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Abstract

In the Livradois area of the French Massif Central, the Hercynian synorogenic porphyritic monzogranites and two-mica 
leucogranites intruded a migmatitic paragneiss sequence. Data on trace-element abundances and Rb/Sr and Sm/Nd isotopic 
values suggest a genetic link between the two-mica leucogranites and the migmatites. Numerical modeling of partial melting in 
the paragneiss can replicate the composition of the two-mica leucogranites in terms of trace elements if the accessory minerals 
zircon, monazite or xenotime remain in the residuum. The origin of the porphyritic monzogranite is more diffi cult to constrain; 
it belongs to a peculiar high-K, high-Mg suite that is rich both in compatible (e.g., Mg) and incompatible (e.g., K) elements. The 
porphyritic monzogranite is heterogeneous and contains microgranular mafi c enclaves (MME) derived from a mafi c magma. A 
model of mixing between a mafi c magma with a composition similar to the MME, and a felsic magma similar to the two-mica 
leucogranite, accounts for the major- and trace-element characteristics and the Rb/Sr and Sm/Nd isotopic values of the porphyritic 
monzogranite. The MME are rich in incompatible elements, which implies an enriched source in the mantle. Considering the 
geological context of the Variscan belt in the French Massif Central, a possible origin for the enriched magmas is a subcontinental 
lithospheric mantle that was contaminated by crustal material during prior subduction, between 450 and 400 Ma. The results show 
that partial melting of a paragneiss generated the two-mica granite, and that the porphyritic monzogranite formed by mixing to 
various degrees of this melt with more mafi c magmas generated by partial melting of an enriched mantle source. These magmas 
were formed and emplaced during the period 350 to 290 Ma when the orogen passed from the contractional (crustal thickening) 
stage to orogenic gravitational collapse after detachment of its eclogitic root.

Keywords: granite, magma, anatexis, mixing, high K-, high-Mg magma, mantle, Hercynian, French Massif Central.
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Sommaire

La zone du Livradois, située dans le Massif Central français, comporte des intrusions synorogéniques de monzogranite 
porphyrique et de leucogranite à deux micas, mis en place dans une séquence de paragneiss migmatitiques. Les éléments traces 
ainsi que les rapports isotopiques Rb/Sr et Sm/Nd indiquent un lien génétique entre le leucogranite à deux micas et les migma-
tites. Les modèles numériques de fusion partielle du paragneiss aboutissent à des compositions similaires aux compositions du 
leucogranite à deux micas en termes d’éléments traces si les minéraux accessoires zircon, monazite ou xénotime restent dans 
les résidus de fusion. L’origine du monzogranite porphyrique est plus diffi cile à contraindre car il appartient à une suite particu-
lière magnésio-potassique riche en éléments compatibles (e.g., Mg) et incompatibles (e.g., K). Le monzogranite porphyrique 
est hétérogène et contient des enclaves microgrenues sombres dérivant d’un magma mafi que. Un modèle de mélange entre un 
magma mafi que de composition similaire aux enclaves microgrenues sombres et un magma felsique de composition similaire au 
granite à deux micas montre des valeurs proches de celles du monzogranite porphyrique pour les éléments majeurs, les éléments 
traces et les rapports isotopiques Rb/Sr et Sm/Nd. Les enclaves microgrenues sombres sont riches en éléments incompatibles, 
ce qui implique une source mantellique enrichie. En considérant le contexte géologique du Massif Central, une possibilité pour 
obtenir un tel magma enrichi est de contaminer un manteau sous-continental par un matériau crustal durant la période de subduc-
tion entre 450 et 400 Ma. Les résultats montrent que le leucogranite à deux micas provient de la fusion partielle du paragneiss, 
et que le monzogranite porphyrique s’est formé par le mélange de ce magma leucocratique avec un liquide issu de la fusion 
partielle d’un manteau enrichi. Ce magma s’est formé et s’est mis en place durant la période située entre 350 et 290 Ma, lorsque 
l’orogenèse passe du stade de contraction (épaississement crustal) au stade d’effondrement gravitaire après le détachement de 
sa racine éclogitique.

Mots-clés: granite, magma, anatexie, mélange, magma magnésio-potassique, manteau, Hercynien, Massif Central français.

The Geology of the Hercynian Belt 
in the French Massif Central

The French Massif Central (Fig. 1) exposes a 
segment of the Hercynian middle crust characterized by 
large volumes of granite (senso lato), migmatite, and 
metamorphic rocks (Dupraz & Didier 1988, Duthou et 
al. 1984, Pin & Peucat 1986). The Paleozoic tectonic 
evolution of this region was controlled by convergence 
between Gondwana and Laurasia that was accommo-
dated by the subduction and accretion of crustal blocks 
(Franke 1989, Matte 1991, Pin & Duthou 1990). This 
evolution is recorded by the formation of an accre-
tionary wedge that now comprises several nappes. This 
wedge was affected by metamorphism ranging from low 
to high geothermal gradients between the time of burial 
(420–350 Ma) and exhumation during gravitational 
collapse between 350 and 290 Ma (Burg et al. 1984, 
Pin & Peucat 1986, Vanderhaeghe et al. 1999). Ledru 
et al. (1989) recognized three major lithotectonic units 
(Fig. 1). From top to bottom, they are: (1) the Upper 
Gneiss Unit (UGU), (2) the Lower Gneiss Unit (LGU), 
and (3) the Para-autochtonous Unit, each of which 
now comprises a nappe. These nappes were partially 
melted, converted to migmatite, and then intruded by 
various plutonic rocks, ranging from a high-K suite to a 
peraluminous leucogranite suite, in the period between 
350 and 290 Ma. The intrusion of plutonic rocks is 
considered to coincide with the transition from crustal 
thickening to crustal thinning in the area (Downes et 
al. 1990, Duthou et al. 1984, Pin & Duthou 1990). On 
the basis of their petrological and geochemical charac-
teristics, these different plutonic suites are interpreted 
to involve crustal anatexis and the intrusion of mantle-
derived magmas.

Introduction

Magmatism in zones of plate convergence displays 
various petrological and geochemical characteristics 
that reflect the source of the magma (e.g., mantle 
versus crust) and the processes such as partial melting, 
fractional crystallization and magma mixing contrib-
uting to forming it (Bonin 1990, Chappell & White 
1974, Peacock et al. 1994, Sawyer 1998, Thompson & 
Connolly 1995). Magmatic rocks typical of zones of 
active or past plate-convergence encompass: (1) calc-
alkaline suites formed above the subducting plate, (2) 
peraluminous felsic suites resulting from anatexis of a 
thickened orogenic wedge, and (3) high-K, high-Mg 
magmatic rocks, exhibiting both mantle and crustal 
characteristics, the significance of which is much 
debated.

