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Magmatic garnet-bearing mafic xenoliths (Puy Beaunit, French Massif
Central): P-T path from crystallisation to exhumation
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Abstract: Mafic xenoliths, sometimes interlayered with magmatic peridotites, are abundant in the scoria cones of Puy Beaunit in
the French Massif Central. These are mainly layered gabbronorites with some norites, pyroxenites and anorthosites; they probably
derive from a Permian differentiated deep layered intrusion. Crystallisation conditions were estimated at about 1000°C and 1 GPa.
The rocks underwent sub-solidus re-equilibration at about 770°C and 1 GPa (isobaric cooling) in the lowermost crust. Two distinct
symplectitic textures (pyroxene-plagioclase-spinel intergrowths) have been observed; they result from the destabilization of
magmatic garnet (750-800°C, 0.55-0.8 GPa) and amphibole (990°C, < 0.3 GPa).

Melting of amphibole and destabilisation of orthopyroxene occurs during xenolith ascent. Garnet was destabilised either
during tectonic uplift of the lower crust during Early Cenozoic or at the first step of xenolith ascent to the surface.

Whole-rock REE concentrations show that some xenoliths are typically plagioclase-rich cumulates, others are pyroxene-rich
cumulates. Few mafic xenoliths display HREE enrichment, (La/Yb)y ratios lower than 1, presumably indicating garnet cumula-
tion. Major-element composition of the fine-grained plagioclase-orthopyroxene-spinel symplectites is indeed close to that of a
pyrope-almandine garnet with significant grossular content. The presence of this magmatic garnet argues for a hydrated calc-alka-

line high-alumina basaltic magma in which the various mafic cumulates crystallised at depth.
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Introduction

The Puy Beaunit Cenozoic volcano (Chaine des Puys,
French Massif Central) contains a wide range of xenoliths
from both the upper mantle (mantle peridotites) and the
crust (mafic-ultramafic meta-igneous xenoliths and meta-
sedimentary xenoliths). Earlier works (e.g. Leyreloup,
1974; Downes et al., 1991; Féménias et al., 2003) have
provided a petrological and geochemical overview of the
xenoliths to better understand the evolution of the French
Massif Central lithosphere through times. Féménias et al.
(2003) have convincingly shown that mafic and ultramafic
meta-cumulates from Beaunit are probably derived from a
deep-seated layered intrusion.

Xenoliths of deep crustal origin are of great importance
to understand the nature and evolution of the lower crust. It
has been suggested (Downes et al., 1991; Hermann et al.,
1997) that granulite-facies metamorphism can be induced
by underplating of hot basaltic magma in the deep crust or
at the crust-mantle boundary. Mafic xenoliths of meta-
igneous origin can also be used to constrain the crystallisa-
tion history of basaltic magma at high pressure (around 1
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GPa); this history may be quite different from basalt crys-
tallisation at shallower levels, as shown by experimental
studies (Green & Ringwood, 1968a; Nimis & Ulmer,
1998).

Moreover, xenoliths provide information about the
effect of pyrometamorphism (HT-LP metamorphism of
xenoliths during their rapid ascent to the surface in the host
lava) on lower crustal rocks. Several types of effects can be
observed: (1) infiltration of the host magma inside the
xenolith inducing mineralogical and chemical changes
(Faure et al., 2001); (2) melting of some of the primary
phases of the xenolith (Faure et al., 2001; Braun &
Kriegsman, 2001); (3) reactions between the primary
phases to form coronitic and/or symplectitic textures
(Berger & Forette, 1975) and (4) breakdown of primary
phases under solid-state conditions (Mukhopadhyay,
1991). As a consequence of these effects, some primary
phases can partially or totally disappear (ghost phases) and
be replaced by associations of new, secondary mineral
phases sometimes forming symplectitic intergrowths.

This paper presents a detailed petrological investigation
of a suite of mafic xenoliths from Puy Beaunit (with new
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Fig. 1. A: Corona with glass and subhedral to skeletal olivine
around primary orthopyroxene in the gabbronorite PBN 98-71. B:
Fine-grained (type 1) plagioclase-orthopyroxene-spinel symplectite
(ghost garnet) in PBN 98-75. C: Backscattered-electron image of
the same symplectite (black, plagioclase; dark gray, orthopyroxene;
light gray, spinel). D: Medium-grained (type 2) plagioclase-
orthopyroxene-spinel symplectite in the gabbronorite PBN 98-73.
E: Composite corona around spinel in the layered gabbronorite
PBN 98-60. The first plagioclase rim is surrounded by type 1
plagioclase-orthopyroxene-spinel symplectite. F: Clinopyroxene-
plagioclase-spinel symplectite (type 1) in the layered gabbronorite
PBN 86-34. There is an amphibole relic in the core of the symplec-
tite. G: Clinopyroxene-plagioclase-spinel symplectite (type 2) in
the layered gabbronorite/pyroxenite PBN98-63.
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electron-microprobe data on the main silicates and oxide
phases) in order to constrain their magmatic origin and
their metamorphic evolution. A few whole-rock REE anal-
yses are also set out to discuss the nature of the protolith(s)
of this suite of mafic xenoliths. Major and trace elements
data on whole-rock samples will be presented in the forth-
coming paper focusing on the magmatic differentiation of
the ultramafic and mafic magmatic xenoliths.

Geological setting

The geological setting of the Beaunit Permian deep
layered intrusion sampled by Late Cenozoic lavas has been
discussed in detail by Féménias et al. (2003). A short
summary is given below.

The Puy Beaunit Quaternary vent (dated at 43900 +
5100 years; Rosseel, 1996) is one of the northernmost
volcanoes of the Chaine des Puys in the French Massif
Central. This dual volcano is made of a maar (crosscut by
the Ambéne River) and three scoria cones (the Puys
Gonnard) in the centre of the vent. All the xenoliths have
been collected in the westernmost scoria cone.

Numerous mafic and ultramafic xenoliths with
magmatic structures have been described; Féménias et al.
(2003) suggest that they originated from a deep layered
complex, emplaced during the Permian (257 + 6 Ma, zircon
U-Pb SIMS age), near the crust-mantle boundary. A tran-
scurrent tectonic setting in the upper crust induced the
local opening of pull-apart basins during Late
Carboniferous and Permian (Arthaud & Matte, 1975;
Mattauer & Matte, 1998). The crustal thinning associated
with this opening led to an asthenospheric upwelling and
partial melting of the uppermost mantle metasomatically
enriched during a previous Devonian subduction event
(Féménias et al., 2003). The resulting calc-alkaline basaltic
magmas were underplated at the crust-mantle boundary;
this high temperature event probably led to minor granuli-
tisation of the country rocks (Downes et al., 1991;
Féménias et al., 2003).

Several similar Late Carboniferous and/or Permian
magmatic complexes occur all across Europe; they are the
evidence for the intense magmatic activity that occurred at
Late Variscan times (see references in Féménias et al.,
2003).

