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Introduction

Uraninite (ideally UO 2 ) is the most common uranium oxide present in uranium deposits and always contains, in varying proportions, "impurities" such as Pb, Ca, Si, Th, Zr, Fe, and Rare Earth Elements (REEs), in such a way that its chemical formula should be written more realistically as (U 4+

1-x-y-z-v U 6+

x REE 3+ y M 2+ z □ 4- v )O 2+x-(0.5y)-z-2v (Janeczek and Ewing, 1992b)).

This chemical variability, coupled with isotopic variations (U, O, Pb, Sr), has been used in a increasing number of scientific studies to provide new constraints on different aspects of the nuclear cycle, whether concerning the geological conditions at the origin of uranium deposits, the classification of uranium deposits, or nuclear forensic issues for both uranium ore and mill concentrates [START_REF] Frondel | Systematic mineralogy of uranium and thorium[END_REF][START_REF] Leroy | Mineralogical, chemical and isotopic (U-Pb method) studies of Hercynian uraniferous mineralizations (Margnac and Fanay mines, Limousin, France)[END_REF][START_REF] Fryer | Rare-earth element distributions in uraninites: implications for ore genesis[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Fayek | Characterization of multiple fluid-flow events and rareearth-element mobility associated with formation of unconformity-type uranium deposits in the Athabasca Basin, Saskatchewan[END_REF][START_REF] Keegan | The provenance of Australian uranium ore concentrates by elemental and isotopic analysis[END_REF][START_REF] Varga | Application of lead and strontium isotope ratio measurements for the origin assessment of uranium ore concentrates[END_REF][START_REF] Brennecka | Natural variations in uranium isotope ratios of uranium ore concentrates: understanding the 238 U/235 U fractionation mechanism[END_REF][START_REF] Varga | Origin assessment of uranium ore concentrates based on their rare-earth elemental impurity pattern[END_REF][START_REF] Fayek | The oxygen isotopic composition of uranium minerals: A review[END_REF][START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF][START_REF] Keegan | Attribution of uranium ore concentrates using elemental and anionic data[END_REF][START_REF] Depiné | Trace element distribution in uraninite from Mesoarchaean Witwatersrand conglomerates (South Africa) supports placer model and magmatogenic source[END_REF][START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF][START_REF] Frimmel | Uraninite chemistry as forensic tool for provenance analysis[END_REF][START_REF] Uvarova | Variations in the uranium isotopic compositions of uranium ores from different types of uranium deposits[END_REF][START_REF] Alexandre | Chemical compositions of natural uraninites[END_REF][START_REF] Balboni | Chemical and Sr isotopic characterization of North America uranium ores: Nuclear forensic applications[END_REF]Macmillan et al., 2016b;[START_REF] Varga | Identification of uranium signatures relevant for nuclear safeguards and forensics[END_REF][START_REF] Spano | A novel nuclear forensic tool involving deposit type normalized rare earth element signatures[END_REF]. The dominant hypothesis of these studies is that the chemical and isotopic compositions measured in natural uraninites today directly reflect their original compositions as determined by the conditions of crystallization. It is on this basis, and on the quasisystematic measurements of major, minor and trace elements and their possible isotopic values in natural uraninites in recent years, that the current geological and forensic classifications have been proposed. Such an assumption is particularly emphasized for minor and trace elements like the REEs, providing confidence in their use as provenance indicators or as tracers of the original geological conditions of formation [START_REF] Fryer | Rare-earth element distributions in uraninites: implications for ore genesis[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Keegan | The provenance of Australian uranium ore concentrates by elemental and isotopic analysis[END_REF][START_REF] Varga | Origin assessment of uranium ore concentrates based on their rare-earth elemental impurity pattern[END_REF][START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF][START_REF] Keegan | Attribution of uranium ore concentrates using elemental and anionic data[END_REF][START_REF] Depiné | Trace element distribution in uraninite from Mesoarchaean Witwatersrand conglomerates (South Africa) supports placer model and magmatogenic source[END_REF][START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF][START_REF] Frimmel | Uraninite chemistry as forensic tool for provenance analysis[END_REF][START_REF] Alexandre | Chemical compositions of natural uraninites[END_REF][START_REF] Balboni | Chemical and Sr isotopic characterization of North America uranium ores: Nuclear forensic applications[END_REF][START_REF] Spano | A novel nuclear forensic tool involving deposit type normalized rare earth element signatures[END_REF]. The significant variations potentially measured in the minor and trace elements at the scale of one crystal, one deposit or one deposit type [START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF][START_REF] Frimmel | Uraninite chemistry as forensic tool for provenance analysis[END_REF][START_REF] Alexandre | Chemical compositions of natural uraninites[END_REF][START_REF] Balboni | Chemical and Sr isotopic characterization of North America uranium ores: Nuclear forensic applications[END_REF][START_REF] Varga | Identification of uranium signatures relevant for nuclear safeguards and forensics[END_REF][START_REF] Spano | A novel nuclear forensic tool involving deposit type normalized rare earth element signatures[END_REF] have however not been discussed, except for recent small-scale observations done for the Olympic Dam deposit (Australia; Macmillan et al., 2016a;2016b) and are considered to be related to genetic processes even though the genetic models for a vast majority of the uranium deposits have not been properly constrained [START_REF] Cuney | Fate of trace elements during alteration of uraninite in a hydrothermal vein-type U-deposit from Marshall Pass, Colorado, USA[END_REF].

