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Introduction

Increasingly, U/Pb geochronology has been applied to constrain the absolute timing and duration of W-forming magmatic-hydrothermal systems (e.g., [START_REF] Frei | Re-Os, Sm-Nd, UPb, and stepwise lead leaching isotope systematics in shear-zone hosted gold mineralisation: genetic tracing and age constraints of crustal hydrothermal activity[END_REF][START_REF] Romer | Direct dating of hydrothermal W mineralisation: U/Pb age for hübnerite (MnWO4), Sweet Home Mine mine, Colorado[END_REF]Pfaff et al. 2009;[START_REF] Wang | Geochronology of the Xihuashan tungsten deposit in southeastern China: constraints from Re Os and U/Pb dating[END_REF][START_REF] Lecumberri-Sanchez | Genetic relationship between silver-lead-zinc mineralisation in the Wutong deposit, Guangxi Province and Mesozoic granitic magmatism in the Nanling belt, southeast China[END_REF][START_REF] Zhang | Cassiterite U/Pb geochronology constrains magmatichydrothermal evolution in complex evolved granite systems: The classic Erzgebirge tin province (Saxony and Bohemia)[END_REF]Harlaux et al. 2018a;[START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF][START_REF] Legros | The world-class Nanling metallogenic belt (Jiangxi, China): W and Sn deposition at 160 Ma followed by 30 my of hydrothermal metal redistribution[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]. Tungsten mineralisation in magmatic-hydrothermal deposits predominantly occurs as scheelite (CaWO4) and wolframite ([Fe,Mn]WO4), the latter corresponding to a solid solution between hübnerite (Fe/[Fe+Mn] <0.2) and ferberite (Fe/[Fe+Mn] >0.8) endmembers (for this paper, we refer to the whole solid solution as wolframite for simplicity). Scheelite is dominated by non-radiogenic Pb (known as common Pb; Pbc) content due to its isovalent substitution with Ca 2+ that strongly limits the precision of U/Pb ages (e.g., [START_REF] Poitrenaud | The polyphase evolution of a late Variscan W/Au deposit (Salau, French Pyrenees): insights from REE and U/Pb LA-ICP-MS analyses[END_REF]. In contrast, Pb is relatively incompatible in wolframite (Harlaux et al. 2018a,b), but U can occur up to 200 ppm and can provide reliable U/Pb ages (e.g., [START_REF] Romer | Direct dating of hydrothermal W mineralisation: U/Pb age for hübnerite (MnWO4), Sweet Home Mine mine, Colorado[END_REF].

The first applications of U/Pb dating of wolframite were by isotope dilution -thermal ionisation mass spectrometry (ID-TIMS), following the dissolution of between 0.1 to 3 mg of mineral concentrates [START_REF] Frei | Re-Os, Sm-Nd, UPb, and stepwise lead leaching isotope systematics in shear-zone hosted gold mineralisation: genetic tracing and age constraints of crustal hydrothermal activity[END_REF][START_REF] Romer | Direct dating of hydrothermal W mineralisation: U/Pb age for hübnerite (MnWO4), Sweet Home Mine mine, Colorado[END_REF]Pfaff et al. 2009;[START_REF] Lecumberri-Sanchez | Genetic relationship between silver-lead-zinc mineralisation in the Wutong deposit, Guangxi Province and Mesozoic granitic magmatism in the Nanling belt, southeast China[END_REF]Harlaux et al. 2018a;[START_REF] Legros | The world-class Nanling metallogenic belt (Jiangxi, China): W and Sn deposition at 160 Ma followed by 30 my of hydrothermal metal redistribution[END_REF]Yang et al. 2020). Although ID-TIMS is known to produce the most precise U/Pb isotopic analyses, heterogeneous mineralogical and chemical compositions of wolframite can hinder high precision geochronology by this method.

Firstly, non-cogenetic mineral inclusions that are relatively enriched in U and Pb (>10 ppm), such as sulphides, xenotime, or monazite, are common in wolframite (Harlaux et al. 2018a;[START_REF] Legros | The world-class Nanling metallogenic belt (Jiangxi, China): W and Sn deposition at 160 Ma followed by 30 my of hydrothermal metal redistribution[END_REF]. Such inclusions can be distributed as a complex partially interconnected network within wolframite, and the volume of individual inclusions can be as small as 2 4 µm 3 (Harlaux et al. 2018a). Even if samples are powdered (<30 µm) before washing, micro-inclusions encapsulated in larger wolframite fragments will be shielded from washing acids.

Secondly, wolframite potentially has heterogeneous chemical (Harlaux et al. 2018b;[START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF][START_REF] Monnier | Contrasting fluid behavior during two styles of greisen alteration leading to distinct wolframite mineralisations: the Echassières district (Massif Central, France)[END_REF] and U/Pb isotopic compositions [START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF]) that can reflect either primary or secondary (e.g., dissolutionprecipitation or alteration) processes with different U/Pb ages and that are difficult to analyse separately by ID-TIMS. Finally, U/Pb isotopic compositions of wolframite by ID-TIMS are commonly discordant in a 238 U/ 206 Pb vs. 207 Pb/ 206 Pb diagram and determining crystallization ages require knowledge of the common Pb composition for Discordia anchoring in this diagram or common Pb correction in a 207 Pb/ 235 U vs. 206 Pb/ 238 U diagram (e.g., Harlaux et al. 2018a). Precise common Pb compositions can be obtained from low U/Pb minerals that are assumed to be cogenetic with the wolframite, however, this assumption is not always evidenced. These mineralogical, chemical, and analytical challenges have recently encouraged the development of U/Pb laser ablation -inductively coupled plasma -mass spectrometry (LA-ICP-MS) geochronology applied to wolframite (e.g., [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]. LA-ICP-MS is a versatile method for U/Pb dating of accessory minerals containing at least 1 ppm U (e.g., [START_REF] Chew | U/Pb LA ICPMS dating using accessory mineral standards with variable common Pb[END_REF]. Notably, this method requires little sample preparation, can determine internal heterogeneity with a spatial resolution generally between 20 and 150 µm, and data acquisition is relatively fast with a U/Pb isotope analysis taking about 1 minute. The main difficulty in producing reliable U/Pb LA-ICP-MS ages is the necessity of matrix-matched reference materials for correction of instrumental mass fractionation (IMF, e.g., [START_REF] Chew | U/Pb LA ICPMS dating using accessory mineral standards with variable common Pb[END_REF]. The traditional method for quantifying and correcting for IMF of U/Pb isotopes is by measuring matrix-matched reference materials throughout the analytical session, however, no well characterised wolframite reference material is currently available to the geoscience community. All LA-ICP-MS U/Pb studies of wolframite have used a sample considered to represent MTM-1 wolframite (dated by ID-TIMS initially in Harlaux et al. 2018a) from the Echassières W district in the French Massif Central (FMC) for normalisation and validation purposes [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]. [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF] proposed the YGX-2113 wolframite (Yaogangxian W deposit, China) as a potential reference material. Recently, a new method for LA-ICP-MS U/Pb geochronology, in which water vapor is introduced into the sample cell has been applied to wolframite using a zircon matrix reference material [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF]. However, the physiochemical mechanisms permitting this method are poorly understood. Additionally, this method requires complicated analytical setups and results in enhanced oxide formation in the ablation cell.

Based on these previous works and the growing interest in U/Pb geochronology of wolframite by LA-ICP-MS, we have conducted a detailed study coupling micron-scale mineralogical and chemical characterisations of wolframite by imaging techniques and in situ LA-ICP-MS U/Pb isotopic analyses on a sample set from the FMC.

The FMC was the subject of a large-scale U/Pb ID-TIMS study of Harlaux et al. (2018a) that allows for a direct comparison between ID-TIMS and LA-ICP-MS U/Pb wolframite ages. Initially, we redefine the U-Pb age of the MTM-1 wolframite after normalisation to three different wolframites. We then present major and trace element concentration and U-Pb ages (after normalisation to MTM-1) of six wolframites from six W deposits in the FMC and we propose a new timeline for W mineralisation in this region. Finally, we suggest new guidelines for data acquisition by LA-ICP-MS and data treatment to enhance reproducibility of U-Pb wolframite ages.

Materials

Wolframite reference materials

The U-Pb age of the MTM-1 wolframite is initially determined by LA-ICP-MS after normalisation of 238 U/ 206 Pb to the Sweet Home hübnerite, and the YGX-2113 and Xihuashan wolframites separately (described in detail in the following section). These materials were selected as they have relatively precise U/Pb ages determined by ID-TIMS (Sweet Home hübnerite; 1.2% 2SD, and YGX-2113; 0.12% 2SD), or the wolframite crystallisation age is well constrained by independent geochronometers (Xihuashan) and these precise absolute ages reduce the systematic uncertainty propagated to all other wolframite ages.