Sample selection and analytical methods

Xenoliths (several cm to several dm in length) generally
have polyhedral shapes. They are surrounded by a crust of
basaltic host lava that consists of a black mesostasis with
olivine, plagioclase, clinopyroxene and oxide phenocrysts.
The infiltration of the lava in some xenoliths is evidenced
by thin black veins.

This paper is only focused on mafic xenoliths because
they have various and spectacular symplectitic and coro-
nitic textures (see Fig. 1), thus giving the opportunity to
constrain the P-T history of these samples from Permian to
present day. Most mafic xenoliths are gabbronorites gener-

689

ally showing well-developed asymmetric layering. Some of
them tend to disaggregate during sampling due to their
poor cohesion; they were consolidated with epoxy resin for
petrographic observation and electron-microprobe anal-
ysis.

Major-element composition of primary (millimetre-
sized grains, i.e. magmatic or late magmatic sub-solidus
phases) and secondary (i.e. phases in symplectitic inter-
growths or in coronas around primary phases) phases has
been analysed with a Camebax SX50 electron microprobe
(CAMST, Université catholique of Louvain-la-Neuve,
Belgium). The operating conditions involve an accelerating
voltage of 15 kV, a beam current of 20 nA, an electron
beam of 1 um in diameter and a count time of 10-16 s per
element. The bulk major-element composition of very fine-
grained symplectites (grains < 5 pm) has also been
obtained with a large defocused electron beam of 50 um in
diameter.

Rare earth element contents of the symplectites have
been measured by LA-ICP-MS at the “Musée Royal de
I’Afrique Centrale” (Tervuren, Belgium). The data were
collected with a UV Fissons laser ablation microprobe
coupled with a VG Elemental Plasma Quad (PQ2 Turbo
Plus) ICP-MS. The craters are in the range of 40-60 um in
diameter. The calibration lines are based on the NIST 612
and NIST 610 synthetic standards and two laboratory
mineral standards: a pyrope megacryst from the Shavaryn-
Tsaram basalts (Mongolia) and a Cr-diopside from the
Inagly dunite massif in Siberia. The data on each isotope
peak were substracted from the blank and normalized to the
43Ca signal (internal standard) and compared with the cali-
bration lines. Accuracy of the analyses is in the range from
2 to 20 % (Féménias et al., 2003) and dectection limits are
in the range 10-20 ppb for La, Ce, Eu, Dy, Er and Yb and
30-50 ppb for Nd, Sm and Gd (Féménias et al., 2003).

Whole-rock REE concentrations have been measured
by ICP-MS at the “Collectif Interinstitutionnel de
Géochimie Instrumentale” (University of Li¢ge, Belgium).
Analytical procedures and accuracy are described in
Féménias et al. (2003).

Petrography

Mafic xenoliths are either homogeneous monolitho-
logic or well-layered rocks. Lithology varies from leuco-
gabbronorites  (plagioclase-rich  gabbronorites) to
mela-gabbronorites (pyroxene-rich gabbronorites) with
minor gabbros, norites and plagioclase-bearing pyroxen-
ites. The modal proportions of the main phases, measured
by image analysis of thin sections, are shown in Table 1.
The layered samples show asymmetric anorthositic and
pyroxenitic layers (see Fig. 4 in Féménias et al., 2001)
similar to those observed in typical stratiform intrusions
such as the Bushveld and the Skaergaard complexes
(Cawthorn, 1996). The layers are outlined by sharp
contacts marked by the appearance or disappearance of a
mineral phase (phase layering), but in a given layer, the
modal proportions of cumulus phases vary gradually from
bottom to top (modal layering).
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Table 1. Modal proportions of the main phases in the Puy Beaunit
mafic xenoliths.

Sample Pl  Opx Cpx Grt! Amph? Oxide Sum
PBN 86-34 804 0.6 0.6 18.5 100
PBN 98-60 28.8 282 254 6.6 - 11.0 100
PBN 98-62 50.1 10.2  20.8 - 12.5 6.4 100
PBN 98-63 392 9.7 306 - 165 4.0 100
PBN 98-73 434 329 115 117 - 0.5 100
PBN 98-75 58.8 - - 329 - 83 100
PBN 98-76 552 203 9.0 - - 15.6 100
PBN 98-77 236 119 556 <05 - 87 100
PBN 98-79 343 249 295 2.2 - 9.1 100
PBN 98-80 62.1 17.0 10.0 - 50 6.0 100
PBN 98-82 458 273 269 - - - 100
PBN 98-83 - 18.5 533 8.4 - 19.8 100
PBN 98-86 54.6 30.0 103 - - 5.1 100
PBN 98-87 66.8 213 11.0 - - 0.8 100
PBN 98-88 57.1 83 346 - - - 100
PBN 98-92 524 28.0 16.7 - - 3.0 100
PBN 98-101 54.4 4438 - - - 0.8 100
PBN 98-103 57.5 28.1 12.2 - 23 - 100
PBN 98-106 59.2 293 11.6 - - - 100
PBN 98-114 455 36.1 15.7 - - 2.7 100

IPlagioclase-orthopyroxene-spinel symplectites
2Amphibole relics and clinopyroxene-plagioclase-spinel symplectites

Despite these classical cumulate structures, the rocks
commonly show fine- to medium-grained polygonal
texture partially blurred by the development of symplec-
titic and/or coronitic associations. The major mineral
phases are plagioclase, ortho- and clinopyroxene, spinels,
ilmenite and two ghost phases replaced by symplectitic
associations (plagioclase-orthopyroxene-spinel and
clinopyroxene-plagioclase-spinel symplectite respec-
tively). Amphibole relics, apatite, zircon, rutile and sri-
lankite are accessory. Orthopyroxene generally shows
Schiller plates (plates of Fe-Ti oxides) along the cleavages,
a feature considered as evidence for a magmatic origin (i.e.
Ringuette et al., 1999). No exsolutions were observed in
clinopyroxene.

Most of the mafic xenoliths have well-developed
coronas of brown-orange glass and skeletal to subhedral
olivine around primary orthopyroxene (Fig. la) that
clearly appears as anhedral relict grains. When such a
corona is present, a brown glass is observed as interstitial
material throughout the whole xenolith.

Xenoliths with plagioclase-orthopyroxene-spinel symplectites

Some gabbronorites and a plagioclase pyroxenite are
characterised by the presence of plagioclase-orthopy-
roxene-spinel symplectites that mostly occur either as
polygonal grains or more rarely in interstitial position. The
polygonal morphology of the symplectite suggests that it
completely replaces a (ghost) phase that was in textural
equilibrium with the other primary phases. Modal propor-
tions of this symplectite can be as high as 33 % (Table 1).
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Three different types of this symplectite have been recog-
nized:

(1) Type 1 is composed of very thin (few micrometres)
intergrowths of vermicular orthopyroxene and spinel
(pleonaste) in plagioclase. These very fine-grained
symplectites appear black under the polarizing microscope
(Fig. 1b and c);

(2) Tvpe 2 is composed of the same phases but it is
coarser-grained (between 10 to 50 um, Fig. 1d) than type 1.
This symplectite locally constitutes the outer rim of type 1
symplectite;

(3) Type 3 consists of discrete spinel grains surrounded
by a first rim of coarse plagioclase + orthopyroxene and a
second rim of type 1 symplectite (Fig. le).