Uraninite is nevertheless known to be one of the mineral phases most likely to be affected by post-crystallization processes [START_REF] Isobe | Alteration of uranium minerals in the Koongarra deposit, Australia: Unweathered zone[END_REF]Janeczek and Ewing, 1992a;[START_REF] Fayek | Characterization of multiple fluid-flow events and rareearth-element mobility associated with formation of unconformity-type uranium deposits in the Athabasca Basin, Saskatchewan[END_REF][START_REF] Finch | Systematics and paragenesis of uranium minerals[END_REF]Fayek et al., 2000a;[START_REF] Kempe | Precise electron microprobe age determination in altered uraninite: consequences on the intrusion age and the metallogenic significance of the Kirchberg granite (Erzgebirge, Germany)[END_REF][START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Cuney | Fate of trace elements during alteration of uraninite in a hydrothermal vein-type U-deposit from Marshall Pass, Colorado, USA[END_REF][START_REF] Clauer | Relating unconformity-type uranium mineralization of the Alligator Rivers Uranium Field (Northern Territory, Australia) to the regional Proterozoic tectono-thermal activity: An illite K-Ar dating approach[END_REF]Macmillan et al., 2016b;Macmillan et al., 2016a). These post-crystallization processes, which are mainly linked to late fluid circulation events, are observed within individual uraninite crystals and induce for example major changes in the major element contents, with the incorporation of Ca, Si, and Fe at up to several wt. % through cationic substitution to radiogenic Pb [START_REF] Kempe | Precise electron microprobe age determination in altered uraninite: consequences on the intrusion age and the metallogenic significance of the Kirchberg granite (Erzgebirge, Germany)[END_REF][START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF]Macmillan et al., 2016b;[START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF]. Post-crystallization O isotopic exchanges in uraninites have also been demonstrated [START_REF] Kotzer | O, U, and Pb isotopic and chemical variations in uraninite: implications for determining the temporal and fluid history of ancient terrains[END_REF]Fayek et al., 2002a;[START_REF] Fayek | The oxygen isotopic composition of uranium minerals: A review[END_REF]. Unlike for the major elements, the cation substitution processes for minor and trace elements in uraninite have barely been studied with the exception of Deditius et al. (2007) and Macmillan et al. (2016a).