Hübnerite from the Sweet Home Mine (Colorado, USA) was previously described and characterized for its U/Pb and Pb/Pb isotopic composition by ID-TIMS [START_REF] Romer | Direct dating of hydrothermal W mineralisation: U/Pb age for hübnerite (MnWO4), Sweet Home Mine mine, Colorado[END_REF]. This sample shows low Pbc and Th and does not exhibit evidence of open system behaviour (e.g., alteration features) following its initial crystallisation. [START_REF] Romer | Direct dating of hydrothermal W mineralisation: U/Pb age for hübnerite (MnWO4), Sweet Home Mine mine, Colorado[END_REF] define a 206 Pb/ 238 U IDradiogenic analyses. This crystallisation age is slightly older than the 206 Pb/ 238 and Lüders 2006) calculated for late-magmatic apatite and falls between 40 Ar/ 39 Ar age determinations of sericite

The YGX-2113 wolframite originates from the Yaogangxian W deposit located in the Nanling Range, southeast China. The U-Pb age of the YGX-2113 wolframite has been determined by ID-TIMS as 160.9 ± 0.2 Ma (2SD; [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]. Numerous Re-Os isochron ages of molybdenite occurring within these veins range from 170 ± 5 Ma to 153 ± 7 Ma [START_REF] Peng | Precise molybdenite Re Os and mica Ar Ar dating of the Mesozoic Yaogangxian tungsten deposit, central Nanling district, South China[END_REF][START_REF] Mao | Largescale tungsten-tin mineralization in the Nanling region, South China: metallogenic ages and corresponding geodynamic processes[END_REF][START_REF] Wang | Rock-forming and ore-forming ages of the Yaogangxian tungsten deposit of Hunan Province[END_REF][START_REF] Li | Re-Os dating of molybdenite and sulfur isotope analysis of the Yaogangxiang tungsten polymetallic deposits in Hunan Province and their geological significance[END_REF]) and 40 Ar/ 39 Ar ages of vein-hosted phlogopite and muscovite yield plateau ages of 153.0 ± 1.1 Ma and 155.1 ± 1.1 Ma, respectively [START_REF] Peng | Precise molybdenite Re Os and mica Ar Ar dating of the Mesozoic Yaogangxian tungsten deposit, central Nanling district, South China[END_REF]. The wolframite sample used here was provided by M. Yang.

The Xihuashan W deposit consists of quartz-wolframite veins that are genetically associated with the Xihuashan granite in the Nanling Range, southeast China [START_REF] Wang | Geochronology of the Xihuashan tungsten deposit in southeastern China: constraints from Re Os and U/Pb dating[END_REF]. The crystallisation age of wolframite from the Xihuashan W deposit is constrained by other geochronometers described here. The Xihuashan granite has three textural phases that yielded U/Pb ages on magmatic monazite of 158.7 ± 0.7, 158.0 ± 0.7, and 156.9 ± 0.7 Ma xtural phase of the Xihuashan granite has magmatic xenotime with quartz veins yields a Re-Two studies have reported a U/Pb LA-ICP--1 of approximately 5 mm in diameter was mounted in an epoxy mount and polished prior to analysis. The analysed wolframite was collected from a quartz vein in Xihuashan Mine by co-authors of this study in 2013.

MTM-1 wolframite -The Echassières W district

The MTM-1 wolframite comes from the Echassières district, located in the north-eastern FMC, which contains several W±Sn vein deposits spatially associated with the Carboniferous peraluminous Colettes and Beauvoir granites [START_REF] Cuney | The Beauvoir topaz-lepidolite albite granite (Massif Central, France); the disseminated magmatic Sn-Li-Ta-Nb-Be mineralisation[END_REF][START_REF] Raimbault | Geochemical evidence for a multistage magmatic genesis of Ta-Sn-Li mineralisation in the granite at Beauvoir, French Massif Central[END_REF][START_REF] Harlaux | Geochemical signature of magmatic-hydrothermal fluids exsolved from the Beauvoir rare-metal granite (Massif Central, France): Insights from LA-ICPMS analysis of primary fluid inclusions[END_REF]Monnier et al. 2018;[START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF][START_REF] Monnier | Episodic Precipitation ofWolframite during An Orogen: The Echassières District, Variscan Belt of France[END_REF]. Mineralisation occurs as a series of NNE-SSW-trending wolframite-bearing quartz veins and stockworks hosted in mica schists. Three generations of wolframite have been described at Echassières (named wlf a, b, and c; [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF][START_REF] Monnier | Contrasting fluid behavior during two styles of greisen alteration leading to distinct wolframite mineralisations: the Echassières district (Massif Central, France)[END_REF]. The volumetrically most important generation (wlf b) occurs in a stockwork vein system that is assumed to originate from the concealed and inferred La Bosse granite (referred as La Bosse stockwork ). Wolframite from the La Bosse stockwork has been dated by ID-TIMS at 333.4 ± 2.4

Ma (Harlaux et al. 2018a) and the vein system was successively overprinted by both the Colettes and the Beauvoir granites, which therefore postdate the formation of wolframite wlf b. The emplacement age of the Colettes granite is estimated at 317 ± 8 Ma (Rb Sr isochron age recalculated from Pin 1991, using the 87 Rb decay constant of Villa et al. 2015). The emplacement of the Beauvoir granite is constrained at 308 ± 2 Ma ( 40 Ar-39 Ar lepidolite age; [START_REF] Cheilletz | Ages 40 Ar/ 39 Ar du leucogranite à topaze-lépidolite de Beauvoir et des pegmatites sodolithiques de Chédeville (Nord Massif Central, France). Significations pétrologique et géodynamique[END_REF]) and 317 ± 6 Ma (columbite-tantalite U/Pb age; [START_REF] Melleton | Rare-elements (Li-Be-Ta-Sn-Nb) magmatism in the European Variscan Belt, a review[END_REF]. These granites are crosscut by a series of NNE SSW orientated hübnerite-bearing quartz veins (including the Mazet veins) and these veins are thought to be related to the Beauvoir granite [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF][START_REF] Monnier | Contrasting fluid behavior during two styles of greisen alteration leading to distinct wolframite mineralisations: the Echassières district (Massif Central, France)[END_REF].

The MTM-1 sample was originally mislabelled as coming from the Les Montmins locality at Echassières, however, it is now considered to come from the La Bosse stockwork, as discussed by [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF]. Of the eight ID-TIMS analyses performed, Harlaux et al. (2018a) Since this initial publication, samples validation material for U/Pb LA-ICP-MS dating of wolframite [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]). However, it is noteworthy that the MTM-1 sample used in these studies was obtained from a mineral collector (Luo pers. comm.) and the precise geological location of this sample is not reported.

We use the MTM-1 wolframite analysed by Harlaux et al. (2018a) that originates from the historical collection of the Ecole Nationale Supérieure de Géologie (Nancy, France). In addition, we analysed wolframite from four other localities in the Echassières district, including three samples from the La Bosse stockwork (named ECH20-1, ECH20-3, and ECH20-4). Samples ECH20-3 and ECH20-4 come from the GPF1 drill core that cut through the Beauvoir granite [START_REF] Cuney | The Beauvoir topaz-lepidolite albite granite (Massif Central, France); the disseminated magmatic Sn-Li-Ta-Nb-Be mineralisation[END_REF][START_REF] Raimbault | Geochemical evidence for a multistage magmatic genesis of Ta-Sn-Li mineralisation in the granite at Beauvoir, French Massif Central[END_REF] while sample ECH20-1 was collected from the former La Bosse open pit, now inaccessible. Sample ECH20-5 was collected from the Mazet veins, in the northern part of the Echassières district, and was provided by L. Monnier.

French Massif Central wolframite

We analysed six wolframite samples from granite-related W vein-type deposits located in the FMC that were previously petrographically and chemically characterized and dated by ID-TIMS (Harlaux et al. 2018a,b). All samples come from quartz-wolframite vein deposits spatially associated with Carboniferous peraluminous granites (see Harlaux et al. 2018a for detailed information). These deposits include (sample name and ID-TIMS wolframite age in parentheses): Vaulry (CFM; 298 ± 1.2 Ma), St-Goussaud (BOS; 332.6 ± 6.1 Ma), Leucamp (LCP; 276.5 ± 2.9 Ma), Enguialès (ENG; 273.7 ± 6.5 Ma), St-Mélany (SM; 315 ± 15 Ma), and Montredon-Labessonnié (ML; 315.9 ± 2.3 Ma). Note that wolframite from the Puy-les-Vignes deposit (PLV; 317.7 ± 0.7 Ma)

from Harlaux et al. (2018a) was found to have an insufficient signal for 207 Pb (<50 cps) for meaningful ages by LA-ICP-MS and, therefore, was not selected for this study. All wolframite grains were mounted in polished epoxy mounts. This sample set from the FMC currently represents the most complete dataset of ID-TIMS U/Pb isotope data of wolframite from a single W province.

Methods

Wolframite imaging by µXRF and SEM

The texture and chemical heterogeneity of wolframite and other coexisting minerals was investigated by element X-ray distribution maps obtained by using a Bruker M4 Tornado µXRF benchtop spectrometer and a TESCAN VEGA3LM scanning electron microscope (SEM) with an energy dispersive X-ray spectrometry (EDS) detector, both located at SCMEM, GeoRessources laboratory (Université de Lorraine, Nancy, France). The M4 Tornado is equipped with a 30 W Rh-anode X-ray source operating at 50 kV and 200 µA. The primary X-ray beam was focussed to a 20 µm spot on the sample surface. This instrument has two XFlash® silicon drift energy dispersive X-ray detectors with an energy resolution of <145 eV. Each analysis is represented by pixel and includes 10 ms of counting time. All maps (henceforth referred to as µXRF maps) have a 30 µm spacing between each analysis.

The TESCAN VEGA3LM SEM uses a tungsten filament operating at a voltage of 15 kV and beam current of 10 nA and working distance of 15 mm. This SEM has a Bruker XFlash6® 30mm 2 EDS detector. Element intensity maps were created with a dwell time of 1,024 µs per pixel.

