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Abstract One of the striking features that characterise the
late stages of the Variscan orogeny is the development of
gneiss and migmatite domes, as well as extensional Late
Carboniferous and Permian sedimentary basins. It remains
a matter of debate whether the formation of domes was
related to the well-documented late orogenic extension or
to the contractional tectonics that preceded. Migmatization
and magmatism are expected to predate extension if the
domes are compression-related regional anticlines, but they
must both precede and be contemporaneous with exten-
sion if they are extensional core complexes. In the Mon-
tagne Noire area (southern French Massif Central), where
migmatization, magmatism and the deformation framework
are well documented, the age of the extensional event was
unequivocally constrained to 300-290 Ma. Therefore, dat-
ing migmatization in this area is a key point for discrimi-
nating between the two hypotheses and understanding the
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Late Palaeozoic evolution of this part of the Variscan belt.
For this purpose, a migmatite and an associated anatec-
tic granite from the Montagne Noire dome were dated by
LA-ICP-MS (U-Th-Pb on zircon and monazite) and laser
probe “°Ar-**Ar (K—-Ar on muscovite). Although zircon did
not record any Variscan age unequivocally related to com-
pression (380-330 Ma), two age groups were identified from
the monazite crystals. A first event, at ca. 319 Ma (U-Th-Pb
on monazite), is interpreted as a first stage of migmatiza-
tion and as the emplacement age of the granite, respectively.
A second event at ca. 298-295 Ma, recorded by monazite
(U-Th-Pb) and by the muscovite *°Ar-*Ar system in the
migmatite and in the granite, could be interpreted as a fluid-
induced event, probably related to a second melting event
identified through the syn-extensional emplacement of the
nearby Montalet leucogranite ca. 295 Ma ago. The ages of
these two events post-date the Variscan compression and
agree with an overall extensional context for the develop-
ment of the Montagne Noire dome-shaped massif. Compari-
son of these results with published chemical (EPMA) dating
of monazite from the same rocks demonstrates that the type
of statistical treatment applied to EPMA data is crucial in
order to resolve different monazite age populations.

Keywords Monazite - LA-ICP-MS - U-Th-Pb dating -
Muscovite - *°Ar-*Ar dating - Variscan - Montagne Noire

Introduction

Until the late 1980s, wrench tectonics was considered to
control the late Palaeozoic tectonic evolution of the Vari-
scan orogen (Arthaud and Matte 1977). It was interpreted
as corresponding to an ultimate phase of N-S compression
during the Late Carboniferous, and marked the end of the
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Variscan continental collision. In such compressive context,
the commonly coal-bearing continental sedimentary basins
that developed during the very late Carboniferous (305—
295 Ma) were interpreted as pull-apart basins or as related
to horsetail splay faults at the termination of strike-slip sys-
tems faults (e.g. Arthaud and Matte 1977; Bles et al. 1989).
The development of widespread continental sedimentary
basins during the Permian was attributed to a subsequent
pervasive N-S extension that occurred throughout the Vari-
scan domain and was considered to result from a plate kin-
ematics re-arrangement without any causal relation with
the previous Variscan continental collision (e.g. Arthaud
and Matte 1977; Bles et al. 1989).

More recently, the late Palaeozoic tectonic evolution
has been compared to extensional tectonics of both the
Tibetan plateau and the North American Cordillera during
the Cenozoic (e.g. Ménard and Molnar 1988; Burg et al.
1994). E-W extension, nearly parallel to the belt took place
between 330 and 305 Ma during escape tectonics driven by
still active N-S compression forces. It was followed by a
NE-SW to N-S extension between 300 and 260 Ma, which
started during the waning shortening, and implies a radical
change in extension direction induced by the modification
of the boundary conditions and the collapse of the entire
chain after continental convergence (e.g. Burg et al. 1994).
Both episodes of extension are viewed as a consequence of
the previous N-S shortening, extension being induced by
the collapse of the crust, considerably thickened during the
continental collision, after thermal relaxation. In this inter-
pretation, and contrary to older “compressive” interpreta-
tions, the late Carboniferous basins are extensional in ori-
gin as well as the Permian basins (Becq-Giraudon and Van
Den Driessche 1993).

In both interpretations, the pervasive high-temperature
low-pressure (HT-LP) metamorphism and magmatism
that occurred throughout the Variscan chain during the late
Carboniferous resulted from crustal thickening. A striking
feature of this period was the development of gneiss and
migmatite domes, such as those found in the Montagne
Noire and the Velay areas in the southern part of the French
Massif Central. However, the two interpretations disagree
on the cause of their development. In the compressive sce-
nario, these structures are interpreted as regional anticlines
that developed in response to the N-S shortening (Arthaud
et al. 1966; Burg and Matte 1978; Matte et al. 1998),
whereas they are interpreted as extensional gneiss domes,
similar to the Cenozoic metamorphic core complexes of
the Basin and Range province, in the extensional scenario
(Van Den Driessche and Brun 1989, 1992; Echtler and
Malavieille 1990; Brun and Van Den Driessche 1994). In
the first case, migmatization and magmatism predate exten-
sion. The second interpretation requires thermal relaxation
and related rheological softening, and change in boundary

@ Springer

conditions in order for the crust to collapse. Consequently,
migmatization both precedes and is contemporaneous with
the onset of extension, especially because extension can
enhance partial melting by adiabatic decompression. In the
Montagne Noire gneiss dome, the age of the extensional
event was unequivocally constrained to ca. 295 Ma by dat-
ing a syntectonic leucogranite emplaced within the north-
ward-dipping normal fault that bounds the gneiss dome to
the north and controlled the development of Upper Carbon-
iferous—Lower Permian sedimentary basins (Poilvet et al.
2011).

The Montagne Noire gneiss dome is a typical case where
geochronology can yield critical constraints on tectonic
models and where the precision obtained on each individ-
ual age is crucial. This becomes even more important in a
region that underwent a complex polyphased metamorphic/
magmatic history possibly characterised by several phases
of mineral growth (involving datable minerals such as zir-
con, monazite and muscovite) in a relatively short period
of time. For the purpose of this study, two samples (a mig-
matite and an associated granite) from the Montagne Noire
dome were selected for geochronological investigations
(U-Th-Pb on monazite and zircon and K—Ar on musco-
vite), in order to discriminate between the two contradic-
tory tectonic interpretations.

Geological setting

The Montagne Noire gneiss—migmatite massif is located
in the southern French Massif Central (Fig. 1). It is com-
posed of a high-grade gneissic core surrounded by mostly
low-grade metasediments. The gneissic core is composed
of migmatites and augen orthogneisses, with some fine-
grained gneissic intercalations that have been interpreted
as either metasediments or mylonitic zones (Bogdanoff
et al. 1984; Van Den Driessche and Brun 1992, and refer-
ences therein). Some of these intercalations contain HP/
HT mafic and ultramafic metamorphic rocks, suggesting
possible major early tectonic contacts (Bogdanoff et al.
1984; Alabouvette and Demange 1993; Demange et al.
1995). The migmatites resulted mostly from partial melting
of sediments, but also of felsic augen orthogneisses (e.g.
Bogdanoff et al. 1984; Demange 1982). Weakly deformed
to undeformed anatectic granites intrude both the orthog-
neisses and the migmatites. The gneissic core is surrounded
by weakly metamorphosed or unmetamorphosed lower to
middle Palaeozoic sediments that are intensely deformed
by southward verging folds and thrust faults (e.g. Arthaud
1970; Bogdanoff et al. 1984; Echtler 1990). Late Carbon-
iferous to Early Permian detrital sediments uncomform-
ably overlie these tectonic units to the south. In contrast,
to the North, the EW-trending north-dipping normal fault
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Fig. 1 Structural map of the southern French Massif Central (MC)
showing the relationships between the Montagne Noire gneiss dome,
the Stephanian-Permian basins, and the Variscan thrusts and nappes
(modified after Brun and Van Den Driessche 1994). 7, 8: locations of
samples ES7 and ESS, respectively, Af: St. Affrique basin, G Grais-
sessac basin, L Laouzas granite, Lo Lodeve basin, P Col de Picotalen
(location of the sample of the Montalet syntectonic leucogranite,

zone (Espinouse detachment) marks the tectonic contact
between these sediments and the core units, and controls
the development of the Lodeve-Graissessac and Saint-
Affrique basins (Fig. 1; Van Den Driessche and Brun 1989,
1992; Burg et al. 1994).