In this paper, we present some new petrological 
and geochemical data from the Livradois region in the 
core of the French Massif Central, where both peralu-
minous and high-K granitic rocks intrude a sequence 
of metasedimentary rocks that have been affected by 
anatexis. These data allow us to examine: (1) the genetic 
link between peraluminous leucogranite and the host 
anatectic paragneisses, (2) the relative contributions 
of mantle- and crust-derived magmas in the genesis of 
a high-K monzogranite, and (3) the impact of various 
processes such as partial melting, fractional crystalliza-
tion, and magma mixing on the geochemical evolution 
of these magmas. The geodynamic signifi cance of these 
results is discussed within the framework of the tectonic 
evolution of the Hercynian belt.
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Geology of the Southern Livradois Area

The study area in the Livradois region is located in 
the core of the French Massif Central (Fig. 1). In this 
area, the local pile of nappes consists of: (1) the ophio-
lite-bearing Upper Gneiss Unit, which includes the so-
called leptynite–amphibolite group at its base, and (2) 
the Lower Gneiss Unit (Burg et al. 1984, Ledru et al. 
1989). The nappes underwent anatexis in the stability 
fi eld of sillimanite, but contain relics of a higher-pres-
sure metamorphism (Grange et al., in prep.). The 
paragneisses of the Upper Gneiss Unit show a grada-
tion from metatexite to diatexite migmatite from south 
to north (Fig. 1). The distinction between metatexite 
and diatexite is based on the proportion and disposi-
tion of the leucosome (Brown 1973, Mehnert 1968, 
Vanderhaeghe 2001). These rocks are characterized by 
a north-dipping, roughly east–west-trending penetrative 
foliation that has a northwest-trending stretching linea-
tion. The composite nature of the foliation results from 
the alternation of leucosome and melanosome layers 
that is superimposed on a pre-existing, highly trans-
posed compositional layering in the metasedimentary 
units. The foliation in the diatexite migmatite arises 
from the alignment of enclaves and schlieren. The folia-
tion is concordant with the map-scale transition from 
metatexite to diatexite migmatites, although diatexite 
migmatite appears in the core of kilometer-scale domes 
and locally has discordant contacts with the foliation in 
the metatexite migmatite (Fig. 2). The migmatites are 
intruded by a number of veins of leucocratic granite 
that range from the centimeter to kilometer scale. In 
addition, a large sill of porphyritic monzogranite 10 
km long and 2 to 3 km wide is intruded parallel to the 
foliation in the diatexite migmatite.

Petrological Description 
of Migmatites and Granitic Rocks 
of the Southern Livradois Area

Metatexite migmatites

The metatexite migmatites are derived from psam-
mitic and pelitic protoliths, and are characterized by a 
banding defi ned by the alternation of leucocratic and 
melanocratic layers. The average bulk modal composi-
tion of the metatexite migmatites is 30% quartz, 20% 
plagioclase (An20–26), 15% K-feldspar, 20% biotite, 5% 
muscovite, and 10% aluminosilicate minerals, cordi-
erite, sillimanite and garnet. The accessory minerals 
monazite, xenotime, and zircon are ubiquitous, and 
commonly occur as inclusions in biotite.

The melanocratic part is fine-grained (0.5 to 1 
mm) and comprises more than 80% of the rock. It is 
composed mainly of biotite, corderite, sillimanite, and 
garnet. The leucocratic parts are medium-grained (1 to 
2 mm), and occur principally as small lenses or layers. 
The modal composition of the leucocratic layers is 

typically 40% quartz, 30% plagioclase (An0–7), 20% 
K-feldspar, 8% muscovite and 2% biotite and, thus, 
broadly leucogranodioritic. The leucocratic layers are 
interpreted to be derived from an anatectic melt, and 
their proportion in the paragneiss increases progres-
sively toward the contacts with the intrusive granitic 
rocks.

The most common aluminous mineral in the 
metatexite migmatites is cordierite, but cordierite also 
contains some small crystals of sillimanite, suggesting 
the following reaction:

biotite + quartz + sillimanite + plagioclase → 
cordierite + K-feldspar + melt

This reaction constrains the temperature of metamor-
phism to about 800°C, and indicates low to moderate 
pressures (between 2 and 7 kbar). Primary muscovite 
may have crystallized from the melt in place of K-
feldspar during post-peak cooling, at temperatures of 
approximately 700°C (Storre & Karotke 1972).

Diatexite migmatite

Diatexite migmatite is a medium- to fi ne-grained 
rock (1 to 3 mm), with an overall modal mineral 
composition of 35% quartz, 25% plagioclase (An20–26), 
10% K-feldspar, 15% biotite, 5% muscovite, and 10% 
aluminosilicate minerals, principally cordierite and 
rarely sillimanite. It has a very high proportion of leuco-
some, between 40 and 60% of the rock, and contains 
many centimeter-size lenses of melanosome, mostly 
composed of biotite and cordierite, oriented parallel 
to the general foliation. Enclaves of paragneiss (5 cm 
to 1 m) are common in the more leucocratic parts, and 
create a schollen diatexite (Mehnert 1968). The most 
common aluminous mineral is cordierite; because 
the mineral assemblages are similar to those in the 
metatexite migmatites, the diatexite is believed to have 
formed at similar metamorphic conditions.

The two-mica leucogranite

A kilometer-scale body of two-mica leucogranite 
(Figs. 3a, b) intruded the migmatites and pluton of 
porphyritic monzogranite. However, smaller bodies 
of two-mica leucogranite occur as segregations with 
diffuse borders in both the metatexite and diatexite 
migmatites; the segregations are generally oriented 
in the foliation plane. This two-mica leucogranite is 
believed to represent segregated anatectic melt derived 
from the migmatite developed at the expense of a pelitic 
assemblage. The two-mica leucogranite is fi ne-grained 
(1 to 2 mm), and contains 35% quartz, 30% plagioclase 
(An0–7), 20% K-feldspar, 5% biotite, and 10% primary 
muscovite; its overall composition is, therefore, “leuco-
monzogranite” in the Streckeisen (1976) classifi cation. 
The accessory minerals, monazite and zircon, are rare. 
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Fig. 1. Simplifi ed geological map of the French Massif Central, modifi ed from Ledru et al. (1989), with location of the study 
area.
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A weak foliation due to the preferred orientation of 
mica is ubiquitous and oriented northeast, i.e., parallel 
to the contacts. This fabric is believed to have been 
acquired in the magmatic state (Paterson et al. 1989) 
and is locally parallel to the foliation in the migmatites, 
particularly where the leucogranite occurs as intrusive 
sheets in the migmatites.