Chemical analysis of wolframite by EPMA

Major and minor element concentrations of wolframite were determined by spot analysis on a CAMECA SX100 electron probe microanalyzer (EPMA) at SCMEM, GeoRessources laboratory. This system is equipped with a tungsten filament source and 5 wavelength dispersive X-ray spectrometers (WDS). Analytical conditions are shown in Table 1. Each analysis includes two analytical settings. The first analytical setting is for quantification of Fe, Mn, and W, and has an operating voltage of 20 kV and a beam current of 20 nA. The second analytical setting is for F, Sc, Ti, Nb, Sn, Ta, and U, and has an operating voltage of 25 kV and a beam current of 100 nA.

Table 1: Analytical settings used for EPMA analysis of wolframite.

U/Pb geochronology by LA-SF-ICP-MS

U/Pb isotopes were measured in wolframite, NIST 614 glass, and 91500 zircon using a Nu Instruments AttoM TM ES sector field -inductively coupled plasma -mass spectrometer (SF-ICP-MS) at the GeoRessources laboratory.

This instrument is coupled to an ESI 193 nm, ArF excimer laser ablation system with a twoablation chamber. A small cylinder with a volume of less than 1 cm 3 is centred above the ablation spot in the main chamber (100 mm x 100 mm). Ablation occurs in a helium environment (flow rate between 615-and 700-mL min -1 ) within the sample cell and is then mixed with N2 with a Y-connector and at a flow rate of 3 mL min -1 . An Ar makeup gas with a flow rate of between 330 to 400 mL min -1 is added with a Y-connector following the N2 and before entering a gas mixing bulb and then the ICP torch. Gas flow rates and ion lenses parameters were optimised on the NIST 612 glass in raster mode to provide the highest sensitivity, to maintain a low oxide levels and to minimize the fractionation of Th/U. The ThO/Th ratio was below 0.05% and a Th/U ratio was typically from 0.95 to 1.0 (accepted value = 1.01; [START_REF] Jochum | Determination of reference values for NIST SRM 610 617 glasses following ISO guidelines[END_REF].

We conducted 14 analytical sessions on wolframite with different laser spot sizes between 85 and 130 µm, repetition rates of 5, 8 and 10 Hz, and laser energy density between 5.0 and 7.0 J/cm 2 . Prior to each analysis the targeted region was ablated with 5 pulses of a larger laser spot and with a lower fluence (2 J/cm 2 ) to remove any surficial Pb or other contaminants.

The LA-SF-ICP-MS system operated in deflector jump mode, whereby the magnet remains static at the midpoint of all measured masses (mass 215 in this study) and the ion beam is deflected over an electron multiplier ion counting detector by a sequence of deflectors before and after the magnet. The following isotopes were measured (integration time in parentheses): 202 Hg (500 µs), 204 Pb (500 µs), 206 Pb (500 µs), 207 Pb (1.5 ms), 208 Pb (500 µs),
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Th (500 µs), 235 U (500 µs), and 238 U (500 µs). A sweep of all isotopes took about 5 ms. Each measurement consists of 30 s analysis and 20 s of pre-and post-ablation background washout time, respectively. The sensitivity on this LA-SF-ICP-MS on 238 U was quantified with the NIST 614 glass and was between 82,000 and 115,000 cps/ppm depending on the laser spot size and repetition rate used. The detection limits for this system on U, Th and Pb were ca 0.001 ppm. (Romer and Lüdres, 2006), and the Xihuashan and YGX-2113 wolframites [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]). However, these materials are not available in large quantities at our laboratory and therefore could not be used for normalisation of wolframite from the FMC. by the X-intercept value of the accepted Discordia defined for MTM-1 (21.40) (as described in [START_REF] Li | U/Pb dating of cements in Mesozoic ammonites[END_REF].

This quotient provides a session correction factor that is applied to all wolframite samples. Measured 238 U/ 206 Pb are generally between 20 and 30% higher than the accepted values depending on the laser ablation parameters used.

During each analytical session, the 91500 zircon [START_REF] Wiedenbeck | Three natural zircon standards for U Th Pb, Lu Hf, trace element and REE analyses[END_REF] was analysed between approximately 15 analyses of wolframite. Due to the relatively low U concentration in wolframite and potential for U-Pb heterogeneity, the 91500 zircon was used to identify and correct for instrument drift, (this was only noted in a single session) and determine the session repeatability of the 238 U/ 206 Pb (ca 1.8%) and 207 Pb/ 206 Pb (ca 0.8%) ratios that is added in quadrature to the uncertainty of wolframite isotope ratios.

Th and U concentrations of wolframite were determined by normalising the cps of each isotope to the NIST 614 glass [START_REF] Jochum | Determination of reference values for NIST SRM 610 617 glasses following ISO guidelines[END_REF]. Although the NIST 614 glass has a very different matrix to wolframite, Harlaux et al. (2018b) indicate very minor matrix effects for the determination of elemental concentrations in their study using a NIST 610 glass and wolframite. Total Pb concentrations were determined by addition of each isotope and normalisation to the NIST 614 glass [START_REF] Jochum | Determination of reference values for NIST SRM 610 617 glasses following ISO guidelines[END_REF]. We quantify the mass interference of Discordant analyses represent mixtures between the pure radiogenic composition and the common Pb composition that is defined by the y-intercept of the Discordia. Wolframite U/Pb compositions can be highly dispersed due to mobilisation of U and/or Pb, heterogeneous common Pb and internal dissolution-precipitation zones and these features result in large mean square weighted deviation (MSWD; >10) of Discordia regressions. Therefore, we observed data to obtain the lower intercept age and upper intercept 207 Pb/ 206 Pb(i) attributes excess dispersion in U/Pb data to geological heterogeneity instead of analytical uncertainty (as is for --l) using a profile log-likelihood method the true intercept age, and u and l represent the upper and lower half of a (1respe i.e., 95% confidence interval). Lower intercept ages are presented at two uncertainty levels. The first and smaller value is the 2SD of the isochron determined by IsoplotR that includes the uncertainty in the decay constants of 235 U and 238 U. This uncertainty can be used when comparing U/Pb data from the same analytical session. The second and larger value in parentheses represents the total measurement uncertainty which includes the 2SD isochron uncertainty, the uncertainty in the age of the MTM-1 wolframite (when used as a reference material; 1.8%), and the long-term reproducibility precision of the 91500 zircon age determined on this system (ca 1.5 %), added in quadrature. This uncertainty is used for comparing datasets between analytical sessions and other published data.

Results

Textural and chemical features of wolframite from the Echassières W district

Hand sample photos, µXRF, and SEM-EDS qualitative element maps are included in Appendix A1 and key maps are presented below. Major and minor element compositions of wolframite samples from the Echassières W district (MTM-1, ECH20-1, ECH20-3, ECH20-4, and ECH20-5) are included in Appendix A2.

Wolframite from the Echassières district has Fe# (where Fe# = Fe/(Fe+Mn)apfu) values between 0.10 and 0.89, however 75% of analyses have an Fe# > 0.75, corresponding to the ferberite endmember. The WO4 content ranges between 68.2 and 78.8 wt.% and is below the stoichiometric composition of 81.7 wt.% for wolframite (Figure 1).

The Nb2O5 content is up to 4.8 wt.% and the heterovalent substitution of W 6+ by Nb 5+ can account for some, but not all the deficiency in W from the stoichiometric composition (e.g., [START_REF] Tindle | Niobian wolframite from Glen Gairn in the Eastern Highlands of Scotland: A microprobe investigation[END_REF]. The additional deficit of W could be accounted for by the substitution of Fe 3+ . Wolframite analysed in this study corresponds to wlf b (MTM-1, ECH20-1, ECH20-3, ECH20-4) and wlf c (ECH20-5) as described by [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF] Figure 1).

In MTM-1, wolframite is associated with quartz, muscovite, and topaz (Figure 2). Topaz has been selectively

replaced by muscovite and this replacement coincides with Mn enrichment in adjacent wolframite, up to crystallization of hübnerite for the most altered zones (Figure 2). The altered zones in wolframite have lower and variable Fe# ranging -by the muscovite alteration overprint. Muscovite alteration does occur within the wolframite aggregate and has been introduced through micro-cracks, although the Mn alteration selvage along these cracks is minimal.

Wolframite contained entirely within quartz appears to have been protected from this secondary fluid event and

shows no signs of hydrothermal alteration and has high Fe# values.

In sample ECH20-1, wolframite is associated with quartz and muscovite; topaz being absent. Muscovite alteration is widespread and overprints the primary quartz-wolframite association (Figure 3A). Manganese enrichment within wolframite is limited in sample ECH20-1 compared to MTM-1 and the Fe# is correspondingly consistent between 0.85 and 0.79.

Sample ECH20-3 is composed of quartz, topaz, and wolframite (Figure 3B). Topaz overprints and partially replaced wolframite along crystal borders (e.g., Figure 3D). Compared to the other samples, ECH20-3 is the least altered, with minor muscovite occurring in fine cracks within quartz and topaz, and wolframite having very restricted Fe# between 0.82 and 0.80.

Sample ECH20-4 dominantly contains quartz and wolframite, with rare topaz and muscovite (Figure 3C). Topaz occurs adjacent to wolframite and small fragments of wolframite occur within topaz (Figure 3E). These wolframite fragments likely represent relicts of early wolframite that has been subsequently replaced by topaz, thus indicating that wolframite precipitation predates topaz as proposed by [START_REF] Cuney | The Beauvoir topaz-lepidolite albite granite (Massif Central, France); the disseminated magmatic Sn-Li-Ta-Nb-Be mineralisation[END_REF]. Wolframite that occurs adjacent to topaz has an Fe# between 0.89 and 0.82, whereas wolframite occurring within quartz has Fe# between 0.76 and 0.74. Topaz is replaced by muscovite, as shown in the upper right corner of Figure 3C.