The foliation of the gneissic core developed within the
lower crust during the thrusting event responsible for the
deformation of the lower to middle Palacozoic sedimen-
tary cover. Its dome-shaped structure and tectonic evolu-
tion is still a matter of debate. Three types of models have
been proposed ranging from a diapir (e.g. Schuiling 1960;
Faure and Cottereau 1988), a double megafold (Arthaud
1970; Burg and Matte 1978; Bogdanoff et al. 1984) to a
core complex (Van den Driessche and Brun 1989; Echtler
and Malavieille 1990). Many recent models combine in a
more or less complex way the processes responsible for
these three types of structures to explain the final structure
of the Montagne Noire: diapirism coeval with compression
(Faure et al. 2010), compression and subsequent extension

ESS, Poilvet et al. 2011), V Vialais granite. Inset shows the location
of the study area within the European Variscan belt (modified from
Pitra et al. 2010). A Alps, AM Armorican Massif, BM Bohemian
Massif, MC Massif Central. B Tepla-Barrandian, Mo Moldanubian,
ST Saxothuringian, RH Rhenohercynian. L Lyon, M Montpellier, R
Rennes

(e.g. Cassard et al. 1993; Franke et al. 2011; Doublier et al.
2015; Rabin et al. 2015), compression during extension
(Rey et al. 2011), or compression, diapirism and exten-
sion (e.g. Soula et al. 2001; Charles et al. 2009). The pre-
cise structure of the Montagne Noire dome-shaped mas-
sif is beyond the scope of the present paper. We just note
that structural and metamorphic analyses have not allowed
to reach a consensus, although these different models are
built from mostly similar (especially structural) data (e.g.
Rey et al. 2011; Van Den Driessche and Pitra 2012). We
conclude that until now, discriminating data are lacking to
arbitrate between these models.

On the scale of the Variscan belt, the tectonic origin of
the Montagne Noire massif is emblematic of the two end-
member interpretations discussed before (i.e. compressive or
extensive). Eventually, the two main questions are the tim-
ing of (1) the development of the HT-LP metamorphism,
including partial melting and (2) the initiation of the exten-
sional tectonics, which predominates during Permian times.
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Previous geochronological works on the protolith of the
augen orthogneisses yielded Ordovician U-Pb zircon ages
(456 + 3 for Pont-de-Larn, 450 4+ 6 Ma for the Gorges
d’Héric, Roger et al. 2004, 2015; 455 &£ 2 Ma for the Saint-
Eutrope gneiss, Pitra et al. 2012). According to Faure et al.
(2010), migmatization took place between 333 and 326 Ma
(EPMA dating on monazite) while the emplacement of late
anatectic granitoids took place between 325 and 316 Ma
(including the Vialais granite at 320 £ 3 Ma and Montalet
leucogranite at ca. 330 Ma, Fig. 1). However, a recent study
by Roger et al. (2015) documented an emplacement age of
ca 303 Ma (U-Th-Pb on monazite) for the Vialais granite,
while the Montalet leucogranite yielded monazite and zircon
U-Th-Pb emplacement ages of ca 294 Ma (Poilvet et al.
2011). Three monazite grains from the Gorges d’Héric
orthogneiss yielded 2%°Pb/*®U ID-TIMS dates around
310 Ma interpreted as a metamorphic age (Roger et al. 2015).
Franke et al. (2011) reported a similar age of 313 Ma for mon-
azite extracted from a foliated aplite dyke from the Gorges
d’Héric, while Maluski et al. (1991) reported a biotite OAr-
3 Ar plateau age of 316 4 4 Ma for the Caroux massif. The
undeformed garnet-bearing leucogranite of Ourtigas yielded
a U-Th-Pb age of ca 298 Ma (Roger et al. 2015). Finally, a
monazite Th—Pb age of 294.4 4+ 4 Ma (Pitra et al. 2012) as
well as “*Ar-*Ar ages on muscovite and biotite of ca. 297 Ma
(Maluski et al. 1991) have been obtained for orthogneiss sam-
ples sheared along the Espinouse detachment.

Sampling and petrography

Two samples were selected for this study (Fig. 1): a cordierite-
bearing granite located in the central part of the dome (sam-
ple ES7), and a migmatite (sample ES8), spatially associated
with the cordierite-bearing granite. Both rocks were sampled
at the same locations as their equivalent dated by Faure et al.
(2010). One of the main reasons for this sampling strategy is
linked to the fact that previous dating (EPMA on monazite)
by Faure et al. (2010) on the Montalet granite returned an age
327 + 7 Ma that is very different from the age 294 + 1 Ma
(U-Th-Pb on monazite) obtained by Poilvet et al. (2011)
on the same granite. This age difference was also noticed by
Roger et al. (2015) for the Vialais granite. Therefore, the age
discrepancies cast some doubts on the EPMA ages obtained
by Faure et al. (2010) on the Laouzas cordierite-bearing gran-
ite and the spatially associated migmatite. They have also
been chosen because of the potentially complex history that
these rocks underwent between 340 and 290 Ma.

Laouzas granite, sample ES7

The Laouzas granite (Fig. 1) crops out in the west-cen-
tral part of the axial zone of the Montagne Noire dome.
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It was sampled near the Laouzas dam (43°38'7.35"N,
2°45'10.00”E). The rock is an undeformed heterogeneous
coarse-grained (1-5 mm in average, locally up to 3 cm)
biotite-bearing granite containing numerous large clusters
of cordierite (up to 5 cm), biotite-rich schlieren, tourma-
line nodules and dark, foliated mica-rich enclaves (Fig. 2a).
Although the schlieren and enclaves locally display a pre-
ferred orientation, no solid-state deformation is observed at
the grain scale in the granite, with the exception of a weak
undulose extinction of quartz crystals.

The sample is dominated by plagioclase, K-feldspar
and quartz, and contains subordinate amounts of biotite,
cordierite and muscovite (Fig. 2b). Dumortierite, tourma-
line, andalusite and sillimanite are present locally. Plagio-
clase forms euhedral to subhedral stubby prismatic crys-
tals, 1-3 mm long. Plagioclase cores are generally altered
(saussuritised) and surrounded by a clear rim (Fig. 2c).
The rims are similar to feldspar that also fills fractures
in the plagioclase cores. Some plagioclase rims are inter-
grown with tiny crystals of quartz in a granophyric,
myrmekite-like texture, in particular at the contact with
K-feldspar. K-feldspar and quartz are anhedral, 1-5 mm in
size. Cordierite forms anhedral crystals (up to 2 mm) that
are slightly pinitised or replaced by fine-grained muscovite
around the rims (Fig. 2b). Biotite crystals (0.1-3 mm) are
subhedral and locally partly altered to chlorite in associa-
tion with needles of rutile (sagenite). Rare minute needles
of sillimanite are locally present in large quartz crystals.
Although euhedral muscovite crystals (~1 mm) are locally
present, muscovite mostly forms large subhedral poikilo-
blasts (up to 2 mm) or develops tiny crystals at the expense
of K-feldspar, plagioclase or cordierite. Needles of dumor-
tierite (pink to violet, strongly pleochroic acicular crys-
tals, ~0.5 mm) or tourmaline (pale green, ~0.3 mm) are
commonly associated with clear plagioclase overgrowths,
anhedral pink andalusite (~0.5 mm) and muscovite
(Fig. 2¢).

