activity occurred during the Oligocene and was
mostly effusive, with sporadic subaerial episodes related to
several necks. The most abundant products are transitional
and tholeitiic basalts, even though basanite and alkali basalt
are still present (Bonadiman et al. 2001).

For this study, the xenoliths were collected in all three
sectors, in particularMt. Gloso (MG) outcrop for theMarostica
Hills area and Mt. Madarosa (MMad) and San Giovanni
Ilarione (SGIL) outcrops for the Mts. Lessini sectors.

Analytical techniques

Chemical analysis of bulk rocks was performed at the
University of Siena (Italy) by X-ray fluorescence (XRF)
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Fig. 1 Simplified geological
sketch map of VVP (modified
from De Vecchi and Sedea
1995). The three sampling
localities are indicated with star
symbol
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using a Philips MagicX Pro PW. Loss on ignition was
determined by heating the samples at 1,050°C for 2 h. The
background and mass absorption intensities are calculated
against the calibrations constructed from 24 international
geological reference materials.

Fluid inclusion studies were performed at the University
of Siena (Italy) by a Linkam TH600 heating and
cooling stage, on doubly polished sections of about
100 μm thickness. SYNFLINC® standard synthetic fluid
inclusions were used to calibrate the stage, checking the
temperature at CO2 (−56.6°C) and H2O (0°C) triple
points. Accuracy at standard points was estimated ±0.1°C.
Fluid density was calculated using software package by
Bakker (2003) and equation of state by Holloway (1977)
for pure CO2, CO2 + CO mixtures, and CO2 + H2O ± CO.
Raman spectroscopy analyses were performed by a
Labram multichannel spectrometer of Jobin-Yvon Ltd.
at the Dipartimento di Scienze della Terra, University of
Siena (Italy). The source of excitation was an Ar+ laser
producing a line at 514.5 nm. Raman intensities were
measured with a Peltier-cooled CCD detector and the
beam was focused at a spot size of about 1–2 μm, using an
Olympus 100x lens (Frezzotti et al. 2011). The scattered
light was analysed using a Notch holographic filter with
spectral resolution of 1.5 cm−1 and grating of 1.800
grooves/mm.

Mineral major elements were analysed with a
CAMECA SX 50 electron microprobe at IGAG-CNR
in Rome (Italy), operated at an acceleration voltage of
15 kV and a probe current of 15 nA. For glasses,
conditions of measurements were 15 keV accelerating
voltage, 4 nA beam current, 20 μm diameter of electron
beam, counting times 10–20 s. Sodium was analyzed
first to minimize alkali-loss. Mineral analyses were
always assisted by back-scattered electron (BSE) images
to control the microtextural site. Natural and synthetic
silicates were used as standards. Chemical analyses of
minerals were also performed by Philips XL30 scanning
electron microscopy (SEM) at the University of Siena
(Italy), equipped with an energy-dispersive spectrometer.
Analytical conditions include an accelerating voltage of
20 kV and beam current of 23–25 nA.

The LA ICP-MS analyses were performed at the
Department of Earth Science, University of Perugia (Italy),
using a Thermo Electron X7 equipped with a quadruple
based ICP-MS. Spot sizes of 60 μm were used for mineral
phases; counting time was 40 s for the background and 60 s
for sample analyses. Calibration was performed using NIST
SRM612 as external calibration sample in conjunction with
internal standardization, following the method of Longerich
et al. (1996). Precision is better than 10% for all elements,
except for Pb (~15%). Details on the analytical method can
be found in Petrelli et al. (2007, 2008).

Xenoliths and hosted glass petrography

Seventeen best preserved samples, from more than 50
xenoliths collected in three localities of the VVP (Mt.
Madarosa, San Giovanni Ilarione and Mt. Gloso), were
selected for our studies. They consist of a four–phase
assemblage: clear olivine (43–70% vol.), light brown
orthopyroxene (20–42% vol.), green clinopyroxene (5–
15% vol.) and brown spinel (2–8% vol.) calculated using
bulk rock chemistry (CIPW Norm Calculation Program)
and correction factors for ultramaphic rocks. The great
majority of xenoliths cluster in the spinel - lherzolite field;
only one sample (MMad7a) is a spinel - harzburgite
(Fig. 2). The xenoliths are generally angular and range
between 2 and 5 cm in size, with a few samples up to 10 cm
in diameter. Hydrous phases (e.g. amphibole, phlogopite,
etc.) are absent in VVP xenoliths, although previous works
indicate that traces of amphibole may locally be present
(Morten 1979). Xenoliths were chosen among samples
showing dominant protogranular and transitional (interme-
diate between protogranular and porphyroclastic) textures.
Although protogranular and pyrometamorphic textures
have been already described in VVP (Morten 1979;
Bonadiman et al. 2001; Beccaluva et al. 2001), transitional
rocks have never been investigated.

