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Mg-K mafic intrusive rocks are commonly observed during the late stages of the evolution of orogenic belts. The Variscan
French Massif Central has many outcrops of these rocks, locally called vaugnerites. Such magmas have a mantle-derived
origin and therefore allow discussion of the role of mantle melting and crust-mantle interactions during late-orogenic
processes. In the Southern Velay area of the French Massif Central, LA-ICPMS U-Pb dating on zircons and monazites
from three vaugnerites and four coeval granites reveals that the two igneous suites formed simultaneously, at ¢. 305 Ma.

This major igneous event followed after an early, protracted melting stage that lasted for 20-30 My and generated mig-
matites, but the melt was not extracted efficiently and therefore no granite plutons were formed. This demonstrates that
widespread crustal anatexis, melt extraction and granite production were synchronous with the intrusion of vaugneritic
mantle-derived melts in the crust. The rapid heating and subsequent melting of the crust led to upward flow of partially

molten rocks, doming and collapse of the belt.
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1. Introduction

The Mg—K mafic magmatic suites correspond to a highly
heterogeneous group of igneous rocks closely associated
with post-collisional granitic suites (see review in Bonin
2004). Their relative scarcity but systematic occurrence
throughout most orogens makes them particularly useful
as markers to understand the evolution of the lithosphere
at the end of major orogenic episodes. In the European
Variscan belt for instance, various types of such rocks are
diversely known as “vaugnerites” in the French Massif
Central (Sabatier 1980; Michon 1987; Sabatier 1991),
“durbachites” in the Vosges (Gagny 1979), Schwarzwald
(Kober and Lippolt 1985) and Bohemian Massif (Holub
1997a, b; Janousek et al. 1997; Gerdes et al. 2000; Kot-
kova et al. 2003, 2010), shoshonites, appinites and lam-
prophyres in central Spain (Castro et al. 2003; Perini et
al. 2004; Scarrow et al. 2008, 2009; Molina et al. 2012).
Older examples include the Caledonian appinites (Fowler
1988; Bowes and Kosler 1993; Fowler et al. 2008; Mur-

phy 2013), and even the Archaean “sanukitoids” (Martin
et al. 2010; Fowler and Rollinson 2012). Given that a
mantle source has been invoked in the petrogenesis of all
the above examples, these rocks can be used to address
the question of mantle input, through mass and/or heat
transfer, during crustal melting and granite production.

The vaugnerites of the French Massif Central are
Mg—K-rich biotite-rich diorites. Although many petro-
logical types are known (see review in Sabatier 1991),
all examples share the same key characteristics: major
minerals are biotite, plagioclase, hornblende, interstitial
quartz and K-feldspar, minor clinopyroxene, and rare
orthopyroxene (Montel 1988); accessory phases such
as apatite, zircon, allanite and titanite are abundant
(Montel and Weisbrod 1986). Vaugnerites usually crop
out as intrusive bodies or enclaves in coeval felsic rocks
(Sabatier 1991). They are well-exposed at the southern
border of the Velay Complex, a large anatectic dome of
migmatites cored by a heterogeneous, cordierite-bearing,
S-type granite (Ledru et al. 2001).
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The aim of this study is to constrain the temporal
relationships between crustal melting and Mg—K mafic
magmatism in the southern Velay, on the basis of field
observations of vaugnerites coupled with U-Pb dating
on zircon and monazite. Determining the chronological
framework of the melting events allows us to constrain
the crustal evolution in the region at the end of the Va-
riscan orogeny.

2. Geological setting

The Variscan belt of Europe formed between c. 400 and
280 Ma as a result of the convergence between Laurussia,
Gondwana and intervening microplates (Matte 1986; Edel
2001; Guy et al. 2011; Kroner et al. 2013). The French
Massif Central is a Gondwana-derived microcontinent
(Melleton et al. 2010) accreted to Laurussia in Devonian
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to Carboniferous times (e.g. von Raumer et al. 2003).
A large portion of the Eastern French Massif Central
is occupied by the Velay Complex, a ¢. 100 by 100 km
migmatite dome (Lagarde et al. 1994; Ledru et al. 2001).
A large volume of peraluminous granite forms its core
(Williamson et al. 1992; Lagarde et al. 1994; Downes
et al. 1997; Ledru et al. 2001), and cuts across the Early
Carboniferous nappe stack (Faure et al. 2009 and refer-
ences therein). The Southern Velay area experienced a
polymetamorphic evolution during the Variscan orogeny,
described as a succession of four major tectono-metamor-
phic events (Marignac et al. 1980; Montel et al. 1992).
They affected two contrasting lithologies (Fig. 1): the
Cambrian “Ardéchois” orthogneisses (R’Kha Chaham et
al. 1990; Alexandre 2007; Melleton et al. 2010); and the
possibly Precambrian to Ordovician “Cévenol” metasedi-
ments (Pin and Marini 1993; Caron 1994; Roger et al.
2004; Melleton et al. 2010).
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Fig. 1 Geological map of the Southern Velay region, adapted from Weisbrod (1970); 1/50 000 geological maps; and unpublished maps (ENSG
mapping camps, 1970-1990s). Location map in inset, showing the study area in the south-eastern portion of the Variscan Massif Central (grey).
The M, overprint is shown in orange (with red dots), superimposed on the yellow/green depicting the pre-M, lithologies (M, high-grade ortho- and
paragneisses); the paragneisses of the “Cévenole” Series are the high-grade equivalents of the Cévennes schists, south of the MMVZ (Mylonitic
Metamorphic Vellave Zone from Bouilhol et al. 2006). Only the largest vaugnerite bodies are shown here (in the Rocles granite, and at Pey Plot
East of Chavade Pluton, cf. Ait Malek 1997); innumerable, 1 to 10 m bodies are found throughout the area. The location of geochronology samples
is indicated on the map; peraluminous granite samples are ellipses (15D Peyron, 20B Velay, 55 Tanargue), vaugnerites rectangles (39 Loubaresse,
42 Meyras, 29A Pont-de-Bayzan) and metaluminous granites rectangles with rounded edges (49B Largenticre). The Largentiére granite is an outlier

of the larger Borne Complex, to the west.
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* D, is inferred from relicts in high-grade (eclogitic)
units, mostly north and west of our study area (Lar-
deaux et al. 2001; Berger et al. 2010); the eclogitic
metamorphism (M) is dated (U-Pb on zircons) at C.
410—430 Ma in various outcrops of the Massif Central
(Pin and Lancelot 1982; Ducrot et al. 1983; Paquette
et al. 1995; Berger et al. 2010).

* D, collisional nappe stacking linked to N-S compre-
ssion (Marignac et al. 1980) caused the regional foli-
ation. This event was associated with a syn-collisional
MP-MT Barrovian metamorphism (M,). Syn-meta-
morphic shearing has been dated at around 340-335
Ma (*°Ar—*’Ar on biotite and amphibole), both south
(Cévennes: Caron 1994) and north (Lyonnais: Costa
and Rey 1995) of our study area.

* D, corresponds to NW-SE extension (Faure et al.
2009) associated with a LP-HT metamorphism M,
that reached partial melting conditions with biotite
remaining stable: T < 750°C, P > 5 kbar (Montel et
al. 1992). In the field, rocks affected by the M, event
are cordierite-free, stromatic migmatites developed at
the expense of both ortho- and paragneisses. Monazi-
te U-Th—Pb (EPMA) dating of anatectic paragneisses
yielded ages of 329 + 5 (Be Mezeme et al. 2006) and
323 + 3 Ma (Cocherie et al. 2005). However, monazite
dating by ID-TIMS gave a younger age of 314 £ 5 Ma
(Mougeot et al. 1997). A HT shear zone, the Mylonitic
Metamorphic Vellave Zone (MMVZ) (Bouilhol et al.
2006), developed during the M, event and brought the
greenschist- to amphibolite-facies Cevennes schists in
contact with high-grade metamorphic rocks from the
“Ardéchoise” and “Cévenole” series. According to
Bouilhol et al. (2006), the MMVZ reflects the uplift
of the Velay Dome, but the timing of this ascent has
remained disputed and in other studies the doming
was associated with the M, event (Barbey et al. 1999;
Ledru et al. 2001). The syntectonic (D,) S-type Rocles
granite (Weisbrod 1970) (Fig. 1) has been dated at 324
+ 4 (EPMA on monazite, Be Mezeme et al. 2007).