These observations suggest a two-stage evolution. The
crystallisation of the relatively coarse-grained granite
(plagioclase cores, K-feldspar, quartz, biotite, cordierite,
4 muscovite + sillimanite) was followed by a second
event resulting in the crystallisation of the plagioclase
rims, dumortierite, tourmaline, andalusite and musco-
vite. The second stage was possibly associated with the
alteration of the plagioclase cores and biotite. It could
be either magmatic or, more probably, hydrothermal in
origin. The hydrothermal origin is supported by the tex-
tures and in particular the position of the boron-bearing
minerals. Indeed, tourmaline and dumortierite are known
to be related to hydrothermal alteration (e.g. Taner and
Martin 1993), but are liquidus rather than late-stage
phases in leucogranitic magmatic systems (Benard et al.
1985).
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Fig. 2 a Outcrop photograph of
the Laouzas granite (ES7). Dark
spots are clusters of cordierite;
the elongated object in the
lower central part is a biotite-
rich schliere. b, ¢ Microphoto-
graphs of the granite. Note the
presence of subhedral, partly
altered crystals of plagioclase
(pl) and K-feldspar (kfs), partly
pinitised crystals of cordier-

ite (cd), and late crystals of
dumortierite (dum), andalusite
(and) and muscovite (mu), and
the clear rim around altered
plagioclase core. d Outcrop
photograph of the banded La
Salvetat migmatite (ES8). Rare
garnet crystals are shown by
arrows. e, f Microphotographs
of the migmatite leuco-

some. Interstitial brown-blue
tourmaline is located between
subhedral, partly altered crystals
of feldspars and anhedral quartz
(e). Plagioclase crystals are
partly replaced by clinozoisite
(tiny high-relief crystals), bio-
tite contains prehnite (prh) and/
or clay minerals parallel to the
(001) cleavage; late muscovite
is also present (f)

La Salvetat migmatite, sample ES8

The La Salvetat migmatite crops out in the central part of the
axial zone of the Montagne Noire gneiss dome, generally to
the south of the Laouzas granite (Fig. 1). It was sampled ca.
2 km south of the Laouzas dam, close to the summit of a hill
called Al Rec del Bosc (43°37'1.65"N, 2°45'23.70"E). The
rock is a banded stromatic migmatite (Fig. 2d) and is locally
garnet-bearing. The foliation is defined by a weak preferred
orientation of biotite that is parallel to alternating layers of
leucosome, mesosome and biotite-dominated melanosome.
Leucosomes are relatively coarse-grained (0.5-3 mm),
up to 1 cm thick, and are composed of subhedral plagio-
clase, quartz and subordinate K-feldspar, and locally con-
tain cordierite, muscovite, biotite and tourmaline (Fig. 2e).
Tourmaline commonly forms anhedral to subhedral inter-
stitial, optically zoned grains. Plagioclase and K-feldspar
have a dusty appearance, and plagioclase is partly replaced

by zoisite/clinozoisite and white mica (Fig. 2f). Cordierite
is subhedral and partly altered to pinite. Biotite is locally
partly replaced by chlorite and contains lenses of minute
prehnite (?) or clay minerals that are parallel to the (001)
cleavage (Fig. 2f), in particular in the leucosome and in the
adjacent melanosome. Euhedral muscovite is locally pre-
sent in the leucosome. Subhedral muscovite, forming either
fine-grained clusters or larger poikilitic crystals, commonly
develops at the expense of biotite, cordierite and feldspars in
the leucosomes.

These observations suggest at least two stages of evolu-
tion, where the migmatite textures, attributable to partial
melting, are partly overprinted by hydrothermal alteration.
The geographic proximity and the common petrographic
character of the leucosomes and the Laouzas granite sug-
gest a genetic relation between the two. Therefore, the La
Salvetat migmatite is interpreted to be a likely source for
the anatectic Laouzas granite.
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U-Th-Pb LA-ICP-MS and *’Ar-¥Ar dating
Analytical techniques
NanoSIMS analytical protocol

The distribution of selected species was imaged in some
monazite grains using the NanoSIMS 50 ion probe at the
University of Rennes 1. Secondary ion images of Y,
139 5 1400, 149Gy 206py, 208pp, 232Tp and 2384160 were
collected using the same primary O-beam of ~170 pA over
90 pum x 90 pm areas. The mass resolving power was set
to ~3500, sufficient to readily resolve isobaric interferences
such as *3*145NdPO, on 2%¢2%pb, A single plane of image
data, divided in 128 px x 128 pixels, was collected using a
dwell time of 40 ms/pixel, representing an acquisition time
of ~11 min for each area. The raw image data were pro-
cessed using the L’image (Larry Nittler, Carnegie Institute
of Washington, USA; http://home.dtm.ciw.edu/users/nit-
tler/limage/limage_manual.pdf) and ImagelJ softwares.

U-Th—Pb dating technique

A classic mineral separation procedure has been applied
to concentrate minerals suitable for U-Th—Pb dating using
the facilities available at Géosciences Rennes (see Poilvet
et al. 2011). Zircon and monazite grains were carefully
handpicked under a binocular microscope and embedded
in epoxy mounts. The grains were then polished on a lap
wheel with a 6- and 1-wm diamond suspension succes-
sively. Zircon grains were imaged by cathodoluminescence
(CL) using a Reliotron CL system equipped with a digital
colour camera available in Géosciences Rennes and mona-
zite grains by backscattered electron imaging on a JEOL
JSM 6400 as well as by NanoSIMS. In addition, monazite
grains have also been identified in thin sections in order to
date them in context.

U-Th-Pb geochronology of zircon and monazite was
conducted by in situ laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) at the Labora-
toire Magmas et Volcans in Clermont-Ferrand, France.
Ablation spot diameters of 26 um and 7 pm with repetition
rates of 3 Hz and 1 Hz were used for zircon and mona-
zite, respectively. Data were corrected for U-Pb and Th—
Pb fractionation and for the mass bias by standard brack-
eting with repeated measurements of the 91500 zircon
(Wiedenbeck et al. 1995) or the Moacyr monazite standards
(Gasquet et al. 2010). Repeated analyses of GJ-1 zircon
(607 £ 15 Ma, N = 6; Jackson et al. 2004) or Manangoutry
monazite (554 £ 23 Ma, N = 6; Paquette and Tiepolo
2007) standards treated as unknowns were used to control
the reproducibility and accuracy of the corrections. Data
reduction was carried out with the GLITTER® software
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package developed by the Macquarie Research Ltd. (Jack-
son et al. 2004). Concordia ages and diagrams were gen-
erated using Isoplot/Ex (Ludwig 2001). All errors given in
Tables 1 and 2 are listed at one sigma, but where data are
combined for regression analysis or to calculate weighted
means, the final results are provided with 95 % confidence
limits. Further information on the instrumentation and the
analytical technique is detailed in Hurai et al. (2010).