Porphyritic monzogranite

Porphyritic monzogranite forms a large (8 � 4 km) 
sill in the migmatites. It is a coarse-grained rock (2–3 
mm) containing poikilitic K-feldspar megacrysts 1–3 
cm across that have inclusions of biotite, quartz and 
plagioclase. The bulk rock contains 30% quartz, 30% 
plagioclase (ca. An30), 30% K-feldspar (mostly as 
megacrysts) and 10% biotite. The accessory minerals 
zircon, apatite and allanite are common. The K-feldspar 
megacrysts and biotite defi ne a weak foliation in the 
center of the porphyritic monzogranite, and because 
the minerals display little internal deformation, this 
fabric is inferred to be magmatic in origin (Paterson et 
al. 1989). Quartz-fi lled fractures are present in some 
of the plagioclase crystals (Fig. 3a) and indicate that 
deformation of the crystal framework occurred while 

some residual melt remained (Bouchez et al. 1992). The 
local development of recrystallized ribbons of quartz 
indicates some subsolidus deformation of the porphy-
ritic monzogranite (Paterson et al. 1989, Vernon et al. 
1983). In contrast, the southern border of the intrusion is 
mylonitic, indicating intensive subsolidus deformation 
there (Fig. 2). These features, taken together, point to a 
syntectonic emplacement for this sill.

The porphyritic monzogranite is heterogeneous at 
the outcrop scale (Fig. 4a), and comprises: (1) foliation-
parallel, meter-sized layers rich in K-feldspar crystals, 
(2) zones concordant to the foliation that are devoid of 
K-feldspar megacrysts and, (3) veins of biotite-bearing 
leucogranite (20–50 cm wide) that have a diffuse border 
and are discordant to the foliation in the porphyritic 
monzogranite. Collectively, these features are thought 
to indicate the segregation of the melt fraction during 
crystallization. The megacryst-free layers and the veins 
represent the residual melt extracted from the regions 
now marked by the zones rich in K-feldspar. The accu-
mulation of K-feldspar may have occurred by crowding 
of crystals (Vernon 1986) during magmatic fl ow. The 
porphyritic monzogranite contains elongate mm-scale 
xenoliths of muscovite-rich paragneiss. Myrmekite 
is developed at the edges of the paragneiss xenoliths 

Fig. 2. Geological map of the study area showing the relationship between the different rock-types.
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(Fig. 3b), and indicates chemical disequilibrium with 
the host monzogranite.

There are two types of plagioclase in the porphyritic 
monzogranite:

1) Plagioclase with a simple pattern of zoning (Fig. 
5a) in which the An content gradually decreases from 
core (An30) to rim (An20). This normal zoning records 
the evolution of the magma’s composition during frac-
tional crystallization (Wiebe 1968).

2) Plagioclase with a complex core (Fig. 5b), 
containing some irregularly shaped calcic (An40) 
regions interspersed with less calcic (An30) regions, that 
are surrounded by an even less calcic rim. Plagioclase 
with complex cores have been regarded as indicative 
of hybrid magmas (Castro 2001, Vernon 1984). First, a 
moderately calcic (An30) plagioclase crystallized from 
a felsic magma, then a high-temperature, more mafi c 

magma was intruded and caused resorption of the 
plagioclase, and then new, more calcic (An40) plagio-
clase grew around the resorbed plagioclase relic. During 
subsequent crystallization, the complex plagioclase acts 
as a nucleus for the crystallization of Ca-poor plagio-
clase that crystallizes from the hybrid magma (Fig. 6).

Mafi c microgranular enclaves

Mafi c microgranular enclaves (MME) are common 
in the porphyritic monzogranite (Barbarin 1988, Didier 
& Barbarin 1991). The enclaves are 5–20 cm long 
(Fig. 4b), and elongate in the foliation, consistent with 
deformation under magmatic conditions (Wiebe & 
Collins 1998). Typically, the MME are fi ne-grained (0.2 
to 1 mm) and consist of 15% quartz, 30% plagioclase 
(An30), 15% K-feldspar and 40% biotite and, rarely, 

Fig. 3. Photomicrographs of thin sections to illustrate (a) Plagioclase (Plg) with fractures, from porphyritic monzogranite; the 
fractures are fi lled by quartz (Q). (b) Myrmekitic structure (Myr) created by the chemical destabilization of K-feldspar (KF) 
next to the paragneiss (Pgn). (c) Entire thin sections � ~24 by 35 mm) showing the edge of an MME. Note the larger crystals 
of biotite at the border. (d) Rounded plagioclase (Plg) in an MME.
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Fig. 4. (a) Field photographs from the porphyritic monzogranite NW showing heterogeneity, with accumulation of K-feldspar 
in layers. (b) Microgranular mafi c enclave (MME) in porphyritic monzogranite. Pen is 15 cm long.

Fig. 5. Back-scattered-electron (BSE) images (Z contrast) of plagioclase from a porphyritic monzogranite. (a) Plagioclase with 
simple zonation created by fractional crystallization. (b) Plagioclase with complex zoning (see Fig. 6).
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amphibole. Zircon and apatite are common accessory 
minerals. The grain size of biotite in the MME varies 
from <1 mm in the core, to >1 mm at the rim, where 
it is (Fig. 3c) comparable in size to biotite in the host 
porphyritic monzogranite. The biotite in the monzo-
granite host thus seems to have been mechanically 
assembled around the enclave, forming a dark rim 
(Fig. 3c). Large (2 mm) crystals of allanite occur in 
the rim zone of MME and are stabilized by the high 

Ca content and low [Al/(Ca + Na +K)] of the MME 
(Cuney & Friedrich 1987). The stability of the allanite 
in such material is commonly interpreted as evidence 
for hybridation (Dini et al. 2004). Rounded K-feld-
spar phenocrysts (Fig. 3d) that are macroscopically 
similar to the K-feldspar megacrysts in the porphyritic 
monzogranite occur in the MME. Such a relationship 
is commonly interpreted to result from the chemical 
destabilization, and subsequent corrosion, of feldspar 

Fig. 6. Formation of plagioclase with complex core-structure in porphyritic monzogranite 
by mixing of a mafi c magma with a felsic one (e.g., Castro 2001). (a) When plagioclase 
that crystallized from the hydrid magma comes to contact with a mafi c magma, the 
plagioclase is resorbed. (b) A calcic plagioclase (An40) crystallizes in the mafi c magma 
around the resorbed plagioclase. (c) The plagioclase now has a complex core-structure. 
New plagioclase of composition An30 crystallizes from the hybrid magma. By the 
process of fractional crystallization, later growth of plagioclase is progressively less 
calcic, down to An20.
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megacrysts that crystallized in the felsic porphyritic 
monzogranite and were incorporated into the mafi c 
magma from which the enclave formed (Barbarin 1988, 
Pin et al. 1990, Pin & Duthou 1990).

Geochemistry

Analytical methods

Thirty-four samples were selected for the determina-
tion of major- and trace-element contents. The whole-
rock determinations were made at the SARM (Service 
d’Analyse des Roches et des Minéraux), CNRS–CRPG 
Vandoeuvre, France, using inductively coupled plasma 
– atomic emission spectroscopy (ICP–AES) for major 
elements and inductively coupled plasma – mass spec-
trometry (ICP–MS) for trace elements. The precision is 
estimated to be better than 2% for values higher than 5 
wt% for the major oxides, and better than 15% in the 
range of 1 to 10 ppm for the trace elements. The results 
are given in Table 1.