Protogranular xenoliths

Protogranular xenoliths (following the classification of
Mercier and Nicolas 1975) consist of coarse and deformed
grains of olivine and orthopyroxene (~1–8 mm), with minor
interstitial clinopyroxene and spinel (Fig. 3a). Generally,
olivine is kinked and shows curved boundaries, and in
some cases, include small rounded pyroxene grains.
Orthopyroxene has smooth and curved boundaries, often
is kinked and usually contains exsolution lamellae of
clinopyroxene and/or rounded spinel grains. Clinopyroxene
is always small (0.5–1 mm) with irregular shape, in general
interstitial. In some cases, clinopyroxene contains exsolu-
tion lamellae of orthopyroxene and/or rounded spinel
grains. Few clinopyroxenes show partial sieve texture.
Spinel has vermicular shape (< 2 mm) inside the orthopyr-
oxene (Fig. 3b) or between the orthopyroxene and
clinopyroxene; in some cases it is zoned with a brown core
and dark rim and is surrounded by silicate phases. Spinel is
never found enclosed in olivine grains.

Transitional xenoliths

Most selected lherzolites and harzburgites have transitional
texture (Fig. 3c and d), intermediate between protogranular
and porphyroclastic (Mercier and Nicolas 1975). They
consist of two generations of olivine and orthopyroxene.
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Primary minerals appear as coarse deformed (kinked and/or
strained) porphyroclasts (~1–8 mm), and secondary miner-
als as smaller, equigranular neoblasts, often forming triple
joints (~0.1–0.5 mm). The primary orthopyroxene generally
shows exsolution lamellae of clinopyroxene, abundant fluid
inclusions, and may show resorption at the rims. Transi-
tional xenoliths are characterised by high normative
orthopyroxene. Clinopyroxene (~0.5–1 mm) is commonly
characterised by exsolution of orthopyroxene lamellae and/
or spinel; often clinopyroxene shows a porous rim of
variable thickness (partial sieve texture) and a clear core
(sometimes interested by cross-cutting veinlets and irregu-
lar patches) with abundant fluid and melt inclusions. Small
neoblasts of clinopyroxene are rarely present (<0.5 mm).
Spinel has vermicular shape, when in contact with
orthopyroxene (as in protogranular texture), and the
characteristic holly-leaf shapes, when surrounded by oliv-
ine. Idiomorphic spinel is also present. Transitional xen-
oliths contain abundant fluid and melt inclusions.

Strongly reacted xenolith

Both protogranular and transitional xenoliths are interested
by melt infiltration to variable extents (Fig. 3e). Such a late
process is very well known in mantle rocks from this area
(i.e. pyrometamorphic textures described by Siena and
Coltorti 1989; Beccaluva et al. 2001; Bonadiman et al.
2001). In the present study, only one xenolith (SGIL7a)
showed strong reaction with a melt phase (i.e. pyrometa-

morphism) and it was selected as representative of its kind.
SGIL7a is a transitional spinel lherzolite containing
abundant glass (5–8% vol.) as microveins (~1 mm in
thickness), glassy pockets and blebs (<500 μm in diameter)
with variable degree of crystallization. In this rock,
clinopyroxene generally shows no exsolution, shows sieve
texture and micro-channels optically-continuous with inter-
stitial porous areas that might be void or filled by glass.
Spinel also show sieve texture, characterized by coronae
(containing microlites of olivine and/or clinopyroxene) and
it is often in contact with sieve-clinopyroxenes.

Glass

Protogranular and transitional xenoliths contain glass as
microveins, pockets and melt inclusions (<1 vol.%). Glass
microveins are present within the xenoliths, and are never
in contact with the host basalt. Based on textural features
two types of melt/glass have been distinguished:

– Type A glass, in olivine and orthopyroxene, forming a
quite complex network of microveins and trails of melt
inclusions (± CO2) and connecting in interstitial
pockets. The microveins (<50 μm in thickness) are
inter- or intra- granular and contain colourless glass.
Glass pockets can reach 0.5 mm of diameter and are
usually in contact with orthopyroxene and olivine and
may contain skeletal crystals of plagioclase ± olivine ±
clinopyroxene set in a glassy, colourless to pale-brown
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groundmass (Fig. 3f). Type A melt inclusions are
sometimes associated to CO2 fluid inclusions, occur in
trails or in small clusters within single crystals, are
transparent and consist of glass ± one or more gas
bubbles. The size of Type A melt inclusions is less than

50 μm (Fig. 3g) and the shape varies from rounded to
irregular.