For each grain analysed (zircon and monazite), we also
estimated the concentrations of U, Th and Pb as follows.
First, the drift factor was calculated using the parameter
a and b of a linear regression of the average °°Pb counts
per second (cps) for all the standards measured during the
course of the analyses as a function of their position during
the acquisition.

20Pbeps = a x N +b (1

with 206PbCps = average measured values for the standard in
cps corrected from the blank, a = slope of the regression,
b = ordinate at origin and N = analysis number.

The drift factor for each analysis (DF") is then calcu-

lated as follows:

b

N __
DF " (@axN+b) @

Then the Pb, Th and U concentrations are calculated using
the known concentrations of these elements in the stand-
ards following:

Cstd
Csamplef;/pm = Csamplel¥ ... x DFY x Mlreal 3)
Cstdayer

with N = analysis number, Csamplegpm = calculated con-
centration of the element in ppm, Csamplely.,. = measured
values of the element in cps, DFY = drift factor calculated
for this analysis, Cstd ., = known concentration of the
standard and Cstd,,, = drift-corrected average value for all

the standards measured during the course of the analyses.
Ar-Ar dating technique

Single grains of muscovite used for the experiments were
handpicked under a binocular microscope from 0.25 to
1.00 mm fractions of crushed rock samples. Care was taken
to select inclusion-free crystals of about 1 mm in size, in
order to avoid large poikilitic crystals as well as fine-
grained clusters.

The samples were wrapped in Al foil to form small
packets (11 x 11 mm) that were stacked up to form a pile
within which packets of fluence monitors were inserted
every 10 samples. Irradiation was performed at the HFR
Petten reactor (Petten, the Netherlands) in the Cd-shielded
Rodeo P3 facility and lasted 72 h (J/h ~ 2.54 x 10~*h71h).
The irradiation standard was amphibole Hb3gr (Turner
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® et al. 1971; Roddick 1983; Jourdan et al. 2006; Jourdan and
Fl s v < Renne 2007), with an age of 1081.0 £ 1.2 Ma (Renne et al.
£ 2010, 2011).
g .Step—heatlng analyses of single grains wege performed
5 with a CO, laser probe coupled to a Map215~ mass spec-
2la=guw trometer. The experimental procedure is described in Ruf-
D RN fet et al. (1991) and Ruffet et al. (1995). The five argon
E)» isotopes and the background baselines were measured in
§ eleven cycles, in peak-jumping mode. Blanks were per-
“l e o a e formed routinely each first or third/fourth run, and sub-
Q|13 @& tracted from the subsequent sample gas fractions. All iso-
ODO topic measurements are corrected for K, Ca and Cl isotopic
& interferences, mass discrimination and atmospheric argon
2 é S, contamination. Apparent age errors are plotted at the lo
21818 =39 level and do not include the errors on the “°Ar*/*°Ary ratio
< IR and age of the monitor and decay constant. The errors in
= 88 88 the “*Ar#/* Ary ratio and age of the monitor and decay con-
j °cee- stant are included in the final calculation of the (pseudo-)
5 p?ateau age error margins or for az[())paregl; ages 1nd{V1dually
9 © o cited. Details on the method and ““Ar/~”Ar analytical data
~ n YL 3 are given in the Supporting Information.
& S S 23 It is commonly considered that a plateau is obtained
= RS when calculated *°Ar#/*Ary ratios of at least three con-
o § § § § §9ecutive steps, containing a minimum of 70 % of the
“Ar released, agree with the weighted mean calculated
; OAr#/¥Arg ratio of the plateau segment. Pseudo-pla-
9 o o o teau ages can be defined with less than 70 % of the 3°Ar
g w298 released. All ages are displayed at the 1o level. Analyti-
S S S sS3 cal data, parameters used for calculations (isotopic ratios
_ © o o o measured on K, Ca and CI pure salts; mass discrimination;
2 § § § § atmospheric argon ratios; J parameter; decay constants,
H S 333 etc.) and reference sources are available in a complemen-
> tary data repository.
&
£ T8R8 U-Th-Pb LA-ICP-MS and “’Ar-*Ar results
g R
N S O O O
Sample ES7—Laouzas granite
£
= T Zircon and monazite grains were both recovered from this
g sample. Most of the zircon grains were pink in colour,
% 2828 euhedral, with very variable shapes from elongated to oval.
E FE I Cathodoluminescence imaging revealed a rather heteroge-
_ neous population with anything from homogeneous low
é 2 o luminescent to heterogeneous (core + rim) grains (Fig. 3a).
5 g S REg Thirty-seven analyses out of twenty-six zircon grains were
= © = =¥ E‘) made (Table 1). The heterogeneity of the grains is con-
g ; firmed in a Tera-Wasserburg diagram (Fig. 4a) where data
< %‘ "SR % points are plotted in a concordant to very discordant posi-
ERD © S = 9g|% tion with apparent 2°’Pb/**Pb ages ranging from 1010 Ma
g = = & down to 370 Ma. Because of this heterogeneity, which is
: 3z ? f 3|5 probably caused by a complex mixing of heterogeneous
2| £ % § § q é inheritance, plus variable degree of common Pb content and
g5 = ===2lda Pb loss, it is not possible to calculate any relevant ages. We
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Fig. 3 Cathodoluminescence images of some of the zircon grains
dated in this study: a Laouzas granite; b, ¢ La Salvetat migmatite.
The white circle represents the spot analysis and the number corre-

therefore favoured plotting the data in a relative probability
plot diagram (Fig. 4e) where only the 2’Pb/?**Pb apparent
ages for the more than 90 % concordant points were con-
sidered. One main peak can be defined at ca. 500 Ma, with
minor peaks around 700 and 800 Ma.

Two types of monazite grains were found in this sam-
ple. Type 1 monazite comprises euhedral dark brown grains
with sharp concentric zoning (Fig. 5), and type 2 mona-
zite comprises euhedral to subhedral yellowish to orange
grains characterised by complex patchy zoning (Fig. 6),
as revealed by backscattered electron (BSE) imaging. Ele-
mental imaging carried out using the NanoSIMS ion probe
reveals that the concentric zoning for type 1 monazite
(Fig. 5) is visible with all the elements imaged (Y, La, Ce,
Sm, U, Th and Pb) with cores that are LREE-rich and poor
in Y, U, Th and Pb. More importantly, the distributions of
U and Th in this monazite type perfectly match each other.
For type 2 monazite (Fig. 6), the complex zoning noticed
in BSE images is well mimicked by the distribution of Y,
REE, U and **Pb while the distribution of Th and ***Pb is
less disturbed.

These two types of monazite grains were therefore ana-
lysed separately. In addition, 19 analyses (11 grains) were
performed directly in a thin section. In total, 50 analyses
were carried out (Table 2). Plotted in a 2°°Pb/>3%U versus
298pb/22Th concordia diagram (Fig. 4b), the two types
plot in two distinct groups. For the monazite grains dated
in context in the thin sections, there is no evident correla-
tion between the mineral hosting the monazite grains and
their apparent ages. Therefore, the location of type 1 and
type 2 monazite is not related to any specific host min-
eral. Type 1 monazite (N = 26; grains with sharp con-
centric zoning) plot in a concordant to slightly discordant
position. A cluster of 14 concordant analyses (Fig. 4b)
yields a concordia age (Ludwig 1998) of 318.0 £ 1.4 Ma
(MSWD = 0.87). This concordia age is equivalent within
error to the average 2*Pb/**®U date of 318.8 4+ 1.5 Ma
(N = 26; MSWD = 0.95) obtained for the 26 analyses

el
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14 ¥ 575024 M
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sponds to the 2°’Pb/?’Pb age obtained. Zr number corresponds to the
grain number in Table 1

defining this first group. Interestingly, the 2**Pb/**’Th
apparent ages for this group display a bimodal distribution
(see Fig. 4g), with one peak at 331.5 + 2 Ma and a second
one at 319.1 + 2.0 Ma.