The cationic substitutions of radiogenic Pb in uraninites affected by post-crystallization alteration, coupled with the calculation of U-Th-Pb chemical ages by EMPA [START_REF] Bowles | Age dating of individual grains of uraninite in rocks from electron microprobe analyses[END_REF], have been proposed as a dating tool for i) the crystallization of the uraninite, and ii) the different fluid events that may have affected the uraninites [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Dieng | Tectonic history of the North American shield recorded in uranium deposits in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Dieng | Genesis of multifarious uranium mineralization in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF]. On this basis, in situ measurements of the U-Pb and 207 Pb/ 206 Pb isotopic ages coupled with U-Th-Pb chemical ages are currently considered to be the most suitable way to determine the crystallization age of the uraninite and the timing of thermal and tectonic events that generate fluid circulations and modification of the isotopic and chemical compositions of uraninites. Such a methodology has been for example extensively applied to unconformityrelated U deposits (Canada and Australia) and has led to the highly controversial proposal that their exceptional grades and tonnages could be linked to a succession of several major fluid episodes between ca 1.7 Ga and the present [START_REF] Jefferson | Unconformity-associated uranium deposits of the Athabasca basin, Saskatchewan and Alberta[END_REF][START_REF] Kyser | Basins and uranium deposits, In: Geology and Geochemistry of Uranium and Thorium Deposits[END_REF][START_REF] Skirrow | The Ranger uranium deposit, northern Australia: Timing constraints, regional and ore-related alteration, and genetic implications for unconformity-related mineralisation[END_REF].

The mechanisms that control and affect the incorporation and exchange of elements in natural uraninite, and their impact on the applicability of chemical and isotopic tracers, remain poorly understood. This knowledge is however essential in order to use, in a valuable way, the chemical and isotopic compositions of uraninites to trace and date this mineral and subsequent related products of the nuclear cycle. To address this same problematic, many new emerging methodologies have been proposed for zircons such as atom probe tomography [START_REF] Valley | Hadean age for a postmagma-ocean zircon confirmed by atom-probe tomography[END_REF][START_REF] Piazolo | Trace element homogeneity from micron-to atomic scale: Implication for the suitability of the zircon GJ-1 as a trace element reference material[END_REF] or crystal-scale age mapping [START_REF] Chew | Rapid high-resolution U-Pb LA-Q-ICPMS age mapping of zircon[END_REF]. The common power of these new methodologies lies in the possibility to study and understand the smallscale chemical and structural variations of the studied mineral. Following this philosophy, the present study aims at demonstrating the effect of post-crystallization alteration on the major and trace element, Pb and O isotopic compositions of natural uraninite, and its impact on elemental tracing and on the U-Th-Pb chemical and isotopic dating applications. Two samples of massive uraninites from the Cigar Lake unconformity-related deposit (Saskatchewan, Canada) have been selected for this objective. These two samples were carefully examined using small-scale and in situ methods to provide a µm-scale cartography (scanning electron microscopy, SEM), structural determinations (Raman spectroscopy), major (electron probe micro-analyses, EPMA), minor and trace (laser ablation inductively-coupled plasma mass spectrometry, LA-ICP-MS) element quantifications, and δ 18 O, U/Pb and Pb-Pb isotopic ratios (secondary ion mass spectrometry, SIMS). Only primary uraninite grains and their alteration counterparts were considered and examined, rejecting potentially newly-precipitated younger uraninite grains (reprecipitated from dissolution of the primary mineralization) and alteration products such as coffinite.

Materials and methods

Two samples (9672-131 and 9672-162; pictures in Supplementary Materials (ESM-1)) from the high-grade U ore body of the Cigar Lake uranium deposit were selected. These two samples were collected from two freezing holes (SF-910-10 and SF-910-09) drilled during the 2015 summer drilling campaign, focused on the East pod of the main U orebody (Phase 1).