– Type B glass is restricted to sieve-clinopyroxene grains,
where it forms colourless short micro-channels
(~100 μm) around the porous rims, sometimes in
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Fig. 3 Microphotographs of
thin sections of mantle
xenoliths: a) protogranular
texture, showing coarse and
deformed grains of olivine and
orthopyroxene with minor
interstitial clinopyroxene and
spinel; b) spinel grain with
vermicular shapes inside the
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texture (crossed polars); c)
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d) sieve-clinopyroxenes in a
transitional xenolith; e) glass
bleb and sieve-clinopyroxene in
pyrometamorphic xenolith; f)
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showed in e), associated with
plagioclase; g) Type A melt
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contact with olivine and spinel; Type B glass is also
present as transparent primary rounded melt inclusions
(<50 μm) ± CO2 bubbles (Fig. 3h), concentrated in the
cores of sieve-clinopyroxene. In glassy Type B traces
(<1 vol.%) of prismatic apatite and illmenite are
detected by back-scattered electron (BSE) imaging.

Mineral chemistry

Major elements

In protogranular and transitional lherzolites and harzburgite,
olivine is Fo88.47–91.28 with NiO content between 0.26 and
0.48 wt%, and Cr2O3 up to 0.19 wt% (Table 1). In
transitional rocks no difference is observed between neo-
blasts and porphyroclasts.

Clinopyroxene is a Cr-diopside (Wo45.65–50.85En44.80–
49.50Fs3.60–6.95) and shows variable compositional range
(Table 2; Fig. 4). Clinopyroxene in lherzolites with proto-
granular and transitional textures shows Mg # [= Mg/(Mg +
Fetot)] between 0.896 and 0.923, TiO2=0.33–0.51 wt%,
Cr2O3=0.71–1.18 wt%, Al2O3=5.35–7.23 wt%, and Na2O=
1.06–1.76 wt%. The clinopyroxene in the harzburgite shows
slightly higher Mg # (0.909–0.931) and Cr2O3 values (0.84–
1.26 w%), while TiO2, Al2O3, Na2O contents are lower
(0.02–0.07 wt%, 3.67–5.00 wt%, 0.76–1.23 wt%, respec-
tively). In protogranular lherzolites orthopyroxene is
enstatite (Wo0.54–2.34En83.09–90.39Fs8.71–14.57) with Mg #
between 0.888 and 0.904, TiO2=0.07–0.16 wt%, Cr2O3=
0.31–0.52 wt%, Al2O3=3.60–5.64 wt% and CaO=0.33–
0.91 wt%. In transitional xenoliths orthopyroxene shows
higher values of Mg# (0.905–0.912) and Cr2O3 contents
(0.42–0.63 wt%), but similar TiO2 (0.03–0.14 wt%),
Al2O3 (3.60–4.78 wt%), and CaO (0.28–0.78 wt%)
values. The orthopyroxene in the harzburgite shows
similar Mg # (0.909), TiO2 and CaO values, but lower
Cr2O3 (0.32 wt%) and Al2O3 (3.06 wt%) contents than
those present in lherzolites with transitional texture.
(Table 3; Fig. 5)

In the protogranular and transitional lherzolites vermic-
ular spinel is characterized by a variable Cr # [= Cr/(Cr +
Al)] and Mg # (0.102–0.150 and 0.740–0.786, respectively)
and high Al2O3 contents (52.83–57.01 wt%). In transitional
lherzolites holly-leaf spinel has slightly higher Cr # (0.175–
0.199), lower Mg # (0.697–0.733) and Al2O3 (47.39–
49.34 wt%) values. The spinel in the harzburgite shows
higher Cr # (0.188–0.245) and Mg # (0.798–0.860), but
lower Al2O3 (19.28–42.06 wt%) content than those present
in the lherzolites (Table 4; Fig. 6).

