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Abstract

The southeastern French Massif Central represents an ideal area to study the linkage between
regional metamorphism, crustal partial melting, emplacement of granitic magmas, and
hydrothermal Sn-W mineralization in a polyphase tectono-metamorphic setting related to the
late-Variscan orogeny. Here, we describe the mineralogical, structural, geochemical, and
geochronological characteristics of cassiterite-wolframite-bearing quartz veins at St-M¢lany, a
small uneconomic Sn-W occurrence located in the North Cévennes area. The veins show
evidence of ductile deformation (boudinage, asymmetric folding, dynamic recrystallization)
consistent with a synkinematic emplacement during the regional low pressure — medium

temperature metamorphism at ca. 320-315 Ma. This dominantly water-fluxed melting event
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reaching muscovite-breakdown conditions (T <750°C, P = 0.6 GPa) was synchronous to the
emplacement of the syntectonic Rocles peraluminous granite, which is interpreted as a proximal
source for the mineralizing fluids at St-Mélany. The U-Pb LA-ICP-MS dating of co-existing
wolframite and cassiterite from a mineralized quartz vein yielded lower-intercept ages of 318.4
+ 2.2 Ma and 311.4 + 1.0 Ma (20), respectively. These results suggest a temporal decoupling
of W and Sn mineralization with a time gap of 4-10 Myr, but additional work is needed to
confirm this interpretation. A weighted mean “°Ar/*’Ar date of 304.5 + 4.8 Ma (20) was
obtained for muscovite from the selvage of a mineralized vein, interpreted as a recrystallization
age related to metamorphic re-equilibration or hydrothermal overprinting. Dikes of aplites and
pegmatites cut the Sn-W-mineralized veins and were emplaced at 305.9 + 3.9 Ma (20) based
on U-Pb LA-ICP-MS dating of magmatic cassiterite. The dikes have highly evolved
compositions typical of peraluminous high-phosphorus rare metal granites with Li-F-Ta>Nb-
Sn-Be enrichments. Emplacement of the granitic dikes was coeval with the regional low
pressure — high temperature metamorphism at ca. 305-300 Ma reaching biotite dehydration-
melting conditions (T >800°C, P = 0.4 GPa), which led to the formation of the Velay anatectic
dome possibly linked to lower crust granulitization. We conclude that polyphase emplacement
of W-Sn-mineralized veins at ca. 320-310 Ma and rare metal granitic dikes at ca. 305 Ma results
from contrasting crustal melting conditions, in relation to the late Carboniferous orogenic
evolution of the southeastern French Massif Central, and possibly related to delamination of

the subcontinental lithospheric mantle.

Keywords

Sn-W mineralization; Rare metal granites; Cévennes; French Massif Central; Variscan belt.

1. Introduction
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Hydrothermal Sn-W mineralization is commonly associated with reduced, peraluminous
granitoids emplaced in the upper continental crust generating a large variety of ore deposits,
including veins, breccias, skarns, and greisens (Cerny et al. 2005; Lehmann 2021). Both
empirical and experimental studies have shown that Sn and W can be genetically and
temporally decoupled during partial melting of metasedimentary protoliths and fluid separation
at the magmatic-hydrothermal transition (Romer and Kroner 2016; Yuan et al. 2019; Schmidt
et al. 2020; Zhao et al. 2022). Peraluminous rare metal granites and pegmatites, hosting
disseminated Li-Ta-Sn-Cs-Be mineralization, have been reported in close spatial association
with hydrothermal Sn-W deposits in the European Variscan belt (Cuney et al. 1992, 2002;
Breiter et al. 2017; Gonzalez et al. 2017; Gourcerol et al. 2019; Michaud et al. 2020; Michaud
and Pichavant 2020). However, the genetic linkage between these two types of mineralization
is commonly obscured by extended metasomatic overprints, ambiguous crosscutting
relationships, and the lack of ages for ore minerals, which limit the elaboration of
comprehensive metallogenic models.

In Western Europe, the Variscan belt is an important metallogenic province for granite-related
Li-Ta-Sn-W deposits (Romer and Kroner 2016; Gourcerol et al. 2019). The French Massif
Central (FMC), located within the internal zone of the belt, hosts numerous hydrothermal W+Sn
deposits and rare metal granites and pegmatites spatially associated with late Carboniferous
peraluminous granitic plutons (Marignac and Cuney 1999; Cuney et al. 2002; Bouchot et al.
2005; Harlaux et al. 2018a,b; Gourcerol et al. 2019). Major peribatholitic wolframite vein-type
deposits in the FMC include Enguialés and Leucamp (Lerouge et al. 2007; Lerouge and
Bouchot 2009), Puy-les-Vignes (Harlaux et al. 2019, 2021), Echassi¢res (Cuney et al. 1992;
Raimbault et al. 1995; Harlaux et al. 2017; Monnier et al. 2019, 2020), and Montredon-

Labessonni¢ (Béziat et al. 1980; Guion et al. 1985). Mining production for W in France was
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about 27 kt WO3 until 1986, and the indicated and measured resources are estimated at about
100 kt WO3 (Gourcerol et al. 2021). Undiscovered W resources in France are estimated by the
BRGM to a potential of about 1 Mt WO3, including wolframite-bearing vein-type and scheelite-
bearing skarn-type deposits (Angel and Bertrand 2018).

Here, we describe the mineralogical, structural, geochemical, and geochronological
characteristics of cassiterite-wolframite-bearing quartz veins at St-Mélany located in the North
Cévennes area of the southeastern FMC. The St-Mélany occurrence is an ideal natural
laboratory to study peribatholitic Sn-W mineralization emplaced during the late-Variscan
evolution of the FMC for two main reasons. First, the mineralized veins were emplaced in
relation to the well-documented polyphase tectono-metamorphic evolution of a major anatectic
domain that is, the so-called Velay dome (Ledru et al. 2001; Brichau et al. 2008; Barbey et al.
2015; Laurent et al. 2017; Villaros et al. 2018). Second, it is the local expression of regional-
scale W(-Sn) metallogenic events, also reflected by the occurrence of different types of
mineralization, including scheelite-bearing calc-silicate gneisses and wolframite-bearing quartz
veins (Noyé 1985; Ramboz et al. 1985; Chauvet et al. 2012; Harlaux et al. 2018a). Thus, the
St-Mélany occurrence represents a small-scale example of a polyphase late-Variscan
peribatholitic Sn-W vein system, providing an excellent opportunity to decipher the spatial and
temporal relationships between the regional magmatic/metamorphic events and the

mineralizing processes, and to elucidate the sources of fluids and metals.

2. Geological background

2.1. The North Cévennes area
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The North Cévennes area is located in the southeastern FMC and consists of three main
tectonic-metamorphic series that are structurally from top to bottom (Fig. 1; Marignac et al.
1980; Faure et al. 1999, 2001, 2009; Ledru et al. 2001; Barbey et al. 2015; Couzinié et al. 2022):
(1) the Joyeuse series consisting of low-grade mica schists and ca. 490-480 Ma old Ordovician
orthogneisses that are part of the Lower Gneiss Unit (LGU); (ii) the Cévenole series composed
of low- to high-grade mica schists, metagreywackes, quartzites, paragneisses, and calc-silicate
gneisses, that are migmatitic in the deepest part of the series, and belong to the Para-
Autochtonous Unit (PAU). This structural series represents the lower part of the Cévennes
Schist Formation, which continues southward as a stacked kilometer-thick nappe (Arnaud et al.
2004); and (ii1) the Ardéchoise series that consists of high-grade Cadomian orthogneisses (ca.
540 Ma old), including augen gneisses and leucogneisses (“leptynites”; Couzini¢ et al. 2017).
Orthogneisses from the Ardéchoise series are variably migmatitic and are located structurally
below the Cévenole series, thus belonging to the PAU (Marignac et al. 1980; Macaudiére et al.
1987).
The metasedimentary rocks of the PAU and LGU were derived from Neoproterozoic to early
Cambrian protoliths (ca. 650-550 Ma) deposited along the North Gondwana margin (Melleton
et al. 2010; Chelle-Michou et al. 2017; Couzini¢ et al. 2019) and were intruded by numerous
granitoids during the late Carboniferous (330-300 Ma; Brichau et al. 2008; Laurent et al. 2017;
Moyen et al. 2017; Villaros et al. 2018). The Cévennes basement records a polyphase tectono-
metamorphic evolution including five major events summarized as follows (Ait-Malek 1997,
Mougeot et al. 1997; Brichau et al. 2008; Faure et al. 2009; Chauvet et al. 2012; Didier et al.
2013; Thierry et al. 2014; Couzini¢ et al. 2014; Barbey et al. 2015; Villaros et al. 2018).