* D, is represented by NNE-SSW transtension. Regio-
nally, it corresponded to the development of strike-slip
shear zones such as the Sillon Houiller (Faure et al.
2009). In the northern part of the study area (Fig. 1),
D, was associated with a M, metamorphism recording
a regional temperature increase, leading to fluid-absent
biotite melting in the cordierite stability field. The P-T
estimates are 760 < T < 850°C and 2 < P < 5 kbar
(Montel et al. 1992). The M, migmatites are nebulitic
to diatexitic and cordierite-bearing; it is sometimes
possible to still recognize their protolith (“Ardéchois”
orthogneisses or “Cévenol” paragneisses). The D /M,
event was synchronous with emplacement of the main
cordierite-bearing anatectic Velay granite which has
been dated at 298 + 8 (Rb—Sr whole-rock, Caen-Va-

chette et al. 1982) and 301 £ 5 Ma (U-Pb monazite,

Mougeot et al. 1997).

The age of the Borne-Largentiére I-type (sub-alkaline)
granitic complex (Fig. 1) is unclear. A Rb—Sr whole-rock
age of 315 = 5 Ma was determined by Mialhe (1980),
linking it with the D, event as proposed by Weisbrod
(1970). On the other hand, two samples from the Mont-
Lozére Complex, the western part of the Borne granite
wrenched by the sinistral movement of the Villefort
Fault, gave TIMS zircon ages of 303 + 3 Ma (Brichau et
al. 2008), 307 £ 5 Ma and 307 + 11 Ma (Francois 2009),
i.e., closer to D,.

The whole area was affected by rapid uplift and cool-
ing in the last stages of Variscan evolution as recorded
by U-Pb apatite ages clustering around 290 Ma (Mougeot
etal. 1997). The Velay granite and related M, migmatites
are cross-cut by late granites belonging to two main
suites, the Quatre-Vios and Tanargue granite, (Montel and
Abdelghaffar 1993). The previously published Permian
Rb—Sr ages (e.g. 274 = 7 Ma for a Quatre-Vios granite,
Caen-Vachette et al. 1982) are now believed to reflect
late isotopic disturbance: the Montasset granite (Fig. 1)
yielded pristine monazites with a LA-ICP-MS age of 307
+ 2 Ma, and fluid-altered monazites with scattered ages
suggesting reopening of the isotopic system between 270
and 290 Ma (Didier et al. 2013).

3. Mg-K mafic intrusive rocks relation-
ships to their hosts

Vaugnerites in the study area crop out in various settings
(Fig. 2, and Electronic Appendix 1), depending on the
nature of the host and its anatectic history.

3.1. Vaugnerites in orthogneisses

The vaugnerites intruding orthogneisses are generally
meter-sized bodies (although they can occur in large
swarms, such as at Pey Plot) and are fine- to medium-
grained. They form lenses that are concordant with the
regional foliation of (“Ardéchois”) migmatitic orthog-
neisses (Fig. 2a). The cores of the bodies display an iso-
tropic, probably magmatic texture whereas the rims have
a cleavage that can be attributed to emplacement-related
deformation. The vaugnerite bodies are commonly sur-
rounded by small volumes of fine-grained granites, con-
nected with surrounding leucosomes in the gneisses and
therefore probably representing melt segregated from the
partially molten gneisses. Interpenetrating textures and
the feathered appearance of the contacts between vaugn-
erites and immediately surrounding fine-grained granites
demonstrate that both were molten at the same time.
Thus, our favoured interpretation is that the vaugnerites
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Fig. 2 Examples of vaugnerite outcrops. a — Vaugneritic lenses stretched in the foliation of migmatitic orthogneisses at Pont-de-Bayzan road cut
(similar to our sample 29A). b — Intrusive vaugnerite forming a rounded enclave in diatexitic M, paragneisses, Pont-de-Bayzan. ¢ — Mingling
textures between a vaugnerite and the Largentiére granite (our sample 49B), Ligne Valley. Hammer head 12 cm.

intruded a partially molten host, causing additional melt-
ing and/or melt segregation around the mafic bodies.
One sill of orthogneiss-hosted vaugnerite was dated
by Ait Malek (1997) at Pey Plot using U-Pb TIMS on
zircons; this gave an upper intercept age of 314 + 3 Ma.

3.2. Vaugnerites in paragneisses

Vaugnerites intruding metatexitic to diatexitic para-
gneisses are medium- to coarse-grained stocks and sills
(Fig. 2b), ranging from 2 to 50 m in length. These in-
trusive bodies cut across the regional foliation (Fig. 2b)
or were emplaced in low-strain domains such as axial
planes of folds (Ait Malek 1997). These vaugnerites are
often surrounded by felsic, plagioclase- and biotite-rich,
sometimes tourmaline-bearing, pegmatoids. The outcrop
shape of vaugnerites correlates with the type of migma-
tites in which they intrude: vaugnerites in cordierite-free,
M, migmatites (mostly metatexites) tend to form sills.
This is the case for the Loubaresse sill (our sample 39,
Fig. 1), previously dated by U-Pb TIMS on zircons by Ait
Malek (1997) at 313 = 3 Ma (upper intercept). In contrast,

vaugnerites in M, cordierite-bearing migmatites (diatex-
ites commonly) often form rounded masses, for example
at Pont-de-Bayzan (figure 2b, our sample 29A, Fig. 1) or
Meyras (our sample 42, Fig. 1), which gave an age of 308
+ 6 Ma using TIMS on zircons (Ait Malek 1997).

3.3. Vaugnerites associated with granitic
bodies

Meter-size vaugneritic enclaves are enclosed by most
granites in the area. The coeval ascent and crystallization
of mafic and felsic melts are evidenced by lobate contacts
and intricate shapes (Fig. 2c). Such mingling features are
well-exposed north-west of Burzet where a fine-grained
vaugnerite, the “Peyron diorite” (Didier et al. 1987) and
a coeval biotite-bearing granite cut across the hetero-
geneous cordierite-bearing Velay granite (our sample
15D, Fig. 1). Vaugnerite is also found within other late
granites (such as the Tanargue granite, our sample 55,
Fig. 1) or the main, heterogeneous Velay granite (sample
20B, Fig. 1). Finally, in the Ligne Valley, just north of
Largenti¢ére, K-feldspar megacryst-bearing vaugnerites
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Tab. 1 Summary of samples and geochronological results. Latitude and longitude in decimal degrees, WGS84.