Sample ECH20-5, from the Mazet vein that crosscut the Beauvoir granite, contains quartz and wolframite.

Wolframite forms acicular crystal habits typical of wlf c of [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF]. Fe# in ECH20-5 is lower than all other samples analysed from Echassières and is comprised between 0.10 and 0.45. The U concentration is variable between 1.8 and 69 ppm, and this range is comparable to U concentrations reported for the MTM-1 by ID-TIMS of 5.5 68 ppm (Harlaux et al. 2018a). However, we note that primary MTM-1 is more enriched in U compared to the altered components, and to all other wolframite from the Echassières W district (Figure 5A). Similarly, Pb concentrations in MTM-1 wolframite range between 0.18 and 12 ppm, however, the altered components are relatively enriched (Figure 5B). Approximately 60% of analyses of the MTM-1 have f206c <0.05 (equivalent to < 5% common 206 Pb). The remaining wolframite samples (ECH20-1, ECH20-3, and ECH20-4) have a comparable range of U concentrations between 0.4 and 48 ppm (Figure 5A). ECH20-samples are generally more concordant with 84% of analyses with f206c 

Dispersion in highly discordant analyses of the MTM-1 wolframite

Highly discordant data from MTM-1 show much greater dispersion about the Discordia compared to concordant data (Figure 6A). The 207 Pb/ 206 Pb(i) determined from all data for the MTM-1 in Figure 6A is 0.770 ± 0.009, but with some analyses falling above and below the Discordia (Figure 6A). The 207 Pb/ 206 Pb(i) is similar to the free regression of all ID-TIMS data (Discordia 2 in Figure 61; 0.79 ± 0.07), but significantly lower than the value measured in co-existing quartz of 0.87 (Harlaux et al. 2018a) or ca 0.86 predicted by the two-stage terrestrial Pb evolution model of [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF] for 315 Ma. The discrepancy between the 207 Pb/ 206 Pb(i) determined from LA-ICP-MS analyses of wolframite and in co-existing quartz is discussed further in section 5.2.

U/Pb age of wolframite from the Echassières W district

The ECH20-1, ECH20-3, and ECH20-4 wolframite samples have comparable concordant analyses when compared the MTM-1 wolframite and indicate a similar U/Pb age (Figure 6C). However, data measured for these samples are generally more concordant compared to MTM-1 wolframite and yields 207 Pb/ 206 Pbi compositions of 0.86 ± 0.01 (Figure 6C) that is different from the MTM-1 wolframite. Hübnerite from the Mazet vein (ECH20-5), which is considered as the third generation of wolframite at Echassières (wlf c of [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF] 

MS values

Considering the documented chemical and isotopic heterogeneity of the MTM-1 wolframite, and the use of the MTM-1 for normalisation and validation purposes of LA-ICP-MS data [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]), a re-evaluation of the wolframite crystallisation age is required.

We present a new weighted mean age of 316.7 ± 3.3 Ma (5.8) Ma after U/Pb normalisation to the Sweet Home Mine hübnerite, YGX-2113 and Xihuashan wolframites (Figure 6A). We suggest that the disagreement between the LA-ICP-MS and ID-TIMS age (334.4 ± 1.7 Ma; Harlaux et al. 2018a) results from an inappropriate common Pb correction applied to the Discordant ID-TIMS data (Figure 6A). Harlaux et al. (2018a) measure the common Pb isotopic composition of quartz associated with wolframite and assumes isotopic equilibrium between the two minerals. Note that Harlaux et al. (2018a) prepared aliquots of between 1.202 and 2.635 mg of the MTM-1 wolframite concentrate to be analysed by ID-TIMS, and the authors noted some effects from U-and Pb-rich inclusions on the U/Pb isotopic compositions, which along with variable U and/or Pb mobilisation or 207 Pb/ 206 Pb(i) (see discussion in in Section 5.3) can account for some dispersion of the ID-TIMS data (Figure 6A). A free regression through all ID-TIMS analyses of MTM-1 yields a 207 Pb/ 206 Pb(i) of 0.79 ± 0.07 that is similar to the value preferred here, however, dispersion in this dataset yields a relatively inaccurate age of 322 ± 16 Ma (Figure 6A; Discordia 2). Note that we do not consider isotopic heterogeneity due to dissolution-reprecipitation of the MTM-1 wolframite as this is not observed petrographically (Figure 2, Appendix 1). The LA-ICP-MS data reported in Figure 6 suggest a 207 Pb/ 206 Pb(i) of ~0.77 that is dissimilar to the value measured in co-existing quartz ( 207 Pb/ 206 Pb(i) of 0.87). The 207 Pb/ 206 Pb(i) determined by LA-ICP-MS is considered more robust as it can avoid the effects of mineral inclusions and alteration zones within wolframite that can strongly influence ID-TIMS data, and the large spread in data better define the upper and lower intercepts of the Discordia.

An important distinction in the LA-ICP-MS data is that MTM-1 and other wolframite from the Echassières deposit have a similar U/Pb age but different 207 Pb/ 206 Pb(i) (Figure 6C). The relatively enriched U concentration in MTM-1 compared to other wolframite of Echassières indicates that this wolframite was derived or modified by a U-rich fluid that was different to the source fluids of other wolframites. Additionally, the MTM-1 sample appears to be the most affected wolframite by secondary alteration processes indicated by the largest range in Fe# associated with Mn enrichment (Figure 1) and the greatest degree of alteration observed petrographically (Figure 2), indicating a distinct chemical evolution for this sample. However, although the alteration event has significantly lowered the U concentration in wolframite (Figure 5), it has had little effect on the U/Pb isotopic composition of MTM-1 which display a comparable spread in U/Pb data between the primary and altered zones (Figure 6B).

The 316.5 ± 3.3 (5.8) Ma age for MTM-1 wolframite is more coherent with the local geology and geochronological constraints, and when used as a primary reference material it yields apparently more accurate U/Pb ages for other wolframite of the FMC (discussed in Section 5.2). The wolframite age is within the estimates for the emplacement of phengites from selvages of the quartz-wolframite veins (ca. 325 320 Ma; [START_REF] Monnier | Episodic Precipitation ofWolframite during An Orogen: The Echassières District, Variscan Belt of France[END_REF]). The MTM-1 sample of this study was taken from the former open pit site that is adjacent to the Beauvoir rare-metal granite, whilst the other ECH samples originate from beneath the granite. The Beauvoir granite contains magmatic uraninite [START_REF] Cuney | The Beauvoir topaz-lepidolite albite granite (Massif Central, France); the disseminated magmatic Sn-Li-Ta-Nb-Be mineralisation[END_REF]) and fluids derived from its dissolution could generate the radiogenic Pbc composition observed in MTM-1 wolframite. However, the Beauvoir granite clearly crosscuts the W stockwork at Echassières. It is plausible that the U/Pb isotopic composition of the MTM-1 wolframite was partially reset during the intrusion of the Beauvoir granite whilst the other ECH wolframite from beneath the Beauvoir granite were unaffected by the upward circulating fluids. However, the similar U/Pb age of the MTM-1 and ECH wolframites indicate that initial crystallisation of MTM-1 and partial resetting must have occurred within the age uncertainty presented (ca 5 Ma).

Considering the new age obtained for the MTM-1 wolframite, previously published wolframite ages that have used a wolframite -as an primary reference material [START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF], or for method validation [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF][START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]) require re-evaluation. The MTM-1 wolframite presented in [START_REF] Luo | U Pb geochronology of wolframite by laser ablation inductively coupled plasma mass spectrometry[END_REF], [START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF] and [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF] originates from a single crystal purchased from a mineral collector, but its precise provenance (Montmins or La Bosse stockwork) is unknown (Luo pers comm). [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF] indicate that the MTM-used in those studies has a Fe# of 0.75 that is within the range the Fe# measured for wolf b by [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF] and in the present study but differs from Fe# measured in wlf a and c [START_REF] Monnier | Multiple Generations of Wolframite Mineralisation in the Echassieres District (Massif Central, France)[END_REF]. No chemical imaging of that MTM-is available to determine if those samples have been affected by hydrothermal alteration as documented in this work. Interestingly, the 207 Pb/ 206 Pb(i) determined from U/Pb data of Tang et al. ( 2020) is 0.60 ± 0.05 that is unlike the values determined here or in Harlaux et al. (2018a). The MTM-1 used in those studies obtains a U/Pb age of ca 330 Ma when normalised to other primary reference materials (e.g., YGX 2113; [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF], and reproduces U/Pb ages of other well studied wolframite when it is used as a primary reference material with the ID-TIMS age proposed by Harlaux et al. (2018a) for the original MTM-1 sample (e.g., Xihuashan; [START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF]. Therefore, we suggest that this sample is of a different provenance to the MTM-1 presented here.

The newly defined age for the MTM-1 by LA-ICP-MS has an uncertainty of 1.8% and this is added in quadrature to the uncertainty of the age of the FMC wolframite. This systematic uncertainty in the absolute age of the reference material is the largest source of uncertainty for U/Pb ages of the FMC presented here. A more precise U/Pb age of the MTM-1 wolframite, such as that of the YGX-2113 of 0.12% [START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF]) would permit U/Pb ages with a total uncertainty between 20 and 30 % less than reported here. For example, we report a U/Pb age of 318.3 Ma with a total uncertainty of 9.1 Ma (2.9%) for the ENG wolframite. Based on the U/Pb and Pb/Pb isotopic ratios defined by ID-TIMS on the wolframites in Harlaux et al. (2018a), three W mineralizing events affecting the FMC between ca. 335 and 295 Ma were proposed. This study demonstrates that most of these ages were determined from highly discordant data and the corrected ages are potentially biased by the internal heterogeneity of wolframite and its inclusions. Absolute ages determined by LA-ICP-MS here are not sufficiently precise to unravel magmatic-hydrothermal processes in detail, however, do provide improvements on the timing of W mineralisation in the FMC. The new ages presented here are more geologically robust and indicate a maximum period of ca 30 Ma (using the total uncertainty of U/Pb ages) for W mineralisation in the FMC.