In the pyrometamorphic xenolith (SGIL7a) olivine
shows lower and variable forsteritic values (Fo86.78–89.06
for coarse grains; Fo85.18–86.54 for neoblasts); clinopyroxeneT
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(Wo42.14–48.33En46.41–51.12Fs5.19–6.75) has very similar values
to those showed in protogranular lherzolites, with Mg #
ranging between 0.886 and 0.905, TiO2=0.39–0.54 wt%,
Cr2O3=0.71–0.94 wt%, Al2O3=5.79–7.32 wt%, and
Na2O=1.20–1.67 wt%. Orthopyroxene presents lower
Mg # (0.853–0.897), higher TiO2 (0.10–0.32 wt%), and
Al2O3 (4.13–5.90 wt%) contents respect to the protogranular
lherzolite, and similar Cr2O3 (0.34–0.54 wt%), and CaO
(0.56–1.20 wt%) values. Spinel shows variable composition
in Cr # (0.089–0.162), Mg # (0.568–0.738), and Al2O3

(46.99–57.53 wt%) contents.

Trace elements

Clinopyroxenes in protogranular xenoliths show a
depleted pattern of LREE [(La/Yb)n=0.006–0.017],
wheras MREE and HREE have a flat profile, with an
average value of 10 times chondrite from Sm to Lu
(Fig. 7a). Primary clinopyroxenes display strong depletion
in incompatible elements with Nb, Sr, Zr and Pb below the
detection limit (Fig. 7b). Transitional xenoliths (Fig. 7c)
are characterised by variable enrichment in LREE [(La/
Yb)n=0.39–0.3.38], whereas the MREE and HREE show
a flat pattern about 10–20 times chondrite. The transitional

sample (MG14d, Fig. 7d) shows a depletion in Ba, an
enrichment in Th, U and Sr, and light negative anomalies
in Ti and Zr. The pyrometamorphic sample (SGIL7a,
Fig. 7f) shows distinct trace element patterns, character-
ized by a depletion in Ba, an enrichment in Th and U, a
strong positive anomaly in Nb and a light negative
anomaly in Sr, Ti and Pb. In transitional harzburgite
(Fig. 7g), the clinopyroxenes show enriched LREE
content [(La/Yb)n=1.16–12.13], a MREE depletion and a
light enrichment in HREE (spoon-shaped pattern), about
3–4 times chondrite. In Fig. 7h a depletion in Rb, Ba, Ta
and Nb, and a positive anomaly in Th and U can be
observed, as well as a spoon-shaped pattern, with a
depletion in HFSE and a significally enrichment in Sr
and Pb.

Fluid inclusion study

Fluid inclusions in mantle xenoliths from VVP are
observed in all the studied samples; they are abundant in
transitional xenoliths and rare in protogranular and strongly
reacted rocks. Based on textural characteristics two types of
fluid inclusions are distinguished:

Fig. 4 TiO2 – Cr2O3 – Al2O3 –
Na2O - mg # relationships in
clinopyroxene in mantle
xenoliths from VVP. Symbols:
(black diamond) protogranular
lherzolites; (white square)
transitional lherzolites; (black
triangle) transitional harzburgite
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1) Type I early CO2-rich fluid inclusions, present only in
transitional xenoliths, where they occur in the large
orthopyroxene and olivine porphyroclasts, isolated or
forming small clusters and short intragranular trails
(Fig. 8a). Some Type I inclusions in orthopyroxene
porphyroclasts contain a birefringent solid (<10 μm)
identified as pargasite by SEM analyses (Fig. 8b).
Partial decrepitation is common (haloes of small
inclusions around the inclusions cavity). Type I fluid
inclusions are not associated with the Type A or B
silicate glasses;

2) Type II late CO2-rich fluid inclusions, occurring in trails,
commonly present in orthopyroxene, clinopyroxene and
olivine in all studied samples (Fig. 8c). Type II fluid
inclusions are often associated with silicate-melt inclu-
sions (Type A glass; Fig. 8c). In the core of sieve-
clinopyroxene sometimes are present late Type III
inclusions, associated to melt inclusions (Type B glass).

Most of the Type I and Type II fluid inclusions melt
in a narrow T interval (−57/−56.5°C; highest frequency
Tm=−56.5°C) as shown in Fig. 9, suggesting nearly pure
CO2. A few among early Type I inclusions show initial
melting from −57 to −59°C. No microthermometric
measurements were performed in Type III fluid inclusions

because of optical problems due to the high porosity of the
sieve-clinopyroxene.