These plagioclase-orthopyroxene-spinel intergrowths
are actually comparable to those observed as kelyphites
around garnet from garnet-bearing granulites, xenoliths in
kimberlite and eclogites (Mitchell, 1986; Mukhopadhyay,
1991); they probably correspond to the destabilisation
product of a former garnet.

Xenoliths with clinopyroxene-plagioclase-spinel symplectites

Some xenoliths (mainly gabbronorites, more rarely
norites and plagioclase-bearing pyroxenites) contain
symplectitic intergrowths (up to 19 %, Table 1) of plagio-
clase, clinopyroxene and titanomagnetite with minor
pigeonite, orthopyroxene and glass. These intergrowths
develop in euhedral to subhedral areas that could corre-
spond to a primary ghost phase in textural equilibrium with
other primary phases. Two types of symplectites have been
distinguished:

(1) Type I consists of fine-grained (10-50 pm) inter-
growths of vermicular plagioclase and Ti-magnetite in
clinopyroxene, with minor orthopyroxene and pigeonite
(Fig. 1f). An amphibole relic has been observed in the core
of one of these symplectites in sample PBN 86-34;

2) Tvpe 2 is an optically continuous patchwork of
clinopyroxene containing inclusions of subhedral plagio-
clase and Ti-magnetite with minor orthopyroxene,
pigeonite and brown glass (Fig. 1g).

Mineral chemistry
Primary phases

The composition of primary plagioclase varies from
Angg to Angs with the Or content ranging from Org to Ors
(Fig. 2a, Table 2). The xenoliths with polygonal texture and
without any symplectitic intergrowth have primary
labradorite (Anyg to Ans,, Fig. 2a) while the xenoliths with
clinopyroxene-plagioclase-spinel symplectites and those
with plagioclase-orthopyroxene-spinel symplectites have
significantly more calcic plagioclases of bytownite compo-
sition, Ang, g7 and Ang, o4 respectively (Fig. 2a). The iron
content of plagioclase is high, up to 0.65 wt% of FeO,. As
no inclusions of Fe-Ti oxides were found, the iron is
considered to be within the crystalline lattice of the
feldspar.
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Fig. 2. Composition of the plagioclase. a) Primary plagioclase. b) Plagioclases in the different types of symplectite. Primary plagioclases
are compared to those of the calc-alkaline Tonsina complex (DeBari & Coleman, 1989)

The Mg# of the primary orthopyroxenes and clinopy-
roxenes shows wide ranges of values from 80 to 52 and
from 88 to 65 respectively (Fig. 3a, Table 3). The alumina
content of these pyroxenes is high, up to 7.2 wt% of Al,O;.

The compositional variations of the primary silicate
phases of the Beaunit mafic xenoliths are similar to those
observed in the calc-alkaline Tonsina complex in Alaska
(DeBari & Coleman, 1989). The trends of the Beaunit
primary pyroxenes (Fig. 3a) also follow the sub-solidus
trends defined by Skaergaard pyroxenes (Lindsley, 1983).

Primary oxides are mainly aluminous Ti-magnetites
with minor ferri-pleonaste and ilmenite. Exsolutions of
aluminous ulvospinel and ilmenite (oxidized ulvdspinel)
are locally present in aluminous Ti-magnetites.

The amphibole found as relict phase in the symplectites
of PBN86-34 and as fresh grains in PBN86-28 is a Ti-parg-
asite (Mg#: 69-72; Table 4) following the nomenclature
proposed by Leake et al. (1997).

Secondary phases
Coronas around orthopyroxene (glass and olivine)

The composition of the coronitic glass surrounding
primary orthopyroxenes is intermediate between the
compositions of the Quaternary basaltic glass from the host
lava and of the primary orthopyroxene (Fig. 4, Table 5). The
skeletal olivine in the glass has a composition ranging from
FO71 to FOGS'

Plagioclase-orthopyroxene-spinel symplectites

The plagioclase in these symplectites is An-rich (from
Ang; to Angs, Fig. 2b, Table 2) with an Or content lower
than Or,. The plagioclase forming a rim around discrete
spinel is also highly calcic (Angs.75). Secondary spinel is a
ferri-pleonaste and the Mg# of secondary vermicular

Table 2. Selected representative analyses of primary and secondary plagioclases from the mafic xenoliths of Puy Beaunit.

Primary plagioclases Secondary plagioclases

PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN
wt% 98-73a  98-752 98-63b 86-34b 98-82c 98-71¢ 98-602 98-73a 98-602 98-83a 98-114b  98-82b
SiO, 4424 4743 4628 51.67 49.70 5445 44.63 45.46 44.35 45.70 49.32 56.10
Al,0O4 3427 3232 3333 2929 31.02 28.17 34.15 33.01 34.43 33.67 31.03 26.58
FeO 0.59 0.45 0.33 0.45 0.26 0.41 0.89 1.14 0.75 1.57 0.74 0.69
MgO 0.04 0.12 0.03 0.12 0.05 0.06 0.10 0.08 0.09 041 0.10 0.17
CaO 19.24 16.97 17.66 13.60 15.10 10.87 19.05 18.15 19.22 17.02 15.53 10.24
Na,O 0.70 1.62 1.59 3.90 3.04 5.20 0.76 1.31 0.64 1.40 2.90 5.63
K,0 0.01 0.17 0.02 0.28 0.14 0.38 0.12 0.12 0.15 0.03 0.09 0.37
Total 99.07 99.07 99.23 9932 9931 99.54 99.69 99.28 99.63 99.80 99.70 99.77
Ab 6.14 1457 1396 33.62 26.51 4538 6.72 11.45 5.65 12.89 25.11 48.82
An 93.79 8442 8594 6478 72.68 5243 92.61 87.84 93.49 86.93 74.37 49.08
Or 0.07 1.01 0.10 1.60  0.81 2.20 0.67 0.71 0.86 0.18 0.52 2.10

a: xenoliths with plagioclase-orthopyroxene-spinel symplectites.
c: xenoliths with polygonal texture.

b: xenoliths with clinopyroxene-plagioclase-spinel symplectites.



692

J. Berger, O. Féménias, N. Coussaert, D. Demaifte

Table 3. Selected representative analyses of primary and secondary pyroxenes.

PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN
98-114a  98-80a 98-1062 86-282 98-602 98-1062 98-82b 98-63b  86-36b 98-114b 98-82b  98-60c  98-73¢

wt% cpx cpx cpx opx opx opx cpx cpx cpx opx opx opx opx
SiO, 49.97 4849 5138 5325 5174 5111 5027  48.66  52.84  54.65 54.06  48.66  48.09
TiO, 0.80 1.41 0.35 0.02 0.15 0.15 1.32 0.23 0.29 0.56 0.16 0.27 0.11
Al O; 5.06 5.67 2.05 3.90 3.60 1.11 3.58 6.68 1.04 1.60 2.36 6.06 7.09
Cr,0; 0.35 0.12 0.00 0.20 0.02 0.01 0.54 0.11 0.00 0.06 0.05 0.03 0.03
FeO 6.82 946 11.54 13.31  20.05  27.82 734  10.16 15.02  11.39 15.68 2274 2047
MnO 0.14 0.09 0.35 0.34 0.14 0.53 0.18 0.33 0.46 0.31 0.29 0.41 0.82
MgO 13.64 11.75 1229 27.58  23.50 17.58 1534 13.25 18.80  29.25 26.68 1934  20.60
CaO 22.34 21.75  21.48 1.04 0.47 0.66  20.66 19.53 11.30 1.74 0.77 1.59 1.57
Na,O 0.71 0.84 0.36 0.08 0.00 0.02 0.36 0.73 0.21 0.04 0.05 0.05 0.04
Total 99.83 99.59  99.79 9973  99.66 9899  99.59  99.67  99.94  99.59 100.11 99.14  98.82
Mgt 86.55 76.88 6798  79.74 6837 5298 8422 79.87  70.57  82.57 7525 6192 6731

a: primary pyroxenes.
b: pyroxenes in clinopyroxene-plagioclase-spinel symplectites.
c: pyroxenes in plagioclase-orthopyroxene-spinel symplectites.

orthopyroxene varies from 56 to 72 (Fig. 3b, Table 3). This
orthopyroxene is quite Al- and Ca-rich (up to 8.5 wt%
Al,0O5 and 1.6 wt% CaO) presumably due to the composi-
tion of the primary ghost phase that has been replaced by
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Fig. 3. Composition of primary pyroxenes (a) and of pyroxenes
found in the different symplectites (b). Sub-solidus trends of
Skaergaard pyroxenes from Lindsley (1983). Compositions of
pyroxenes for ultramafic magmatic samples collected at Puy
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the plagioclase-orthopyroxene-spinel symplectites (see
below).

The major-element composition of the very fine-
grained symplectites (Table 6) corresponds to a garnet of
almandine-pyrope-grossular solid solution with a low spes-
sartine content (< 2 mol%, Table 5). Similar garnets have
been found in deep crustal mafic rocks and as phenocrysts
in calc-alkaline volcanic rocks (Brousse et al.,, 1972;
Fitton, 1972; Mukhopadhyay, 1991; Day et al., 1992;
Harangi et al., 2001, Fig. 5a).

Rare earth elements compositions of these symplectites
have been measured by LA-ICP-MS (Table 7, Fig. 5b). The
patterns show HREE enrichment with very low (La/Yb)y
ratios (from 0.009 to 0.14). These patterns are similar to
those of typical garnets which are characterised by a strong
HREE enrichment (Hauri et al., 1994).

Table 4. Selected representative analyses of amphiboles.

PBN PBN PBN PBN PBN

86-28 86-28 86-28 86-34 86-34
wt% Fresh Fresh Relic Relic Relic
SiO, 39.85 40.41 39.91 40.18 40.58
TiO, 3.60 3.38 3.46 2.34 2.33
Al,O3 14.31 14.14 14.52 14.50 14.13
Cr,04 0.47 0.32 0.50 0.07 0.13
FeO 9.92 9.50 9.68 11.17 11.87
MnO 0.12 0.08 0.07 0.10 0.12
MgO 13.63 13.94 13.80 13.78 13.86
CaO 10.93 10.97 11.11 11.03 10.98
Na,O 2.50 2.45 2.53 2.38 2.29
K,O 1.07 1.30 1.02 0.79 0.58
Total 96.40 96.47 96.60 96.34 96.86
Mg# 74.18 74.30 75.12 78.82 80.16
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Fig. 4. FeO,, vs Al,O3 (a) and total alkalis vs SiO, (TAS, b)
diagrams illustrating the comparison between the glass of the
coronas around primary orthopyroxene and the glass of the alkali
basalt that encloses the xenoliths (Faure et al., 2001). The grey
domain represents the compositional field of the primary orthopy-
roxene.

Table 5. Composition of the glass and of the skeletal olivine in the
coronas around primary orthopyroxene.
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Fig. 5. Composition of plagioclase-orthopyroxene-spinel symplec-
tites interpreted as ghost garnet in the Beaunit mafic xenoliths.

A: Composition in the system pyrope-grossular-almandine (mineral
abbreviations after Kretz, 1983). The grey area indicates the
compositional domain of garnet from calc-alkaline volcanic rocks
and from experiments on the crystallisation of calc-alkaline liquids
(Brousse et al., 1972; Fitton, 1972; Day et al., 1992; Harangi et al.,
2001; Miintener et al., 2001; Aydar & Gourgaud, 2002).

B: REE patterns of the kelyphite compared to other garnet analysed
by LA-ICP-MS. Data compiled from Mazzuchelli et al. (1992);
Harangi ef al. (2001) and Herman & Rubatto (2003).

Table 6. Bulk composition of plagioclase-orthopyroxene-spinel
symplectites interpreted as former garnets.

PBN PBN PBN PBN PBN

86-36 98-76 98-71 98-86 98-63
wt% Glass Glass Glass Olivine  Olivine
SiO, 51.01 50.17 49.50 36.98 36.49
TiO, 2.51 1.16 3.70 0.01 0.09
Al 04 13.59 15.96 11.93 0.04 0.00
Cr,05 0.02 0.02 0.00 0.03 0.06
FeO 12.40 15.72 15.61 27.25 30.15
MnO 0.21 0.42 0.19 0.46 0.59
MgO 3.57 3.59 4.35 34.39 32.22
CaO 8.08 5.03 7.94 0.33 0.37
Na,O 3.28 2.30 2.75 0.02 0.01
K,0 2.63 2.64 1.31 0.00 0.00
Total 97.30 97.02 97.28 99.50 99.97
Mgt 33.90 28.93 33.19
Fo 69.23 65.58
Fa 30.77 34.42

PBN PBN PBN PBN PBN
wt%  98-75 9875  98-60  98-60 98-60
Sio, 3973 3886 3928 39.67 39.60
TiO,  0.10 0.05 0.20 0.13 0.07
ALO; 2261 2290  22.67 22.17 22.22
Cr,0;  0.12 0.19 0.06 0.11 0.06
FeO 2153 2182 20.8 2031 20.52
MnO  0.85 0.82 0.46 0.47 0.55
MgO 1138 1191 9.24 9.17 9.34
CaO 341 3.14 7.70 7.63 7.15
Na,0  0.16 0.18 0.15 0.05 0.08
K0  0.01 0.01 0.04 0.00 0.00
Total  99.90  99.88  100.09 99.70 99.60
Alm 4549 4282 4215 43.30 43.77
Grs 9.33 8.81 21.30 20.83 19.55
Prp 4334 4656 3555 34.85 35.49
Sps 1.84 1.81 1.00 1.01 1.18
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Table 7. REE composition of whole-rock samples by ICP-MS (a) and of fine-grained plagioclase-orthopyroxene-spinel symplectites (LA-

ICP-MS), interpreted as former garnets (b).