These two samples display the usual optical and petrographic characteristics of the high-grade U mineralizations known throughout unconformity-related U deposits of the Athabasca Basin [START_REF] Lancelot | Formation and evolution of the Cigar Lake uranium deposit based on. U-Pb and K-Ar isotope systematics[END_REF][START_REF] Reyx | Etude metallographique des differentes associations minerales et caracterisation chimique des mineraux uraniferes du gisement de Cigar Lake (Saskatchewan, Canada)[END_REF][START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF], with large crystals of uraninite (>1 mm in diameter) that are favorable for a proper description and study of alteration processes (ESM-1 and description in 3.1). The crystals occur as botryoidal aggregates of UO 2 showing a slightly fibrous aspect in a matrix of intimately mixed illite and sudoite. A suite of sulfide, arsenide and arsenic sulfide minerals, such as chalcopyrite, pyrite, nickeline (NiAs), cobaltite (CoAsS) and gersdorffite (NiAsS) (among others), are commonly disseminated in the clay matrix, either around the uraninite grains or in fractures that crosscut them. Aluminium phosphate sulphates (APS) can likewise be found in association with this illite-sudoite assemblage. The two samples were spatially separated by a few meters. The geological setting of the Cigar Lake U deposit is not described here but descriptions can be found in the numerous previous studies dedicated to this deposit [START_REF] Bruneton | Geological environment of the Cigar Lake uranium deposit[END_REF]Fayek et al., 1997;Fayek et al., 2002a;[START_REF] Martz | Caractéristiques, chronologie et rôles des circulations fluides dans le bassin d'Athabasca et de son socle: implications dans la formation et l'évolution du gisement d'uranium de Cigar Lake. Characteristics, chronology and roles of fluid circulations in t[END_REF].

Polished thin sections were prepared from the two samples and were examined using Structural determinations were done by Raman spectroscopy at GeoRessources laboratory.

The Raman spectra are recorded using a LabRAM HR spectrometer (Horiba Jobin Yvon) equipped with a 600 gr.mm -1 grating and an Edge filter. The confocal hole aperture is of 1000 µm, the slit aperture is of 200 µm. The excitation beam is provided by a Stabilite 2017

Ar + laser (Spectra Physics, Newport Corporation) at 514.53 at a power of 200 mW, attenuated by a D1-10% neutral filter in order to avoid thermal degradation of oxide, and focused on the sample using a ×50 objective (Olympus). Each spectrum is acquired based on a laser focused on a 1 µm 2 surface and corresponds to the average of 10 spectra of 30 s of acquisition time.

Single-point U-Pb chemical ages for U-bearing minerals were calculated from EMPA data using the iterative procedure of [START_REF] Bowles | Age dating of individual grains of uraninite in rocks from electron microprobe analyses[END_REF]. In this procedure, a first age approximation is obtained from the following equation (1):

= λ ln ( + 1) (1)
where t is the estimated age of mineral closure, and λ 238 is the decay constant of 238 U. The amounts of 206 Pb and 238 U were calculated from the total lead and uranium contents (atomic %).

The amount of Pb corresponding to this approximated age is then calculated using:

= ℎ × -1" + # × $0.99276 × -1 + 0.007196 × + -1, (2) 
where t (output from equation 1) is the age of mineral closure, λ 232 , λ 235 , and λ 238 are the decay constants of 232 Th, 235 U, and 238 U, respectively, and Pb, Th, and U are the contents in atomic % of these elements. If the calculated lead content from equation 2 is greater than the measured content, the age (t) is then iteratively modified by 10 Ma and then by 1 Ma until the corresponding calculated lead content matches the measured one. The procedure assumes that no U or Th has been reintroduced to or lost from the system, and that no common Pb was present in the mineral during the initial crystallization. The SIMS analyses confirmed that common Pb was not introduced at the time of crystallization or during post-crystallization alteration (extremely low 204 Pb/ 206 Pb ratios measured by SIMS, see below). This indicates that the procedure proposed is suitable for obtaining chemical age dates from the two selected uraninite samples. Pb, Si, Ca, and U X-ray elemental mapping was carried out on the two samples using a 20 nA current, an accelerating voltage of 15 kV, and a counting time of 10 s for each element. The step size was 3 µm with a spot size of about 1 µm².