In order to identify the additional component that
depresses the CO2 melting temperature, these inclusions
were analysed by micro-Raman spectroscopy. Micro-
Raman analyses indicate that early Type I CO2 fluids may
contain additional 4–7 mole% CO or graphite. Most Type I
CO2-rich fluid inclusions homogenize to liquid (ThL), in a
large interval of temperature between −44 and 31°C
(Fig. 10). The lowest value of ThL (−44°C) is for a pure
CO2 fluid inclusion and corresponds to a density of
1.132 g/cm3, indicating a minimum trapping pressure of
fluid of 9.4 kbar at 800°C (Fig. 10).

Although homogenization temperatures are similar, Type I
and Type II fluid inclusions show distinct chemical compo-
sition. While late Type II fluids are pure CO2 coexisting with
Type A melts, early Type I fluids represent complex mixtures
of CO2±CO, and should also have contained some H2O, as
suggested by the presence of pargasite.

Glass chemistry

Type A glass in melt inclusions (Table 5) shows rather
constant SiO2 (59.50–63.27 wt%), Al2O3 (19.98–
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21.67 wt%), and Na2O (7.06–7.53 wt%), and more
variable CaO (1.99–4.21 wt%) and K2O (2.17–5.45 wt
%). Veins and pockets show more variable composition,
characterized by higher SiO2 and K2O (62.70–66.10 wt%
and 4.26–8.21 wt%, respectively), lower CaO (0.39–
2.60 wt%), Al2O3 (16.74–21.56 wt%) and Na2O (5.56–
7.04 wt%) contents.

Type B glass has a distinct composition (Table 5):
low SiO2 (52.79–53.51 wt%), K2O (0.21–0.29 wt%), and
Na2O (4.67–4.87 wt%), and high Al2O3 (28.42–28.73 wt
%), and CaO (11.44–11.76 wt%). Data show that Type A
and B glasses have different compositions in terms of
CaO, Na2O and K2O. The Na2O/K2O ratio varies
between 0.71 and 3.47 for Type A glass, 15.94 to 23.64
for Type B glass.

P-T-fO2 estimates

Data on temperature, pressure, and oxygen fugacity for
VVP xenoliths were calculated from the composition of
grains in all the xenoliths; results are reported in
Table 6. The origin of all samples is the lithosphere
beneath VVP, at P-T conditions within the stability field of
spinel. Experimental data show that the minimum pres-
sures for spinel peridotites are constrained by the
maximum pressure limit for plagioclase-bearing perido-
tites (7–8 kbar at 800–1200°C for the NCFMAS system;
O’Neill 1981; Gasparik 1987).

Geothermometers applied to the VVP xenoliths in-
clude two-pyroxene geothermometer based on diopside
and enstatite solubility in coexisting ortho- and clinopyr-
oxene (BK; Brey and Kohler 1990), and the Fe-Mg
exchange reaction between olivine-spinel (B; Ballhaus et
al. 1991). The temperatures calculated using BK for
xenoliths with protogranular and transitional textures
range between 742 and 866°C (± 15°C). For spinel
peridotites, nominal equilibration pressures were obtained
from the temperature independent single-pyroxene barom-
eter (Mercier 1980) to estimate the pressure of the VVP
xenoliths. Both the orthopyroxene (Popx) and clinopyrox-
ene (Pcpx) equations are used. The estimated pressures
range between 8 and 21 kbar (Table 6).

The oxygen fugacity was calculated in protogranular
and transitional xenoliths, using the couple olivine-
spinel oxygen geobarometer of Ballhaus et al. (1991).
The B geothermometer requires an assumption of pres-
sure; we used the pressure of 10 kbar for all samples (the
minimum pressure of pure CO2 fluid inclusions). At the
equilibration pressures of 10 kbar, the Δlog(fO2)FMQ mean
value is ~−1.1, within the range of subcontinental mantle
field. The possible early Type I fluid composition in
transitional xenoliths can be calculated based on temperature,T
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pressure, oxygen fugacity conditions, and measured CO2/CO
ratio of fluids (COH system; Huizenga 2005). Such a fluid
(when CH4 absent), is stable at T=800°C, P=10 kbar, −0.5
≤Δlog(fO2)FMQ ≤1 (when graphite is absent, agraphite <1) and
for a CO2/CO ratio=13–24 should contain about 20 mole %
water (80 mole% of CO2, 19 mole% of H2O and 1 mole% of
CO). For such a fluid the re-calculated isochore gives similar
pressure values of 10.6 kbar.