The 317.1 ± 3.0 (8.0) Ma U/Pb age determined for SM is consistent with the ID-TIMS age of 315 ± 15 Ma (Harlaux et al. 2018a) and within the uncertainty of the emplacement age estimates for the proximal Rocles granite (325 ± 4 to 318 ± 3 Ma; Be [START_REF] Mezeme | Electron microprobe monazite geochronology of magmatic events: examples from Variscan migmatites and granitoids, Massif Central, France[END_REF][START_REF] Mezeme | Structural, AMS and geochronological study of a laccolith emplaced during Late Variscan orogenic extension: the Rocles pluton (SE French Massif Central)[END_REF], which is the possible fluid source. The 318.3 ± 5.2 (9.1)

Ma age from ENG is older than estimated by ID-TIMS (273.7 ± 6.5 Ma Harlaux et al. 2018a), but closer to the emplacement age for the nearby Margeride granite at ca 313 Ma [START_REF] Laurent | Protracted, coeval crust and mantle melting during Variscan late-orogenic evolution: U/Pb dating in the eastern French Massif Central[END_REF] and could indicate the magmatic source of W-bearing fluids. Similarly, the 306.8 ± 4.2 (8.3) Ma age of the LCP is significantly older than the ID-TIMS age (276.5 ± 2.9 Ma; Harlaux et al. 2018a), but more consistent with the ca 306 Ma leucogranite dykes intruding nearby the deposit [START_REF] Monié | 40 Ar/ 39 Ar and U/Pb geochronology applied to Au-W-Sb metallogenesis in the Cévennes and Châtaigneraie districts (Southern Massif Central, France). In A Geode-GeoFrance 3D Workshop on Orogenic Gold Deposits in Europe with emphasis on the Variscides[END_REF]. The younger ID-TIMS ages for the ENG and LCP likely represent partial resetting of the U/Pb in wolframite or the incorporation of secondary inclusions within separates as proposed by Harlaux et al. (2018a). Harlaux et al. (2018a) determined an age of 315.9 ± 2.3 Ma for ML that is older than the lower intercept age of 298.5 ± 2.9 (7.6) Ma interpreted to represent the crystallisation age of the wolframite (Figure 7F). 2018a). The St-Goussaud leucogranite is associated with significant uraninite mineralisation [START_REF] Cuney | Metallogenesis in the French part of the Variscan orogen. Part I: U preconcentrations in pre-Variscan and Variscan formations a comparison with Sn, W and Au[END_REF] and the mobilisation of the radiogenic Pb from this uraninite can produce the low 207 Pb/ 206 Pb(i) values seen in BOS wolframite. Isotopic heterogeneity in the BOS wolframite is discussed further in section 5.3.

Excluding SM, the U/Pb ages determined by ID-TIMS (Harlaux et al. 2018a) are different from this study and geological less plausible, and we suggest this is caused by U and/or Pb mobilisation in wolframite, postcrystallization fluid wolframite interaction zones within wolframite and secondary minerals unintendedly included in ID-TIMS aliquots.

Heterogenous common Pb within wolframite and its inclusions

Wolframite commonly has abundant mineral inclusions including sulphides, scheelite, and Nb-Ta minerals that may be rich in Pb and/or U and will affect the U/Pb system of the bulk sample analysed by ID-TIMS. Most commonly, ID-TIMS work on wolframite is affected by Pb-rich inclusions and the bulk samples have markedly lower measured 206 Pb/ 204 Pb and higher 207 Pb/ 206 Pb compared to LA-ICP-MS (Figure 7). To obtain more precise U/Pb ages from ID-TIMS analyses with high Pbc, the common Pb isotopic composition must be known from independent analyses, such as cogenetic low-238 U/ 204 Pb minerals. Most wolframite samples from the FMC measured by ID-TIMS have low 206 Pb/ 204 Pb (as low as 24 in Harlaux et al. 2018a) and, therefore, the obtained age depends strongly on the Pbc composition used for correction. Traditionally, the most robust approach to estimate the Pbc composition is to analyse low U/Pb minerals from the same paragenesis. However, for the wolframite samples of the FMC, this approach is not always suitable as demonstrated for MTM-1. Additionally, secondary mineral inclusions occurring along fracture surfaces, within veins or on the exterior of the wolframite can be included in wolframite concentrates. These minerals can have precipitated immediately following the wolframite (e.g., sulphide mineralisation is a common late-stage feature in these deposits), but with a different common Pb composition.

For LA-ICP-MS, it is possible to avoid inclusions with careful placement of spots after small-scale mineralogical and chemical characterization and therefore, data plot closer to the lower intercept in 238 U/ 206 Pb vs. 207 Pb/ 206 Pb diagrams compared to ID-TIMS data (Figure 7). The LA-ICP-MS also enables the acquisition of a significantly larger number of data which are globally more dispersed in their 238 U/ 206 Pb and 207 Pb/ 206 Pb ratios but define a Discordia that can be more accurate and precise than from ID-TIMS data (exemplified by CFM, SM, ENG or LCP samples; Figure 7). Additionally, LA-ICP-MS data can better highlight heterogeneity in both U/Pb and apparent 207 Pb/ 206 Pb(i) within wolframite as shown in the MTM-1 and BOS wolframite.

Common Pb in a granite is typically relatively little radiogenic and homogeneous as the Pb composition is dominated by feldspar [START_REF] Hogan | The effect of accessory minerals on the redistribution of lead isotopes during crustal anatexis: A model[END_REF] 2). Dissolution-reprecipitation of wolframite may result in a partial resetting of U/Pb decay system and modification of the Pb/Pb(i) ratio for the affected zones such as seen in the BOS wolframite, leading to a heterogeneous distribution of the isotopic ratios at the crystal scale (Figure 8). Bulk analyses that include material affected by such secondary processes will result in mixed ages that fall between the crystallisation and alteration age and changes in 207 Pb/ 206 Pb(i). The origin of U/Pb isotopic variability in the BOS wolframite is therefore thought to result from the replacement of primary wolframite by ferberite during hydrothermal alteration (e.g., ferberitisation; Figure 8). Analyses II and IV, which occur along the ID-TIMS Discordia, have initial peaks associated with surficial Pbc, but subsequently are relatively stable indicating that no mineral inclusions were ablated. We therefore attribute this isotopic heterogeneity to oxide mineral inclusions (Figure 8B) and secondary ferberitisation (Figure 8C) present in the BOS. ENG, CFM and LCP are affected by similar processes, leading to erroneous ID-TIMS U/Pb ages. Several LA-ICP-MS analyses plot to the right of the Discordia in Figure 7 (these analyses were rejected from age calculations). These data indicate that some zones within these samples have been affected by Pb-loss (or a second generation of wolframite crystallisation), which can also explain the large disparity between LA-ICP-MS and the younger ID-TIMS ages of these samples.

U-Th-Pb isotopic and chemical heterogeneity in wolframite

The concentration of U, Th, and Pb in wolframite samples from the FMC is variable from below the detection limits and up to 152, 3.3, and 28 ppm, respectively (Figure 9). Several studies have questioned whether isotopic heterogeneity in wolframite is caused by primary changes of its chemical composition or whether results from mineral and/or fluid inclusions (Harlaux et al. 2018a;[START_REF] Legros | The world-class Nanling metallogenic belt (Jiangxi, China): W and Sn deposition at 160 Ma followed by 30 my of hydrothermal metal redistribution[END_REF]. Compositional heterogeneity can result in large variation in the concentration of U reflecting the primary growth zoning as visible on the BSE image (Figure 10B). In contrast, LA-ICP-MS line scans across large grains that appear homogeneous in BSE imagery can exhibit U variations by an order of magnitude (Figure 10A). These data indicate large internal heterogeneity of U within the wolframite structure that is unrelated to mineral or fluid inclusions. [START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF] suggest that U substitution into the wolframite structure is aided by Nb 5+ , however, Nb is not a significant contributor to BSE, and therefore cannot be easily mapped by this method.

Generally, Th/U within wolframite from the FMC is low (< 0.1) compared to the available data from the Nanling Range [START_REF] Deng | Direct dating of hydrothermal tungsten mineralisation using in situ wolframite U/Pb chronology by laser ablation ICP-MS[END_REF][START_REF] Tang | LA-ICP-MS U-Pb geochronology of wolframite by combining NIST series and common lead-bearing MTM as the primary reference material: Implications for metallogenesis of South China[END_REF]. Th and U are rarely correlated (Figure 9), and this is unsurprisingly considering that Th is incompatible within wolframite (Harlaux et al. 2018b) and is generally less soluble in fluids associated with magmatic-hydrothermal W deposits (e.g., Audétat et al. 2000). However, a correlation between U and Th occurs within SM and suggests that Th is structurally bounded within wolframite (Figure 9). This variable correlation between Th and U, and the potential for Th to approach 1 ppm (Figure 9) justify monitoring 232 Th for potential samples appropriate for 208 Pb/ 232 Th dating, and the use of 208-common Pb corrections (discussed below). (2016) and emphasise the following for wolframite:

Assessment of common

Compositional imaging of wolframite coupled to small-scale mineralogical analysis prior to U/Pb dating is a pre-requisite to avoid inclusions and/or alteration zones during LA-ICP-MS analysis. Element distribution maps (e.g., SEM-EDS or µXRF) can be also used to target internal zones, or to exclude samples for ID-TIMS analyses. Near-infrared microscopy (e.g., [START_REF] Ortelli | Fluid inclusion studies in opaque ore minerals: I. Trace element content and physical properties of ore minerals controlling textural features in transmitted near-infrared light microscopy[END_REF][START_REF] Harlaux | Multistage development of a hydrothermal W deposit during the Variscan late-orogenic evolution: the Puy-les-Vignes breccia pipe (Massif Central, France)[END_REF] and X-ray computed tomography (CT; Harlaux et al. 2018a) are also promising tools to investigate the textures of wolframite and to provide 3D information about the relative proportions and the spatial distribution of micro-inclusions and/or alteration zones.