Data obtained on type 2 monazite (grains with com-
plex patchy zoning; N = 20) exhibit a slight reverse dis-
cordance (Fig. 4b). The mean 206pp/238 date obtained
for these twenty analyses is consistent with a value of
293.5 + 1.7 Ma (MSWD = 0.78), while the 2°Pb/**’Th
apparent dates yield average dates of 285.2 + 2.2 Ma
MSWD = 0.66; N = 8) for the grains analysed in the
epoxy puck and of 296.5 + 2.8 Ma (MSWD = 0.42;
N = 7) for the grains dated in the thin section (Fig. 4g).

Muscovite single grain from sample ES7 yielded a flat
“Ar-*?Ar age spectrum (Fig. 4h) over most of *’Ary degas-
sing (ca. 95 %), corresponding to a calculated plateau age
of 298.2 + 0.8 Ma (20 level).

Sample ES8—La Salvetat migmatite

Both monazite and zircon grains were extracted from this
sample. Two types of zircon grains were found. The first
type is characterised by elongate pinkish grains (Fig. 3b),
while the second type is constituted by squat prismatic
grains (Fig. 3c). Both types display complex zoning with
core and rims apparent for most (Fig. 3b, c). Thirty-two
analyses were performed on twenty-eight grains (Table 1).
Plotted in a Tera—Wasserburg diagram (Fig. 4c), they
are in a concordant to discordant position, with apparent
207pb/?%Phb ages ranging from ca. 2650 down to 300 Ma.
Once again, it is difficult to get any valuable geochrono-
logical constraint with this set of data. Plotted in a rela-
tive probability plot (Fig. 4e), two main peaks arise at ca.
610 Ma and 875 Ma, with minor peaks at 690, 1000, 1310
and 2450 Ma.

From a morphological point of view, all monazite crys-
tals were yellow and euhedral to subhedral. Forty-six anal-
yses were performed (38 on separated grains and 8 directly
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«Fig. 4 Summary of the geochronological results. In all diagram, N

refers to the number of analyses. Grey ellipses correspond to the data
used to calculate the concordia ages. a, ¢ Tera-Wasserburg 2°’Pb/>**Pb
versus 2¥U/2%Pb concordia diagram for the zircon grains analysed
in the Laouzas granite (a) and the La Salvetat migmatite (c). b, d:
206pp/238U versus 2%Pb/?32Th diagrams for the monazite analysed in
the Laouzas granite (b) and the La Salvetat migmatite (d). e Rela-
tive probability plot of 277Pb/2%Pb dates for all the more than 90 %
concordant zircon grains obtained in this study. f Relative probabil-
ity plots for all the monazite 2°°Pb/>**U dates obtained in this study.
g Relative probability plots for all the monazite 2%Pb/>2Th dates
obtained in this study. H: “°Ar->*Ar spectra of muscovite from samples
ESS5, ES7 and ES8. The error bars for each temperature steps are at
the 1o level. The errors in the J-values are not included. Plateau age
error is at the 20 level

in context in thin sections). Plotted in a 2°°Pb/?*%U versus
208pb/232Th concordia diagram (Fig. 4d), they all plot in
a concordant to slightly discordant position. A first group
of 14 analyses defines a concordia age of 318.5 £ 0.7 Ma

317+4 Ma

ES7
Monazite
Type 1

(MSWD = 1.3; Fig. 4d). A second cluster of 15 analyses
yields a concordia age of 298.8 + 1.3 Ma (MSWD = 0.68;
Fig. 4d). The remaining 17 analyses plot in a slightly
reverse discordant position either between the two previous
calculated concordia dates or are apparently younger than
299 Ma (Fig. 4d). The two analyses performed in mona-
zite grains hosted by quartz yield dates close to 290 Ma,
while the monazite grains hosted by biotite plot in a scat-
tered position.

When looking at the BSE imaging, the first group (ca.
318.5 Ma) is characterised by fairly homogeneous mona-
zite grains (Fig. 7), while monazite in the second group (ca.
299 Ma) is characterised by more patchy zoning (Fig. 8).
The NanoSIMS imaging of the first group confirms the
rather homogeneous distribution of the imaged elements
with the exception of U and 2°°Pb that appear to be poorer
in the core of the grain (Fig. 7). For the second group, the

Ble-W counts

7000 ’

“Sm [
120

Fig. 5 Top picture backscattered electron image of the type 1 mona-
zite from sample ES7 (i.e. ca. 318 Ma). White circle represents the
spot analysis and has a diameter of 7 microns. Date refers to the

208pb/232Th individual date. M number refers to the grain number in
Table 2. White square corresponds to the location of the NanoSIMS
elemental images (8 bottom pictures)
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ES7
Monazite
Type 2

296+4 Ma

M35a

Fig. 6 Top picture backscattered electron image of the type 2 mona-
zite from sample ES7 (i.e. ca. 294 Ma). White circle represents the
spot analysis and has a diameter of 7 microns. Date refers to the

elemental distributions are not as simple. The REE dis-
tribution seems to be homogeneous throughout the grain,
whereas the Y, U, Th and Pb distributions are patchier
(Fig. 8).

Similar to monazite in ES7, monazite data in ES8 are
characterised by evident differences between the 2°°Pb/>*¥U
and the 2°®Pb/?*?Th dates (Fig. 4f, g). The 2°Pb/**?Th dates
fall into 3 distinct populations (Fig. 4g) at 319.8 + 1.8 Ma
(MSWD = 1.3; N = 15),298.2 &+ 1.5 Ma MSWD = 0.89;
N = 19) and 284.7 £ 2.1 Ma (MSWD = 0.98; N = 8),
respectively. 2%Pb/**¥U dates define two different
peaks at 316.2 + 1.9 Ma (MSWD = 0.68; N = 15) and
296.1 £ 1.3 Ma (MSWD = 2.8; N = 26), respectively
(Fig. 41).

Muscovite single grain from sample ES8 yielded a
flat “°Ar-*Ar age spectrum (Fig. 4h) over most of **ArK
degassing (ca. 98 %) that correspond to a calculated plateau
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208pp/232Th individual date. M number refers to the grain number in
Table 2. White square corresponds to the location of the NanoSIMS
elemental images (8 bottom pictures)

age of 298 = 1 Ma (20 level). This age is similar to the ES7
plateau age.

Geological significance of the geochronological
data

Zircon dating

Zircon data from both the Laouzas granite and the La Sal-
vetat migmatite show a considerable spread (Fig. 4e) and
cannot be used to date either the emplacement of the gran-
ite or the age of migmatization. They rather demonstrate
the existence of a complex polygenic history in the region,
with dates ranging from the late Archean to the Ordovi-
cian. They are consistent with the data published by Faure
et al. (2010), although more date populations were found
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ES8
Monazite

Fig.7 Top picture backscattered electron image of the first group
of monazite grains (i.e. ca. 319 Ma) from sample ES8. White circle
represents the spot analysis and has a diameter of 7 microns. Date

in our study. In the La Salvetat migmatite, the youngest
point (grain 1.1d) that plots close to the concordia gives
a 27Pb/*Pb date of 337 £ 27 Ma (1 sigma). This grain
might have grown during the migmatization, but because
of its large error, it does not help to constrain this event
precisely.