The lithosphere beneath the VVP sampled by spinel
peridotites equilibrated in a temperature range between 742
and 866°C, for a mean value of 800°C, as calculated in
protogranular and transitional xenoliths. The equilibration
pressures of fluid inclusions at these temperatures range
between 9.4 and 10.6 kbar, corresponding to depths
between 34 and 38 km. Since in this area the Moho
discontinuity is at a depth of about 28 km (Slejko et al.
1987), it results that studied xenoliths came from the
uppermost 10 km of the mantle.

Discussion

Depleted mantle beneath the VVP: protogranular xenoliths

The lherzolites with protogranular xenoliths represent
the depleted mantle beneath the VVP. In these samples,
the clinopyroxene displays negative correlations between
Mg # vs. TiO2, Al2O3, and Na2O and a positive
correlation vs. Cr2O3 (Fig. 4a-d); the orthopyroxene
shows negative correlations between Al2O3 and TiO2 vs.
Mg # and positive correlations between CaO and Cr2O3

vs. Al2O3 (Fig. 5); the spinel is vermicular and has high
Al2O3 contents and low Cr # (Fig. 6). The clinopyroxene
trace element patterns can be used to place constrains on
the relative importance of the partial melting process
undergone by mantle material. Clinopyroxene from pro-
togranular xenoliths shows MREE and HREE content ~10

times chondrite and depletion in LREE (Fig. 7a), in
incompatible elements and in Nb, Sr, Zr and Pb (Fig. 7b),
compatible with a depleted mantle. According to Becca-
luva et al. (2001), HREE patterns can be explained by a
simple fractional melting model, with extraction of about
5–20% basic melts from 10 (lherzolites) to 3 (harzburgite)
times chondrite respectively, starting from fertile VVP
spinel lherzolite. Recent osmium isotope dating by
Goritschnig et al. (2005), suggest that the mantle partial
melting age in peridotites from the VVP occurred at
1.2 Gy.

Multi-stage metasomatism transitional xenoliths

A late metasomatic event in the lithosphere beneath the
VVP, due to the interaction of mantle rocks with a
pervasive metasomatic agent (silicate melt) was previ-
ously reported by Siena and Coltorti (1989) (T=1280–
1370°C and P=18–20 kbar). This event is preserved only
in the strongly reacted xenolith (sample SGIL7a) charac-
terized by sieve-clinopyroxene with the highest contents
of TiO2, Al2O3, and Na2O and low values in Cr2O3. In this
sample, the orthopyroxene shows the highest values in
TiO2, Al2O3, and CaO and high Cr2O3 contents; the spinel
shows low values in Cr #, Mg # and Al2O3. The pattern of
trace elements in clinopyroxene in the pyrometamorphic
xenolith displays an enrichment in REE, Th, U, and Nb, a
depletion in Ba and light negative anomaly in Sr, Ti and
Pb, showing affinity with alkaline lavas (alkali basalts,
basanites, and nephelinites; Siena and Coltorti 1989;
Beccaluva et al. 2001).

The lherzolites in transitional xenoliths preserve
additional evidence for an older mantle enrichment
event in the lithosphere beneath the VVP. Trace
elements in clinopyroxenes show patterns characterized
by an enrichment in LREE and spoon-shaped REE
patterns, especially evident in the harzburgite, variable
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enrichments in some LILE, depletion in HFSE. The
evidence of LREE enrichment, the positive anomalies in
Th, U, Sr, and Pb, and the relative depletion in Nb, Ta,
Zr, Hf and Ti can have been induced by interaction of
mantle rocks with low fractions of basaltic melts or with
water-rich fluids or silicate melts.

As discussed by Ionov et al. (2002), the REE spoon-
shaped enrichment patterns in mantle minerals could be

explained with the increase of melt/fluid percolating
distance from a metasomatic melt source, due to the
higher migration velocity of LREE respect to HREE,
more compatible in the mantle mineralogy. It is also
suggested that clinopyroxene-poor system (harzburgite)
more rapidly reaches the equilibrium with the melt/fluid
than the fertile mantle, due to the higher compatibility of
REE in clinopyroxene than orthopyroxene and olivine.
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Bedini et al. (1997) and Ionov et al. (2002), explain that
the enrichment in some LILE can be due to interaction of

the mantle rock with small fractions of LILE-enriched
melts. The negative HFSE anomalies can be related to
chromatographic fractionation during porous melt flow

Fig. 10 P-T diagram of VVP reconstructed bymineral geothermometers
and fluid geobarometer (see text) in protogranular and transitional
xenoliths. Isochore shows the densest pure CO2 corresponding to the
minimum trapping fluid pressure (10.6 kbar), for a temperature of
800°C (Brey and Kohler 1990). Estimated nominal equilibration
pressures were calculated from the temperature independent single-
pyroxene geobarometer of Mercier (1980)
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and reactions at decreasing melt mass during percolation
of basaltic melts (Takazawa et al. 1992).