(i) The M1/D1 event (ca. 390-360 Ma) is a high-pressure metamorphic episode
(peak conditions of 650-750°C, 1.8-2.0 GPa) resulting from the subduction of oceanic and

thinned continental crust domains under the Gondwana (Lotout et al. 2018, 2020). Although
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records of this event are scare in the studied area, eclogites, granulites, and lherzolites
representing exhumed relics of this subduction stage are widespread in the FMC.

(i1)) The M2/D2 event (ca. 340-330 Ma) corresponds to medium pressure — medium
temperature Barrovian metamorphism (700-800°C, 0.8-1.0 GPa) and is associated with the
development of regional penetrative foliation S2 and large-scale recumbent isoclinal folds.

(ii1)) The M3/D3 event (ca. 325-315 Ma) consists of north-south compression and low
pressure — medium temperature metamorphism (<750°C, 0.5-0.6 GPa), associated with the
formation of biotite-bearing metatexites (water-fluxed and muscovite-dehydration melting) and
the development of up to kilometer-scale north-verging syn-migmatitic folds. This crustal
partial melting event combines north-south shortening and east-west extension and is
interpreted to record the flow of the partially melted middle crust (Thierry et al. 2014). There
is accordingly a severe decoupling between non-migmatitic and migmatitic domains,
underlined by the development of a deformation zone (the so-called “Metamorphic Mylonitic
Vellave Zone” of Bouilhol et al. 2006) accommodating the south-verging ‘“normal”
displacement of the upper crust relative to the flowing middle crust. This deformation was
associated with the emplacement of crust- and mantle-derived magmas, which produced
metaluminous to peraluminous porphyritic granites and ultra-potassic mafic magmatic rocks,
such as vaugnerites and lamprophyres.

(iv) The M4/D4 event (ca. 305-300 Ma) corresponds to late-orogenic northeast-
southwest extension and low pressure — high-temperature metamorphism (>800°C, 0.4 GPa),
culminating in the development of cordieritetgarnet-bearing diatexites (biotite-dehydration
melting). This event was synchronous with the emplacement of the Velay anatectic dome,
mostly consisting of heterogeneous cordierite-bearing peraluminous granites (CPG in the
classification of Barbarin 1999) and diatexites and minor muscovite-bearing peraluminous

granites (MPG). Potassium-rich calc-alkaline granites (KCG) and mantle-derived mafic rocks
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(lamprophyre, vaugnerite) were mainly intruded during the transition from D3 compression to
D4 extension.

(v) The D5 event (ca. 300-295 Ma) is marked by northwest-southeast ductile strike-
slip faulting controlling the emplacement of late-orogenic peraluminous granites (e.g.,
Tanargue, Quatre-Vios) and the opening of Permian intramontane basins (e.g., Prades-Jaujac)

accompanying the post-orogenic collapse of the FMC.

2.2. The St-Mélany Sn-W vein system

The St-Mélany Sn-W occurrence (latitude 44°31°33” N, longitude 4°6°50” E) is located in the
Drobie valley at about 10 km south of the Velay anatectic dome and about 5 km west of the
Mesozoic sedimentary cover (Fig. 1). Other W occurrences are known in the surroundings of
St-M¢élany, including scheelite-bearing calc-silicate gneisses and wolframite-bearing quartz
veins (Noyé 1985; Ramboz et al. 1985). The St-Mélany vein system occurs close to two granitic
plutons, the Rocles MPG and the Borne KCG, respectively located about 2 km to the northeast
and the west of St-Mélany. The Rocles granite is a syntectonic laccolith composed of a vertical
stack of three main intrusive units (biotite-rich, biotite-muscovite, and muscovite-rich), which
are dated at 325 =4 Ma, 318 = 3 Ma, and 324 + 4 Ma, respectively (electron microprobe U-Th-
Pb monazite ages; Be Mezeme et al. 2006, 2007). These chemical dates are consistent with a
U-Pb zircon concordia age of 319.8 = 3.8 Ma obtained on the muscovite-rich Rocles granite
(Couzini¢ 2017) that constitutes the uppermost part of the pluton. The Borne pluton consists of
a K-feldspar megacrystic biotite & amphibole-bearing monzogranite (KCG type) representing
the eastern extension of the Pont-de-Montvert pluton, which is left-laterally offset to the south
by the Villefort strike-slip fault (Mialhe 1980). Anisotropy of magnetic susceptibility studies

showed that the Pont-de-Montvert-Borne pluton is characterized by a well-developed east-
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west-trending magnetic lineation, which is interpreted to record emplacement of the granitic
stock during late-orogenic extension (Talbot et al. 2004). This is consistent with the east-west
subvertical magmatic foliation marked by the alignment of K-feldspar megacrysts and
schlierens in the Borne granite (Mialhe 1980). Geochronological data for the Pont-de-Montvert-
Borne pluton range between 309.7 £+ 3.6 Ma (U-Pb zircon; Couzinié 2017), 303 + 3 Ma (U-Pb
monazite; Brichau et al. 2008), and 302.5 + 0.9 Ma (U-Pb zircon; Laurent et al. 2017). Note
that the Largentiére granite, interpreted as a satellite extension of the Borne granite to the east,
is dated between 304.1 + 6.3 Ma (U-Pb zircon; Couzini¢ et al. 2014) and 298.9 + 1.8 Ma (U-
Pb zircon; Laurent et al. 2017).

The Sn-W mineralization at St-M¢lany is hosted by a northeast-trending vein system (Fig. 2a)
that was emplaced in cordierite-biotite-bearing mica schists of the Cévenole series, close to the
chlorite- isograde (Fig. 1). The veins mainly consist of quartz with sporadic presence of
cassiterite and wolframite as well as variable amounts of tourmaline, pyrite, arsenopyrite,
chalcopyrite, muscovite, albite, apatite, and beryl. The cassiterite and wolframite mineralization
occurs solely at the hanging wall and footwall of the quartz veins close to the contact with the
mica schists (Fig. 2b). Tourmalinization is the dominant hydrothermal alteration at St-Mélany,
and tourmaline occurs as pervasive replacements along the schistosity planes of the mica schists
and as veins crosscutting the metamorphic foliation (Noy¢ 1985; Harlaux 2016).

The vein system is cut by northeast-striking dikes of aplites and pegmatites (Fig. 2¢) dated at
306.5 = 3.1 Ma (*°Ar/*? Ar muscovite plateau age; Chauvet et al. 2012). A swarm of northeast-
trending lamprophyre dikes cuts the vein system (Fig. 2d) and was likely emplaced during the
regional mantle-derived mafic magmatism at ca. 305 Ma (Couzinié et al. 2014; Barbey et al.
2015; Laurent et al. 2017). About 4 km southwest of St-M¢élany, a similar lamprophyre dike
crosscutting the low-grade mica schists of the Cévenole series was dated at 306.6 + 2.4 Ma (U-

Pb zircon; Laurent et al. 2017). This lamprophyre is located 10 km east of the contact with the
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Borne porphyritic granite and is part of a dike swarm in proximity to St-Jean-de-Pourcharesse
(Weisbrod et al. 1974). Vaugnerite dikes, i.e., potassic plutonic rocks equivalents to
lamprophyres (see Moyen et al. 2017), were emplaced in migmatitic gneisses of the Ardéchoise
series at 306.6 + 1.6 Ma at Loubaresse, 305.9 + 1.7 Ma at Meyras, and 306.1 + 1.3 Ma at Pont-
de-Bayzan (U-Pb zircon; Laurent et al. 2017), located about 10-20 km north from St-Mélany.

Late quartz-barite veins and silicified breccia zones with an east-west orientation cut the Sn-
W-bearing quartz veins (Fig. 2e). These vein-breccia bodies show crack-and-seal textures with
open-space geodic infill and host a galena-sphalerite mineralization. They represent the last
hydrothermal event known at St-Mélany and were likely emplaced during the Triassic — Lower
Jurassic extension, as other similar Pb-Zn(-Ba) occurrences around the Borne pluton (Mialhe
1980) and in the Largentiére basin southward (Aquilina et al. 2011), as well as numerous F-Ba

deposits in the whole FMC (Marcoux et al. 1990; Sizaret et al. 2004, 2009).