The Rb–Sr and Nd–Sm isotopic compositions were 
determined for twelve samples. Approximately 100 mg 
of sample powder were spiked with isotopic tracers and 
dissolved in a concentrated HF–HNO3–HClO4 acid 
mixture, and heated (110°C) for at least 72 hours in a 
closed tefl on beaker. Both Rb and Sr were separated by 
conventional cation-exchange techniques using AGX 
50W resin with 2.5 N HCl acid. After rinsing with 2.9 
N HNO3, the rare-earth elements (REE) were extracted 
from the same cation-exchange columns with 4.4 N 
HNO3; Nd and Sm were subsequently isolated from the 
other REE using HDEHP-coated tefl on resin columns 
with 0.27 N and 0.5 N HCl, respectively.

The isotopic composition of Rb was determined 
at the SARM using an ELAN 6000 ICP–MS instru-
ment. The isotopic compositions of Sr, Nd and Sm 
were determined in static multicollection mode using a 
Finnigan MAT 262 mass spectrometer at CNRS–CRPG 
Vandoeuvre. Concentrations were calculated by isotope 
dilution. The Sr samples were loaded on single W fi la-
ments, but Sm and Nd were loaded on Ta fi laments 
and ionized using a Re fi lament. Measured 87Sr/86Sr 
values were normalized to 86Sr/88Sr = 0.1194. The Nd 
isotope ratios were normalized to 146Nd/144Nd = 0.7219. 
During the period of analysis, our value for the La Jolla 
Nd standard was 0.511799 ± 0.000022 (2�), whereas 
the value for the NBS987 Sr standard was 0.710166 ± 
0.000048 (2�). These values differ signifi cantly from 
the generally accepted values for these standards (La 
Jolla: 0.511854; NBS987: 0.71024), most probably due 
to aging of the Faraday cups. Nevertheless, determina-
tions of other standards during the same time period 
showed equivalent shifts, demonstrating that the shift 
is insensitive to isotopic composition. All the results 
presented in Table 2 have been corrected by the amounts 
needed to bring the La Jolla and NBS987 standards into 
agreement with their internationally accepted values. 

Total chemical blanks were <2 ng for Sr and ~0.4 ng for 
Nd, and thus have no signifi cant effect on the isotopic 
compositions.

Initial ratios and �Nd have been calculated at 300 
My (estimated age from geological relationships). The 
maximum uncertainty in the age is ±20 My, but this 
has only a minor affect on the calculated initial ratio 
(�Nd changes by a maximum of 0.3 units). Small but 
systematic differences are observed between the Sm 
concentrations obtained by ICP–MS (after fusion with 
LiBO4) and those obtained by isotope dilution after acid 
digestion, especially for the leucogranites. The differ-
ences probably refl ect a failure to completely dissolve 
zircon during acid digestion. Nevertheless, in most 
cases, the Sm/Nd ratio obtained by the two methods 
agree within 10%, and the difference is only 24% in 
the worst case (sample 8). In any event, assuming that 
the samples were in isotopic equilibrium at 300 My, this 
should have no effect on the calculated initial ratios.

Interpretation of paragneiss and leucogranite

The migmatitic paragneiss has a A/CNK value 
between 1.30 and 2.45 and is peraluminous, consistent 
with a metasedimentary protolith, but it is also rich in 
Fe (~6 wt% Fe2O3). The two-mica leucogranite also is 
peraluminous (A/CNK values between 1.2 and 1.5), 
but it contains less than 2 wt% Fe2O3 (Table 1). Harker 
diagrams (Fig. 7) for the anatectic metasedimentary 
rocks (i.e., metatexite migmatite, diatexite migmatite 
and enclaves of paragneiss) show a negative correla-
tion for SiO2 with Al2O3 and with Fe2O3T. This trend 
probably refl ects variations in the mixing ratio between 
two end-member compositions of sediment, one a 
clay-dominated pelite (Al- and Fe-rich, Si-poor), and 
the other a (quartz + feldspar)-dominated psammite 
(greywacke). Harker diagrams (Figs. 7c, d) show posi-
tive correlations for Ca and Na with SiO2. Plagioclase 
is the principal Ca- and Na-bearing mineral in these 
rocks. This positive correlation can be explained by 
progressively higher proportion of plagioclase in the 
more siliceous metasedimentary rocks.

Figure 8 shows that the migmatitic paragneisses 
have relatively high concentrations of the REE (e.g., 
La 48 to 77 ppm) compared with the two-mica leuco-
granite (La 2.3 and 26 ppm). Table 1 shows that the 
two-mica leucogranites have a much greater range in 
REE contents than the migmatites. However, relative to 
the REE, the two-mica granites are depleted in Th and 
Zr compared to the metasedimentary migmatites.

The Rb/Sr and Sm/Nd isotopic ratios of four 
samples of leucogranite and three of the migmatites 
(two metatextite and one diatexite) were determined 
with the objective of constraining the origin of the two-
mica leucogranite, and to test a potential genetic link 
to the migmatitic paragneiss. The Sr and Nd isotope 
compositions were recalculated to 300 My, the probable 
age of granite emplacement in this region (Ledru et 
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al. 1989). The migmatites have an �Nd value between 
–8.36 and –7.46 and a 87Sr/86Sr ratio between 0.713610 
and 0.715471; these are similar to the values obtained 
from the two-mica leucogranite, �Nd between –9.31 and 

–7.10 and a 87Sr/86Sr between 0.716355 and 0.718193. 
Therefore, two-mica leucogranite has isotopic ratios 
that are consistent with an origin by partial melting of 
the paragneiss at about 300 Ma (Fig. 9).
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Geological modeling of the two-mica leucogranite

The two-mica leucogranite can be modeled as a 
partial melt of a pelitic metasedimentary protolith, using 

an equation to describe equilibrium partial melting 
(Allègre & Minster 1978, Shaw 1970). A simple model 
with a biotite-rich residuum, and modal proportions 
similar to those observed in the enclaves of residual 
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paragneiss from the diatexite migmatite (Fig. 10a), do 
not account for the trace-element composition of the 
leucogranites. In particular, the predicted REE contents 
for the model melt are too high compared to the values 
obtained from the two-mica leucogranite. The REE 
have low partition-coeffi cients into the major phases; 
the minor phases that have high partition-coeffi cients 
for the REE (zircon, monazite, xenotime or apatite) thus 
remained in the residuum, as has been reported previ-
ously for leucogranites and S-type granites (Montel 
1993). Adding 1% of zircon to the model restite causes 
a large increase in the bulk D values for REE (e.g., 

from 0.4 to 5.6 for DYb), and results in melt compo-
sitions that are in good agreement with the natural 
leucogranites (Fig. 10b). Although 1% zircon is far too 
great an amount compared to that present in the para-
gneiss enclaves, it serves to illustrate what effect a large 
proportion of accessory phases in the residuum would 
have, monazite and xenotime for example, for which the 
partition coeffi cients for REE are even greater than for 
zircon (Bea et al. 1994, 2006). The large range in REE 
composition of the two-mica leucogranite may well 
be related, therefore, to whether the accessory phases 
remained in the residuum during anatexis or not.
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Interpretation of porphyritic monzogranite 
and associated MME