However, the observed enrichment in Sr and Pb in
transitional xenoliths cannot be explained with the
chromatographic effect. As showed by Vannucci et al.
(2007), Shibata and Nakamura (1997), and Kosigo et al.
(1997), LILE and most incompatible LREE react faster
than Sr during reaction porous flow and are transported
more easily by melts and/or fluids, due to Sr and Pb
higher mobility in aqueous fluid than other elements of
similar incompatibility during magmatic processes. For
such reason, it is possible that an interaction of mantle
rocks beneath the VVP with a water-rich fluids/melts,
enriched in Sr and Pb, U, and T has occurred (Maury et
al. 1992; Zanetti et al. 1999).

Type I fluid inclusions, containing amphibole,
preserve the metasomatic agent that characterize the
older metasomatic event in the mantle beneath the
VVP. The hydrous metasomatism is cryptic because
there was no introduction of hydrous phases to the
lherzolites, although presence of pargasite in the
carrier fluid/melt is indicated by fluid inclusions, and
by occasional findings in xenoliths (Morten 1979).

Presence of amphibole would suggest a melt like
hydrous metasomatic agent, more than a free aqueous
fluid.

Most of the mantle rocks from the VVP display the
transitional texture, which indicate that major mantle
deformation was associated to the hydrous enrichment
events. This event may be related to the Alpine
subduction. Similar conclusions were also proposed by
Gasperini et al. (2006), based on whole-rock LILE
enrichment and HFSE depletion.

Conclusions

The mantle beneath the VVP equilibrated in a temper-
ature range between 742 and 866°C. For a mean value
of 800°C, the densest Type I pure CO2 fluid inclusions
(d=1.132 g/cm3) corresponds to a minimum trapping
pressure of 9.4 kbar (34 km). From the fluid inclusions
CO and C additional content, the possible original fluid
composition can be determined as 80 mole% of CO2, 19
mole% of H2O, and 1 mole% of CO. For such fluid the
calculated isochore gives 10.6 kbar (38 km).

Table 5 Selected chemical analyses of glass from VVP xenoliths

Rock Texture
Type Host Sample

Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz. Lherz.
Pr Tr Tr Tr Py Py Pr Pr Pr Tr Pr Pr
A A A A B B A A A A A A
MI MI MI MI MI MI Vn Vn Vn Vn Vn Vn
M.Mad. SGIL SGIL SGIL SGIL SGIL M.Mad. M.Mad. M.Mad. SGIL M.Mad. M.Mad.
1a-7,6 2a-7,11 2a-4,4 2b-4,5 7a-7,3 7a-7,4 7a-4,8 7a-1,3 22b-4,11 2a-8,5 28-4c 28-4d

(wt%)