Location
Sample number Rock type Zircon magmatic age ~ Monazite magmatic age
Place name Latitude  Longitude
SGC12 15D Peyron 4475042 422173  CAtc granite (unnamed granite undefined 303.7 3.1 Ma
surrounding Peyron diorite)
SGC12 20B Burzet 44.78277  4.25688 Velay granite undefined 305.9 + 1.4 Ma
SGC12 29A Pont de Bayzan 44.65678  4.29928 Vaugnerite 294.4 £ 3.9 Ma -
SGC12 39 Loubaresse 44.60045 4.07053 Vaugnerite 307.4 + 1.8 Ma -
SGC12 42 Meyras 4467262  4.27383 Vaugnerite 305.8 +£2.3 Ma -
SGC12 49B Largentiére  44.5548  4.28738 Porphyritic granite 304.1 6.3 Ma -
(Borne-Largentiere)
SGC12 55 Chadenet 44.69342  4.35143 Late granite (Tanargue suite) 303.9 £ 6.5 Ma -

(resulting from mingling between ordinary vaugnerites
and porphyritic granite) and the porphyritic potassic
amphibole-bearing Largenti¢re granite (Fig. 1) intrude
the M, amphibolite-facies Cévennes micaschists (Palm
1957). The Largentiére granite is similar to the Borne
Pluton and is regarded as an offshoot of this (Weisbrod
1970); indeed the Borne granite has very common mafic
microgranular enclaves of vaugneritic composition (Mi-
alhe 1980). The Largentiére vaugnerites and granites crop
out in a 400 meters long polished river bed displaying
many examples of the mingling textures (Fig. 2c).

4. U-Pb geochronology

4.1. Sample selection and techniques

Seven samples were selected for LA ICP-MS geochro-
nology (Tab. 1), with the aim of constraining the timing
of vaugnerite emplacement. Therefore, we dated either
vaugnerites directly or granites demonstrably coeval
with the vaugnerites. Details of the field relationships
and sample descriptions are given in Electronic Appen-
dix 1. A vaugnerite (29A) stretched in the foliation of a
migmatitic orthogneiss at Pont-de-Bayzan (Fig. 1) was
chosen to constrain the emplacement age of the most de-
formed intrusions, presumed to be the oldest in the study
area. The Loubaresse sill (39) and a rounded vaugnerite
at Meyras (42), both corresponding to samples previ-
ously dated by Ait Malek (1997), were selected as rep-
resentative of the two main types of paragneiss-hosted
vaugnerites; this also allowed comparison of our LA-
ICP-MS results with previously published TIMS data.
Four granites, closely associated with vaugnerites, were
also dated (Fig. 1): a heterogeneous cordierite-bearing

Velay granite (20B) displaying ductile interactions with a
vaugnerite sampled north of Burzet; a biotite—cordierite-
bearing slightly porphyritic Tanargue granite (55) closely
associated with a vaugnerite cropping out in Chadenet;
a biotite-bearing Peyron granite (15D) that intruded the
Velay granite and was synchronous with the “Peyron
diorite” (Didier et al. 1987). Finally, biotite-bearing
porphyritic Largentiére granite (49B) from the Ligne
Valley near Largenti¢re was selected to date the coeval
vaugneritic intrusion.

Rock samples were crushed using standard tech-
niques (jaw crusher, disc mill) and the powder frac-
tion <500 um was kept. Zircons and monazites were
concentrated using heavy liquids (tetrabromoethane
and diiodomethane), an isodynamic Frantz separator,
and then hand-picked under a binocular microscope,
mounted in epoxy resin, and polished to an equatorial
grain section. Analytical work was carried out in the
Laboratoire Magmas et Volcans (Clermont-Ferrand).
Minerals were imaged by cathodoluminescence using a
Jeol JSM-5910 MEB and U—Pb analyses were conducted
in situ by LA ICP-MS with an Agilent 7500ICP-MS
coupled to a Resonetics M-50E 193 nm ArF Excimer
laser system. Ablation spot diameters of 26 um and 7
um with repetition rates of 3 Hz and 1 Hz were used
for zircon and monazite, respectively. Data were cor-
rected for U-Pb fractionation and the mass bias by
standard bracketing with repeated measurements of
the GJ-1 zircon (Jackson et al. 2004) and the Moacyr
monazite standards (Gasquet et al. 2010). Repeated
analyses of the same standards treated as unknowns
were used to control the reproducibility and accuracy of
the corrections. Data reduction was carried out with the
GLITTER® software package developed by Macquarie
Research Ltd. (Jackson et al. 2004). Concordia ages
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and diagrams were generated using Isoplot (Ludwig
2008). Further information on the instrumentation and
the analytical technique is given in Hurai et al (2010).

4.2. Results

Orthogneiss-hosted vaugnerite 29A (Pont de Bayzan)
yielded only a limited amount of small (around 50 pum),
yellowish U-rich zircons (. 2,000-5,000 ppm). Conse-
quently, most analyses are highly discordant and contain
large amounts of common Pb (Tab. 2). A regression line
can be established by the combination of the oldest and
least discordant points together with discordant data
toward common Pb composition at about 300 Ma. In the
Tera-Wasserburg diagram (Tera and Wasserburg 1972;
Fig. 3a), the data define a trend with a lower intercept at
294 + 3.9 Ma.

Samples 39 (Loubaresse) and 42 (Meyras) yielded
more zircon grains (Tab. 2). The ¢. 300-700 ppm U con-
tents and a larger number of data allow better definition
of the crystallization ages: 307.4 + 1.8 Ma for Loubaresse
(39) and 305.8 + 2.3 Ma for Meyras (42) (Fig. 3b—c).

A similar, complex pattern where the analytical points
are characterized by discordance associated to common
Pb contribution is observed in the metaluminous Lar-
gentiére granite 49B (Fig. 4a). As for 29A, we interpret
the analytical data as defining a discordia with a lower
intercept age of 304.1 £ 6.3 Ma. The latter is similar,
within error, to the ages obtained previously for the
Mont-Lozére Complex (Brichau et al. 2008; Frangois
2009), confirming that the Largentiére granite is part of
the Lozére-Borne Pluton, the age of which appears to be
younger than the previously assumed D, timing (Weis-
brod 1970). No zircon inheritance is recorded in this
granite in accordance with its metaluminous character
(Bea et al. 2006).

Cathodoluminescence imaging of zircons from the
peraluminous Tanargue granite (sample 55) reveals
the presence of bright cores surrounded by darker rims,
interpreted as inherited cores and magmatic overgrowths
during granite formation. The data allow better definition
of a discordia line (Fig. 4b), with a lower intercept at 303.9
+ 6.5 Ma, that we interpret as the crystallization age.

Both the main cordierite-bearing Velay granite
(20B), and the apparently cross-cutting Peyron granite
(15D), also have inherited cores and younger rims. Al-
though some zircon analyses tend to be more concordant
than in the other samples, the points scatter along the
concordia (Fig. 4c and d) and do not allow definition
of a proper crystallization age. On the other hand,
euhedral, yellowish monazites were extracted from both
samples and provided well-constrained, concordant U—
Th—Pb ages of, respectively, 305.9 + 1.4 and 303.7 +
3.1 Ma (Fig. 5).
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Fig. 3 Tera-Wasserburg diagrams for the three samples of vaugnerite
from this study. All ellipses are represented at 2¢ level and also all
ages are quoted at 2o level. Grey ellipses show the data used for
age regression. Ages are calculated and figures plotted using Isoplot
(Ludwig 2008).
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Fig. 4 Tera-Wasserburg diagrams for the four granite samples from this study. Grey ellipses show the data used for age regression.

Inherited cores range in age from 470 to 2100 Ma; the
meaning of distinct inheritance patterns in each of the
granitic sample is discussed in section 5.3.

5. Discussion

5.1. Chronological framework of the mafic
magmatism

Vaugneritic magmatism has been dated either directly, or
by using coeval felsic magmas, which allows definition of
a better-constrained age. We emphasize that, in this study,
the granite samples were taken in close vicinity (< 1 m)
to the “target” mafic bodies, with clear magmatic contacts
(Fig. 2 and Appendix 1) and common mingling features.
The ages obtained in either case are very consistent and
indistinguishable within error (from 303.7 + 3.1 to 307.4
+ 1.8 Ma).