We suggest a well-characterised matrix-matched reference material is used for normalisation of 

EMPA compositions of Echassieres wolframite

MTM-1-mn-1 MTM-1-mn-2 MTM-1-mn-3 MTM-1-mn-4 MTM-1-mn-5 MTM-1-mn-6 MTM-1-mn-7 MTM-1-mn-8 MTM- Analytical conditions, reference standards and limits of detection are given in the text. bdl: below detection limit MTM-1-mn-10MTM-1-mn-11MTM-1-mn-12MTM-1-mn-13MTM-1-mn-14MTM-1-mn-15MTM-1-mn-16MTM-1-mn-17MTM-1-mn- 
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 2 Comparison of ID-TIMS and LA-ICP-MS for U/Pb dating of wolframite: the French Massif Central Table 6 contains a summary of wolframite U/Pb ages and 207 Pb/ 206 Pb(i) determined from Discordia intercept values of LA-ICP-MS data (this study) and wolframite U/Pb ages and 207 Pb/ 206 Pb(i) of low U/Pb minerals associated with wolframite determined by ID-TIMS (Harlaux et al. 2018a) for the FMC sample set. A comparison of ID-TIMS and LA-ICP-MS ages is presented in Figure 7G.
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 2 Figure 2: Petrographic characteristics of MTM-1 wolframite sample. A) Transmitted light microscope image of the MTM-1 in thin section. B) SEM-EDS composite element map (Si turquoise, Al -pink, K dark blue, Wyellow, Mn green, Fe -red) highlighting the dominant quartz-topaz-wolframite-muscovite association. C) SEM-EDS intensity map of Mn in wolframite highlighting zones of enrichment (bright color) associated with muscovite replacing topaz. Abbreviations: Ms = muscovite, Qtz = quartz, Tpz = topaz, Wlf = wolframite. Fe#=(Fe+Mn)/Mnapfu

Figure 4 :

 4 Figure 4: A) Comparison of downhole fractionation of 206 Pb/ 238 U ratio between MTM-1 wolframite and 91500 zircon, based on 85 µm spot diameter 8 Hz repetition rate and 7 J/cm 2 laser energy density. B D) Comparison of downhole fractionation of 206 Pb/ 238 U ratio between MTM-1 wolframite (dark grey) and other wolframites from the French Massif Central with variable Fe# values. Despite variable Fe#, downhole fractionation of 206 Pb/ 238 U is comparable between all wolframites of this study. Note that the BOS is offset from the MTM-1 due to minor common Pb. E) 238 U/ 206 Pb and 207 Pb/ 206 Pb of the ECH20-4 wolframite after U/Pb normalisation to the MTM-1 and 91500 zircon showing a 5% matrix-bias during LA-ICP-MS. Note that these data were collected with the same analytical conditions as for the data in A D.

Figure 5 :

 5 Figure 5: Box and whisker plot of: A) U and B) total Pb concentration (in ppm) in primary and altered MTM-1 wolframite and other wolframite samples from the Echassières W deposit. Circles represent individual measurements.

Figure 6 :

 6 Figure 6: A) Comparison of 238 U/ 206 Pb and 207 Pb/ 206 Pb ratios and related U/Pb ages of the MTM-1 wolframite determined by LA-ICP-MS and after normalisation to the Sweet Home hübnerite (red), YGX-2113 (green) and Xihuashan (blue). The ID-TIMS data of MTM-1 (yellow stars) and ECH (grey stars) of Harlaux et al. (2018a) are shown here and the following panels for comparison. Note that the uncertainties of the ID-TIMS analyses are smaller than the star symbols. Three regressions of the data are shown; 1) LA-ICP-MS data after normalisation to the Sweet Home Mine hübnerite (largest dataset when compared to normalisation by YGX-2113 and Xihuashan), 2) a free regression through all ID-TIMS data of Harlaux et al. (2018a), and 3) an anchored regression through a selection of ID-TIMS data and using a 207 Pb/ 206 Pbi determined within quartz associated with the wolframite. B) 238 U/ 206 Pb and 207 Pb/ 206 Pb of primary (red) and altered (green) zones of MTM-1 wolframite. C) 238 U/ 206 Pb and 207 Pb/ 206 Pb data and related U/Pb ages of wolframite from the Echassières deposit and normalised to the MTM-1. These data indicate that MTM-1 and wlf b are of similar age but different apparent 207 Pb/ 206 Pb(i). The grey ellipses are the MTM-1 data from panel A.

Figure 7 :

 7 Figure 7: A F) 238 U/ 206 Pb and 207 Pb/ 206 Pb diagrams and related U/Pb ages of wolframite from the French Massif Central measured by LA-ICP-MS and normalised using new U/Pb age of MTM-1 wolframite. ID-TIMS data of Harlaux et al. (2018a) are shown in black dots and the errors have been exaggerated so they can be easily seen. A ta is represented by the solid line and grey field. Disp = dispersion as discussed data with and without filtering the most discordant data as described in the text. G) Lower intercept ages of wolframite by LA-ICP-MS compared with ID-TIMS ages of the same samples as presented in Harlaux et al. (2018a). The two uncertainties show for LA-ICP-MS ages represent the propagated uncertainty without (small value) and with the added uncertainty introduced from the new defined age of the MTM-1 reference material.

Figure 8 :

 8 Figure 8: 238 U/ 206 Pb and 207 Pb/ 206 Pb of the BOS wolframite. Ellipses represent LA-ICP-MS data and are coloured by their analytical session (3 in total). The Discordia defined by ID-TIMS analysis of the BOS by Harlaux et al. (2018a) is included. Selected time resolved signals for four analyses are shown in the insets (I, II, III and IV).Each inset is a 30 second ablation spectrum. This time resolved data has not be corrected for background signal

Figure 9 :

 9 Figure 9: U content vs. Th content (A) and 208 Pb/ 206 Pb (B) in wolframite from the French Massif Central. The low Th in wolframite indicates that 208 Pb/ 206 Pb is a good proxy for the proportion of Pbc. U-Th data from wolframite in the Nanling Range, China is included for comparison (data from Deng et al. 2019 and Tang et al. 2020).

Figure 10 :

 10 Figure 10: In situ U/Pb isotopic heterogeneity in wolframite from the French Massif Central. A-B) Backscattered electron images of wolframite from the Vaulry (CFM sample, A) and St-Mélany (SM sample, B) deposits (modified from Harlaux et al. 2018b). The red lines correspond to LA-ICP-MS scans performed along transects in wolframite which are shown in (C) and (D). All isotopes were measured on a Agilent 7500c quadrupole ICP-MS coupled with a 193 nm GeoLas ArF eximer laser at the GeoRessources laboratory (Université de Lorraine, Nancy) and reported in Harlaux et al. (2018b). U content and 238 U/ 206 Pb and 207 Pb/ 206 Pb ratios can vary significantly within wolframite whilst Fe/(Fe+Mn) remains stable.

Figure 11 :

 11 Figure 11: A) Isobaric mass interference on AMU 204 between 204 Pb and 186 W 18 O. Data correspond to all wolframite from the French Massif Central (FMC) analysed during a single LA-ICP-MS session. Wolframite data from the Vaulry deposit (CFM) are shown for comparison. The predicted cps on AMU 204 contributed by 186 W 18 O are shown along the linear trend that is defined by intensity on AMU 202 from 186 W 16 O and a 18 O/ 16 O of 0.002. Covariation of 186 W 16 O and 186 W 18 O along this linear trend is due to a shift of sensitivity of the ICP-MS with time. Data that fall above this linear trend are due to 204 Pb within wolframite. All data have been corrected for the large background signal introduced from Hg contamination on both AMU 202 and 204. B) The intensity of 204 Pb(corrected for 186 W 18 O) correlates strongly with the 208 Pb and this relationship is defined as a slope of 38.5 which is equal to the 208 Pb/ 206 Pb(i) ratio of wolframite from the French Massif Central(Harlaux et al. 2018a). This linear correlation for high 204 Pb (>500 cps) indicates that nearly all 208 Pb is non-radiogenic. For 204 Pb <500 cps the correlation no longer exists.

Figure 12 :

 12 Figure 12: Comparison between a 207-corrected and 208-corrected 206 Pb/ 238 U ages for the CFM wolframite.

  used 5 aliquots to calculate a Concordia age of c corrected 207 Pb*/ 235 U and 206 Pb*/ 238 U ratios. Those authors performed the Pbc correction using 206 Pb/ 204 Pb(i) = 17.86 and 207 Pb/ 204 Pb(i) = 15.57 ( 207 Pb/ 206 Pb(i) = 0.87) that was determined from quartz separates taken from the same sample and in physical contact with wolframite.