SiO2 59.50 63.27 63.02 61.79 52.79 53.51 66.10 62.70 64.24 65.11 65.12 63.02

Al2O3 19.98 20.92 20.61 21.67 28.73 28.42 19.21 21.56 18.15 16.69 18.41 16.74

TiO2 0.96 0.47 0.17 0.06 0.14 0.18 0.10 0.55 1.27 0.56 0.36 1.13

Cr2O3 0.00 0.00 0.07 0.23 0.00 0.00 0.10 0.00 0.03 0.03 0.02 0.01

FeO 1.73 0.44 0.50 0.42 0.63 0.50 0.21 0.44 1.04 2.35 0.27 1.40

MnO 0.00 0.07 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.07

MgO 1.33 0.41 1.55 0.67 0.69 0.41 0.02 0.03 0.21 1.99 0.15 1.40

CaO 1.99 2.55 4.21 3.76 11.76 11.44 0.44 2.60 0.39 1.15 0.70 0.54

Na2O 7.06 7.14 7.37 7.53 4.67 4.87 6.45 6.67 5.85 5.56 6.55 5.92

K2O 5.45 4.26 3.12 2.17 0.29 0.21 6.89 4.26 8.21 7.10 6.70 6.95

P2O5 0.08 0.16 0.03 0.00 0.05 0.02 0.02 0.07 0.19 0.13 0.00 0.00

F 0.08 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.13 – –

Cl 0.11 0.01 0.00 0.01 0.15 0.10 0.00 0.01 0.02 0.01 0.01 0.00

Totale 98.30 99.73 100.66 98.36 99.91 99.67 99.55 98.89 99.60 101.07 98.37 97.20

mg* 0.43 0.48 0.76 0.61 0.52 0.45 0.07 0.05 0.17 0.46 0.36 0.50

Na2O + K2O 12.51 11.39 10.49 9.70 4.96 5.08 13.34 10.93 14.05 12.66 13.25 12.87

Na2O/K2O 1.30 1.68 2.37 3.47 15.94 23.64 0.94 1.57 0.71 0.78 0.98 0.85

mg* Mg/(Mg + Fetot ); Pr protogranular texture; Tr transitional texture; Py pyrometamorphic texture;

A = Type A glass; B = Type B glass; MI melt inclusions; Vn vein
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A major metasomatic event, induced melting and
re-crystallisation with variable LREE enrichment in
mantle rocks, due to infiltration of alkali silicate basic
melts at high temperatures (related to the Tertiary
volcanism), as also described by Beccaluva et al.
(2001). Type A glass inclusions represent the metaso-
matic agent, enriched in SiO2 and alkalis, while Type B
glass formed during melting of clinopyroxene, resulting
in sieve textures.

Although interaction with metasomatic melts related
to Tertiary volcanism in the area has been pervasive,
present study suggests that an older metasomatic event
induced by water-rich fluids or silicate melts occurred

in the lithosphere beneath the VVP, probably during
Alpine subduction. Presence of amphibole in some
Type I fluid inclusions in orthopyroxenes from transi-
tional xenoliths suggest a melt-like hydrous metaso-
matic agent. In this hypothesis LREE enrichment and
negative anomalies of Nb, Ta, Hf, Zr, and Ti, and a
significant enrichment in Th, U, Pb, Ba and Sr in
clinopyroxenes from transitional samples (especially in
the harzburgite), may indicate transport by aqueous
fluids.

Acknowledgements Constructive comments by two anonymous
reviewers contributed to the improvement of this paper.

Table 6 Equilibrium temperatures, pressures, and oxygen fugacity values for mantle xenoliths from VVP

BK; 1990 M; (1980) B; (1991) at 10 kbar

T (°C) Pcpx (kbar) Popx (kbar) T (°C) Δlog (fo2)FMQ

Cpx/Opx Ol/Spl

MMad1a MMad1a

1) coarse grain 742 1) - 836 −1.69
3) exsol.cpx in opx 808 2) - 766 −1.49
MMad7a (Harzb.) 11 8 3) - 767 −0.93
1) exsol.cpx in opx 745 MMad7a (Harzb.)

3) exsol.cpx in opx 815 1) - 867 −1.67
MMad22b 2) - 867 −1.67
1) coarse grain 756 10 16 3) - 811 −1.43
2) coarse grain 757 MMad22b

3) coarse grain 752 15 1) - 992 −1.74
4) coarse grain 862 18 1) - 737 −0.76
5) coarse grain 863 9 1) - 737 −0.76
6) coarse grain 866 15 MMad27-2A

MMad27-2A 18 1) - 754 −0.89
1) coarse grain 733 9 2) - 772 −0.96
2) coarse grain 742 3) - 754 −0.87
3) coarse grain 736 4) - 732 −0.83
4) coarse grain 838 5) - 754 −0.87
5) coarse grain 848 6) - 732 −0.83
6) coarse grain 840 MMad28

SGIL7a (pyr) 1) - 769 −0.95
1) cpx sieve 1132 2) - 747 −0.90
1) cpx sieve 1133 6) - 755 −0.89
1) cpx sieve 1159 MMad35-2

1) cpx sieve 1084 1) - 801 −1.68
1) cpx sieve 1079 11 14 2) - 778 −2.01
1) cpx sieve 1041 16 3) - 827 −1.81
1) cpx sieve 995

8) cpx in opx 1171

BK Brey and Kohler (1990); B Ballhaus et al. (1991); M Mercier (1980);

Δlog(fo2)FMQ = olivine – spinel oxygen geobarometer of Ballhaus et al. (1991)
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