Clinopyroxene-plagioclase-spinel symplectites

The plagioclase in these symplectites has an An content
between Any and Ansgy and an Or content between Or; and
Or, (Fig. 2b, Table 2).

The secondary spinel is an aluminous Ti-magnetite. The
Mg# of the secondary orthopyroxene ranges from 72 to 83
(Fig. 3b, Table 3); its titanium content is higher (from 0.4
to 0.6 wt% TiO,) than those of other, primary and
secondary, orthopyroxenes (< 0.3 wt% TiO,).

Thermobarometric investigations

The mineral assemblages of the Beaunit mafic xenoliths
can be used to estimate the P-T conditions that rocks expe-
rienced during their complex history, from their magmatic
crystallisation and sub-solidus recrystallisation to their
reequilibration when they were rising up to the surface.

The fine-grained plagioclase-orthopyroxene-spinel
symplectites observed in many xenoliths are interpreted as
resulting from the destabilisation of primary garnet. These
symplectites generally have polygonal shape and display
sharp contact with the primary silicate phases. This
suggests that garnet was in chemical equilibrium with
pyroxenes before its destabilisation and that pyroxene was

a PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN PBN

ppm  98-60 98-63 98-73 98-75 98-80 98-83 98-86 98-87 98-88 98-92 98-106

La 1.57 7.25 3.09 6.97 3.05 4.71 12.38 3.86 10.36 12.28 23.41

Ce 2.67 16.25 7.43 9.26 6.87 11.55 26.48 7.91 31.72 26.96 51.49

Pr 0.39 2.32 0.94 0.92 0.86 1.54 3.08 0.96 5.01 3.77 6.74

Nd 2.07 10.64 3.93 3.65 4.34 6.79 13.52 4.01 24.17 16.15 28.38

Sm 0.64 3.09 1.00 1.99 1.13 2.13 3.86 0.88 6.07 4.01 6.54

Eu 0.40 0.81 0.58 0.82 0.71 0.74 1.21 0.52 1.38 1.09 2.07

Gd 0.86 3.21 0.97 6.31 1.31 3.33 5.17 0.82 4.87 3.29 5.95

Tb 0.15 0.51 0.18 1.52 0.24 0.70 0.91 0.14 0.68 0.49 0.81

Dy 0.99 3.50 1.38 12.97 1.49 4.87 6.91 1.03 4.04 2.89 4.75

Ho 0.22 0.71 0.32 3.69 0.32 1.15 1.72 0.24 0.77 0.58 0.97

Er 0.63 2.22 1.00 11.54 0.95 2.98 4.75 0.73 2.15 1.68 2.55

Tm 0.09 0.35 0.17 1.84 0.16 0.40 0.66 0.12 0.32 0.24 0.39

Yb 0.60 2.22 1.07 12.69 0.89 2.39 4.36 0.72 1.80 1.54 2.43

Lu 0.07 0.31 0.15 2.01 0.12 0.30 0.64 0.09 0.25 0.18 0.36

b PBN PBN PBN PBN

ppm 98-60 98-60 98-83 98-83

La 0.08 0.07 1.00 0.72 clearly not involved during garnet breakdown. We thus feel
Ce 0.18 0.22 248 1.61 that the bulk kelyphite composition is a reasonably good
Nd 0.49 0.22 1.92 2.20 estimate of the garnet composition and that it can be used
Sm 0.53 0.40 1.09 1.44 to infer P-T conditions from garnet-pyroxene pairs. Several
Eu 0.37 0.32 0.63 1.14 authors (Mukhopadhyay, 1991; Stosch et al., 1995; Embey-
Gd 1.47 1.25 4.36 6.62 Isztin et al., 2003) have demonstrated that the major-
Dy 3.00 3.30 10.75 22.90 element composition of the fine-grained kelyphite partially
Er 2.95 2.86 6.11 14.98 replacing garnet is indeed very similar (less than 1 %
Yb 3.25 3.86 5.29 10.54 difference of the relevant oxides; Mukhopadhyay, 1991) to

that of preserved garnet. Moreover, the P-T conditions
calculated from the kelyphite composition are not signifi-
cantly different from those obtained with garnet composi-
tion (Stosch et al., 1995 and Embey-Isztin et al., 2003).

Amphibole barometers

Two geobarometers based on amphibole composition
have been chosen to estimate the pressure of emplacement
of deep-seated Puy Beaunit gabbroic rocks. Hollister et al.
(1987) and Schmidt (1992) have calibrated barometers
based on the aluminium content of hornblende in mafic
plutonic rocks. These barometers are useful for amphiboles
from calc-alkaline gabbros, even if a great uncertainty (+
0.2 GPa) is associated with the calculations.

These barometers have been applied to the cores of two
relictual and three fresh amphiboles (22 analyses) from two
mafic xenoliths of Beaunit. The two calibrations show
similar results: the average pressure is 0.9 GPa (range:
0.85-0.97 GPa).

Garnet-orthopyroxene barometers

In mafic deep crustal rocks, the mutual solubility of
aluminium between garnet and orthopyroxene is pressure
dependent (Harley & Green, 1982; Harley 1984) and also
depends on the Fe-Mg partitioning between the two phases.
The uncertainties associated with these geobarometers are
also quite high, around 0.2 GPa. As no relics of garnet have
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been found, the bulk composition of the very fine-grained
plagioclase-orthopyroxene-spinel symplectites (type 1),
interpreted as replacing garnet, has been used.

The calculation was made for 15 symplectite-orthopy-
roxene pairs with a temperature of 770°C (temperature
given by the garnet-clinopyroxene pairs and by two-
pyroxene thermometry, see below); it yields an average
pressure of 1 GPa (0.92-1.03 GPa) with the calibration of
Harley & Green (1982) and 1.1 GPa (0.97-1.15 GPa) with
the calibration of Harley (1984).