Monazite dating
The Laouzas granite

In the 2°°Pb/*%U versus 2%®Pb/**’Th concordia diagram
(Fig. 4b), the monazite grains from the Laouzas granite plot
in two clusters although the geochronological information
brought, for each cluster, by the monazite grains 2°°Pb/>*%U
and 2°8Pb/?*>Th respective dates is different. Indeed, within

BelSTae] counts

Y

s =1¢Y counts

refers to the 2°8Pb/**2Th date. M number refers to the grain number in
Table 2. White square corresponds to the location of the NanoSIMS
elemental images (8 bottom pictures)

each cluster, the 206pp/238 dates are comparable, while
they are more scattered in the case of the 2*®Pb/>**Th ones.
To first order, four dates can be defined for the Laou-
zas granite. The oldest date at ca. 330 Ma can be calcu-
lated using the older apparent 2*Pb/>**Th dates (Fig. 4g).
The second one around 319 Ma is given by a concordia age
of 318.0 & 1. 4 Ma (Fig. 4b), the mean 2°°Pb/>*3U date of
318.8 £ 1.5 Ma obtained for all the analyses from the older
cluster (Fig. 4b) and from one of the peaks defined by the
208pp/232Th dates at 319.1 + 2.0 Ma (Fig. 4g). The third
date of around 298-292 Ma is defined by one peak in the
208pp/232Th dates distribution at 298.2 + 1.5 Ma (Fig. 4g)
and the mean 2%°Pb/?*%U date of 293.5 + 1.7 Ma calcu-
lated for the second group (Fig. 4b). This third date is in a
good agreement with the “°Ar-*Ar age of 298.2 4 0.8 Ma
(20 level) obtained on muscovite from the same sample
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ES8

A counts [0

Fig. 8 Top picture backscattered electron image of the second group
of monazite grains (i.e. ca. 298 Ma) from sample ES8. White circle
represents the spot analysis and has a diameter of 7 microns. Date

(Fig. 4h). Finally, the youngest date around 285 Ma is
defined by the youngest 2°®Pb/?*2Th dates (Fig. 4g).

It seems evident that the dates of ca. 319 Ma and ca.
298 Ma are representative of specific events as they are
common to both chronometers (U/Pb and Th/Pb) and
because the second one is also defined by “’Ar-*’Ar dat-
ing. Therefore, two scenarios can be suggested. Either
the date of ca. 319 Ma yields the emplacement age of the
Laouzas granite and the date of ca. 298 Ma is related to a
post-emplacement event, or the granite was emplaced ca.
298 Ma ago, in which case the date of ca. 319 Ma should
be regarded as “inherited”. Three observations are help-
ful to discriminate between these two scenarios. (1) The
backscattered imaging shows that the ca. 319 Ma mona-
zite population (type 1) is characterised by a rather simple
concentric zoning, whereas the ca. 298 Ma old population
(type 2) systematically displays a complex patchy zoning.
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refers to the 2°°Pb/?*2Th date. M number refers to the grain number in
Table 2. White square corresponds to the location of the NanoSIMS
elemental images (8 bottom pictures)

Concentric zoning is consistent with a magmatic origin,
whereas patchy zoning suggests the involvement of a post-
crystallisation perturbing event, such as fluid-related dis-
solution/recrystallisation (Williams et al. 2011; Tartese
et al. 2011; Didier et al. 2013). (2) As noticed on the Nano-
SIMS imaging (Figs. 5, 6), the elemental distributions per-
fectly match for the type 1 monazite while they differ for
type 2. (3) Finally, petrographic observations suggest an
overprint of the primary magmatic assemblage associated
with a later circulation of hydrothermal fluids. In the light
of these observations, we propose that the Laouzas gran-
ite was emplaced ca. 319 Ma ago and was affected by a
post-emplacement, fluid-related event, ca. 298 Ma ago. In
this case, the “*Ar-*Ar age at 298.2 + 0.8 Ma yielded by
muscovite from the same sample would also characterise
this late hydrothermal event, since it has been shown that
the K—Ar geochronometer in muscovite can be highly
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sensitive to fluid circulations in granites in a similar context
(Questembert leucogranite, Armorican massif, France by
Tartese et al. 2011).

The oldest date at ca. 330 Ma is only evidenced by the
208pp/232Th dates. A similar phenomenon has also been
noticed by Tartese et al. (2012) for monazite grains from
a mylonitised granite from the South Armorican Shear
Zone, in which the 2°°Pb/>*’Th dates (defining an average
date of 313 4+ 3 Ma) were systematically older than the
U-Pb dates (defining an average date of 299 4+ 4 Ma). A
recent study by Didier et al. (2013) has demonstrated that
F-rich fluids can be responsible for the disturbance of the
Th/Pb ratios in monazite and the incorporation of excess
Pb, leading to a large spread of the *®Pb/?*2Th dates. Dis-
turbed 2%Pb/***Th and 2°Pb/**®U data were also obtained
by Poitrasson et al. (2000) and were attributed to variable
inputs and/or depletions in U, Th and Pb in the monazite
crystals during hydrothermal alteration. As detailed earlier,
the Laouzas anatectic granite bears petrographic evidence
of hydrothermal fluid circulation. We therefore believe that
this date of ca. 330 Ma is meaningless and is attributed to
fluid perturbation of some of the monazite grains leading to
a fractionation of their Th/Pb ratios (cf. Didier et al. 2013).

The other date at ca. 285 Ma is also obtained with only
the 2°%Pb/%3?Th dates. Once again, either this date is related
to a fluid-induced perturbation of the monazite Th—Pb iso-
tope system, and is, therefore, meaningless or it reflects the
age of a yet unknown event in the region.

La Salvetat migmatite

Monazite from the La Salvetat migmatite also yields dif-
ferent 28Pb/?*?Th and 2°°Pb/>38U dates, but here again two
main dates can be proposed. A first one at ca. 319 Ma is
given by a concordia age of 318.5 + 0.7 Ma (Fig. 4d), a
mean 2%®Pb/>*Th date of 319.8 &+ 1.8 Ma (Fig. 4g) and
a mean “%°Pb/>*¥U date of 316.2 & 1.9 Ma (Fig. 4f). The
second one, around 298 Ma, is given by a concordia age
of 298.8 4 1.3 Ma (Fig. 4d), a mean 2%Pb/**’Th date of
2082 + 1.5 Ma (Fig. 4g), a mean 2%°Pb/>®U date of
296.1 + 1.3 Ma (Fig. 4f) and a muscovite *°Ar-*Ar plateau
age of 298 £+ 1 Ma (Fig. 4h).

Lastly, the youngest 2°Pb/>*’Th dates define a mean
date of 284.7 + 2.1 Ma. Monazite is known to be very
resistant to diffusional reequilibration (e.g. Seydoux-Guil-
laume et al. 2002; Gardés et al. 2007), preserving the age
of their crystallisation. On the other hand, they recrystallise
readily by dissolution/precipitation processes, when flu-
ids or magmas are involved (Williams et al. 2011; Tartese
et al. 2011; Didier et al. 2013). As a general rule, two major
“pulses” of monazite growth are predicted in metapelitic
rocks: subsolidus growth in the upper amphibolite facies
and growth during the cooling of leucosomes (rather than

partial melting) following migmatization (e.g. Foster et al.
2000; Rubatto et al. 2001; Kelsey et al. 2008; Spear and
Pyle 2010). Furthermore, it is now well established that
monazite may (re)crystallise due to fluid—rock interactions
relatively late in the metamorphic history (e.g. Bosse et al.
2009; Tartese et al. 2011, 2012; Didier et al. 2013).