3. Analytical methods

3.1. Petrography and geochemistry

Mineralogical analyses were carried out at GeoRessources (Université de Lorraine, France)
using an Olympus BX51 optical microscope and a JEOL J7600F scanning electron microscope
(SEM) equipped with a SDD-type energy dispersive X-ray spectrometer (EDS) coupled to an
Oxford Wave wavelength dispersive X-ray spectrometer (WDS). Backscattered electron (BSE)
and cathodoluminescence (CL) images were acquired on carbon-coated polished thin sections
with an accelerating voltage of 15 kV. Major and minor element compositions of minerals were
measured using a Cameca SX100 electron microprobe analyzer (EMPA) equipped with five

WDS spectrometers at GeoRessources. Measurements were performed with a 15 kV



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

accelerating voltage, a 20 nA beam current, and a focused beam of 1 um. Standards used for
calibration were scheelite (W), cassiterite (Sn), albite (Na, Si), lithium tantalate (Ta), lithium
niobate (Nb), forsterite (Mg), corundum (Al), orthoclase (K), andradite (K, Fe), pyrophanite
(Ti, Mn), apatite (P), barite (Ba) and pure scandium (Sc). The intensities of 16 elements were
acquired at Ka lines of Na, Mg, Al, Si, P, S, Ca, Sc, Ti, Mn, Fe, and La lines of Ta, W, Sn, Nb
with a 10 s on-peak acquisition time.

The pXRF maps were acquired using a Bruker Tornado M4 benchtop spectrometer at
GeoRessources. The instrument is equipped with a Ag-anode and two XFlash 430 ® SDD
detectors of 145 eV energy resolution at the Mn Ka line. The primary X-ray beam was set to
150 pA and 50 kV to ensure a dead time below 20% on all mineral phases. The beam was
focused with polycapillary optics to a 20 um size on the sample using a 30 um pixel size. The
dwell time per pixel was 10 ms. A full XRF spectrum was recorded in each pixel with an energy
gain of 0.01 keV per channel. XRF data cubes were processed using PyMCA (Solé et al. 2007)
to decompose XRF spectra and remove spectral interferences as much as feasible. Despite
spectral decomposition, some interferences were not fully solved, such as Ca-Ka (3.69 keV)
and Sn-Lf (3.66 keV) lines in cassiterite and Ta-Lf (8.15 keV) and W-Lp (8.39 keV) lines in
wolframite.

Whole rock geochemistry was performed at the SARM-CNRS (Vandoeuvre-lés-Nancy,
France). Samples of 5-10 mg crushed to <80 um were prepared and melted using a
LiBO,+H3BO3 alkaline flux, excepted for Li, B and F. After quenching, samples were
dissolved in an acid solution (HNO3+HF) for complete digestion. Major elements were
measured with a Thermo Fisher ICap 6500 ICP-OES, and minor and trace elements with a
Thermo Fisher X7 quadrupole ICP-MS, following the procedure of Carignan et al. (2001). For
B, powders were melted using Na,CO3 and analyzed by absorptiometry (Agilent CARY60)

following ion exchange chromatography. Lithium was measured by flame atomic absorption

10
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spectrometry (AAS, Agilent 240FS) after sample dilution in HF + HCIOg4. Fluorine was

analyzed by potentiometry after melting using Na>COs flux and filtration.

3.2. U-Pb geochronology

In situ U-Pb isotopic analyses of wolframite and cassiterite were performed at GeoRessources
using a Nu Instruments AttoM™ ES sector field - inductively coupled plasma - mass
spectrometer (SF-ICP-MS) coupled to an ESI 193 nm, ArF excimer laser ablation system with
a two-volume HelEx sample cell. Ablation occurs in a He environment (flow rate between 615
and 700 mL/min) within the sample cell and is then mixed with N> at a flow rate of 3 mL/min.
An Ar makeup gas with a flow rate of between 330 to 400 mL/min is added following the N>
and before entering a gas mixing bulb and then the ICP torch. Gas flow rates and ion lens
parameters were optimized on the NIST-612 reference glass material in raster mode to provide
the highest sensitivity, maintain low oxide levels and minimize the fractionation of Th/U. The
ThO/Th ratio was below 0.05% and the Th/U ratio was typically from 0.9 to 1.0. Vein-hosted
wolframite and cassiterite were analyzed during a single session with a spot size of 90 pum,
energy density of 4 J/cm?, and a repetition rate of 6 Hz. Pegmatitic cassiterite was analyzed
during a different session with spot sizes of 60 and 45 um, energy density of 4 J/cm?, and a
repetition rate of 6 Hz. For all sessions, the targeted area was pre-ablated with 5 pulses of a
larger and less energy dense (2 J/cm?) laser spot to remove any surficial Pb contamination. Each
measurement consists of 40 s analysis and 20 s each of pre- and post-ablation background
washout time.

The following isotopes were measured (integration time in parentheses): 2*>Hg (500 ps), 2*Pb
(500 ps), 2%Pb (500 ps), 27Pb (1.5 ms), 2%Pb (500 ps), 2**Th (500 ps), 33U (500 ps), and 2**U

(500 ps) resulting in a sweep of all isotopes in 167 ms. The sensitivity of the LA-SF-ICP-MS

11
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on 28U was quantified with the NIST-614 reference glass material and was between 1.18 x 10*
(45 um spot size) and 5.0 x 10* (90 um spot size) counts per second dependent on the analytical
conditions employed. Uranium, Th, and Pb concentrations were determined after normalizing
measured cps for each analyte to the NIST-614. Due to the different matrices between the
NIST-614, wolframite, and cassiterite, these concentration values are considered as semi-
quantitative (Jochum and Stoll 2008). U-Pb isotopic ratios were corrected for background
signal, downhole fractionation, instrument drift, and instrument mass bias in the IoLite™ 4
program using the UComPbine data reduction scheme (Paton et al. 2011; Chew et al. 2014).
Details on the analytical procedure for LA-ICP-MS analysis of wolframite are given in Carr et
al. (2021). U-Pb ratios of wolframite were normalized to an internal reference material from
the Maoping deposit, China (14-MP-28 from Legros et al. 2020; ID-TIMS U-Pb age of 158.47
+ 0.63 Ma; unpublished data). Two other wolframites from the Mount Carbine deposit,
Australia (PB_MC; unpublished U-Pb age of 279.4 = 1.0 Ma) and Yaogangxian W deposit,
China (YGX-2113; ID-TIMS U-Pb age of 160.9 + 0.2 Ma; Yang et al. 2020) were analyzed
for quality control (ESM Table S4). The U-Pb ratios of cassiterite were normalized to the
Yankee cassiterite assuming a U-Pb age of 246.48 + 0.51 Ma (Carr et al. 2020). The 2’Pb/2%Pb
ratios of both wolframite and cassiterite were normalized to the NIST-614 synthetic glass,
assuming a value of 0.8710 + 0.0008 (Woodhead and Hergt 2001). The Jian-1 cassiterite (U—
Pb age of 154.969 + 0.082; Tapster and Bright 2020) was analyzed for quality control of
cassiterite ages (ESM Table S4).

The long-term reproducibility (‘excess variance’) of U-Pb ages of this LA-ICP-MS system is
estimated to be 1.9% using the variance of the U-Pb age of the Jian-1 cassiterite (Carr et al.
2022). In the absence of wolframite long-term U-Pb age reproducibility, we assume the same
value as used for cassiterite. U-Pb ages of wolframite and cassiterite are reported at two

uncertainty levels following the guidelines of Horstwood et al. (2016). The first and lesser
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uncertainty represents the 95% confidence interval of the lower intercept age, and the second

(in parentheses) and larger uncertainty includes the excess variance added in quadrature.