The U/Pb and Pb/Pb isotopic compositions of the two samples were measured with a CAMECA IMS 1270 E7 ion microprobe at the Centre de Recherches Pétrographiques et Géochimiques (CRPG; Nancy, France) based on a method proposed by [START_REF] Deloule | In-situ U-Pb zircon ages for Early Ordovician magmatism in the eastern Pyrenees, France: the Canigou orthogneisses[END_REF] and adapted from the initial protocol developed by [START_REF] Compston | U-Pb geochronology of zircons from lunar breccia 73217 using a sensitive high mass-resolution ion microprobe[END_REF] for the U/Pb and Pb/Pb isotopic dating of zircons by SIMS. A 13-kV O -primary ion beam of 3.5 to 10 nA intensity was focussed on a spot of ca. 15 µm diameter. The primary beam was set in Gaussian mode with a raster of 10 µm. The field aperture was set to 2,000 µm and the transfer optic magnification was adjusted to 80. Rectangular lenses were activated in the secondary ion optics to increase the transmission at high mass resolution. The energy window was opened at 30 eV, and centred on the low energy side, 5 eV before the maximum value. [START_REF] Weyer | Natural fractionation of 238U/235U. Geochim[END_REF][START_REF] Bopp | Variations in 238U/235U in uranium ore deposits: Isotopic signatures of the U reduction process?[END_REF][START_REF] Condon | Isotopic composition (238U/235U) of some commonly used uranium reference materials[END_REF][START_REF] Hiess | 238U/235U systematics in terrestrial uranium-bearing minerals[END_REF][START_REF] Chernyshev | 238U/235U isotope ratio variations in minerals from hydrothermal uranium deposits[END_REF][START_REF] Murphy | Fractionation of 238U/235U by reduction during low temperature uranium mineralisation processes[END_REF][START_REF] Andersen | Uranium isotope fractionation[END_REF] [START_REF] Holliger | Ages U-Pb définis in situ sur pechblende à l'analyseur ionique[END_REF], which has a given concordant age at 540 ± 4

Ma [START_REF] Holliger | Ages U-Pb définis in situ sur pechblende à l'analyseur ionique[END_REF][START_REF] Cathelineau | Metallogenesis of the French part of the Variscan orogen. Part II: Time-space relationships between U, Au and Sn-W ore deposition and geodynamic events -mineralogical and U-Pb data[END_REF]. Internal precisions obtained on the Zambia uraninite during the SIMS analytical sessions were 0.1% and 0.01% for 206 Pb/ 238 U and 207 Pb/ 206 Pb ratios respectively.

It is true that because only one reference material with a U/Pb ratio distinct from the analyzed samples has been used, the correction for mass bias may be slightly erroneous and consequently so might be the estimated age [START_REF] Sharpe | Mass bias corrections for U-Pb isotopic analysis by secondary ion mass spectrometry: Implications for U-Pb dating of uraninite[END_REF]. However, such slight bias does not change the aim of the present study. Initial data treatment, standardization against Zambia uraninite, calculations of U/Pb and Pb/Pb ratios and related ages, and calculation of errors were done using an in-house Excel spreadsheet at the CRPG and previously used for all peer-reviewed publications based on U-Pb SIMS analyses of uranium oxides and zircons carried out at the CRPG for more than 25 years. Error calculation and error propagation assessment are based on the same equations as indicated by Fayek et al. (2000b). Pb/U calibration for the two samples was done based on the linear relationship between 238 U 16 O/ 238 U and 206 Pb/ 238 U ratios on the Zambia reference material [START_REF] Compston | U-Pb geochronology of zircons from lunar breccia 73217 using a sensitive high mass-resolution ion microprobe[END_REF]. Uncertainties for Pb-U and Pb/Pb ratios and related ages are reported at the 1σ level (ESM-2). Concordia ages and mean square-weighted deviation (MSWD) were calculated using ISOPLOT [START_REF] Ludwig | Isoplot/Ex version 3.41b, a geochronological toolkit for Microsoft Excel[END_REF]. Common Pb corrections were based on the measured 204 Pb content using the Pb isotope composition calculated from [START_REF] Stacey | Approximation of terrestrial lead isotope evolution by a two-stage model[END_REF], at the supposed age of the uranium oxide crystallization (value of 1300

Ma used for both samples). The high 206 Pb/ 204 Pb ratio (>10,000) obtained for all analytical points in the two samples suggests however that common Pb is negligible (ESM-2).