Consequently, the three dates of ca. 319, ca. 298 and
ca. 284 Ma obtained for the monazite grains from the La
Salvetat migmatite may represent the ages of: (1) crystal-
lisation during the prograde metamorphism in the upper
amphibolite facies conditions; (2) crystallisation of the
leucosomes following partial melting and (3) recrystal-
lisation due to late fluid circulations, respectively. On the
other hand, the close spatial and inferred genetic associa-
tion of the migmatites with the Laouzas granite suggests
that monazite grains of the same age should be found in
both rock types. The crystallisation of the Laouzas granite
is inferred to have taken place at ca. 319 Ma (see earlier),
suggesting that the date of 319 Ma in the La Salvetat mig-
matite should be interpreted as the age of the crystallisation
of the leucosomes, rather than that of the prograde amphib-
olite—facies metamorphism. The second date of ca. 298 Ma
found in the migmatite is identical within error to the
date of ca. 298 Ma found in the Laouzas granite, but also
to the emplacement age of 294 £+ 3 Ma (U-Pb on zircon)
obtained for the syntectonic Montalet leucogranite (Poilvet
et al. 2011), situated about 20 km to the NW (Fig. 1). It is
conceivable that a second phase of partial melting of the
La Salvetat migmatite was the source of this leucogranite,
but the poor outcrop conditions do not allow to validate
such hypothesis. Alternatively and more probably, partial
melting of other deeper formations formed the Montalet
magmas, which percolated with associated fluids through
the crust, resulting in the recrystallisation of some mona-
zite grains in the migmatite—granite dome, as suggested by
the late fluid circulations inferred from the petrographic
observations of the La Salvetat migmatite. A detailed study
of the geochemical affinities between the migmatites and
the various granites would be necessary to answer this
question.

Finally, the 284 Ma date, identical within uncertainty to
the date of ca. 285 Ma obtained in the Laouzas granite is, as
argued above, either an artefact due to fluid-enhanced mod-
ification of some of the monazite crystals or an evidence
of a younger, although unidentified, event in the region.
Similar Permian ages are known elsewhere in the European
Variscan belt. Mougeot et al. (1997) reported an U-Pb apa-
tite age ca. 289 Ma for the Velay granite. Cathelineau et al.
(1990) obtained Permian ages on vein-type deposits from
the Mortagne district in the South Armorican Massif and
the French Massif Central, with a major stage of uranium
mobilization between 290 and 260 Ma. In the Erzgebirge
(Germany), the emplacement of vein-type deposits is also
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Permian in age and post-dates the emplacement of the
youngest Variscan granites by no less than 20-25 Ma (e.g.
Velichkin and Vlasov 2011 and references therein). More
recently, Boutin et al. (2015) reported some Permian U-Pb
ages obtained on titanite associated with chlorite-talc min-
eralization in the Pyrenees. This non-exhaustive list dem-
onstrates that this date of ca. 285 Ma is not unique at the
scale of the Variscan belt as numerous ore deposits linked
to fluid circulations are contemporaneous, and could, there-
fore, be considered as meaningful for the Montagne Noire.
Finally, the remaining data that plot in a scattered position
(Fig. 4d) could be attributed to an incomplete resetting of
their U-Th—Pb system during the subsequent fluid circula-
tion events.

Partial melting and regional correlations

In summary, the Laouzas granite and the La Salvetat mig-
matite are spatially close and petrographically similar. The
Laouzas granite is therefore interpreted as a product of the
partial melting recorded in the La Salvetat migmatite. Mon-
azite grains from both rocks recorded a date of ca. 319 Ma,
which is interpreted as the emplacement age of the Laouzas
granite, and hence also that of a first stage of migmatization
(or rather the crystallisation of the leucosomes resulting
from this partial melting). The date of ca. 298 Ma is either
tentatively attributed to a second stage of migmatization or
more probably to a pervasive percolation of magmas and
associated fluids coming from a deeper source and result-
ing in the syntectonic crystallisation of the more superficial
Montalet leucogranite.

It is interesting to draw a parallel with the scenario
described for the Velay gneiss dome, located some 150 km
ENE of the Montagne Noire. In this area, Montel et al.
(1992) described two successive stages of migmatization
that have been dated at 314 4= 5 Ma and 301 &+ 5 Ma (U-
Pb ID-TIMS on monazite, Mougeot et al. 1997). Barbey
et al. (2015) suggest three melting events, estimated to have
occurred at 325-315 Ma, ca. 305 Ma, and 305-295 Ma. In
addition, Roger et al. (2015) bracketed the high-tempera-
ture deformation and metamorphism both in the Gorges
d’Héric and the Vialais granite between 310 and 300 Ma.

Tectonic implications for the formation of the
Montagne Noire dome

Two major hypotheses are proposed at present to explain
the origin of the Montagne Noire dome. Both agree on the
presence of compressional and extensional features, but
disagree on their timing and their relative importance. The
first hypothesis considers that the domal structure devel-
oped as a regional anticline during the collisional stage of

@ Springer

the Variscan orogeny (e.g. Arthaud et al. 1966; Burg and
Matte 1978; Charles et al. 2009) and interpret the exten-
sional features as second-order and late with respect to the
formation of the dome. For the second hypothesis, dome-
like exhumation of the lower continental crust beneath a
major crustal-scale extensional detachment is at the origin
of the Montagne Noire dome (Van Den Driessche and Brun
1989; Echtler and Malavieille 1990; Van Den Driessche
and Brun 1992). Beyond the structural record, this second
hypothesis is supported and constrained in time by the syn-
tectonic emplacement of a leucogranite at ca. 295 Ma (Poil-
vet et al. 2011) and by monazite and mica ages of ca. 295
Ma in sheared metasediments and orthogneisses (Maluski
et al. 1991; Pitra et al. 2012) along the detachment that is
contemporaneous with and controls the development of
the Stephanian to Permian Graissessac and Lodeéve basins
(Fig. 1; Van Den Driessche and Brun 1989; Bruguier et al.
2003). In contrast, the advocates of the compressional ori-
gin of the dome either associate the extensional structures
exclusively with the compressional phase (Brunel and Lan-
sigu 1997) or relegate it to a secondary role in the brittle
domain (Matte et al. 1998; Charles et al. 2009). The prin-
cipal argument was the age of the late- to post-kinematic
Vialais granite, supposedly dated at 327 4+ 5 Ma (TIMS on
zircon and monazite fractions; Matte et al. 1998), emplaced
in the central-eastern part of the dome (Fig. 1), and the ca.
330 Ma dates obtained by electron probe micro-analysis
(EPMA) monazite dating from migmatites and anatectic
granites summarised in Charles et al. (2009) and Faure
et al. (2010).

In the “compressional” interpretation, migmatiza-
tion and magmatism predate extension. In the “exten-
sional” interpretation, which requires thermal relaxation
and related rheological softening in order for the crust to
collapse, migmatization is also contemporaneous with
the onset of extension, especially because extension can
enhance partial melting by adiabatic decompression (e.g.
Hollister 1993; Holtz and Johannes 1994; Holtz et al. 2001;
Thompson 2001). Clearly, the clue is to be sought in the
absolute timing of regional migmatization and related gran-
ite emplacement.