Amphibole thermometer

The titanium content of amphibole varies linearly with
the temperature for magmatic and recrystallised gabbros
(Helz, 1973; Otten, 1984; Ernst & Liu, 1998). The ther-
mometer of Otten (1984) has been calibrated for ilmenite-
bearing gabbros equilibrated in the pressure range from 0.6
to 1 GPa. As the composition range and crystallisation
conditions (i.e., P, T, fO, and whole-rock H,O content) of
the gabbros studied by Otten (1984) are very similar to
those of Beaunit mafic xenoliths, his calibration was used
to estimate the crystallisation temperature of the brown
amphibole in the Beaunit rocks. This temperature ranges
from 930 to 1000°C, with an average of 970°C.

The thermometer proposed by Holland & Blundy
(1994), based on amphibole-plagioclase equilibrium, has
also been used for comparison purposes; it gives an
average temperature of 950°C (range: 934-970°C). The
uncertainty mentioned by the authors is about 40°C.

Garnet-clinopyroxene thermometer

The Fe-Mg partitioning between garnet and clinopy-
roxene is temperature dependent (Raheim & Green, 1974).
Recently, Krogh Ravna (2000) proposed an updated cali-
bration (with an uncertainty of + 50°C) of this thermometer
applicable to deep crustal mafic rocks. We used the fine-
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grained (type 1) plagioclase-orthopyroxene-spinel
symplectites, isochemically replacing garnet, to estimate
the temperature of formation. An average temperature of
770°C (range: 680-815°C) has been determined on 19
garnet-clinopyroxene pairs.

Two-pyroxene thermometry

The calibration of Bertrand & Mercier (1985) based on
the Fe-Mg partitioning between coexisting ortho- and
clino-pyroxene is appropriate for mafic rocks from the
deep crust, average uncertainty being about 40°C. The
temperature calculated using 75 primary pyroxene pairs for
18 rocks gives an average of 770°C (range: 668-843°C).

The temperatures calculated on 10 pairs of secondary
pyroxenes in five clinopyroxene-plagioclase-spinel
symplectites replacing amphiboles are significantly higher:
990°C (range: 869-1101°C).

Whole-rock REE geochemistry

The REE pattern of whole-rock mafic xenoliths can be
used to infer the nature of the rocks (cumulates or liquids)
as well as of the possible cumulus minerals. Several types
of cumulate can be distinguished on the basis of the whole-
rock REE patterns (Fig. 6, Table 6) and of the variations of
the modal proportions of the main cumulus phases (plagio-
clase, pyroxene and garnet) even if the cumulus nature is
difficult to assess in view of the sub-solidus recrystallisa-
tion of most xenoliths.

Plagioclase-dominant cumulates have been recognized:
they are mainly leuco-gabbronorites and/or norites charac-
terised by a LREE enrichment with (La/YDb)y varying from
1.8 to 3.7 and a strong positive Eu anomaly (Eu/Eu* from
1.7 to 1.8).

Pyroxene-dominant cumulates are mela-gabbronorites
and plagioclase-bearing pyroxenites. They have slight
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negative Eu anomaly (Euw/Eu* = 0.8) with nearly flat and/or
slightly LREE-enriched profiles ((La/Yb)y between 1.3
and 1.9). The LREE enrichment is probably due either to
the presence of minor cumulus plagioclase or to trapped
intercumulus liquid. One sample (PBN 98-83) shows a
significant HREE enrichment (convex upward HREE
pattern) probably due to the presence of minor cumulus
garnet (replaced by kelyphite).

Mafic melts. Few gabbronorites are significantly more
differentiated, they contain interstitial apatite and their
whole-rock Mg# is rather low (down to 47). They are
significantly enriched in REE (XREE up to 136 ppm),
especially in LREE, with (La/Yb)y ratio between 5.4 and
6.5 and they don’t show Eu anomaly. The fine-grained
texture of these samples and the main geochemical charac-
teristics show that these rocks are probably formed from
liquids and are not cumulates.

Garnet-dominant cumulates. Sample PBN98-75
contains only plagioclase, ilmenite and very fine-grained
symplectites with secondary plagioclase, orthopyroxene
and spinel. These symplectites are interpreted as former
garnets; the modal proportion of this “ghost garnet” is esti-
mated at ~33 vol%. This rock has a peculiar REE pattern:
it is REE-rich (ZREE = 76.2 ppm) when compared to
plagioclase and pyroxene cumulates (XREE < 54 ppm) and
shows both LREE and HREE enrichment, with a relative
depletion in intermediate REE, so that the (La/Sm)y ratio
is greater than 1 (2.2) and the (La/Yb)y ratio is low (0.4).
It also shows a negative Eu anomaly (Eu/Eu* = 0.6). This
pattern could be due to the cumulation of both HREE-rich
mineral such as garnet (Hauri et al., 1994) and LREE-rich
mineral (plagioclase).

Discussion
Origin of symplectites and coronas

The various symplectitic and coronitic textures can be
interpreted as breakdown reactions of primary mineral
phases of the mafic xenolith during a high-temperature,
low-pressure metamorphic (solid state) event (see Vernon,
2004, for a recent review).

1) Plagioclase-orthopyroxene-spinel symplectites (including
coronas developed around spinels)

These symplectites have bulk major element composi-
tion and the typical HREE enriched pattern of an alman-
dine-pyrope garnet. The destabilisation of such garnet can
be written as follows:

garnet — plagioclase + orthopyroxene + spinel (1).

This reaction is commonly observed in similar mafic
and intermediate rocks (Mukhopadhyay, 1991; Thost et al.,
1991; Brodie, 1995; Zhao et al., 2000; Jones & Escher,
2002; Elvevold et al., 2003; Embey-Isztin et al., 2003).
Some authors (e.g. Mukhopadhyay, 1991) did propose
another reaction:

garnet + clinopyroxene — plagioclase + orthopyroxene
+ spinel (2).
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In our samples, clinopyroxenes do not appear involved
in a reaction with garnet: indeed, the contact between the
symplectites and the clinopyroxene is straight and sharp;
moreover the rims of the clinopyroxene grain are composi-
tionally identical to their core.

In details, however, the REE patterns of the symplec-
tites are not strictly identical to those of garnets analysed by
LA-ICP-MS (Mazzuchelli et al., 1992; Harangi et al.,
2001; Hermann & Rubatto, 2003); the kelyphite from the
mafic xenoliths of Beaunit have higher LREE. These slight
differences could be explained by geological and/or analyt-
ical processes: (1) at the scale of mineral size, the kelyphite
has probably a strongly heterogeneous REE distribution.
LREE are probably concentrated in secondary plagioclase,
while HREE are mainly in secondary pyroxene. During
laser ablation of a small part (£ 50 um wide) of the
symplectite, it is conceivable that one of these two phases
has been oversampled; (2) Mukhopadhyay (1991) has
shown that the garnet destabilisation is not strictly an
isochemical process: the kelyphite is depleted in Mg and
enriched in Ca and alkalis when compared to relictual
garnet. It is also possible that some trace elements (like
LREE) were mobilised during this destabilisation; (3) the
REE composition of a garnet is generally positively corre-
lated to the whole-rock REE content (Irving & Frey, 1978);
(4) LREE are very low in garnet and are probably more
sensitive to analytical errors.