Ages of €. 315 Ma previously obtained by ID-TIMS
on vaugnerites from the Southern Velay (Ait Malek 1997)
could not be reproduced in this study. We re-dated two of
the bodies studied by Ait-Malek (1997), at Loubaresse (39)
and Meyras (42). At Loubaresse, we found a younger age
0f307.4 £ 1.8 Ma. We believe the older 313 £+ 3 Ma age to
be an artefact of the ID-TIMS method: the dissolution of
large zircon fractions may not allow unravelling of complex
patterns of lead loss such as observed in the vaugnerites.
Indirect confirmation of this interpretation is provided by
the c. 305 Ma age obtained by Ait Malek on coeval granites
at Loubaresse. At Meyras on the other hand, our age (305.8
+ 2.3 Ma) is indistinguishable from the TIMS age (308
+ 6 Ma) of Ait Malek (1997). Collectively the evidence
suggests that the emplacement of the vaugnerite—granite
association occurred at 305 Ma, both at Loubaresse and
Meyras — and elsewhere in the Southern Velay.

The meaning of the Permian age (294 + 3.9 Ma) at
Pont de Bayzan (sample 29A) is rather unclear. As a re-
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Tab. 2 LA-ICP-MS U-Pb data for monazite and zircon from seven samples. Uncertainties are given at two sigma level.

Concentrations Isotopic ratios Age (Ma)

Spot Pb ppm!* Thppm! U ppm! Th/U W1pp/25Y2 + 20 206pp/28Y? + 20 26pp/238Y + 20
Pont-de-Bayzan vaugnerite 29A zircons

29A/1 125 3209 2343 1.37 0.3352 0.0118 0.04309 0.00113 271.9 7.0
29A/2 292 5276 9105 0.58 0.2393 0.0067 0.03012 0.00078 191.3 4.8
29A/3 111 2388 1845 1.29 0.5506 0.0191 0.04616 0.00123 290.9 7.5
29A/4 98 1331 1984 0.67 0.3424 0.0097 0.04640 0.00120 292.4 7.4
29A/5 130 1637 2601 0.63 0.3434 0.0096 0.04718 0.00120 297.2 7.5
29A/6 170 1809 4884 0.37 0.2974 0.0097 0.03425 0.00090 217.1 5.6
29A/7 114 1034 2733 0.38 0.3379 0.0100 0.04166 0.00108 263.1 6.7
29A/8 106 1918 1840 1.04 0.5081 0.0152 0.04889 0.00128 307.7 7.9
29A/9 98 2080 1821 1.14 0.3879 0.0127 0.04734 0.00125 298.2 7.7
29A/10 119 3186 2130 1.50 0.3860 0.0122 0.04702 0.00123 296.2 7.6
29A/11 137 956 2987 0.32 0.3439 0.0105 0.04703 0.00123 296.3 7.6
29A/12 197 4654 5198 0.90 0.3052 0.0096 0.03396 0.00090 2153 5.6
Loubaresse vaugnerite 39 zircons

39/1 23 303 409 0.74 0.3608 0.0148 0.05025 0.00183 316.0 11.3
39/2 23 267 376 0.71 0.4801 0.0193 0.05146 0.00188 3235 11.5
39/3 55 1291 782 1.65 0.3567 0.0140 0.04905 0.00180 308.7 11.0
39/4 31 610 472 1.29 0.3663 0.0166 0.04963 0.00183 3123 11.3
39/5 17 177 291 0.61 0.3938 0.0167 0.05117 0.00188 321.7 11.6
39/6 44 996 615 1.62 0.3580 0.0144 0.04888 0.00180 307.6 11.0
39/7 28 46 600 0.08 0.3544 0.0143 0.04893 0.00180 307.9 11.1
39/8 22 46 471 0.10 0.3535 0.0146 0.04850 0.00178 305.3 11.0
39/9 20 87 425 0.21 0.3579 0.0151 0.04901 0.00183 308.4 11.2
39/10 30 631 431 1.46 0.4017 0.0168 0.04863 0.00180 306.1 11.1
39/11 42 924 611 1.51 0.3645 0.0149 0.04942 0.00183 311.0 11.3
39/12 17 117 337 0.35 0.3717 0.0163 0.04951 0.00185 311.5 11.3
39/13 18 173 341 0.51 0.3562 0.0156 0.04928 0.00183 310.1 11.3
39/14 35 619 480 1.29 0.6111 0.0258 0.05175 0.00193 3253 11.9
39/15 34 338 650 0.52 0.3563 0.0149 0.04853 0.00180 305.5 11.1
39/16 26 128 498 0.26 0.4227 0.0178 0.04994 0.00188 314.1 11.5
39/17 18 134 345 0.39 0.3651 0.0139 0.04870 0.00165 306.5 10.2
39/18 24 45 534 0.08 0.3694 0.0135 0.04847 0.00165 305.1 10.1
39/19 10 102 191 0.53 0.3475 0.0175 0.04884 0.00170 307.4 10.5
39/20 22 201 422 0.48 0.3583 0.0135 0.04908 0.00168 308.9 10.3
39/21 83 2193 1056 2.08 0.3654 0.0128 0.04926 0.00168 310.0 10.3
39/22 28 76 597 0.13 0.3734 0.0136 0.04882 0.00165 307.3 10.2
39/23 21 92 434 0.21 0.3590 0.0139 0.04902 0.00168 308.5 10.3
39/24 21 62 458 0.14 0.3624 0.0137 0.04860 0.00165 305.9 10.2
39/25 24 457 377 1.21 0.3738 0.0141 0.04834 0.00165 304.3 10.1
39/26 20 298 345 0.86 0.3723 0.0142 0.04884 0.00168 307.4 10.3
39/27 19 368 302 1.22 0.3670 0.0142 0.04881 0.00168 307.2 10.3
39/28 20 385 310 1.24 0.3528 0.0146 0.04850 0.00168 305.3 10.2
39/29 26 208 513 0.41 0.3557 0.0130 0.04841 0.00165 304.7 10.1
39/30 39 931 546 1.71 0.3792 0.0137 0.04864 0.00165 306.2 10.2
39/31 13 218 207 1.05 0.3860 0.0165 0.04908 0.00170 308.9 10.4
39/32 15 63 319 0.20 0.3723 0.0142 0.04929 0.00168 310.2 10.4
39/33 49 1022 723 1.41 0.3587 0.0132 0.04905 0.00168 308.7 10.3
39/34 9.7 146 167 0.88 0.3611 0.0150 0.04863 0.00168 306.1 10.3
39/35 20 215 346 0.62 0.4444 0.0169 0.04985 0.00170 313.6 10.5
39/36 31 510 515 0.99 0.3708 0.0142 0.04845 0.00165 305.0 10.2
39/37 33 446 590 0.76 0.3669 0.0139 0.04875 0.00168 306.8 10.2
39/38 27 500 418 1.20 0.3921 0.0152 0.04915 0.00168 309.3 10.3
39/39 30 252 568 0.44 0.3762 0.0139 0.04855 0.00165 305.6 10.2
39/40 24 395 402 0.98 0.3619 0.0140 0.04890 0.00168 307.8 10.3
39/41 49 918 768 1.20 0.4020 0.0144 0.04880 0.00165 307.2 10.2
39/42 19 365 289 1.26 0.3584 0.0150 0.04930 0.00170 310.2 10.4
39/43 24 222 467 0.48 0.3573 0.0131 0.04900 0.00168 308.4 10.3
39/44 25 502 382 1.31 0.3989 0.0154 0.04946 0.00170 311.2 10.4
39/45 34 419 600 0.70 0.3541 0.0131 0.04917 0.00168 309.4 10.3
39/46 16 74 347 0.21 0.3595 0.0142 0.04873 0.00168 306.7 10.3
39/47 25 397 433 0.92 0.3565 0.0137 0.04882 0.00168 307.3 10.3




Mg-K magmatism in the Velay Complex (Massif Central, France)

Tab. 2 Continued

Concentrations Isotopic ratios Age (Ma)