3.3. °4r/°Ar geochronology

“Ar/*Ar analytical work was performed at the University of Manitoba (Canada) using a multi-
collector Thermo Fisher Scientific ARGUS VI mass spectrometer linked to a stainless steel
Thermo Fisher Scientific extraction/purification line, Photon Machines (55 W) Fusions 10.6
CO2, laser, and Photon Machines (Analyte Excite) 193 nm laser. Argon isotopes (from mass 40
to 37) were measured using Faraday detectors with low noise 10'? Q resistors, and mass 36 was
measured using a compact discrete dynode (CDD) detector. All specimens (sample and
standard) were irradiated for 17 hours in the Cd-lined, in-core CLICIT facility of the TRIGA
reactor at the Oregon State University, USA. Standard of Fish Canyon sanidine (Kuiper et al.
2008) was placed in a Cu sample tray, with a KBr cover slip, in a stainless-steel chamber with
a differentially pumped ZnS viewport attached to a Thermo Fisher Scientific
extraction/purification line and baked with an infrared lamp for 24 hours. Unknowns consist of
discs of 5 mm in diameter and ~150 pm thick that were cut from a thick polished section
investigated by optical microscopy and SEM prior to *°Ar/°Ar analyses. The discs were
mounted using a ceramic adhesive (PELCO) on a quartz slide placed in a stainless-steel
chamber with a sapphire viewport attached to the same stainless-steel high vacuum extraction
system as the CO; laser and baked with an infrared lamp for 48 hours.

For this study, a raster size of about 100 x 100 um was used, and ablation pits were excavated
to an estimated depth of ~50 um. Measured isotope abundances were corrected for extraction-
line blanks, which were determined before every sample analysis. Line blanks in both the

Excimer and CO» system averaged ~3 fA for mass 40 and ~0.013 fA for mass 36. Detector
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intercalibration (IC) between the different faraday cups was monitored (in Qtegra) every four
days by peak hopping *’Ar. Calculated values are ICH1: 1.0000, ICAX: 1.0745, ICL1: 1.0637,
and ICL2: 1.0534, with an error of ~0.2%. The IC factor between H1 and the CDD was
measured using 70 air aliquots interspersed with the unknowns resulting in ICCDD value of
1.0081 £ 0.0002 per amu. A value of 295.5 was used for the atmospheric *°Ar/*®Ar ratio (Steiger
and Jager 1977) for the purposes of routine measurement of mass spectrometer discrimination
using air aliquots and correction for atmospheric argon in the *°Ar/*’Ar age calculation.
Corrections were made for neutron-induced *°Ar from K, *°Ar and 3°Ar from Ca, and *°Ar from
CI (Renne et al. 1998; Renne and Norman 2001). Data collection, reduction, error propagation,
and age calculation were performed using the MassSpec software (v.8.091; Deino 2013) and

the decay constants recommended by Steiger and Jéger (1977).

4. Results

4.1. Structural and paragenetic features of the mineralized veins

The St-M¢élany system mainly consists of subhorizontal quartz veins, dipping at a low angle (0
to 20°) to the foliation in the host mica schists, with a thickness ranging from 0.1 to 0.5 m (Figs.
2a-3a). These veins display “en echelon” structure, being in some cases stacked onto each other
(Fig. 3b). They are inter-connected by subvertical veins, dipping at a high angle (45 to 90°) to
the foliation, with a thickness ranging from a few centimeters up to 0.2 m (Fig. 3¢). Quartz
veins dominantly strike with a NNW-SSE direction, although they have variable strikes ranging
from N40°E to N170°E (Noy¢ 1985). The subhorizontal and subvertical veins are connected
laterally with a continuous quartz filling and do not show any crosscutting relations. Although

most quartz lenses taper laterally and form quartz digitations (Fig. 3d), they locally show abrupt
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terminations typical of hydrofracturing. There is compelling field evidence that the vein system
has been affected by ductile deformation as shown by boudinage of the subhorizontal lenticular
veins showing regular mullions and asymmetric folding of the subvertical veins, with axial
planes subparallel to the metamorphic foliation in the mica schists (Figs. 3e-f).

Wolframite and cassiterite formed early during emplacement of the vein system (stage I; Fig.
4) and occur as euhedral, millimetric to centimetric grains, which are dominantly found along
the vein contacts with the host mica schists (Fig. 2b). Wolframite is minor relative to cassiterite
and occurs as isolated crystals, sometimes forming clusters, associated with minor arsenopyrite
and pyrrhotite (Fig. 5a). Cassiterite is present as clusters in the quartz veins and is associated
with muscovite, albite, beryl, tourmaline, and minor F-apatite (Figs. Sb-e; 6b-c). Both
wolframite and cassiterite show primary zoning, visible in optical microscopy and on uXRF
maps (Figs. 6¢-d; ESM Fig. 1). Wolframite has Fe-dominated compositions with structural
formulae of Feo.63-0.67Mn0.35-038Nb0.01-0.020 W0.98-0.9904 (Harlaux et al. 2018b) whereas cassiterite
is generally close to pure composition with structural formulae of Sno.9s-1.00Ti0.00-0.02F€0.00-
0.01Nb0.00-0.02Ta0.00-0.0102, as determined by EMPA (ESM Table S1). Several successive
hydrothermal events overprinted on the Sn-W mineralization at St-Mélany, based on field and
microscopic observations (Fig. 4). These include: (i) scheelite replacing wolframite along
microcracks and crystal borders, showing undulose extinction (Fig. 6e; ESM Fig. 1); (ii)
chlorite + albite veins accompanied by a polymetallic sulfide assemblage of pyrite,
chalcopyrite, and minor stannite, occurring as overgrowths or vein infill within wolframite and
scheelite (stage II; Figs. 5f-6f); (ii1) minor quartz-adularia + fluorite veinlets (stage I1I); and (iv)
quartz-barite veins/breccias hosting a galena = sphalerite mineralization (stage IV) crosscutting
all previous paragenetic stages. Finally, supergene mineral phases, including anglesite,
hematite, and scorodite (stage V) are observed as surficial weathering products that likely

resulted from the oxidation of sulfides (mainly pyrite, arsenopyrite, and galena).
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Although no crosscutting relations were observed between wolframite and cassiterite, there are
several lines of evidence suggesting a temporal decoupling of W and Sn deposition: (i)
wolframite and cassiterite generally do not coexist spatially and are found separately within a
same vein (Figs. 5a-b). In contrast to wolframite that is restricted to the subhorizontal quartz
veins, cassiterite also occurs in subvertical quartz veins and as small pods close to the vein
boundaries (Fig. 5d); (ii) the ore minerals are associated with distinct mineral assemblages, i.e.,
arsenopyrite-pyrrhotite for wolframite and muscovite-albite-beryl-(apatite) for cassiterite.
Cassiterite commonly occurs with a coarse-grained, millimeter-size muscovite fringe which is
present along the vein-mica schist border (Figs. Sc-d; 6b-c), while wolframite is disseminated
in quartz. Muscovite has compositions close to that of muscovite in the schists and is
characterized by relative low Fe/(Fet+Mg) ratios (0.21-0.45) and F enrichment (0.2-1.0 wt.%;
Noyé¢ 1985); (iii) wolframite and cassiterite are associated with distinct textures of quartz, as
shown by cross-polarized light photomicrographs and SEM-CL images (Fig. 6¢c-d; ESM Fig.
2). Wolframite is disseminated in large, centimeter-size quartz porphyroclasts composing in
majority the mineralized veins and only shows moderate deformation characterized by
undulose extinction (Fig. 6d). In contrast, cassiterite is associated with small microcrystalline
quartz which formed as a result of intense ductile deformation (quartz shearing, mylonitization)
and dynamic recrystallization (subgrain rotation, grain boundary migration), particularly visible
along the muscovite fringe along the vein selvages (Fig. 6¢). The muscovite fringe is equally
deformed, showing kink-bands and micro-folds at the microscopic scale (Fig. 6b). Both
cassiterite and wolframite show textural features of ductile deformation and dissolution along
grain borders, and are cut by quartz veinlets showing less deformation than the main quartz
composing the vein (Fig. 6d). These textural observations suggest that wolframite precipitated

prior to all deformation episodes because it is associated with large, moderately-deformed
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quartz zones while cassiterite formed during a later stage of deformation superimposed on the

former generation of quartz.