The porphyritic monzogranite is weakly peralumi-
nous, with A/CNK values in the range 1.06–1.07, but 
is rich in Mg (~2 wt% MgO), Fe (~4 wt% Fe2O3 ) and 
K (~4.5 wt% K2O). Thus, the porphyritic monzogranite 
falls within the group of plutonic rocks described as 
having high K–Mg by Laporte et al. (1991). The MME, 

although more mafi c than the porphyritic monzogranite, 
also display a similar high K–Mg signature (A/CNK 
1.01 to 1.04, ~3.5 wt% MgO , ~7 wt% Fe2O3 , ~3 wt% 
K2O). The origin of high K–Mg magmas is not well 
understood; some authors contend that these magmas 
are mixtures of mantle- and crust-derived magmas 
(Barbarin 1999, Laporte et al. 1991). Although the high 
contents of compatible elements do point to a mantle-
derived component, the high K2O and LILE contents 

Fig. 7. Selected Harker variation diagrams in which we compare the composition of anatectic metasedimentary rocks: meta-
texite paragneiss and diatexite migmatite (�), enclaves of paragneiss (�) and two-mica leucogranites (�). The hachured 
zone corresponds to a compilation of melt compositions obtained from the partial fusion of pelite (Gardien et al. 1995, Patiño 
Douce & Harris 1998, Patiño Douce & Johnston 1991). The correlation for all the values of the samples is consistent with 
the possible partial fusion of the anatectic metasedimentary rocks.
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suggest either a very peculiar (i.e., strongly enriched) 
mantle, or the presence of a crustal component. Figures 
11a and 11b show that the data for the porphyritic 
monzogranite lie between the two-mica leucogranite 

and the MME. Because the petrographic features of 
the porphyritic monzogranite support a hybrid origin, 
mixing lines between the MME and two-mica leuco-
granite, shown on Figure 11, indicate the proportion of 

Fig. 8. Upper-crust-normalized multi-element patterns; val-
ues for the upper crust are taken from Taylor & McLennan 
(1981). Representative sample for anatectic rocks (dashed 
line) and two-mica leucogranite are compared. For the 
majority of trace elements, concentrations are higher in 
the anatectic rocks. The concentration of “incompatible” 
elements in the anatectic rocks is consistent with the min-
eralogy and the presence of accessory minerals such as 
zircon, or monazite.

Fig. 9. Plot of �Nd versus 87Sr/86Sr, with values recalculated 
to 300 Ma. The porphyritic monzogranite and MME have 
some values intermediate between those observed for the 
migmatitic paragneiss and the two-mica leucogranite, and 
those for the mantle array.

Fig. 10. Result of the modeling of partial melting of paragneiss. (a) Restite: 65% biotite, 15% plagioclase, 10% quartz, 5% 
K-feldspar. (b) Restite: 64% biotite, 15% plagioclase, 10% quartz, 5% K-feldspar, 1% zircon. The model including zircon in 
the restite is more consistent with the pattern observed for the two-mica leucogranite. The fi eld of stability of all the accessory 
minerals of the anatectic rocks is important during the partial melting.
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mafi c magma required to mix with a leucocratic two-
mica magma to produce the porphyritic monzogranite. 
The compositions for the two MME samples differ; we 
have chosen the sample that we believe more closely 
represents the primitive (least-contaminated) mafic 
magma for the mixing line.

The porphyritic monzogranite and its MME are 
both rich in compatible elements (e.g., Ni ~30 and 
~100 ppm; Cr ~100 and ~500 ppm, respectively) and in 
incompatible elements (LILE) (e.g., Rb ~200 ppm for 
monzogranite and MME: Table 1). Typically, they also 
have rather high HFSE contents (e.g., between 13 and 
25 ppm Nb, and ~20 ppm Y). Figure 11c shows in a 
binary diagram amounts of Nb versus Rb. As for major 

Fig. 11. Selected major- and trace-element diagrams showing the composition of the porphyritic monzogranites (�) in relation 
to the composition of the MME (�) and the leucogranites (�). a) K2O versus MgO, b) SiO2 versus CaO, and c) Rb versus 
Nd. The (+) symbols represent a mixing curve at 10% intervals with mafi c magma represented by the geochemistry of the 
enclave.
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elements, the data for the porphyritic monzogranite, 
the two-mica leucogranite, and the MME are colinear. 
All other binary diagrams for trace elements gives the 
same colinear relationship, which strongly suggests a 
mixing process.

The REE patterns for the porphyritic monzogranite 
and its MME have similar shapes, but the MME have 
the higher abundances. Both are LREE-enriched (~50 
ppm La), display a moderate negative Eu anomaly, and 
are moderately fractionated (La/YbN ≈ 20).

Rb/Sr and Sm/Nd isotopic data

The porphyritic monzogranite and the MME have 
similar age-corrected (300 Ma) Sr and Nd isotopic 
ratios. This similarity arises because MME is not 
representative of the initial mafi c magma; it could have 
re-equilibrated with the porphyritic monzogranite. The 
isotopic compositions of these rocks lie between those 
of the migmatites, the two-mica leucogranites, and the 
mantle array (Fig. 9). This observation precludes deri-
vation solely from a local crustal source and strongly 
implicates the mantle in their creation.

Geochemical Modeling of the Petrogenesis 
of the Porphyritic Monzogranite

The geochemical evidence suggests that the 
porphyritic monzogranite represents a hybrid magma; 
a component derived from a potentially enriched mantle 
source mixed with anatectic melt derived from local 
metasedimentary rocks. This conclusion is consistent 
with both the fi eld (porphyritic intrusive body in a 
partially molten crust) and petrological evidence (grain 
size, zoning in plagioclase). The mixed magma model 
will now be tested using geochemical modeling.

The most likely (available) felsic end-member 
for the mixing in the model is a magma similar to 
the two-mica leucogranite of the area. Although the 
MME may already represent hybrid magmas between 
a “true” mafi c magma and the host granite, we use the 
composition of the MME to model the mafi c magma 
end-member.

Magma mixing can be modeled by the simple mass-
balance equation:

Cm = � Ca + (1 – �) Cb  (1)

where Cm is the concentration of an element in the 
mixture (taken to be the porphyritic monzogranite), Ca 
is the concentration of an element in one end-member 
of the mixture (the MME), Cb is the concentration of 
an element in the other end-member (the two-mica 
leucogranite), and � is the mass fraction of the mafi c 
end-member in the mixture.

Following the “mixing test” of Fourcade & Allègre 
(1981), we rewrite this equation as

Cm – Cb = � (Ca–Cb)  (2)

In a (Ca – Cb) versus (Cm – Cb) diagram, if the rock “m” 
is indeed a mixture of end members “a” and “b”, then 
representative points for all the major elements should 
plot along a straight line passing through the origin, the 
slope of which corresponds to �.