  3.3.1 Pb/Pb and U/Pb normalisation and common Pb correctionsThe subtraction of background signals was done in IoLite (version 3.7.1) and produced cps intensities for each isotope and 238 U/ 206 Pb, and 207 Pb/ 206 Pb ratios that are uncorrected for IMF. The laser spot size and repetition rate used in this study produced ablation pits with low aspect ratios (<0.3) that reduce the effect of downhole element fractionation (DHF). We do not apply a downhole element fractionation correction to U/Pb ratios and instead use the mean 238 U/ 206 Pb for each analysis, and we justify this in Section 4.2. The uranium concentration of wolframite can be highly variable and generates a large dynamic range in the signal arriving at the ICP-MS detector. To avoid issues of non-linearity in ion detection of large signals, we use the measured 235 U when 238 U has over 2×10 6 counts per second to generate 238 U/ 206 Pb and assume a 235 U/ 238 U of 137.818 (Heiss et al. 2012). Pb/Pb isotopes for all samples are normalised to the NIST 614 glass using 207 Pb/ 206 Pb and 208 Pb/ 206 Pb values of

0.8710 ± 0.0008 and 2.101 ± 0.002, respectively

[START_REF] Woodhead | Strontium, neodymium and lead isotope analyses of NIST glass certified reference materials[END_REF]

. This correction is minor with the measured values between 1 3% higher than the accepted values in the NIST 614. There is no isotopically characterised and homogenous wolframite reference material available for normalisation of

238 

U/ 206 Pb. Initially, we determined the U/Pb age of the MTM-1 wolframite by LA-ICP-MS on a 238 U/ 206 Pb vs. 207 Pb/ 206 Pb diagram after normalisation of 238 U/ 206 Pb to the Sweet Home hübnerite

  Determination of age and common Pb correction U/Pb ages presented here are lower intercept ages of Discordia plotted on 238 U/ 206 Pb vs. 207 Pb/ 206 Pb diagrams. In these diagrams, analyses of purely radiogenic Pb plot on the Concordia and define the U/Pb age for that sample.

	186 W 18 O on 204 Pb
	by monitoring 186 W 16 O (AMU 202) and assuming a 18 O/ 16 O of 0.002 (discussed further in section 5.3).
	3.3.2

  Merceron et al. 1987) and the emplacement age of the nearby Colettes granite (Rb Sr isochron age of 317 ± 8 Ma, recalculated from Pin 1991 using the 87 Rb decay constant of Villa et al. 2015). It is older than the emplacement age of the Beauvoir granite (

40 

Ar-

39 

Ar lepidolite age at 308 ± 2 Ma;

[START_REF] Cheilletz | Ages 40 Ar/ 39 Ar du leucogranite à topaze-lépidolite de Beauvoir et des pegmatites sodolithiques de Chédeville (Nord Massif Central, France). Significations pétrologique et géodynamique[END_REF]

) and within uncertainty of columbite-tantalite U/Pb age (317 ± 6 Ma;

[START_REF] Melleton | Rare-elements (Li-Be-Ta-Sn-Nb) magmatism in the European Variscan Belt, a review[END_REF]

) that clearly postdates wolframite mineralisation. However, the new ed to date W mineralisation

  The only external geochronological constraint from this sample comes from an 40 Ar/ 39 Ar age of muscovite and biotite from the thermal metamorphic aureole of a buried intrusion that yields ages of 300.3

± 3.1 and 302.5 ± 3.2 Ma, respectively

(Costa 1990)

, and agrees within uncertainty with the LA-ICP-MS U/Pb wolframite age. The BOS has a lower intercept age of 307 ± 21 (

22

) Ma that we interpret as a crystallisation age.

The ID-TIMS age for BOS is 332.6 ± 6.1 Ma

(Harlaux et al. 2018a

). Both the LA-ICP-MS and ID-TIMS age estimates are within the error of U/Pb zircon and monazite ages of 324 ± 4 Ma (ID-TIMS age;

[START_REF] Holliger | Age Carbonifère de l'unité de Brâme du complexe granitique peralumineux de Saint Sylvestre (N.O. Massif Central) défini par les données isotopiques U/Pb sur zircon et monazite[END_REF]

), 328 ± 3 Ma and 324 ± 3 Ma (LA-ICP-MS ages;

[START_REF] Villaros | Source variability in a single granitic pluton : Example from the St Sylvestre Leucogranite complex. 24ème Réunion des Sciences de la Terre[END_REF]

) from the nearby St-Sylvestre leucogranitic complex. However, the LA-ICP-MS age is more consistent with the 40 Ar/ 39 Ar exhumation age of ca. 305 Ma from muscovite occurring within the St-Goussaud leucogranite and near quartz-wolframite veins

[START_REF] Scaillet | Cooling pattern and mineralisation history of the saint Sylvestre and western Marche leucogranite pluton, French massif central: I. 40 Ar/ 39 Ar isotopic constraints[END_REF]

. The 207 Pb/ 206 Pb(i) of 0.5 ± 0.1 determined from the LA-ICP-MS data is significantly lower than the terrestrial Earth Pb isotope composition for that age ( 207 Pb/ 206 Pb(i) = 0.86; Stacey and Kramers 1972), however, is only slightly lower than defined in quartz from the same deposit ( 207 Pb/ 206 Pb(i) = 0.6;

Harlaux et al. 

  . Such little radiogenic Pb is seen by ID-TIMS and LA-ICP-MS in most wolframite samples from the FMC (including with 207 Pb/ 206 Pb in the range 0.83 to 0.90 and 206 Pb/ 204 Pb in the range 17.8 to 18.8, as indicated by sulphide and scheelite-bearing samples;Harlaux et al. 2018a). However, some of granites within the FMC are U-rich and a significant portion of U is hosted in uraninite or U-rich minerals (e.g., St-Sylvestre leucogranite;Cuney et al. 1990 and Beauvoir granite;[START_REF] Cuney | The Beauvoir topaz-lepidolite albite granite (Massif Central, France); the disseminated magmatic Sn-Li-Ta-Nb-Be mineralisation[END_REF]. Uraninite readily reacts with oxidized fluids, mobilizing U and radiogenic Pb that formed after uraninite crystallization. Uraninite has very high 238 U/ 204 Pb and will develop notably radiogenic Pb isotopic compositions after few thousand years. Similarly low 207 Pb/ 206 Pb(i) has also been inferred for cassiterite(Carr et al. Legros et al. 2020) or the replacement of wolframite by secondary minerals such as hübnerite, ferberite, and/or scheelite with different U/Pb compositions (e.g.,Harlaux et al. 2018a and Figure 

	2020) that is commonly associated with wolframite.
	5.4 Post-crystallisation fluid wolframite interaction
	In addition to Pb isotopic heterogeneity introduced from mineral inclusion or variable common Pb within
	wolframite, wolframite can be strongly affected by post-crystallization fluids (particularly those containing Fe
	and/or Mn; Lecumberri-Sanchez et al. 2017), as exemplified by MTM-1 sample (see 5.1.1). Post-crystallization
	fluid mineral interaction can result in multiple events being recorded in individual crystals (e.g., Deng et al. 2019;

Mobilisation of Pb from feldspar and uraninite may result in fluids that have isotopically variable Pb isotopic composition both in time and space, depending on the relative contribution of Pb from feldspar and uraninite.

Crystallization by such fluid may account for the low 207 Pb/ 206 Pbi (and high 206 Pb/ 204 Pbi) observed for some wolframite samples such as MTM-1 and BOS.

[START_REF] Yang | Accurate and precise in situ U/Pb isotopic dating of wolframite series minerals via LA-SF-ICP-MS[END_REF] 

also find a low 207 Pb/ 206 Pb(i) (0.39) in wolframite from the Nanling Range (YGX2107).

  Time resolved 238 U/ 206 Pb and 207 Pb/ 206 Pb for two analyses of the BOS with high Pbc analyses show contrasting behaviour (Figure8A).

206

Pb/ 238 U and 207 Pb/ 206 Pb in analysis I is erratic and indicates the ablation of mineral inclusions. In contrast, analysis III has a relatively stable 206 Pb/ 238 U and 207 Pb/ 206 Pb signal and more indicative that U and Pb are structure bound in wolframite. However, analysis III is isolated relative to the other data and the significance of the very low 207 Pb/ 206 Pb (0.36) is unclear.