4.2. Petrography and geochemistry of the granitic dikes

Aplitic and pegmatitic dikes crosscutting the St-Mélany vein system range from a few
centimeters to 0.3 m in thickness and show variable strikes (N20-N60°) and dips (40-90°E).
The granitic dikes are dominantly composed of quartz, albite, K-feldspar, and muscovite with
a fine- to coarse-grained texture (Fig. 7). The dikes are deformed as evidenced by flattening
perpendicular to dike orientation. Deformation is also visible at the microscopic scale, as
evidenced by undulose extinction and dynamic recrystallization of quartz, bent twins in
plagioclase, and kink-banded muscovite. Sericitization of feldspars is common along crystal
borders and lamellar twinning. Accessory minerals disseminated in the granitic groundmass
include columbite-tantalite, cassiterite, tourmaline, apatite, zircon, and uraninite. Columbite-
tantalite occurs as subhedral grains ranging from 10 to 450 um in size that are composed of
successive growth zones: core (i), rims (ii-v), and overgrowth (vi; Fig. 8a-c). The rim-
overgrowth interface is marked by dissolution features, indicating a multistage crystallization.
In the Mn/(Fe+Mn) vs. Ta/(Ta+Nb) diagram (Fig. 8e), columbite-tantalite shows a chemical
evolution from a Fe-columbite core toward a Fe-tantalite rim marked by increasing Ta/(Ta+Nb)
ratios (~0.2-0.6) at near-constant Mn/(Mn+Fe) ratio (~0.2-0.4), as determined by EMPA (ESM
Table S2). In contrast, the overgrowth plots into the Fe-tapiolite compositional field with
Mn/(Mn+Fe) ratios close to zero and elevated Ta/(Ta+Nb) values (~0.8-0.9). Cassiterite forms
subhedral grains of 100 to 450 pum in size disseminated in the granitic groundmass and locally

overgrown by Fe-tapiolite (Fig. 8d). Cassiterite from the dikes (Sno.93-1.0Ta0-0.04F€0-0.0302)
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shows discrete zoning with rims that can reach relatively high concentrations of Ta (up to 0.04
apfu) compared to cassiterite from the quartz veins (Ta < 0.01 apfu; ESM Table S1).

Whole rock geochemistry of the aplites and pegmatites is characterized by high contents of
Si02 (72.0-75.5 wt.%) and Al>O3 (14.6-15.9 wt.%), moderate contents of Na>O (2.9-4.9 wt.%),
K20 (2.3-4.1 wt.%), high content of P>Os (0.4-1.1 wt.%), and low contents of Fe,O3 (<0.7
wt.%), MgO (<0.1 wt.%) and TiO2 (<0.03 wt.%), and relatively high contents of CaO (0.4-1.2
wt.%) for highly fractionated granites (ESM Table S3). Aplites and pegmatites have a highly
peraluminous composition (A/CNK >1.2) similar to rare metal granites and pegmatites from
the FMC (Fig. 9a-b). Compared to the nearby Rocles and Borne granites (Fig. 9c-¢), the aplites
and pegmatites have a more evolved geochemical signature, as shown by their relatively low
Fe + Mg + Ti concentrations (B parameter in Fig. 9b). Normalized trace element spectra of the
aplites and pegmatites are similar (Fig. 9d) with high concentrations in incompatible elements
such as Li (up to 167 ppm), Be (25-317 ppm), F (1400-3300 ppm), Rb (572-696 ppm), Cs (34-
75 ppm), Ga (27-31 ppm), Nb (32-70 ppm), Ta (24-145 ppm), Sn (116-242 ppm), W (16-21
ppm), and U (4-16 ppm). The aplites and pegmatites have low REE concentrations (6-9 ppm).
Their chondrite-normalized REE patterns show weak fractionation (La/Yb = 0.5-1.6) with

negative Ce anomalies (Ce/Ce* = 0.5-0.9) and positive to no Eu anomalies (Eu/Eu* = 1.0-3.9;

Fig. 9f).

4.3. U-Pb and *°Ar/*’Ar geochronology

Coexisting centimeter-size wolframite and cassiterite from a mineralized quartz vein from St-

M¢élany (sample ARD-14-01) were analyzed during a single LA-ICP-MS session for U-Pb

dating. The U content of wolframite is between ~3 and 26 ppm, and cassiterite is between ~5

and 140 ppm (ESM Table S4). The total Pb content is low in both minerals (0.2 to 5.8 ppm),
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while the Th content is mostly <0.3 ppm. All analyses define linear trends in Tera-Wasserburg
diagrams, allowing calculation of lower intercept dates, as reported below. Cassiterite analyses
from the vein generally plot closer to concordia in the Tera-Wasserburg diagram than
wolframite (Fig. 10a). Linear regressions through the data yield a lower-intercept date of 318.4
+ 2.2 (5.5) Ma (206, MSWD = 2.3) for wolframite (n = 32) with a Y-axis intercept for initial
207pb/2%Pb 0f 0.851 + 0.015, and a lower-intercept date of 311.4 £ 1.0 (5.1) Ma (26, MSWD =
1.1) for cassiterite (n = 32) with a Y-axis intercept for initial 2’Pb/?Pb of 0.876 + 0.028 (Fig.
10a). The slightly elevated MSWD value for wolframite U-Pb data indicates that there is likely
more than a single age population within the analyzed sample, however, there is not enough
supporting evidence to separate them from this dataset. In contrast, the value of MSWD = 1
calculated for cassiterite U-Pb data indicate a single age population at the uncertainty level of
the method. Six out of 38 data points were excluded from the cassiterite dataset and represent
outliers in their U-Pb composition which are not representative of the main population. The
wolframite LA-ICP-MS U-Pb age falls within uncertainty of the previous wolframite ID-TIMS
U-Pb age of 315 + 15 Ma (20) obtained on the same sample (Harlaux et al. 2018a). Cassiterite
from granitic pegmatite dikes (samples ARD-13-22 and ARD-13-72) crosscutting the St-
M¢élany vein system was analyzed during a separate LA-ICP-MS session. The cassiterite grains
are ca. 100-200 um in size and show primary growth zoning as revealed by SEM-CL images
(ESM Fig. 3). The U and Pb contents of cassiterite are low, between 1.5 and 19 ppm and 0.1
and 3.6 ppm, respectively (Table S4). Linear regression through the data yields a lower-
intercept date of 305.9 + 3.9 (6.3) Ma (20, MSWD = 2.1) for pegmatite cassiterite (n = 48) with
a Y-axis intercept for initial 22’Pb/2°Pb of 0.842 + 0.001 (Fig. 10b).

In situ *°Ar/*’Ar analyses were done on coarse-grained muscovite from the selvage of a
mineralized quartz vein (sample ARD-13-12). Muscovite was studied by optical microscopy

and SEM prior to *°Ar/>?Ar dating to characterize mineral textures and to identify any chemical
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zoning and micro-inclusions. At the microscopic scale, muscovite is relatively homogeneous
optically, but exhibits chemical zoning on BSE images and secondary dissolution-precipitation
features along grain borders and micro-fractures with minor chlorite infill along interstitial
planes (ESM Fig. 4). The in situ laser spots were positioned in the least altered domains of
muscovite, and the **Ar/*’Ar isotopic analyses yield highly radiogenic compositions, with *°Ar*
content ranging between 96.8 and 100% (ESM Table S5). The calculated apparent ages range
from 294.0 + 5.5 t0 319.6 £ 8.5 Ma (n = 8) and yield a weighted mean date of 304.5 + 4.8 Ma

(26, MSWD = 2.2; Fig. 11).

5. Discussion

5.1. Timing of magmatic/hydrothermal events within the regional polyphase tectono-

metamorphic setting

Field observations at St-M¢élany show that the mineralized veins crosscut both the metamorphic
foliation and the syn-foliation quartz lenses in the mica schists and were emplaced by
hydrofracturing of the host rocks. Syn-foliation quartz lenses are widespread in the Cévennes
Schist Formation and were formed along shear zones under Barrovian metamorphic conditions
(500°C, 450 MPa) during crustal thickening and nappe stacking related to the D2 compressive
event (ca. 340-330 Ma; Arnaud et al. 2004). The mineralized quartz veins at St-M¢élany, both
at the macroscopic and microscopic scales, show evidence of ductile deformation (boudinage,
asymmetric folding) and dynamic recrystallization (subgrain rotation, grain boundary
migration) at high temperature (T >450°C; Stipp et al. 2002). The subhorizontal and subvertical
veins are connected laterally and show a continuous internal structure and quartz filling without

crosscutting relations, indicating simultaneous opening under conditions of hydraulic
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overpressures, as described in other peri-granitic W-Sn vein-type deposits (Jacques et al. 2018).
Cassiterite and wolframite are also affected by ductile deformation, as shown by our
microstructural observations, and precipitated at temperatures of ca. 350-400°C, as reported by
previous fluid inclusion work (Noyé 1985). These lines of evidence demonstrate that the St-
M¢lany vein system was emplaced after the major D2 event (ca. 340-330 Ma) and during the
D3 event (ca. 325-315 Ma; Barbey et al. 2015), i.e., contemporaneous with the regional low
pressure — moderate temperature metamorphism.