In our case, a mixture of 70% MME and 30% 
leucogranite (Fig. 12a) fi ts the measured major-element 
compositions. This mixture is also tested for the REE 
(Fig. 12b), and yields a modeled REE pattern very 
close to that of the porphyritic monzogranite (Table 1). 
Small differences in Eu could be related to the separa-
tion of feldspar and melt, evidence for which can be 
seen in outcrop. The accumulation of feldspar is also 
suggested by the misfi t for Al2O3 on the mixing diagram 
(Fig. 12a).

Discussion

Two coexisting magmas were present in the Livra-
dois region at ca. 300 Ma: (1) the two-mica leucogranite 
suite genetically linked to the nearby migmatites, and 
(2) the porphyritic monzogranite, a high K–Mg magma 
formed by mixing between a mafi c component repre-
sented by the MME, and an anatectic melt similar to 
the two-mica leucogranite.

Crustal anatexis and formation 
of the leucogranitic melts

The peraluminous composition of the two-mica 
leucogranite suggests that it was derived from a pelitic 
protolith, a conclusion consistent with most of the 
experimental work on leucogranites (Patiño Douce 
& Johnston 1991, Vielzeuf & Holloway 1988). The 
modeling shows that the paragneiss in the study area is 
a permissible source for the leucogranite. The fact that 
accessory minerals are only a minor component of the 
leucogranite indicates that most of the accessory phases 
remained in the residue. There are two possible reasons 
for this. (1) The temperature during partial melting was 
relatively low; as a result, the accessory minerals did 
not dissolve into the partial melt. For example Montel 
(1993) showed that the solubility of monazite in the 
melt is an exponential function of temperature. More-
over, at low temperatures and a low degree of melting, 
the solid fraction predominates and acts as a fi lter to 
trap the accessory phases. (2) The accessory minerals 
were included in the major minerals and, therefore, 
inaccessible to melt (Watson et al. 1989). Indeed, the 
biotite in the migmatites contains a very high proportion 
of accessory minerals, which would have isolated them 
from the anatectic melt.
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Fig. 12. Results of mixing between a mafi c (MEE-like, �) 
and a felsic (two-mica leucogranite-like +) magma for the 
formation of the porphyritic monzogranite (�). The mafi c 
component corresponds to sample 155c (Table 1), and the 
felsic component, to sample SGL2K25a (Table 1). (a) “Mix-
ing test” of Fourcade & Allègre (1981) for major elements, 
showing that the major-element composition of the porphyritic 

monzogranite is consistent with the mixing of 70% of mafi c end-member and 30% of the felsic end-member. The R2 coef-
fi cient in this case is 0.95. (b) The REE profi le of a mixture of 70% of the mafi c component 155c and 30% of a felsic com-
ponent SGL2K25. The dashed line (�) corresponds to the model, and is compared to the real composition of the porphyritic 
monzogranite (�) 155b (Table 1).

Fig. 13. Spider diagrams normalized to upper crust (Taylor & McLennan 1981) for MME 
(�) compared to lamprophyres from Cévennes (+) and Thiers (�) (Agranier 2001). 
The patterns for all rocks are similar, and suggest the same origin for the mafi c magma 
that forms these rocks.
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Origin of the mafi c components 
in the porphyritic monzogranite

The source of the MME and the mafi c component 
in the porphyritic monzogranite could be either the 
mantle, or the lower crust. The nature of the Hercynian 
lower crust is known from xenoliths in nearby Cenozoic 
volcanos, such as the Bournac pipe, 80 km southeast 
of our study area (Dostal et al. 1980, Downes et al. 
1990). The xenolith suite includes mafi c granulites (47 
< SiO2 < 54 wt%), felsic granulites, and metasedimen-

tary rocks. Furthermore, Dostal et al. (1980) found that 
the Hercynian lower crust is signifi cantly depleted in 
incompatible elements, LILE, REE, and HFSE. Thus, 
the low-SiO2, mafi c and enriched incompatible element 
nature of the MME is not consistent with derivation 
from the known Variscan lower crust in the Massif 
Central. A spidergram (Fig. 13) for the incompatible 
elements shows the chemical similarity between the 
MME and Hercynian lamprophyre dykes that are of 
about the same age, from the Thiers area 50 km to the 
north, and from the Cévennes area, 120 km to the south 

Fig. 14. Chondrite-normalized (Sun et al. 1989) multi-element diagrams for possible compositions of the mantle source. In all 
diagrams, the shaded area is the fi eld of recalculated mantle compositions (see text for details) and is compared with vari-
ous peridotite samples. (a) Comparison between the recalculated compositions of mantle and a mantle with residual garnet 
(shaded) or spinel (hachured). (b) Massif Central xenoliths in recent (Tertiary and Quaternary) lavas (Lenoir et al. 2000). (c) 
Orogenic peridotites, Ronda (Frey et al. 1985). (d) Sub-arc mantle, xenoliths in recent Philippine lavas (Maury et al. 1992). 
(e) Peridotitic xenoliths in kimberlites (hachured fi eld from Erlank et al. 1987, Menzies et al. 1987, Nixon et al. 1981, Rhodes 
& Dawson 1975, Rudnick et al. 1993, Winterburn et al. 1990). The thick lines correspond to three samples from Bultfontein 
pipe, samples RS4 and RS6 from Menzies et al. (1987) and sample JJG360A from Erlank et al. (1987). (f) Mixing of Massif 
Central xenolithic mantle with 1–20% sediments (average Post-Archaean shale of Taylor & McLennan 1985).
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in the Massif Central (Agranier 2001). Although the 
exact origin of lamprophyres is much debated, there 
is little doubt that they are mantle-derived melts. The 
degree of enrichment in trace elements shown by the 
MME and lamprophyres (100 to 1000 times chondritic, 
i.e., 10–100 times MORB (Hart & Zindler 1986) implies 
a very enriched mantle source.

Modeling the melting of the mantle can be diffi cult, 
because of the large number of possible compositions 
for the source. Thus, we have used an inverse approach 
and calculated the composition of the mantle source 
that will yield a mafi c partial melt with a composition 
similar to the MME. The results are given in Figure 14. 
This hypothetical mantle (1) is enriched between fi ve 
and 30 times chondrite and, (2) initially has promi-
nent positive anomalies in Th (and U), and negative 
anomalies in K, Sr and Ti. Which Al-rich phase is 
present in such a mantle, whether garnet or spinel, is 
not important (Fig. 14a) for the distribution of the HFSE 
and HREE, except to a limited extent. This model uses 
equilibrium batch-melting, but the choice of melting 
mode is not particularly critical. Modeling with other 
modes of melting does affect the resulting compositions, 
but the differences between them are minor (Maaløe 
1985) except, perhaps, at low fractions of melt. In all 
instances, these differences are small enough not to 
affect the interpretations below.