Spot Pb ppm* Thppm! U ppm? Th/U 27pp/235Y2 + 20 206pp/238Y2 + 20 206phy/238Y + 26
Meyras vaugnerite 42 zircons

42/1 18 169 363 0.46 0.3485 0.0133 0.04824 0.00165 303.7 10.2
42/2 22 222 416 0.53 0.3614 0.0136 0.04849 0.00165 305.2 10.2
42/3 17 168 328 0.51 0.3747 0.0143 0.04937 0.00170 310.7 10.4
42/4 23 270 431 0.63 0.3591 0.0136 0.04945 0.00170 311.1 10.4
42/5 30 438 558 0.78 0.3556 0.0132 0.04843 0.00165 304.9 10.2
42/6 13 110 266 0.41 0.3523 0.0149 0.04890 0.00168 307.8 10.4
42/7 9.1 77 180 0.43 0.3706 0.0156 0.04889 0.00168 307.7 10.4
42/8 13 109 265 0.41 0.3522 0.0156 0.04850 0.00168 305.3 10.3
42/9 33 564 566 1.00 0.3549 0.0132 0.04885 0.00168 307.5 10.3
42/10 30 423 544 0.78 0.3511 0.0130 0.04841 0.00165 304.8 10.2
42/11 19 182 378 0.48 0.3542 0.0135 0.04907 0.00168 308.8 10.3
42/12 11 80 218 0.37 0.3587 0.0144 0.04891 0.00168 307.8 10.3
42/13 67 1054 1173 0.90 0.3611 0.0129 0.04874 0.00165 306.8 10.2
42/14 28 385 497 0.78 0.3767 0.0139 0.04864 0.00165 306.2 10.2
42/15 11 28 239 0.12 0.3743 0.0149 0.04905 0.00168 308.7 10.4
42/16 17 161 334 0.48 0.3541 0.0138 0.04871 0.00168 306.6 10.3
42/17 13 63 267 0.24 0.3516 0.0138 0.04824 0.00165 303.7 10.2
42/18 50 775 842 0.92 0.3631 0.0132 0.04880 0.00168 307.1 10.3
42/19 15 113 292 0.39 0.3559 0.0140 0.04862 0.00168 306.0 10.3
42/20 13 19 288 0.07 0.3798 0.0154 0.04887 0.00168 307.6 10.4
42/21 45 554 822 0.67 0.3673 0.0139 0.04846 0.00165 305.1 10.2
42/22 21 220 395 0.56 0.3597 0.0145 0.04820 0.00165 303.4 10.2
42/23 19 166 385 0.43 0.3521 0.0138 0.04815 0.00165 303.1 10.2
42/24 23 270 448 0.60 0.3704 0.0143 0.04843 0.00165 304.9 10.2
42/25 22 265 386 0.69 0.3498 0.0135 0.04908 0.00168 308.9 10.3
42/26 12 75 254 0.30 0.3636 0.0154 0.04875 0.00168 306.8 10.3
42/27 23 228 432 0.53 0.3518 0.0135 0.04825 0.00165 303.8 10.1
42/28 7 51 149 0.34 0.3734 0.0197 0.04902 0.00173 308.5 10.6
42/29 26 274 481 0.57 0.3535 0.0134 0.04861 0.00168 306.0 10.2
42/30 33 528 585 0.90 0.3451 0.0128 0.04819 0.00165 303.4 10.2
42/31 25 398 439 0.91 0.3611 0.0139 0.04852 0.00168 305.4 10.3
42/32 12 25 272 0.09 0.3474 0.0143 0.04804 0.00165 302.5 10.2
42/33 18 291 328 0.89 0.3475 0.0140 0.04853 0.00168 305.5 10.3
Largentiére granite 49B zircons

49B/1 6 11 11 1.03 16.1352 0.5480 0.17678 0.00563 1049.4 30.8
49B/2 11 97 228 0.42 0.3417 0.0177 0.04601 0.00135 290.0 8.3
49B/3 16 189 259 0.73 0.6530 0.0268 0.05081 0.00148 319.5 9.0
49B/4 26 538 489 1.10 0.3513 0.0119 0.04329 0.00120 273.2 7.4
49B/5 8 45 26 1.72 8.4903 0.2830 0.11039 0.00340 675.0 19.7
49B/6 8 40 28 1.42 7.5529 0.2377 0.10387 0.00305 637.0 17.9
49B/7 13 183 245 0.75 0.3729 0.0129 0.04806 0.00133 302.6 8.2
49B/8 30 526 613 0.86 0.3513 0.0128 0.04302 0.00120 271.5 7.4
49B/9 266 1050 11913 0.09 0.2294 0.0066 0.02233 0.00060 1423 3.9
49B/10 15 199 309 0.64 0.3620 0.0137 0.04161 0.00118 262.8 7.2
49B/11 32 408 629 0.65 0.4673 0.0152 0.04377 0.00123 276.2 7.5
49B/12 82 1323 2398 0.55 0.3026 0.0104 0.03017 0.00085 191.6 5.3
49B/13 56 507 1244 0.41 0.4585 0.0141 0.04124 0.00113 260.5 7.0
49B/14 170 2181 6832 0.32 0.3886 0.0112 0.02005 0.00055 128.0 35
49B/15 33 258 590 0.44 0.6448 0.0192 0.04741 0.00130 298.6 8.0
49B/16 51 922 1504 0.61 0.3393 0.0128 0.02860 0.00080 181.8 5.1
49B/17 93 1611 3742 0.43 0.2766 0.0086 0.02159 0.00060 137.7 3.8
49B/18 25 121 410 0.29 0.8463 0.0287 0.05119 0.00143 321.8 8.8
49B/19 109 254 2297 0.11 0.6462 0.0192 0.04197 0.00115 265.1 7.1
49B/20 276 9763 11133 0.88 0.3202 0.0093 0.01772 0.00048 113.2 3.1
49B/21 23 282 389 0.72 0.5784 0.0230 0.04880 0.00140 307.1 8.6
49B/22 19 166 369 0.45 0.3774 0.0132 0.04919 0.00135 309.6 8.4
49B/23 38 277 927 0.30 0.3779 0.0128 0.03936 0.00110 248.8 6.8
49B/24 81 841 1898 0.44 0.6667 0.0207 0.03267 0.00090 207.2 5.6
49B/25 132 6917 5571 1.24 0.2423 0.0072 0.01832 0.00050 117.1 32
49B/26 35 479 597 0.80 0.5281 0.0173 0.04907 0.00135 308.8 8.3
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Tab. 2 Continued

Concentrations Isotopic ratios Age (Ma)

Spot Pb ppm* Thppm! U ppm! Th/U 07pp /2352 + 26 206p /2382 + 20 26pp/28Y + 20
49B/27 146 2951 6085 0.48 0.2416 0.0073 0.02164 0.00060 138.0 3.7
49B/28 152 4881 3177 1.54 0.3084 0.0099 0.03644 0.00100 230.7 6.2
49B/29 19 174 366 0.48 0.3545 0.0116 0.04924 0.00135 309.8 8.3
49B/30 25 142 519 0.27 0.3664 0.0127 0.04727 0.00130 297.7 8.0
49B/31 157 1600 4932 0.32 0.3757 0.0116 0.02759 0.00075 175.4 4.8
49B/32 54 219 1146 0.19 0.5134 0.0154 0.04418 0.00120 278.7 7.5
Tanargue granite 55 zircons