The LA-ICP-MS U-Pb dates of 318.4 + 2.2 (5.5) Ma for wolframite and 311.4 + 1.0 (5.1) Ma
for cassiterite, both interpreted as crystallization ages, support an emplacement age of the
mineralized veins during the D3 event. Considering that these two minerals were analyzed
within the same thin section and during the same analytical section with identical acquisition
parameters, we can exclude the external error quantifying the long-term reproducibility
(Horstwood et al. 2016). Thus, it appears from these data that wolframite and cassiterite were
deposited with a time gap of 4 to 10 Myr. However, it must be emphasized that these data were
obtained on a single thin section and that only two grains of wolframite and cassiterite were
analyzed. Additionally, the cassiterite-bearing veins are highly deformed which may potentially
cause a disturbance of the U-Pb isotope system of cassiterite resulting in partial age resetting.
Therefore, we consider that more work is needed to investigate the existence of multiple W-Sn
mineralization events in the study area with additional geochronological data.

The younger “°Ar/*°Ar date of 304.5 + 4.8 Ma obtained on muscovite from a vein selvage can
be interpreted either as a recrystallization age or as a cooling age caused by partial resetting of
the Ar isotopic system. Deformation of the quartz veins may have affected the chemistry of the
micas along recrystallized domains which will lead to a rejuvenation of the “°Ar/*°Ar date
(provided it is not affected by excess Ar). Previous work from Noyé (1985) indicates that

muscovite compositions are relatively homogeneous at the grain scale and do not reveal
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chemically-distinct domains. This is not supported by our observations which show intra-grain
chemical zoning and alteration features on BSE images (ESM Fig. 4). Considering that
muscovite is deformed and shows chemical zoning at the microscopic scale, we interpret the
obtained *°Ar/*’Ar date as a recrystallization age resulting from metamorphic re-equilibration
or hydrothermal overprint.

The mineralized veins at St-M¢lany are cut by northeast-striking granitic dikes, showing an
apparent normal displacement (Fig. 2c). The LA-ICP-MS U-Pb date of 305.9 + 3.9 (6.3) Ma
on magmatic cassiterite is interpreted as a crystallization age and is consistent with the
previously obtained *°Ar/*° Ar muscovite plateau age of 306.5 + 3.1 Ma (Chauvet et al. 2012).
This indicates that the granitic dikes were emplaced during regional northwest-southeast
extension at the D3-D4 transition (ca. 310-300 Ma; ESM Fig. 5). Lamprophyre dikes
crosscutting the vein system have not been dated but they were likely emplaced during the
extensional D4 event (ca. 305 Ma) coevally with other lamprophyre dikes located south of St-
M¢élany and vaugnerite bodies in the southern border of the Velay anatectic dome (Couzinié et
al. 2014; Barbey et al. 2015; Laurent et al. 2017). A schematic diagram summarizing the

polyphase evolution of the St-M¢élany vein system is shown in Figure 12.

5.2. Role of the granitic plutons as source of the mineralizing fluids at St-Mélany

The close spatial relationships between the St-Mélany occurrence and the nearby Borne and
Rocles granites raises the question of their role as proximal sources for the mineralizing fluids.
The metaluminous to peraluminous Borne granite has relatively high concentrations in Fe, Mg
and Ti, and overlaps in compositions with the more felsic members of vaugnerites from the
southern FMC (Fig. 9). Its poorly evolved geochemical signature and its younger emplacement

age (309.7 £3.6 Ma to 302.5 £ 0.9 Ma; Brichau et al. 2008; Couzini¢ 2017; Laurent et al. 2017)
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relative to the wolframite and cassiterite veins, preclude its role as a source of mineralizing
fluids at St-Mélany. In contrast, the Rocles granite is characterized by a more evolved
peraluminous felsic composition (Fig. 9) and was emplaced during the D3 event according to
existing geochronological data (325 + 4 to 318 &= 3 Ma; Be Mezeme et al. 2006, 2007; Couzinié
2017). The muscovite-rich Rocles granite, located less than 2 km of St-Mélany, is the most
evolved unit of the Rocles pluton as indicated by relatively high concentrations of Sn (46 ppm),
W (6 ppm), Be (39 ppm), Nb (20 ppm), Ta (18 ppm), and low Nb/Ta ratio ~1.1 (ESM Table
S3), which is characteristic of Sn-W-related granites (Ballouard et al. 2016). In contrast, the
Borne granite and other units from the Rocles pluton are relatively depleted in those elements
and have high Nb/Ta ratios >7, supporting a low metallogenic potential. Therefore, we propose
that the muscovite-rich Rocles granite emplaced at 319.8 + 3.8 Ma (U-Pb zircon; Couzinié
2017) is a potential source for W-rich magmatic fluids forming the St-Mélany mineralization
at ca. 318 Ma.

Previous fluid inclusion work suggested that the mineralized quartz veins at St-Mélany resulted
from the mixing of aqueous-carbonic fluids (CO2-CH4+£N>-rich) of moderate temperature (350-
450°C) and moderate salinity (5-8 wt.% NaCl eq) with aqueous fluids of lower temperature
(120-200°C) and lower salinity (1-3 wt.% NaCl eq), possibly of meteoric origin (Noyé 1985).
The early C-O-H-N fluids are typical of peribatholitic W(-Sn) deposits in the FMC and are
interpreted either as metamorphic fluids equilibrated at high-temperature with graphite-bearing
metasedimentary rocks or as magmatic fluids that interacted with the metamorphic basement
(Ramboz et al. 1985; Cuney et al. 1992; Vallance et al. 2001; Lerouge and Bouchot 2009;
Harlaux et al. 2021). High-temperature fluid-rock interactions were likely responsible for W
deposition at St-M¢lany, as indicated by the Fe-rich composition of wolframite (Harlaux et al.
2018b; Michaud and Pichavant 2019). Considering the synchronicity of granitic magmatism

and regional metamorphism in the North Cévennes area during the 320-300 Ma period, it is
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possible that both magmatic and metamorphic fluids were involved in the formation of the St-
M¢élany vein system. The large thermal anomaly induced by the emplacement of granitic bodies
in the area may have generated contact metamorphic fluids by dehydration of the host mica
schists, or may have driven advective flow of earlier regional metamorphic fluids, as proposed
for the Panasqueira W(-Sn) deposit in Portugal (Cathelineau et al. 2020; Carocci et al. 2021).
Such large-scale hydrothermal circulations may have leached W from the regional granites,
gneisses, and mica schists, which can contain significant amounts of W-rich minerals (100s-
1000s ppm) such as micas and Ti-oxides (Harlaux 2016; El Korh et al. 2020; Harlaux et al.
2021; Monnier et al. 2022).

Based on available geochemical and geochronological data, we favor the muscovite-rich Rocles
granite as a proximal source of W-mineralizing fluids at St-Mélany, but we cannot rule out the
involvement of metamorphic fluids. This magmatic-metamorphic evolution ended with the
formation of shear zone-hosted orogenic gold mineralization in the southern Cévennes area

during the regional D4 extension at ca. 305-300 Ma (Bouchot et al. 2005; Chauvet et al. 2012).

5.3. Characteristics and origin of the granitic dikes from St-Mélany

The dikes of aplites and pegmatites at St-Mélany have highly fractionated peraluminous
compositions and host disseminated magmatic mineralization of cassiterite and columbite-
tantalite. Aplite-pegmatite dikes show a depletion in Fe, Mg, and Ti and in elements typically
compatible in peraluminous magmas such as Zr, Th, and REE (Fig. 9). The dikes have high
concentrations in P and incompatible elements, including Li, Be, F, Rb, Cs, U, Nb, Ta, Sn, and
W, along with low Nb/Ta (0.5-1.5) ratios. Such highly evolved compositions contrast with the
nearby Rocles and Borne granites. The mineralogical and geochemical features of the St-

M¢élany aplites-pegmatites are characteristic of peraluminous high-phosphorus rare metal
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granites (PHP-RMG) as defined by Linnen and Cuney (2005). Compared to the Beauvoir RMG
in the northwestern FMC (Cuney et al. 1992; Raimbault et al. 1995), the granitic dikes from St-
M¢élany are less evolved and could represent peraluminous RMG magmas “en route” to the
surface, as discussed by Marignac et al. (2009) and Tartése and Boulvais (2010).