First, the Vialais granite and an associated post-
kinematic leucogranite have been recently re-dated at
303 £ 4 Ma and 298 + 2 Ma, respectively (U-Pb monazite
ICP-MS ages, Roger et al. 2015). Second, our data support
a genetic link between the migmatites and granites in the
“axial zone” of the Montagne Noire gneiss dome. Three
age groups were identified from the monazite U-Th-Pb
data. A first event, at ca. 319 Ma, is recorded in both the
La Salvetat migmatite and the Laouzas granite, and is inter-
preted as the end of a first stage of migmatization and as
the emplacement age of the Laouzas granite, respectively.
A second event, at ca. 298 Ma, is recorded in the migmatite
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Fig. 9 Th/Pb versus U/Pb plots using data for the monazite grains
from the Montalet granite (a; from Poilvet et al. 2011), the Laouzas
granite (b) and the La Salvetat migmatite (C). For all the diagrams,

and in the Laouzas granite, and could be interpreted as a
fluid-induced event, probably related to a second melting
event identified through the emplacement of the Montalet
and Vialais leucogranites. The third event, dated around
285 Ma, although not clear, could be linked to Permian
fluid circulations. The presence of two stages of partial
melting at ca. 320 Ma and ca. 300 Ma confirms (1) the
interpretation of the Late Carboniferous-Early Permian
evolution of the Variscan belt dominated by the extensional
collapse, which predicts migmatization both preceding
and contemporaneous of the onset of extension and (2) the
interpretation of the Montagne Noire dome as an exten-
sional gneiss dome.

EPMA versus LA-ICP-MS dating

In recent years, some studies comparing monazite ages
obtained by the LA-ICP-MS and EPMA techniques
encountered discrepancies between both sets of ages
(Paquette and Tiepolo 2007; Poilvet et al. 2011 and refer-
ences therein). Other studies also pointed out that EPMA
dating should be acquired with caution as, for example,
incorrect determination of background intensities could
result in artificially older ages (Jercinovic and Williams
2005; Spear et al. 2009).

This study offers, therefore, the opportunity to compare
the results obtained through EPMA chemical dating and
those obtained by LA-ICP-MS. Indeed, two aspects differ
between our data and those of Faure et al. (2010)—(1) a
minimum of two generations of monazite are distinguished
in our data set whereas only one was identified in Faure
et al. (2010) and (2) there is a significant difference in the
absolute ages obtained by both approaches.

Although Faure et al. (2010) identified “three groups
of composition according to the Th/U ratio” (p. 660) for
monazite grains from the La Salvetat migmatite, they
interpreted them in terms of only one chemical date of

16 20 24 28 0 4 8 12 16 20
U-Pb 2252 +16-14 W:
U/Pb o ° U/Pb

24 f 28

U-Pb age: 257 +57-40 Ma

ages obtained by LA-ICP-MS (this study) are given for comparison.
n refers to the number of analyses plotted in the diagrams. For more
explanation on these plots see Cocherie and Albarede (2001)

327 £ 7 Ma, reflecting the crystallisation age of these mon-
azite grains. This age is barely within error of the oldest
age of 319.8 £ 1.8 Ma found in this study, although the
latter is more precise. However, one more age at 298 Ma
was obtained by LA-ICP-MS (with another possible
event at ca. 285 Ma). In the case of the monazite from the
Laouzas granite, EPMA dating yielded only one date at
336 + 6 Ma, whereas at least two (potentially four) were
obtained by LA-ICP-MS. In this case, Faure et al. (2010)
describe their monazite as patchy zoned, a feature encoun-
tered only in our younger monazite population dated at ca.
298 Ma. The fact that they did not find two age populations
in their data set could be explained if they did not encoun-
ter the concentrically zoned monazite in their samples.

These differences could also be linked to the statisti-
cal treatment applied to EPMA dating. Indeed, each indi-
vidual analysis bares fairly high error, but once they are all
combined to calculate a total U-Th-Pb date, the resulting
error becomes relatively small (<2 %). One could therefore
argue that this statistic treatment is not able to resolve dif-
ferent populations that are relatively close in age.

In order to test this hypothesis, we took the U, Th and
Pb contents calculated for three of our samples (ES7 and
ESS8, this study Table 2; ES5 of Poilvet et al. 2011) and
ran them into the EPMA dating add-in developed by Pom-
mier et al. (2002) following the data treatment described in
Cocherie et al. (1998) and Cocherie and Albarede (2001).
In order to test the viability of our approach, we first took
the data from the Montalet granite in Poilvet et al. (2011).
The monazite grains in this sample yielded a single con-
cordia age of 294 + 1 Ma, identical to the concordia age
of 294 + 3 Ma obtained on zircon. Plotted in a Th/Pb ver-
sus U/Pb diagram (Fig. 9a), they define a similar U-Th-Pb
age of 295 £ 10 Ma. This demonstrates that when dating a
simple (i.e. single age) population of monazite, the results
obtained by both the LA-ICP-MS and EPMA dating tech-
niques are comparable. We then tested this approach with
two other samples from this study, which gave several age
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302 Ma
318 Ma

MSWD=1.19

300
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Fig. 10 Weighted histogram representation of the data acquired in
this study for sample ES7 following the statistical 1D data treatment
of Montel et al. (1996) for EPMA dating. For more explanation on
this plot see Montel et al. (1996)

populations. For sample ES7, the resulting Th/Pb versus
U/Pb isochron diagram (Fig. 9b) allows to calculate a sin-
gle U-Th-Pb date of 297 £ 15 Ma (MSWD = 0.28) at the
centroid of the population. In this diagram, the regression
line lies fairly close to the theoretical isochron; therefore,
this age of ca. 297 Ma would have been considered as reli-
able and, therefore, unique. Yet, we know that in fact at
least two ages can be calculated using the LA-ICP-MS data
(ca. 319 Ma and ca. 298 Ma, respectively). Although these
two ages are ~20 Ma apart, the Th/Pb versus U/Pb isoch-
ron diagram is not able to distinguish them. If we do the
same operation with monazite data from sample ES8, we
also end up with a U-Th-Pb chemical age of 291 & 8§ Ma
(MSWD = 0.18) at the centroid of the population (Fig. 9c)
although three ages can be calculated in a conventional con-
cordia diagram (ca. 319 Ma, 298 Ma and, maybe, 284 Ma).
In this case, we reached the limits of the technique as the
theoretical isochron fits just within the limits of the error
envelope. This does not explain, however, why the EPMA
ages found by Faure et al. (2010) are significantly older
than the ages found by LA-ICP-MS.

It is interesting to note that, with the same data set,
but using the procedure described in Montel et al. (1996)
where, for each individual age, the 95 % confidence inter-
val is estimated by a Monte Carlo procedure assuming U,
Th and Pb content to obey a Gaussian distribution, we end
up with completely different results, as the age distribu-
tions for sample ES7 yield three different date peaks at ca.
318 Ma, 302 Ma and 270 Ma (Fig. 10), which is in a good
agreement with the ages found in this study.

@ Springer

Conclusion

The presence of two stages of partial melting, at ca. 320 Ma
and ca. 300 Ma, confirms (1) the interpretation of the Late
Carboniferous-Early Permian evolution of the Variscan belt
dominated by extensional collapse, which predicts mig-
matization both preceding and contemporaneous with the
onset of extension and (2) the interpretation of the Mon-
tagne Noire dome as an extensional gneiss dome.

We also demonstrate that EPMA dating of monazite in
this type of complex polyphased environment should be
used with extreme caution. Indeed, as illustrated here, the
Pb/U and Th/U isochron statistical data treatment (Pom-
mier et al. 2002) can sometimes fail to resolve different age
populations and can, therefore, produce erroneous results.
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