55/1 25 141 507 0.28 0.3577 0.0113 0.04926 0.00135 310.0 8.3
55/2 21 119 441 0.27 0.3480 0.0114 0.04856 0.00133 305.7 8.2
55/3 38 32 468 0.07 0.7115 0.0220 0.08741 0.00240 540.2 14.2
55/4 19 136 385 0.35 0.3670 0.0119 0.04902 0.00135 308.5 8.3
55/5 31 155 648 0.24 0.3712 0.0117 0.04851 0.00133 305.3 8.2
55/6 31 77 312 0.25 0.8480 0.0255 0.09991 0.00273 613.9 16.0
55/7 26 30 359 0.08 0.5920 0.0180 0.07603 0.00208 472.4 12.4
55/8 18 92 234 0.39 0.5819 0.0187 0.07524 0.00205 467.6 12.3
55/9 23 48 300 0.16 0.5922 0.0184 0.07777 0.00213 482.8 12.7
55/10 60 49 743 0.07 0.6952 0.0204 0.08617 0.00233 532.8 13.9
55/11 49 44 598 0.07 0.7101 0.0208 0.08827 0.00240 545.3 14.2
55/12 23 76 277 0.28 0.7625 0.0251 0.07980 0.00218 494.9 13.1
55/13 23 82 281 0.29 0.8112 0.0252 0.07840 0.00213 486.6 12.8
55/14 5 100 80 1.26 0.4010 0.0275 0.04991 0.00155 314.0 9.5
55/15 41 314 393 0.80 0.7646 0.0227 0.08898 0.00240 549.5 14.3
55/16 19 86 182 0.47 0.8186 0.0258 0.09780 0.00265 601.5 15.6
55/17 37 45 297 0.15 1.2343 0.0394 0.12951 0.00353 785.1 20.1
55/18 16 33 178 0.18 0.8016 0.0330 0.09160 0.00258 565.0 15.2
55/19 46 116 374 0.31 1.1537 0.0367 0.11680 0.00318 712.1 18.3
55/20 26 93 481 0.19 0.4303 0.0166 0.05467 0.00150 343.1 9.2
55/21 28 117 431 0.27 0.5322 0.0181 0.06434 0.00175 401.9 10.6
5522 73 727 1434 0.51 0.3891 0.0143 0.04684 0.00128 295.1 7.9
55/23 22 276 184 1.50 0.6697 0.0223 0.08470 0.00230 524.1 13.7
55/24 6 76 118 0.64 0.3499 0.0146 0.04862 0.00135 306.0 8.3
55/25 5 55 96 0.57 0.3491 0.0211 0.04824 0.00143 303.7 8.8
55/26 19 387 305 1.27 0.3790 0.0130 0.04761 0.00130 299.8 8.0
55/27 9 150 149 1.01 0.3419 0.0137 0.04738 0.00130 298.4 8.0
55/28 5 58 76 0.77 0.4467 0.0270 0.05130 0.00155 3225 9.5
Velay (Burzet) granite 20B zircons

20B/1 90 266 1617 0.16 0.6773 0.0207 0.05000 0.00135 314.5 8.4
20B/2 51 30 602 0.05 0.7676 0.0223 0.08868 0.00240 547.7 14.2
20B/3 30 92 532 0.17 0.7297 0.0223 0.04972 0.00135 312.8 8.3
20B/4 64 274 1261 0.22 0.3840 0.0120 0.05083 0.00138 319.6 8.4
20B/5 23 88 556 0.16 0.3239 0.0137 0.04429 0.00123 279.4 7.6
20B/6 73 142 1142 0.12 1.0941 0.0342 0.05136 0.00140 3229 8.6
20B/7 64 265 1333 0.20 0.3764 0.0118 0.04903 0.00133 308.6 8.1
20B/8 22 28 287 0.10 0.9927 0.0344 0.07274 0.00200 452.7 12.0
20B/9 218 38 2893 0.01 0.6764 0.0197 0.08102 0.00215 502.2 12.8
20B/10 356 32 4480 0.01 0.7398 0.0210 0.08451 0.00223 523.0 13.3
20B/11 277 54 3496 0.02 0.8015 0.0230 0.08176 0.00215 506.6 12.9
20B/12 78 335 1548 0.22 0.3974 0.0116 0.05003 0.00133 314.7 8.1
20B/13 15 85 166 0.51 0.6929 0.0234 0.08612 0.00230 532.5 13.7
20B/14 48 188 1039 0.18 0.6853 0.0234 0.04138 0.00113 261.4 7.0
20B/15 57 172 1052 0.16 0.6695 0.0213 0.05039 0.00135 316.9 8.2
Peyron granite 15D zircons

15D/1 17 54 167 0.33 0.8689 0.0297 0.10176 0.00273 624.7 15.9
15D/2 37 33 671 0.05 0.4673 0.0145 0.05791 0.00153 362.9 9.3
15D/3 43 153 825 0.19 0.4068 0.0154 0.05101 0.00138 320.7 8.5
15D/4 110 86 1200 0.07 0.8201 0.0226 0.09773 0.00258 601.1 15.1
15D/5 72 357 732 0.49 0.7707 0.0218 0.09208 0.00243 567.8 14.3
15D/6 15 109 69 1.58 1.6572 0.0596 0.16402 0.00445 979.1 24.7
15D/7 60 168 922 0.18 0.5363 0.0162 0.06548 0.00173 408.9 10.5
15D/8 114 1074 928 1.16 0.8659 0.0240 0.10214 0.00270 626.9 15.7
15D/9 95 65 352 0.18 4.6483 0.1294 0.26166 0.00693 1498.3 35.4
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Tab. 2 Continued

Concentrations Isotopic ratios Age (Ma)

Spot Pb ppm* Thppm! U ppm? Th/U 27pp/235Y? + 20 206pp/238Y2 + 20 206ph /238 + 26
15D/10 15 57 153 0.37 0.7822 0.0285 0.09343 0.00253 575.8 14.9
15D/11 35 68 341 0.20 0.9150 0.0275 0.10447 0.00278 640.5 16.2
15D/12 211 145 2871 0.05 0.6689 0.0184 0.07785 0.00205 483.3 12.3
15D/13 82 620 778 0.80 0.8375 0.0237 0.09519 0.00253 586.1 14.8
15D/14 69 856 295 2.90 1.5032 0.0436 0.14990 0.00398 900.4 223
15D/15 184 77 2149 0.04 0.8424 0.0238 0.09030 0.00240 557.3 14.2
15D/16 39 181 353 0.51 0.9134 0.0269 0.10523 0.00280 645.0 16.3
15D/17 70 494 673 0.73 0.8271 0.0236 0.09514 0.00253 585.8 14.9
15D/18 12 28 27 1.02 6.0881 0.1891 0.35389 0.00960 1953.2 45.7
15D/19 43 106 287 0.37 1.4502 0.0424 0.14815 0.00395 890.6 222
15D/20 31 328 255 1.29 0.8612 0.0264 0.10090 0.00270 619.7 15.8
15D/21 35 32 740 0.04 0.3928 0.0127 0.04993 0.00135 314.1 8.3
15D/22 20 90 174 0.52 1.3026 0.0408 0.09692 0.00263 596.3 15.4
15D/23 35 130 182 0.72 1.7461 0.0520 0.17303 0.00463 1028.8 25.5
15D/24 30 99 314 0.32 0.8046 0.0254 0.08800 0.00238 543.7 14.1
15D/25 23 97 193 0.50 0.9470 0.0296 0.11000 0.00295 672.8 17.2
15D/26 27 2 638 0.004 0.3425 0.0108 0.04674 0.00125 294.5 7.8
15D/27 19 129 141 0.92 1.1068 0.0367 0.11442 0.00310 698.3 18.0
15D/28 65 255 647 0.39 0.7999 0.0242 0.09583 0.00258 590.0 15.2
15D/29 98 222 1386 0.16 0.6243 0.0186 0.07218 0.00195 449.3 11.7
15D/30 53 147 557 0.26 0.8797 0.0268 0.09352 0.00253 576.3 14.9
15D/31 156 373 286 1.30 10.1131 0.2967 0.39389 0.01063 2140.8 49.2
15D/32 170 1609 1176 1.37 0.9649 0.0293 0.10911 0.00295 667.6 17.1
15D/33 169 718 1684 0.43 0.8371 0.0248 0.09611 0.00260 591.6 15.2
15D/34 126 272 941 0.29 1.2380 0.0366 0.13297 0.00358 804.8 20.4
15D/35 64 367 602 0.61 0.7997 0.0243 0.09645 0.00260 593.6 15.3
15D/36 58 220 564 0.39 0.8199 0.0250 0.09804 0.00265 602.9 15.6
\elay (Burzet) granite 20B monazites