The trend of increasing Ta/(Ta+Nb) ratio at near-constant Mn/(Mn+Fe) ratio from core to rim
in columbite-tantalite, characteristic of LCT pegmatites, is interpreted as reflecting progressive
magmatic fractionation of the peraluminous silicate melt due to the higher solubility of tantalite
relative to columbite (Linnen and Keppler 1997; Linnen and Cuney 2005; Breiter et al. 2007,
Van Lichtervelde et al. 2007). In contrast, late Fe-tapiolite overgrowths on magmatic cassiterite
and columbite-tantalite could result of disequilibrium crystallization or fluid-mineral
interaction during the magmatic-hydrothermal transition (Zhu et al. 2015; Wu et al. 2018; Van
Lichtervelde et al. 2018; Michaud and Pichavant 2020; Ballouard et al. 2020).

The emplacement age of granitic dikes from St-M¢lany (306.5 + 3.1 Ma to 305.9 = 3.9 Ma)
overlap with the age period of ca. 310-315 Ma for RMG magmatism in the northwestern FMC
(Cuney et al. 2002; Cuney and Barbey 2014; Melleton et al. 2015; Harlaux et al. 2021; Marcoux
et al. 2021) and represent a new occurrence of PHP-RMG in the southern FMC. Due to their
distinct chemistry and age relative to the granites of Rocles (ca. 325-315 Ma) and Borne (ca.
310-305 Ma), the aplitic and pegmatitic dikes from St-Mélany might be genetically related to
a concealed RMG intrusion. While cassiterite in the quartz veins was mostly unaffected by
hydrothermal overprint, as shown by primary zoning and minor dissolution features on the
uXRF element maps (ESM Fig. 1), wolframite was partially replaced by scheelite (Fig. 6e).
This process may result from a change of fluid composition (e.g., Ca/Fe ratio) or pressure
decrease (Wood and Samson 2000; Liu et al. 2021) related to the late-orogenic exhumation that
occurred during the D3-D4 transition. Considering the long term reproducibility of the U-Pb

ages for magmatic cassiterite (305.9 + 3.9 (6.3) Ma) and hydrothermal cassiterite (311.4 = 1.0
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(5.1) Ma), analyzed during separate LA-ICP-MS analytical sessions, we can define an overlap
around 312-306 Ma, which coincides with emplacement of the Pont-de-Montvert-Borne
granitic pluton. Thus, it is possible that Sn-rich magmatic fluids exsolved from the granitic
dikes overprinted the W-mineralized vein system, resulting in the precipitation of hydrothermal
cassiterite and associated minerals (albite, muscovite, beryl, F-apatite) along the vein-mica

schist borders.

5.4. Implications for crustal melting conditions in the southeastern FMC

The St-M¢lany occurrence represents a new evidence of peribatholitic W(-Sn) hydrothermal
mineralization overprinted by RMG magmatism in the European Variscan belt. Similar
relationships have been reported in the northwestern FMC at Echassieres (Cuney et al. 1992;
Harlaux et al. 2017; Monnier et al. 2019, 2020) and Puy-les-Vignes (Harlaux et al. 2021), as
well as in the Iberian Massif at Panasqueira (Marignac et al. 2020). This spatial superimposition
can be interpreted as a marker of major changes in crustal melting conditions in this part of the
FMC during the late Carboniferous. The Sn-W mineralization at St-M¢lany was formed during
the 320-310 Ma period which is contemporaneous with the regional low pressure — medium
temperature M3 metamorphism (ESM Fig. 5; Barbey et al. 2015). This dominantly water-
fluxed melting event reaching muscovite-breakdown conditions (T <750°C, P = 0.5-0.7 GPa;
Barbey et al. 2015) resulted in the formation of MPG magmas and emplacement of the Rocles
pluton.

Following the M3 event, the granitic dikes of St-M¢élany were emplaced at ca. 305 Ma coevally
with the regional low pressure — high temperature M4 metamorphism reaching biotite
dehydration-melting conditions (T >800°C, P = 0.3-0.4 GPa; Barbey et al. 2015; Villaros et al.

2018; ESM Fig. 5). This high-temperature event led to the formation of the Velay anatectic
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dome and is possibly linked to lower crust granulitization (Pin and Vielzeuf 1983; Costa et al.
1993). Recent experimental petrology studies showed that mica dehydration-melting in fluid-
absent conditions can produce MPG as commonly encountered in the FMC but fail to reproduce
RMG compositions (Michaud et al. 2021). Accordingly, the formation of RMG magmas could
be explained by two possible, not mutually exclusive scenarios, i.e., (1) water-fluxed melting,
and (ii) residual source/restite melting (Michaud et al. 2021).

Granulite-facies metamorphism of the lower continental crust induced by carbonic fluid waves
during delamination of the subcontinental lithospheric mantle can liberate large amounts of
biotite-hosted fluxing elements (i.e., F, Li, P, B) and rare metals (i.e., Sn, W, Nb, Ta, Cs); partial
melting of the intermediate crust in the presence of such fluids has been proposed as a
mechanism for the generation of RMG melts in the FMC (Cuney and Barbey 2014). This model
accounts for many geological features in the FMC and may also explain the formation of RMG
and lamprophyres dikes at St-M¢lany in response to a major crustal thermal anomaly. An
alternative model may be successive melting events with multiple melt extraction, potentially
producing RMG magmas at high temperature (Wolf et al. 2018; Michaud et al. 2021). In this
second model, muscovite dehydration-melting conditions are attained first, producing MPG
melts and Nb-Ta-rich restites, followed secondly by biotite dehydration-melting at higher
temperature of restitic lithologies and the generation of peraluminous RMG melts. Therefore,
the polyphase emplacement at St-M¢lany of Sn-W-mineralized veins at ca. 320-310 Ma and
rare metal granitic dikes at ca. 305 Ma reflects contrasting crustal melting conditions in relation
to the late Carboniferous orogenic evolution of the southeastern FMC, possibly related to

delamination of the subcontinental lithospheric mantle.

6. Conclusions
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The St-Mélany Sn-W vein system records multiple magmatic-hydrothermal events within a
regional polyphase tectono-metamorphic setting. The mineralized quartz veins show evidence
of ductile deformation (boudinage, asymmetric folding, dynamic recrystallization) consistent
with a synkinematic emplacement during the regional low pressure — medium temperature
metamorphism at ca. 320-315 Ma. This event was synchronous with the emplacement of the
syntectonic Rocles peraluminous granite, which represents a possible proximal source for the
mineralizing fluids. The U-Pb LA-ICP-MS ages for coexisting wolframite (318.4 + 2.2 Ma)
and cassiterite (311.4 £ 1.0 Ma) in quartz veins suggest a temporal decoupling of W and Sn
mineralization, but additional work is needed to confirm this interpretation. Dikes of aplites and
pegmatites cut the mineralized veins and were emplaced at 305.9 & 3.9 Ma based on U-Pb LA-
ICP-MS cassiterite dating. The dikes have highly evolved compositions typical of peraluminous
high-phosphorus rare metal granites with Li-F-Ta>Nb-Sn-Be enrichments. We conclude that
polyphase emplacement of W-Sn-mineralized veins at ca. 320-310 Ma and rare metal granitic
dikes at ca. 305 Ma results from contrasting crustal melting conditions, in relation to the late
Carboniferous orogenic evolution of the southeastern FMC, possibly related to delamination of

the subcontinental lithospheric mantle.
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Figure captions

Fig. 1: Geological setting of the North Cévennes area in the southeastern French Massif Central
(FMC). (a) Regional geologic map modified from Thierry et al. (2014) and Barbey et al. (2015)
and based on the original map from Weisbrod et al. (1974), showing the location of wolframite
vein occurrences (Serrecourte = SC, St-Mélany = SM). Major faults include: Ardéche Fault =
AF, Beaume Fault = BF, Lignon Fault = LF, Pioule Fault = PF, and La Souche Fault = SF. The
Metamorphic Mylonitic Vellave Zone (MMV?Z) is from Bouilhol et al. (2006). (b) North-south
cross-section showing the D3-D4 bending into large D3 upright folds and M3 isogrades, as well
as the Rocles granite laccolith. The M4 cordierite-bearing diatexites overprinted the D3-D4
structures and were in turn crosscut by the D5-related Tanargue late-orogenic granite. Map line

of cross-section A-A’ is shown on Fig. la.