  Pb in wolframite and correction proceduresMean weighted averages of Pbc corrected 206 Pb/ 238 U,207 Pb/ 235 U or207 Pb/206 Pb ages are commonly used in zircon geochronology to provide more precise age constraints (e.g.,Spencer et al. 2016). This Pbc correction is ideally applied using measured 206 Pb/ 204 Pb and 207 Pb/ 204 Pb in the sample, as 204 Pb is the only non-radiogenic Pb isotope.However, the measurement of204 Pb by LA-ICP-MS is frequently hindered by low signal, and an isobaric interference with 204 Hg which is a common contaminant in the Ar gas used to transport the sample (e.g.,Hirata et al. 2005). Additionally, there is a major isobaric interference between 204 Pb and 186 W 18 O during ablation of wolframite requiring a mass resolution of ~12,000 (e.g.,[START_REF] Carr | Assessment of crystallographic orientation effects on secondary ion mass spectrometry (SIMS) analysis of cassiterite[END_REF], which is significantly higher than the 300 used in this study. Achieving such a high mass resolution will inherently reduce signal intensity and is not feasible for U/Pb dating application of wolframite by LA-ICP-MS. The contribution of 186 W 18 O to AMU 204 can be estimated by monitoring 186 W 16 O on AMU 202 and assuming a 18 O/ 16 O of 0.002. In Figure11A, we show that counts on AMU 204 are linearly correlated with counts on AMU 202, indicating that the signal on AMU 204 is dominated by 186 W 18 O. Note that these data have been corrected for the large background signal introduced from Hg contamination on both AMU 202 and 204. The analyses that occur above this linear relationship contain high 204 Pb or 204 Hg.The overall low signal of 204 Pb from LA-ICP-MS data of wolframite from FMC and the two isobaric interferences render Pbc correction using 204 Pb difficult. Instead, most LA-ICP-MS studies of Pbc bearing minerals apply Pbc corrections using the 207-and 208-methods (e.g.,[START_REF] Williams | U-Th-Pb geochronology by ion microprobe[END_REF]. All wolframite from the FMC measured in this study have a Th/U of <0.1 (Figure9) indicating a small proportion of radiogenic 208 Pb and that the 208 Pb/ 206 Pb can be used to estimate the proportion of Pbc. In minerals with low Th/U like wolframite, the 208-correction method is preferred because 208 Pb is the most abundant Pbc isotope. In Figure11B, we show that after a mass interference correction on AMU 204 to remove the 186 W 18 O component,204 Pb cps correlate linearly with 208 Pb cps at high signal intensity (Figure11B). 208 Pb is 38.5 times greater than 204 Pb which is comparable to the

	5.6 Suggested procedures for U/Pb wolframite geochronology by LA-ICP-MS
	With the increasing number of publications on U/Pb wolframite geochronology by LA-ICP-MS, standardised data
	treatment and interpretation procedures are required. We suggest the guidelines outlined by Horstwood et al.

208

Pb/ 204 Pb reported in

Harlaux et al. (2018a) 

in low U/Pb minerals. Analyses with relatively high Th remain on this linear trend and highlight that radiogenic

208 

Pb is insignificant in the FMC. At low 204 Pb (<1,000 cps) the relationship with

208 

Pb is no longer linear (Figure

10

).

A comparison of the 207-and 208-Pbc correction methods applied to CFM wolframite is shown in Figure

12A

and B and using the following common Pb compositions: 207 Pb/ 206 Pb = 0.86, 208 Pb/ 206 Pb = 2.090. Data excluded from Figure

7C

are also excluded here. Only the internal error is included in the mean weighted age as data are not being compared intra-session. Both the 207-and 208-correction methods yield a comparable range of Pbc corrected 206 Pb/ 238 U ages between ca 330 Ma and 290 Ma, and both methods yield similar mean weighted ages with high MSWD. In this study, the CFM yields the least dispersion in common Pb corrected ages. The Pb isotopic heterogeneity within wolframite from other deposits of the FMC yields significant dispersion in Pbc corrected ages with higher MSWD and precludes more accurate Pb/U ages by these methods. However, despite this dispersion, both the 207-Pbc and 208-Pbc produce similar results.

  238 U/206 Pb ratios and a NIST synthetic glass for normalisation of Pb isotope ratios. We prefer the NIST 614 as it has a Pb concentration of 2.32 ppm similar to the values typically observed in wolframite, and its Pb isotopic composition is known with precision[START_REF] Woodhead | Strontium, neodymium and lead isotope analyses of NIST glass certified reference materials[END_REF]. Well characterised, non-matrix-matched reference materials such as 91500 zircon[START_REF] Wiedenbeck | Three natural zircon standards for U Th Pb, Lu Hf, trace element and REE analyses[END_REF]) can be included in the analytical procedure to quantify the session excess variance of 238 U/ 206 Pb and 207 Pb/ 206 Pb and to Ma is proposed for the MTM-1 wolframite. This age is different to the previous ID-TIMS age of 334.4 ± 1.7 Ma that was derived from an inappropriate common Pb correction of Discordant data. Using MTM-1 and the newly defined age for normalisation of LA-ICP-MS U/Pb data for six wolframite samples from the FMC, we determine new U/Pb wolframite ages that are more robust and geologically plausible compared to ID-TIMS ages of the same samples. LA-ICP-MS data are more widely distributed on a 238 U/ 206 Pb vs. 207 Pb/ 206 Pb diagram compared to ID-TIMS and can better define a Discordia lower intercept U/Pb ages and upper intercept 207 Pb/ the crystal structure, alteration of primary compositions, and/or mineral and fluid inclusions that were unintentionally analysed during laser ablation. This variability warrants the use of in-situ methods, such as LA-ICP-MS, and compositional maps (such as µXRF or SEM) for targeting purposes. We propose new guidelines for the U/Pb dating of wolframite by LA-ICP-MS that will permit more accurate wolframite ages and more realistic uncertainties.

	6. Conclusions A1 Hand sample photos and µXRF and EDS maps A new age of 316.7 ± 3.3 (5.8) Appendix A2 EPMA data

monitor instrumental drift. As secondary wolframite U/Pb reference materials are currently unavailable to assess age reproducibility, we recommend using the long-term reproducibility of other minerals that are commonly dated by LA-ICP-MS (e.g., 91500 zircon used here) to give more realistic estimates of the wolframite age reproducibility.

Wolframite can show heterogeneity in apparent U/Pb age and common Pb composition due to U and/or Pb mobilisation, heterogenous common Pb, or dissolution-reprecipitation. Importantly, the common Pb composition is not always in isotopic equilibrium with low U/Pb minerals associated with wolframite, nor terrestrial Pb evolution models (e.g.,

Stacey and Kramers 1972)

. For such samples, anchoring Discordia to a fixed 207 Pb/ 206 Pb(i) or performing Pbc corrections may give incorrect ages. 206 Pb(i). LA-ICP-MS wolframite ages define a period of mineralisation between ca 325 Ma and 295 Ma which is 10 Ma shorter than previously defined by ID-TIMS of the same samples. The highly variable U, Th and Pb concentrations and U/Pb and Pb/Pb isotopic ratios in wolframite can be attributed to natural variability in

Table 1 :

 1 Analytical settings used for EPMA analysis of wolframite.

	Tables				
	Element	Crystal detector	Peak counting	Detection limit	Calibration
			time/background	(ppm)	standard
			counting time		
	Analytical settings				
	#1				
	W	LIF	10/5	4500	Scheelite
	Fe	LIF	10/5	1300	Hematite
	Mn	LIF	10/5	1200	Pyrophanite
	Analytical settings				
	#2				
	F	PC1	120/60	800	Topaz
	Sc	PET	60/30	380	Sc metal
	Ti	PET	100/50	230	Pyrophanite
	Nb	PET	120/60	1200	Synthetic LiNbO3
	Sn	PET	100/50	850	Cassiterite
	Ta	LIF	120/60	1300	Synthetic LiTaO3
	U	LPET	120/60	1000	Synthetic UO2

Table 2 :

 2 U/Pb data of the MTM-1 wolframite after 238 U/ 206 Pb normalisation to three wolframites and 207 Pb/ 206 Pb normalisation to the NIST614. (see attached .xlsx)

Table 3 :

 3 Measured U/Pb data of the MTM-1 wolframite and Pb/Pb data normalised to the NIST614. (see attached

	.xlsx)

Table 4 :

 4 U/Pb data of the Echassières wolframite after 238 U/ 206 Pb normalisation to the MTM-1 and Pb/Pb data normalised to the NIST614. (see attached .xlsx)

Table 5 :

 5 Measured U/Pb data of wolframite from the French Massif Central. (see attached .xlsx)

Table 6 :

 6 Comparison of U/Pb ages for wolframite from the French Massif Central obtained by LA-ICP-MS (this study) and ID-TIMS(Harlaux et al. 2018a). All data are shown on Figure7. *The BOS and ML ages are determined from filtering out the most discordant analyses as described in the text. LA-ICP-MS 207 Pb/ 206 Pb(i) ratios were determined from the upper intercept values in Figure7, and from ID-TIMS analyses of low U/Pb phases such as pyrite and scheelite(Harlaux et al. 2018a). For samples without appropriate Pb-rich phases, quartz (Pb in fluid inclusions) associated with wolframite was used(Harlaux et al. 2018a). The average 207 Pb/ 206 Pb(i) of up to 4 analyses (2SD shown for multiple analyses) determined by ID-TIMS. Note that MTM-1 and ECH occur in the same deposit (La Bosse) and a single quartz sample was analysed from this deposit.

	Sample LA-ICP-MS (this study)	ID-TIMS (Harlaux et al.
				2018a)	
		Lower	207 Pb/ 206 Pb(i)	Age (Ma)	207 Pb/ 206 Pb(i) of
		intercept age			low	U/Pb
		(Ma)			minerals
	MTM	316.5 ± 5.3	0.770 ± 0.009	334.4 ± 1.7 0.87
	ECH			333.4 ± 2.4 0.87
	BOS	307 ± 21 (22)* 0.5 ± 0.1	332.6 ± 6.1 0.60
	ENG	318.3 ± 5.2	0.90 ± 0.01	273.7 ± 6.5 0.859 ± 0.006
		(9.1)			
	SM	317.1 ± 3.0	0.84 ± 0.004	315 ± 15	0.857 ± 0.003
		(8.3)			
	CFM	310.6 ± 4.0	0.83 ± 0.5	298.0 ± 1.2 0.80
		(9.2)			
	ML	298.5 ± 2.9	0.88 ± 0.06	315.9 ± 2.3 0.86
		(7.6)*			
	LCP	306.8 ± 4.2	0.842 ± 0.006	276.5 ± 2.9 0.86 ± 0.02
		(9.3)			
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