The composition of the model source can be 
compared with real mantle (Figs. 14b to f). Perido-
tites are known from the Massif Central as enclaves 
in Cenozoic basalts (Lenoir et al. 2000) and show a 
depletion in most incompatible elements (Fig. 14b), as 
indicated by a concave trace-element pattern. They are 
also an order of magnitude too depleted in most trace 
elements to be a viable source for the MME. Seismic 
tomography shows that Cenozoic volcanism in the 
Massif Central is linked to the rise of the asthenospheric 
(or even lower) mantle (e.g., Goes et al. 1999, Granet 
et al. 1995). Therefore, the Cenozoic peridotites do not 
represent the subcontinental mantle that existed under 
the Massif Central in late Hercynian times. Orogenic 
peridotites from the Ronda massif (Frey et al. 1985) are 
even more depleted than the Massif Central peridotites 
(Fig. 14c), and cannot be representative of the mantle 
source either.

Maury et al. (1992) have described nodules of meta-
somatized peridotite that occurs as enclaves in calc-
alkaline lavas from the Philippines. They consider these 
to represent sub-arc metasomatized mantle. Mantle from 
such a tectonic setting could make a realistic source of 
enriched mantle in a collision setting. However, as 
Figure 14d shows, these rocks cannot be construed to 
be a realistic source either, as they reach only the lower 
envelope of suitable compositions of mantle.

The only peridotites from the literature that have 
an adequate degree of enrichment are the enclaves 
of old subcontinental lithosphere found in kimberlite 
(Fig. 14e). Although, old, enriched, subcratonic mantle 

is a possible source, evidence in Western Europe for a 
pre-existing craton, with its associated enriched mantle, 
is currently lacking. There are two possibilities: (1) 
the old subcratonic mantle was not present, or (2) this 
enriched mantle signature is lost when the lithosphere 
beneath the Variscan orogen became delaminated.

We suggest a composite source with both mantle and 
enriched crustal components (Fig. 14f). This mixture 
of the old subcratonic mantle could occur before the 
Variscan orogeny. The composition such a composite 
source was estimated by adding between 1 and 20% 
sediments to the mantle. Such a source has been 
proposed for compositionally similar magmas, such as 
the K–Mg-rich lamprophyre, the so-called vaugnerites, 
that are widespread in the Massif Central (Michon 1987, 
Montel & Weisbrod 1986). The initial trace-element 
composition of the mantle is largely irrelevant in this 
model, because the crustal component is enriched in 
incompatible elements by one or two orders of magni-
tudes over the mantle. We have used the post-Archean 
shale of Taylor & McLennan (1985) as the crustal 
component. The mixture shows a degree of enrich-
ment comparable with the proposed source (Fig. 14f). 
Furthermore, the shape of the trace-element patterns 
is also consistent with the anticipated positive Th, and 
negative K, Sr and Nd anomalies, and plateaus for Nb 
to Ce and Nd to Sm. The geological circumstances in 
which such mixing may occur are discussed below.

Constraints from Rb/Sr and Sm/Nd isotopic 
and trace-element data

The highly enriched signature shown by the porphy-
ritic monzogranite and its MME can be interpreted in 
one of four ways.

(1) The isotopic signature is entirely due to mixing 
between a leucogranitic magma (representation of 
a two-mica granite) related to in situ melting and a 
mantle-derived mafi c magma. Curve (b) in Figure 15 
shows that mixing of the two-mica leucogranite and a 
mafi c magma with a CHUR-like isotopic composition 
can account for the signature of the porphyritic monzo-
granite and its MME. Between 50 and 60% leucogra-
nitic magma is required, in good agreement with the 
mixing model presented earlier. In this scenario, the 
MME would have had to undergo complete isotopic 
re-equilibration with their host. However, we regard this 
process as rather unlikely. First, rocks more primitive 
than the MEE do not occur in the study area. Second, 
the lamprophyres in the region probably are devoid of 
any infl uence from the upper crust, yet have enriched 
isotopic characteristics, albeit to a lesser degree (Agra-
nier 2001, Turpin et al. 1988). The leucogranitic melts 
are considered to have been relatively depleted in 
most incompatible trace elements; for example, they 
contained 20 ppm of La, whereas the MME have 65 
ppm. Consequently, if the MME are the product of 
mixing between a mafi c magma and the leucogranitic 
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melt, this mafi c magma should be even more enriched. 
Therefore, we think that the enriched character of the 
MME is related to the source, and not to interactions 
with anatectic melt in the middle crust.

(2) The isotopic signature is composite, and related 
to the interactions between a CHUR-like or depleted 
mantle and the granulite-facies lower crust during 
ascent of the magma. Figure 16 shows that granulite-
facies lower crust in the Massif Central has inter-
element values (e.g., La/Yb and Ba/Sr) that preclude it 
as a source component. Assimilation of lower crust in 
general will not result in an enriched mafi c magma. The 
very radiogenic signature of the lower crust, however 
(Downes et al. 1990), could account for an isotopi-
cally enriched magma. Quantitative modeling (Fig. 15, 
curve a) indicates that assimilation of the lower crust 
can indeed yield the correct isotopic signature, but it 

requires such large amounts of lower crust material (60 
to 80%) to be added that the whole-rock composition 
becomes unrealistic. Therefore, interactions between 
mafi c magma and the Variscan lower crust cannot be the 
principal cause of enrichment of the mafi c magmas.

(3) The mantle source had an enriched signature. 
This hypothesis is consistent with conclusions drawn 
from trace-element profi les in the MME and implies the 
existence of an old subcontinental lithospheric mantle 
beneath the continents involved in the Hercynian colli-
sion. The problem is that old (Proterozoic) lithospheric 
components are not known from the Hercynian belt 
(Liew & Hofmann 1988), although omnipresent mid-
Proterozoic Nd model ages (Downes & Duthou 1988, 
Downes et al. 1997, Simien et al. 1999) suggest that it 
might well have existed.

Fig. 15. Plot of �Nd versus 87Sr/86Sr, with all values recalculated at 300 Ma unless speci-
fi ed otherwise. Hachured fi eld of lamprophyres (all Massif Central) after Turpin et al. 
(1988) and Agranier (2001), recalculated at the time of emplacement, different for 
each sample but between 310 and 320 Ma. Stippled fi eld of granulite metasediments 
(Bournac, 50 km southeast of study area) after Downes et al. (1990). (a) Assimilation 
of granulitic lower crust by a mafi c magma with CHUR-like isotopic characteristics 
(ticks correspond to 10% increments). (b) Mixing between Livradois metasediments 
and a mafi c magma with CHUR-like isotopic characteristics (ticks correspond to 10% 
increments). (c) Shaded fi eld is the isotopic composition (recalculated at 315 Ma) of a 
CHUR-like mantle into which sediments have been mixed at 420 Ma. Isotopic composi-
tion of the sediments are taken from the pre-Devonian sediments from the Montagne 
Noire area, 250 km to the south of the study area (Simien et al. 1999). Dashed line 
correspond to the values at 315 Ma for a mixture with sediments with �Nd (420 Ma) = 
–6; ticks correspond to the proportion (1, 2, 5, 10 and 20%) of sediments mixed with a 
CHUR-like mantle. Limits of the shaded fi eld correspond to models calculated at 315 
Ma, using sediments with �Nd (420 Ma) between –4 to –8.
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(4) The mantle source itself could contain a mixture 
of components. The isotopic composition (at 300 Ma) 
of a CHUR-like mantle to which 1 to 20% of sediments 
were mixed at 420 Ma, the time at which subduction 
occurred under the Massif Central, has been plotted on 
Figure 15 (curve and fi eld c). Such a process is able to 
produce a radiogenic source with isotopic signatures 
consistent with the present-day signature of the MME.