Fig. 2: Field relationships of the St-Mélany vein system. (a) View of the mineralized quartz
vein system hosted by cordierite-biotite-bearing mica schists. (b) Zoom on the cassiterite and
wolframite mineralization located at the hanging wall of quartz veins. (c) Aplitic dike
crosscutting a mineralized quartz vein and the host mica schists with an apparent normal
displacement. (d) Lamprophyre dike crosscutting the mineralized quartz vein system and the
host mica schists. (¢) Late quartz + barite vein with open-space geodic infill and crack-and-seal
textures. Abbreviations: Ab = albite, Apl = aplite, Cst = cassiterite, Lph = lamprophyre, Mc =

mica schist, Qtz = quartz, Wfm = wolframite.

Fig. 3: Structural features of the St-M¢lany vein system. (a) Subhorizontal quartz (Qtz) vein

dipping at low-angle in the mica schists (Mc). (b) Decimeter-thick subhorizontal quartz vein

showing boudinage deformation. (c) Subvertical quartz vein crosscutting the regional foliation
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in mica schists and offset by horizontal left-lateral fault. (d) Detailed view of quartz digitations
in the mica schist. (e-f) Quartz veins deformed by asymmetric folds with axial planes

subparallel to the foliation in mica schists.

Fig. 4: Paragenetic sequence of the St-Mélany mineralized veins incorporating new
observations presented in this study and previous descriptions (Noyé 1985). Thick and thin

lines correspond to relative mineral abundance.

Fig. 5: Mineralogical characteristics of the St-Mélany vein system. (a) Wolframite at the
hanging wall of a subhorizontal quartz vein with minor scheelite. (b) Cluster of cassiterite at
the hanging wall of a subhorizontal quartz vein with albite. (¢) Coarse-grained muscovite fringe
along a mineralized quartz vein. (d) Cassiterite and muscovite pod in the mica schists, close to
a mineralized quartz vein. (e) Quartz-cassiterite-albite-beryl-muscovite assemblage in a
mineralized vein. (f) Quartz-pyrite-chalcopyrite assemblage in a mineralized vein with
dissolution vugs. Abbreviations: Ab = albite, Brl = beryl, Ccp = chalcopyrite, Cst = cassiterite,

Mc = mica schist, Ms = muscovite, Py = pyrite, Qtz = quartz, Scl = scheelite, Wfm = wolframite.

Fig. 6: Photomicrographs of mineralized quartz veins from St-Mélany. (a) Quartz composing
the vein showing intracrystalline deformation and dynamic recrystallization (cross-polarized
light; sample ARD-14-03). (b) Coarse-grained muscovite fringe at the selvage of a mineralized
quartz vein (cross-polarized light; sample ARD-13-12). (¢) Cassiterite overgrown on coarse
muscovite within a deformed quartz vein (cross-polarized light; sample ARD-13-77a). Note the
intense deformation of quartz with development of a mylonitic foliation wrapping the
cassiterite. (d) Wolframite and cassiterite within a deformed quartz vein cut by late quartz

veinlets (cross-polarized light; sample ARD-14-01). (e) Scheelite that partially replaced
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wolframite along microfractures and crystal borders (cross-polarized light; sample ARD-14-
06). Note the undulose extinction of scheelite. (f) Subhedral scheelite partially corroded and
cut by a pyrite-chalcopyrite assemblage in a mineralized quartz vein (plane-polarized light;
sample ARD-13-18b). Abbreviations: Ccp = chalcopyrite, Cst = cassiterite, Ms = muscovite,

Py = pyrite, Qtz = quartz, Scl = scheelite, Wfm = wolframite.

Fig. 7: Petrographic features of granitic dikes from St-Mélany. Representative rock sample (a)
and cross-polarized photomicrograph (b) of aplitic dike composed of a fine-grained assemblage
of quartz, albite, muscovite, and tourmaline (sample ARD-13-21). Representative rock sample
(c) and cross-polarized photomicrograph (d) of pegmatitic dike composed of coarse-grained
quartz, K-feldspar, plagioclase, and muscovite (sample ARD-13-72). Abbreviations: Ab =

albite, Kfs = K-feldspar, Ms = muscovite, Qtz = quartz, Tur = tourmaline.

Fig. 8: Backscattered electron images (a-d) of columbite-tantalite and cassiterite in granitic
pegmatite from St-Mélany (sample ARD-13-72). (a) Elongated grain of columbite-tantalite
displaying a zoning composed of the succession of a dark core (i), dark rim-1 (ii), dark rim-2
(ii1), light grey rim-3 (iv), dark rim-4 (v), and late overgrowth (vi). (b) Composite columbite-
tantalite aggregate showing complex zoning and patchy texture. (c) Fe-tantalite grains (v)
overgrown by Fe-tapiolite (vi). (d) Subhedral cassiterite (Cst) grain with minor overgrowths of
Fe-tapiolite (vi). (¢) Mn/(Fe+Mn) vs. Ta/(Ta+Nb) diagram showing the compositional variation

of columbite-tantalite and the evolutionary trend (grey arrow).

Fig. 9: Whole rock compositions of granitic dikes from St-Mélany compared to the nearby

Rocles and Borne granites. The compositions of mafic intrusive rocks (vaugnerite,

lamprophyre) exposed in the North Cévennes area are shown for comparison. (a) Alumina
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saturation diagram representing the molar ratios A/NK = Al,O3/(Na2O+K>0) vs. A/CNK =
Al>,03/(Ca0O+Na0+K>0). (b) B-A diagram showing the peraluminous index A = Al-
(Na+K+2Ca) vs. the differentiation index B = Fe+Mg+Ti expressed in millications (Debon and
Le Fort 1983; Villaseca et al. 1998). The subdivision of the peraluminous domain corresponds
to low peraluminous (I-P), moderately peraluminous (m-P), highly peraluminous (h-P), and
felsic peraluminous (f-P). (c-d) Multi-element diagram normalized by the upper continental
crust (UCC) values of Rudnick and Gao (2003). (e-f) REE spider diagram normalized to CI
chondrite values of McDonough and Sun (1995). Whole rock data for the granitoids and mafic
rocks were compiled from Bellanger (1980), Mialhe (1980), Noy¢ (1985), Harlaux (2016), and
Moyen et al. (2017). The grey field represents the compositional range of peraluminous rare
metal granites and pegmatites from the French Massif Central (data from Aubert 1969; Mourey
1985; Cuney et al. 1992; Raimbault et al. 1995; Raimbault 1998; Raimbault and Burnol 1998;

Harlaux et al. 2021; Marcoux et al. 2021).

Fig. 10: Tera-Wasserburg U-Pb diagrams for wolframite and cassiterite from St-Mélany
analyzed by LA-ICP-MS. (a) Wolframite and cassiterite from a mineralized quartz vein (sample
ARD-14-01). The enlarged panel showing the overlapping error ellipses of near-concordant
data from cassiterite and wolframite is shown as inset. (b) Cassiterite from granitic pegmatite
dikes crosscutting the St-M¢élany vein system (samples ARD-13-22 and ARD-13-72). Data-
point error ellipses and ages are shown at 2o, with uncertainties into parentheses including the
long-term excess variance. Rejected analyses are shown by grey ellipses. Colored lines
correspond to linear regression through the data and the grey envelopes are the associated

uncertainties.
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Fig. 11: *°Ar/*Ar weighted mean age for muscovite from the selvage of a mineralized quartz
vein from St-Mélany (sample ARD-13-12). All data and apparent ages are shown at 2c
uncertainty. The grey envelope correspond to the calculated weighted mean age with associated

uncertainties.

Fig. 12: Schematic block diagrams summarizing the polyphase evolution of the St-Mélany vein
system. (a) Development of regional penetrative foliation and syn-foliation quartz lenses in the
Cévennes mica schists during the compressive D2 event (ca. 340-330 Ma). (b) Hydrofracturing
and formation of the W-Sn-mineralized quartz veins during the compressive D3 event (ca. 320-
310 Ma). (c) Emplacement of rare metal granitic dikes and lamprophyres crosscutting the mica

schists and the mineralized quartz veins during the extensional D4 event (ca. 305-300 Ma).
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