Mz20B/1 1660 61727 19090 32 0.3453 0.0109 0.04937 0.00153 310.6 9.4
Mz20B/2 1104 39585 13137 3.0 0.3442 0.0109 0.04931 0.00153 310.3 9.4
Mz20B/3 1432 48735 18117 2.7 0.3413 0.0107 0.04919 0.00153 309.6 9.4
Mz20B/4 1619 55927 19855 2.8 0.3477 0.0109 0.04989 0.00155 313.8 9.5
Mz20B/5 1233 53989 11615 4.6 0.3503 0.0113 0.04860 0.00150 305.9 9.3
Mz20B/6 1891 56498 27234 2.1 0.3561 0.0112 0.04905 0.00153 308.7 9.3
Mz20B/7 976 55273 4289 12.9 0.3505 0.0127 0.04956 0.00155 311.8 9.5
Mz20B/8 1647 59426 19794 3.0 0.3483 0.0110 0.04922 0.00153 309.7 9.4
Mz20B/9 1421 49279 17593 2.8 0.3453 0.0111 0.04928 0.00153 310.1 9.4
Mz20B/10 1255 47510 14559 33 0.3505 0.0114 0.04867 0.00150 306.4 9.3
Mz20B/11 1419 56117 14761 3.8 0.3553 0.0126 0.04814 0.00150 303.1 9.2
Mz20B/12 988 55089 4302 12.8 0.3486 0.0118 0.04958 0.00153 311.9 9.4
Mz20B/13 1292 53709 13084 4.1 0.3439 0.0112 0.04915 0.00153 309.3 9.3
Mz20B/14 1128 60466 6646 9.1 0.3583 0.0119 0.04919 0.00153 309.5 9.4
Mz20B/15 1269 66401 8085 8.2 0.3500 0.0124 0.04951 0.00155 311.5 9.5
Mz20B/16 1532 75071 11043 6.8 0.3543 0.0124 0.04980 0.00155 3133 9.5
Mz20B/17 1602 50124 22211 23 0.3391 0.0111 0.04947 0.00153 311.3 9.4
Mz20B/18 990 64168 2923 22.0 0.3587 0.0143 0.04850 0.00153 305.3 9.4
Mz20B/19 1157 57582 7627 7.5 0.3416 0.0124 0.04898 0.00153 308.3 9.4
Mz20B/20 1676 72177 16283 44 0.3515 0.0118 0.04896 0.00153 308.2 9.3
Mz20B/21 1268 55663 11535 4.8 0.3423 0.0125 0.04895 0.00153 308.1 9.4
Mz20B/22 1656 78194 14240 5.5 0.3459 0.0117 0.04938 0.00153 310.7 9.4
Mz20B/23 2006 60256 30235 2.0 0.3403 0.0118 0.04816 0.00150 303.2 9.2
Peyron granite 15D monazites

Mz15D/1 1188 35350 17609 2.0 0.3414 0.0117 0.04914 0.00153 309.2 9.3
Mz15D/2 847 30512 10643 2.9 0.3408 0.0119 0.04899 0.00153 308.3 9.3
Mz15D/3 1008 29916 14855 2.0 0.3409 0.0121 0.04894 0.00153 308.0 9.3
Mz15D/4 914 29722 12769 23 0.3458 0.0127 0.04908 0.00153 308.9 9.4
Mz15D/5 983 33743 12740 2.6 0.3447 0.0130 0.04895 0.00153 308.1 9.4

I concentration uncertainty c. 20%
2: data not corrected for common Pb
Decay constants of Jaffrey et al. (1971) used
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Fig. 5 Concordia diagrams for monazites in the Velay and Peyron granites.

sult of their very high U content, these metamict zircons
may be systematically discordant and consequently the
294 Ma age would only be a minimum estimate. On the
other hand, Pont-de-Bayzan is located close to the major
La Souche Fault (Fig. 1) that also controlled the forma-
tion of the Stephanian Jaujac Basin (Weisbrod 1970). It
can therefore be proposed that (a) this fault remained
active until the Permian, draining the last mantle-derived
magmas into the upper crust (see Scarrow et al. 2011).
Indeed, the emplacement of at least some of the Pont-de-
Bayzan bodies was clearly fault controlled (Fig. 2 and
Appendix). Perhaps more likely, (b) the fault activity
was associated with fluid circulation and perturbation of
the isotopic system, an interpretation consistent with the
scattering of the U-Pb data for this sample.

5.2. Host control on mafic magmas
emplacement

In previous studies (Ait Malek 1997), the different
shapes of vaugnerite bodies were considered to reflect
successive magma batches and were used to discriminate
between early, D,-related, and late, D,-related, intru-
sions. However, such an interpretation is not consistent
with the undistinguishable within error ages obtained,
regardless of the nature of the country rocks and degree
of deformation of the vaugnerites. The various intrusions
forms may be explained primarily by the contrasting
rheological properties of the host. In partially molten
systems, the melt fraction has a considerable impact
on the rheology of the rock (e.g. Arzi 1978; Vigneresse
et al. 2008; Vanderhaeghe 2009). Low-melt fraction
systems behave as solids, whereas melt-rich rocks may
attain a liquid-like rheology. In the Southern Velay, the
vaugneritic intrusions are hosted by both migmatitic
orthogneiss and paragneiss, which show evidence for
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Fig. 6 Distribution of concordant and sub-concordant ages in the three
peraluminous granites analysed: 15D (Peyron), top, 20B (Velay) and
55 (Tanargue), bottom. Note the scale break at 1000 Ma.

variable degree of anatexis, i.e. contrasting amounts of
melt present. Vaugnerites hosted in low-melt fraction
paragneisses or orthogneisses form sills or dyke swarms
creeping in the migmatite melt network and mimicking
the host foliation. In contrast, vaugnerites that intruded
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into diatexitic paragneisses form round, apparently un-
deformed masses.

5.3. The source of Southern Velay granites

Although all the granites in our study area are nearly
coeval, contrasting zircon inheritance patterns reveal
that they were derived from distinct sources. The Peyron
granite (a late phase of the Velay Complex) appears to
have been generated from an old Cadomian crust, with
a dominant ¢c. 600 Ma peak (Fig. 6), as well as evidence
for much older (early Proterozoic) components. Similar,
early Proterozoic ages are known throughout the Massif
Central in metasediments (see review in Melleton et al.
2010). Inherited ages of the Tanargue granite cluster at
540 and 470 Ma, corresponding to Cambrian and Ordovi-
cian magmatic events well known in the French Massif
Central (e.g. R’Kha Chaham et al. 1990; Roger et al.
2004). The Velay granite proper shows a mostly Cam-
brian inheritance. By contrast, the Largentiére granite
shows no inheritance, suggesting that it originated from a
juvenile protolith. Vaugnerites are likely to represent such
a source since geochemical similarities suggest fraction-
ation or remelting of newly emplaced Mg—K mafic rocks.
Alternately, the (apparent) lack of inheritance could be

a feature of the easy dissolution of high-U, likely me-
tamict, zircons from the source; thereby providing a local
U source allowing crystallization of Largentiére granite’s
U-rich zircons (Schmidt et al. 2006). Thus, many parts
of the Variscan crust experienced partial melting at the
same time (305 Ma) leading to the production of granitic
bodies from contrasting sources.