The isotopic evidence alone is equivocal (Agranier 
2001, Pin et al. 1990, Turpin et al. 1988). However, the 
combination of trace-element and isotopic information 
suggests that the most likely origin for the MME and 
porphyritic monzogranite is an enriched source, made 
of a mantle mixed with crustal material.

What causes enrichment of the mantle is poorly 
known; different mechanisms have been proposed for 
different geological settings and for different types of 
K- and Mg-enriched magmas. The crustal component 
has been ascribed to slab-released fl uids (Wyllie 1987), 

percolation of mafi c magmas (Bodinier et al. 1990, Van 
derWal & Bodinier 1996), or metasomatism by felsic 
melts (Martin et al. 2005, Moyen et al. 2001). We have 
already argued that sediments were added to the mantle 
to produce an enriched source; next we discuss how that 
might have occurred.

The subduction of sediments and their recycling 
back into the deep mantle are now well documented 
(e.g., Plank & Langmuir 1998). Subduction under the 
Massif Central occurred at about 400 Ma (Paquette et 
al. 1995, Pin & Lancelot 1982). At this time, pelagic 
sediment, or sediment from the accretionary prism could 
have been subducted into the mantle, and an enriched 
mantle wedge formed near, or above, the descending 
plate. The sediments possibly were mechanically inter-
leaved with the mantle rocks. Similar models for enrich-
ment of the mantle have been proposed by investigators 
of ultrapotassic, synconvergent magmatism elsewhere 
(Bachinski & Scott 1979, Venturelli et al. 1984).

Fig. 16. Infl uence of the lower crust granulites (Dostal et al. 1980: grey domains) in the source of the mafi c component of the 
porphyritic monzogranite (open squares). In a La versus Yb diagram (a), the Mg–K series is more enriched than the granulite, 
with higher La/Yb values. Interactions of a mantle-derived melt with lower crust granulites is, therefore, unable to generate 
the observed composition of melt. In the Sr versus Rb diagram (b), granulites show Rb/Sr values that are too low to be the 
source of enrichment, and that addition of mantle peridotite (see text and Fig. 14) is unable to generate the expected signature. 
Black circles: mafi c microgranular enclaves.
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The crustal material added to the mantle need not 
be restricted to subducted sediments. The subduction 
of felsic continental fragments has also been docu-
mented in the Alpine belt (Chopin et al. 1991, Reinecke 
1991), and has been suggested for the Hercynian belt 
(Lardeaux et al. 2001). Indeed, if continental crust is 
subducted to suffi cient depth that it undergoes partial 
melting, then such anatectic magmas could ascend into 
overlying mantle-wedge (Rapp et al. 1999) and make 
an enriched mantle.

Cause of partial melting in the Massif Central

The generation of migmatites, two-mica granites, 
porphyritic monzogranite (K–Mg granite) and the mafi c 
magmas from which the MME were derived occurred 
in the short span between 350 and 290 Ma. Thus, the 
partial melting that affected the crust and the mantle 
coincided with the transition from contractional to 
extensional deformation in the orogen. Nelson (1992) 
suggested that the change from contraction to exten-
sion in orogens is triggered by the detachment and 
foundering of the subducted oceanic lithosphere, and 
possibly the lithosphere under the upper plate, following 
their transformation to dense eclogite. The removal of 
the dense root enables the rapid uplift of the less dense, 
thickened continental crust, and relaxes the contrac-
tional forces. Detachment of the dense root allows new, 
hot mantle to rise under the orogen. The infl ux of hot 
mantle under the orogen heats the continental crust and 
triggers partial melting and the formation of granitic 
magma that characterizes the post-contraction stage of 
many orogens. The upwelling hot mantle may undergo 
decompression melting and generate mafi c magmas 
that may intrude into the orogen and interact with the 
anatectic melts there.

Anatexis of the crust in the Massif Central produced 
metatexite migmatite and diatexite migmatite in the 
lower gneiss unit. Locally, domes of diatexite migma-
tite (e.g., the Velay dome, just south of the study area) 
have risen through the upper gneissic unit. S-type 
granites formed by partial melting of pelitic metasedi-
ments occur throughout the Massif Central, generally 
as intrusive bodies (e.g., Margeride and Guéret) in the 
migmatites, but also in the cores of dome structures, 
such as Velay. These bodies are the sites where the 
anatectic melts extracted from the lower gneiss unit 
have accumulated.

Mafi c melts formed in the mantle at the same time 
and intruded into the partially molten crust, probably 
along active shear-zones (Brown & Solar 1998). The 
infl ux of mafi c magma carried heat into the crust and 
locally increased the degree of partial melting; evidence 
comes from P–T paths of the orogen (Gardien et al. 
1997), which show the late decompression and a high-
temperature “excursion”. Therefore, these regions are 
loci of extensive interaction, mingling and mixing 

between the mafi c and crustal magmas (Castro et al. 
2003), resulting in the formation of hybrid high-K–Mg 
magmas. Examples of high-K–Mg plutons in the Massif 
Central are the Bois Noirs and Saint-Julien-la-Vêtre 
plutons in the north, the Lozère massif, and the Aigoual-
Saint-Guiral pluton in the south (Fig. 1). However, only 
in the Livradois area are they within the migmatites. 
Elsewhere, the plutons have risen suffi ciently to intrude 
low-grade rocks. Therefore, the Livradois area provides 
a unique window to study how these magmas formed.

Conclusions

Two types of granite are present in the Livradois 
area, two-mica leucogranite, and a high-K–Mg porphy-
ritic monzogranite. Petrological study and geochemical 
modeling suggest that the two-mica granites correspond 
to partial melts extracted from the nearby pelitic migma-
tites. In contrast, the porphyritic monzogranite formed 
by mixing between the two-mica granite and mantle-
derived mafi c melts. The mafi c magmas were derived by 
partial melting of an enriched mantle that was probably 
created by the subduction and mechanical interleaving 
of metasedimentary rocks within the mantle some 50 
to 70 Ma earlier.

The presence in the Livradois area of crustal melts 
that mixed with mafi c magmas formed from an enriched 
mantle indicates that the phase of late-orogenic collapse 
coincided with a major episode of partial melting 
that affected the whole lithosphere under the Massif 
Central.
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