2) Clinopyroxene-plagioclase-spinel symplectites

Amphibole relics have been found in the core zone of
these secondary associations. Glass pockets found in the
symplectites suggest that the first reaction was the melting
of amphibole. This melt then started to crystallise, giving
rise to the secondary association of clinopyroxene with
inclusions of subhedral plagioclase and titanomagnetite.
The precise mechanism of amphibole melting remains
unknown; it could have been congruent or incongruent.
Two sets of reaction can be written

- for congruent melting:

amphibole — melt; — clinopyroxene + plagioclase +
Ti-magnetite + orthopyroxene =+ pigeonite + melt, 3),

- for incongruent melting:

amphibole — clinopyroxene + melt,

and

melt; — plagioclase + Ti-magnetite + orthopyroxene +
pigeonite + melt, 4).

Similar reactions have been described in mantle-derived
ultramafic rocks (Varella et al., 1999; Féménias et al.,
2001) and in andesitic rocks (e.g. Eggler 1972; Ruhterford
& Hill, 1993; Devine et al., 1998; Murphy et al., 2000).

3) Coronas with glass and olivine.

We suggest that the infiltration of basaltic glass from
the host lava inside some xenoliths has probably enhanced
the partial melting of primary orthopyroxene. Indeed, the
composition of glass around some orthopyroxenes is inter-
mediate between the Quaternary basaltic glass and the
primary orthopyroxene (Fig. 4). Subhedral to skeletal
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olivine started to crystallise from this mixed melt. The
olivine crystallisation probably enriched the hybrid melt in
Si0,, Al,03, Na,O and K,O as shown in Fig. 4. The reac-
tions can be summarised as follows:

basaltic glassl + opx — partially melted opx +

glass2 5).

glass2 — glass3 + olivine (6).

Faure et al. (2001) made detailed nano-petrographic
investigations on these glass- and olivine-bearing coronas.
They proposed similar but more complex mechanisms to
explain their genesis: the reaction of the penetrating lava
with the orthopyroxene has produced several generations of
clinopyroxenes (cpx 1 to 5) and a small amount of melt.

Magmatic origin of the suite of mafic xenoliths

Asymmetric (mm- to cm- scale) layering observed in
mafic xenoliths from Beaunit is a common feature of
layered intrusions (Cawthorn, 1996). The parageneses of
these mafic xenoliths are also typically magmatic; they are
dominated by Ca-rich plagioclase, orthopyroxene, clinopy-
roxene, spinel, brown amphibole with accessory ilmenite,
apatite and zircon. Only garnet is generally considered to
be of metamorphic origin (this issue is discussed below).
The presence of numerous Schiller plates in orthopyroxene
is also cited as evidence for the magmatic origin of the
pyroxene (Ringuette et al., 1999). The mafic xenoliths
from Beaunit probably derived from one (or several) deep
layered intrusion(s) located in the deep crust or near the
crust-mantle boundary (Féménias et al., 2001, 2003).
Moreover, Féménias et al. (2001) have shown that some
layered samples display both mafic and ultramafic thin
layers suggesting the cogenetic character of ultramafic and
mafic magmatic samples.

Even if these samples underwent sub-solidus re-equili-
bration under granulite-facies conditions, as attested by the
general polygonal texture of most mafic samples, this does
not correspond, strictly speaking, to a “metamorphic event”
but rather to an isobaric cooling, common in similar deep-
seated intrusions (DeBari & Coleman, 1989; Cawthorn,
1996). Moreover, there is no new metamorphic mineral
formed during this sub-solidus re-equilibration. It is thus
ambiguous to name these rocks “granulites” even if the
composition of the mineral phases was modified during the
re-equilibration process under granulites facies conditions.
This kind of re-equilibration does not totally erase the
magmatic composition of the minerals and thus parameters
such as Mg% of pyroxenes or An% of plagioclase can still
be used to decipher magmatic differentiation processes
(DeBari & Coleman, 1989; Cawthorn, 1996).

Mafic xenoliths from Puy Beaunit are mainly cumulate
gabbronorites that were affected by a low-P, high-T recrys-
tallisation event under static conditions, as attested by the
presence of numerous coronas and symplectites around
primary phases. We rather refer to these rocks as meta-
cumulates or meta-gabbronorites rather than granulites.
Moreover, Leyreloup (1974) already made the distinction
(for French Massif Central xenoliths) between “real gran-
ulites” (i.e. basic charnockites) and what he named
“semelle gabbro-norito-péridotitique” made of magmatic

697

coronitic gabbros, pyroxenites and peridotites. Mafic
xenoliths from Puy Beaunit belong to this last suite and
are clearly distinct from the granulites suite as described
by Leyreloup (1974).

The calc-alkaline Tonsina complex (DeBari &
Coleman, 1989) shows numerous similarities with mafic
xenoliths from Puy Beaunit: (1) associations between
mafic and ultramafic cumulates (harzburgites, dunites,
websterites; Féménias et al., 2001); (2) presence of
garnet- and amphibole-bearing gabbros and
gabbronorites; (3) high proportions (up to 20 %) of
magmatic amphibole; (4) presence of highly calcic
plagioclase as late cumulate phase (crystallising after
olivine, pyroxenes and spinel); (5) high pressure of
emplacement and crystallisation (~ 1 GPa). Féménias et
al. (2003) have already demonstrated that magmatic ultra-
mafic samples that are sometimes interlayered with the
mafic samples have a calc-alkaline geochemical affinity.
The mafic xenoliths described in this paper are thus
presumably also of calc-alkaline affinity, but this has to be
confirmed by whole-rock major and trace elements
compositions (work in progress).

Preliminary REE geochemical data suggest that pyrox-
enes, plagioclase and garnet were cumulus phases. Garnet
does not result from metamorphic reaction between
pyroxenes and plagioclase during metamorphism under
granulite-facies conditions. It directly crystallised from
the magma that gave rise to the various ultramafic and
mafic rocks collected at Beaunit.

It can indeed be demonstrated that garnet is obviously
not inherited from the surrounding metapelitic granulites
because:

(1) infusible garnet from surrounding meta-pelites
would probably have reacted with the mafic magma, it
would show anhedral, relict morphology. This is not the
case; the “ghost garnet”, completely replaced by the fine-
grained orthopyroxene-plagioclase-spinel symplectites, is
polygonal and was in textural equilibrium with the other
primary phases as shown above;

(2) metasedimentary garnets from granulites generally
have higher Mn (> 4 mol% of spessartine) and lower Ca
contents than the magmatic garnets (Harangi et al., 2001;
Jung & Mezger, 2003; Embey-Isztin ef al., 2003);

(3) the ghost garnet is not present in all lithologies. For
example, it is absent in a thin anorthositic layer of a
composite xenolith (PBN98-60) although it was observed
in the gabbronoritic layers of this xenolith. It is also totally
absent in ultramafic samples (Féménias et al., 2001).