5.4. Long-lived crustal melting and
catastrophic granite production

A compilation of U-Pb zircon and monazite magmatic
ages available in the area (Fig. 7) shows that the great
majority of granite plutons (excluding the early Rocles
granite) were emplaced at around the same time. Both the
late-granites from the Tanargue suite and the supposed
“pre-Velay” Mont Lozeére—Borne—Largentiére granite
intruded within the same short period as the main Velay
granite, i.e. at €. 305 Ma.

However, the zircon age pattern of the Velay granite
reveals the presence of Early Carboniferous zircons
(~320 Ma), in addition to the older (source-related?)
zircons (Fig. 6). This demonstrates that the main regional
granitic event, the “M,” HT crustal anatexis (Barbey et
al. 1999; Ledru et al. 2001) followed a protracted period

LA-ICP-MS U-Pb (this work) .
Age (Ma) Pontde-Bayzan Eia O Vaugnerites
290 1 vaugnerite TlMS U_Pb D Gran|tes
Magmgt/’c Yzlr?ife # EPMA (monazite) O Leucosomes
e Enou97 Tanargue  Largentiere
Mont-Lozére granite granite
granite (Finiels) Peyron Mont-Lozére VELAY ANATEXIS AND
300 + Bri07  granite ranite (Laubies)
S MAIN GRANITE PRODUCTION
Velay
g rante Pervasive crustal melting
Eia P Eia 43 with increasing temperature
A (M, conditions)
310+ : QE
% :
Migmatite
Meyras
vaugnerite g
Loubaresse Leucogranite Eotoe
vaugnerite  Pei Plot dyke
320 4 AM97  vaugnerite 0 Migmatite  Coch05 PRE-VELAY ANATEXIS
AMST Rodles M3 AND EARLY PLUTONISM
Mou97
; it - .
| Leucosranie o) Episodic or continuous
Wigeiis e melting of the crust under
Roces  gug  CON05 biotite stable conditions (M,)
330 + Rocles  granite
granite BMO7
BMO7
. _ Migmatite
Migmatite 3
M3 BMO06
BMO5
340 -+ Leucogranite
dyke
BMO06

Fig. 7 Synthesis of U-Pb zircon (squares with symbols) and monazite (empty squares) ages with errors. Data sources: AM97: Ait Malek (1997);
BMO05: Be Mezeme et al. (2005); BM06: Be Mezeme et al. (2006); BM07: Be Mezeme et al. (2007); Bou06: Bouilhol et al. (2006); Bri07: Brichau
et al. (2007); Coch05: Cocherie et al. (2005); Fr09: Frangois (2009); Mou97: Mougeot et al. (1997). Red symbols: this study.
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of pre-Velay (M,) anatexis spanning between 335 and
310 Ma (Fig. 7). The M, event is recorded by the early
“Velay” zircons, the Rocles granite (Be Mezeme et al.
2007) and the “low-temperature” (biotite stable; Montel
et al. 1992) anatexis of the regional paragneisses (Mou-
geot et al. 1997; Be-Mezeme et al. 2005; Cocherie et al.
2005; Be Mezeme et al. 2006). Available data (Fig. 7)
suggest that the M, melting was rather long-lived (> 20
Ma), but did not result in the formation of large granitic
bodies; melt remained confined to migmatites and was
rarely extracted and transferred into true plutons. A
similar pattern has been described in other segments of
the Variscan belt, such as Central Spain (Montero et al.
2004) or Calabria (Schenk 1990; Graessner et al. 2000),
suggesting that this process occurred throughout the
whole Variscan belt.

The M, and M, events, therefore, were very distinct.
During M, anatexis, melt mostly remained trapped in its
source. In contrast, during M,, melt was extracted and
collected in plutons. This difference most likely relates
to temperature, which was some 50—100 °C higher dur-
ing M,. A higher temperature has two important conse-
quences. Firstly, it results in a higher degree of anatexis
that may be enough to bring the partially molten crust
above the “Rheologically Critical Melt Percentage”,
(RCMP; Arzi 1978; Rosenberg 2001; Vigneresse and
Burg 2004) above which the partially molten rocks be-
have as liquids, rather than solids. Secondly, the onset
of biotite breakdown causes the disruption of the solid
framework of melanosomes that holds the liquid in poorly
connected leucosomes (Barraud et al. 2004). When these
biotite-dominated layers collapse, the connectivity of the
melt network suddenly increases, allowing melt extrac-
tion and formation of true plutons. Therefore, even the
moderate heating at the M,~M, transition may have been
sufficient to cause a major shift in the overall mechanical
behaviour of the crust.

5.5. Vaugnerites and the M ~M, transition

The M,-M, transition corresponded to moderate heating
that resulted in an important rheological and tectonic
change. The vaugnerites emplaced at this very moment
and it is therefore clear that they are somehow related to
this catastrophic process. Yet, their exact role remains
unclear. Vaugnerites could be the actual cause: a sud-
den influx of mafic magmas in the already molten crust
could have supplied enough heat to trigger the M,-M,
transition. Estimating the total volume of vaugnerites is
difficult, because they crop out as rather common, but
small, bodies. Therefore, it is hard to decide whether they
are a volumetrically minor, or significant, component; and
how much heat they could have transferred to the crust.
Alternately, vaugnerites could just be the result of the

same process that independently caused the heating of the
crust: slab breakoff (Davies and von Blanckenburg 1995;
van de Zedde and Wortel 2001; Atherton and Ghani 2002;
Janousek and Holub 2007), delamination of a lithospheric
mantle root (Houseman et al. 1981; Houseman and
Molnar 2001; Molnar and Houseman 2004) or orogenic
collapse (England and Thompson 1984; Malavieille et al.
1990; Gardien et al. 1997; Rey et al. 2001; Vanderhaeghe
and Teyssier 2001). All these processes would result in
sudden heating of the crust, as well as concomitant gen-
eration of mafic melts (Arnold et al. 2001; Clark et al.
2011; Lexa et al. 2011).

5.6. The hot late Variscan crust

It is worth pointing out that M, corresponded to fairly
extreme geothermal gradients: 800 °C for 25 kbar, i.e.
50-130°C/km. It is, of course, totally unrealistic to ex-
trapolate these gradients through the whole crust (as this
would imply a Moho temperature greater than 1 500 °C).
Therefore, the geotherm in the lower portions of the crust
during M, times must have been much steeper, with a
lower dT/dP. A similar “Z-shaped” geotherm has been
advocated for “ultra-hot” orogens, such as those found in
the Proterozoic or Archaean (Depine et al. 2008, Chardon
et al. 2009). During at least a short period of its history,
the Variscan belt was, in many respects, similar to such
ultra-hot orogenic domains.

6. Conclusions

This work presents some of the first in-situ (LA-ICP-MS)
ages for the southern French Massif Central granites and
vaugnerites. Most of them were emplaced during a short
time period at €. 305 Ma. This massive event of melting
and catastrophic collapse of the orogenic crust followed
a long-lived period (€. 20-30 Ma), during which the crust
was partially molten but melts remained trapped and were
not extracted to form granitic plutons. Crustal melting
reached a climax at 305 Ma linked to a temperature in-
crease that provoked biotite breakdown, thus leading to
emplacement of the main cordierite-bearing Velay gran-
ite. This M, event of granite production was synchronous
with intrusion of Mg-K mafic mantle-derived magmas
in the middle crust. The catastrophic destabilization of
the partially molten Variscan crust led to massive melt
extraction from various crustal sources (older ortho- and
paragneisses, newly emplaced vaugnerites), and so to
the formation of numerous granitic plutons. It remains
unclear whether the coeval Mg—K magmatism acted as a
trigger for the eventual orogenic collapse or was just an
expression of the HT regime. However, it is a key marker
of the end of orogenic periods.
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