Fractionation of almandine-pyrope garnet from basaltic
to rhyolitic calk-alkaline liquids at high pressure (about
1 GPa) has been observed in natural systems (Brousse et
al., 1972; Fitton, 1972; Barley, 1987; DeBari & Coleman,
1989; Day et al., 1992; Ringuette et al., 1999; Harangi et
al., 2001; Aydar & Gourgaud, 2002) and in experiments
(Green & Ringwood, 1968a & b; Green, 1982; Miintener et
al.,2001; Ulmer et al., 2003). Such garnet could also be the
result from late-magmatic sub-solidus re-equilibration of
the intrusion during isobaric cooling (DeBari & Coleman,
1989). This may explain the interstitial position of the
garnet in some samples.



Fig. 7. P-T history recorded by the
mafic xenoliths of Puy Beaunit
superimposed on the phase diagram
of basalt crystallisation (from Nimis
& Ulmer, 1998). Grt-in curve is
from Green (1967). Pressure of
destabilisation of amphibole (0.15
GPa) is from Devine et al. (1998).

Mineral pairs used to estimate the
P-T conditions are indicated
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It appears from the above considerations that the “ghost
garnet” of the mafic xenoliths of Beaunit is probably of
magmatic origin and not metamorphic nor inherited. This
magmatic garnet can be used to constrain the composition
of the source material and of the parental magmatic liquid
as well, because it is rather uncommon in mafic cumulates.
Harangi et al. (2001) argue that magmatic almandine
garnet in basic to intermediate rocks is characteristic of
calc-alkaline magmas generated by partial melting of
hydrated mantle source. The liquid crystallising the
gabbros could be a hydrated, high-alumina basalt, crys-
tallising under pressures comprised between 0.7 and 1.2
GPa (DeBari & Coleman, 1989; Harangi et al., 2001;
Ulmer et al., 2003).

Crystallisation, sub-solidus re-equilibration and desta-
bilisation: a P-T-t record

The P-T conditions (900-1000°C and 0.9-1.1 GPa)
inferred from the composition of amphibole probably
correspond to the crystallisation of the Beaunit cumulates.
These conditions agree reasonably well with those inferred
from the phase diagram of Nimis & Ulmer (1998). The
presence of magmatic garnet is also an indication of the
high pressure of crystallisation, in the range 0.7-1.1 GPa
(Green & Ringwood 1968a; Ulmer ef al., 2003; Harangi et
al., 2001).

The mafic rocks were re-equilibrated during the
isobaric cooling of the intrusion, as evidenced by the
polygonal texture of most xenoliths. The P-T conditions
prevailing during this re-equilibration were estimated from
the garnet-clinopyroxene and orthopyroxene-clinopyroxene
pairs (T) and from the orthopyroxene-garnet pair (P); they
are in the range 770 £+ 50°C and 0.9-1.1 GPa.

The fine-grained plagioclase-orthopyroxene-spinel
symplectites are interpreted as the nearly isochemical
breakdown of garnet during decompression. This process is

between brackets.

thought to occur at about 750-850°C and 0.55-0.8 GPa
according to Brodie (1995), Zhao et al. (2000) and
Elvevold et al. (2003). These conditions are in agreement
with the experimental data of Green (1967) as shown in
Fig. 7.

This pressure decrease can not be related to a late-
Variscan metamorphic event because the emplacement
and crystallisation of the Beaunit deep layered intrusion
occurred during Permian and is one of the latest tectono-
metamorphic of the late-Variscan period in French Massif
Central (Féménias et al., 2003). The lower crust below
Beaunit has thus probably been stable from Late-Permian
to Cenozoic, i.e. when the Limagne Graben formed. Two
mechanisms can explain this low-P event: (1) lower crust
uplift induced by Cenozoic extensional tectonic and (2)
transport of the xenoliths to the surface by the Quaternary
host lava.

Long-lived decompression in extensional setting
would probably have modified the composition of rim
(and maybe also of the core) of the pyroxenes (decrease of
Al content), as shown in the xenoliths collected in Sierra-
Nevada (Mukhopadhyay, 1991). In the mafic xenoliths
from Beaunit, the thermobarometry applied to the main
silicate phases does not show any evidence of re-equili-
bration under 0.55-0.8 GPa, where garnet is no more
stable.

In the Beaunit samples, garnet has been totally
replaced by symplectitic association. As the ascent of the
lava has been very rapid (about 16 hours according to
Faure et al., 2001) the xenoliths taken up by the lava
underwent a very quick decompression, which is unlikely
to allow complete garnet breakdown. Such a rapid process
would have produced only thin kelyphitic rims around
preserved garnet (Misra ef al., 2004). Whatever the exact
mechanism responsible for the destabilisation of garnet,
the two suggested processes were simultaneous and may
be combined.
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The breakdown of amphibole occurs at high tempera-
ture (950-1050°C) as indicated by the two-pyroxene ther-
mometry on symplectitic secondary assemblages and
probably at shallow level during xenolith ascent, below
0.15 GPa for Devine et al. (1998) and below 0.3 GPa
following the phase diagram of Nimis & Ulmer (1998).

Temperature and pressure during the formation of
coronas with glass and olivine around orthopyroxene have
been estimated by Faure et al. (2001): they are at about
1000°C and at very low P. These coronas were probably
induced by the penetration of a small amount of host lava
inside the xenoliths.

Conclusions

* Mafic xenoliths from Puy Beaunit are essentially
gabbronorites and gabbros, some of them displaying
layered textures. They crystallised at pressures close to 0.9-
1.0 GPa at about 1000°C. They were re-equilibrated under
sub-solidus conditions at 770°C and ~ 1 GPa during the
isobaric cooling of the intrusion.

* Primary garnet has been totally transformed to a fine-
grained plagioclase-orthopyroxene-spinel symplectite,
during lower-crust uplift induced by Cenozoic extensional
tectonic and/or during the first step of xenolith ascent in the
Quaternary Beaunit alkali basalt. Magmatic amphibole (Ti-
pargasite) melted in response to the brutal increase of
temperature due to the xenolith uptake in the host lava. This
melt crystallised the clinopyroxene-plagioclase-spinel
intergrowths observed in many samples. Orthopyroxene,
surrounded by a corona with glass and olivine, also began
to melt due to a reaction with small amounts of infiltrating
host volcanic glass.

* Most xenoliths are cumulates of a mafic hydrated
calc-alkaline magma. The main cumulus phases are:
plagioclase, pyroxene and garnet. A few basic melts have
also been identified. The garnet is most presumably of
magmatic origin, similar garnets are known in calc-alkaline
lavas and in deep roots of volcanic arc (i.e. Tonsina
Complex in Alaska).
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