Minor and trace element, including rare earth element (REE), concentrations were measured with a laser-ablation inductively-coupled-plasma mass spectrometer (LA-ICP-MS) at the GeoRessources laboratory (Nancy, France). The samples were ablated using a 193 nm Geolas Q Plus system with an aperture-imaged Complex 103 ArF excimer laser (Microlas, Göttingen, Germany) equipped with beam homogenization optics. The laser spot sizes were about 32 or 44µm in diameter and the fluence was ~ 7 J/cm 2 . 200 laser shots were done per analysis, leading to a penetration depth of ~ 20 µm (considering a penetration depth of 0.1 µm/laser shot in uranium oxide [START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF]). Ablated particulate material was analyzed using an Agilent 7500c Quadrupole ICP-MS. The transport gas was a mixture of He and Ar, at typical flow rates of 0.5 and 0.8 l.min -1 , respectively. All data were acquired as raw counts using time resolved mode. Data reduction was performed using Iolite [START_REF] Patton | Iolite: freeware for the visualization and processing of mass spectrometry data[END_REF]. Absolute elemental concentrations were obtained using the equation developed by [START_REF] Longerich | Inter-laboratory note. Laser ablation inductively coupled plasma mass spectrometric transient signal data acquisition and analyte concentration calculation[END_REF]. The calibration material (external standard) was a SRM NIST 610 glass standard with certified concentrations published by [START_REF] Jochum | Determination of Reference Values for NIST SRM 610-617 Glasses Following ISO Guidelines[END_REF]. A uraninite in-house standard from Mistamisk (Canada), developed for REE analysis by Secondary Ion Mass Spectroscopy (SIMS; [START_REF] Bonhoure | Methodology for Rare Earth Element Determinations of Uranium Oxides by Ion Microprobe[END_REF], was analyzed to monitor any matrix effect and SRM NIST 612 glass was analyzed to monitor the precision and accuracy of the measurements. The matrix effects present when quantifying the REEs in a uraninite using SRM NIST 610 are limited (<15%; [START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF] (internal standard). The analytical precision was calculated for all elements analyzed using the standard deviation of the recorded intensity and was better than ± 20%. The accuracy was controlled based on the analyses of the two cross-calibration standards, i.e. SRM NIST 612 for all the elements and the Mistamisk uraninite for the REEs, following the methodology of [START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF], and was typically within 20% relative difference of the reference values.

The limit of detection (LOD) varies for each element and each analysis as a function of signal intensity and was calculated for each ablation from signal intensities using the 3σ criterion [START_REF] Longerich | Inter-laboratory note. Laser ablation inductively coupled plasma mass spectrometric transient signal data acquisition and analyte concentration calculation[END_REF]. The LODs are given when the calculated values for a given element are below these values (ESM-2).

δ 18 O measurements were performed on sample 9672-131 using a CAMECA ims 1270 ion microprobe at CRPG (Vandoeuvre-lès-Nancy, France). Acquisition was performed in multicollection mode with two Faraday Cups. A 2.5-3 nA Cs + primary beam with an impact energy of 20 keV was used. Each analysis spot was around 15 µm in diameter and with penetration depth of ~ 1 µm. The analysed volumes for U/Pb, Pb/Pb and O isotopic measurements were similar. The mass resolving power m/∆m was fixed at 7000 in order to resolve 17 OH interference on 18 O (contribution of up to 3% in hydrated uraninite). Each analysis consisted of 30 cycles of 5 s, for a duration of 5 min per analysis. Isotopic compositions are reported in ‰ relative to Vienna Standard Mean Ocean Water (V-SMOW)

and uncertainties are at the 2σ level. A synthetic UO 2.1 standard was used for calibration (δ 18 O standard = 8.1 ± 0.3 ‰; Fayek et al. 2002a). The internal precision obtained on synthetic UO 2.1 standard was ±0.3‰ (2σ) and the external precision on 9672-131 was ±0.3‰ (2σ). various disseminated sulfides and arsenides. The crystal habits of the uraninites and mineralogical assemblages observed in these two samples are identical to those previously described for primary uraninites at the Cigar Lake U deposit [START_REF] Reyx | Etude metallographique des differentes associations minerales et caracterisation chimique des mineraux uraniferes du gisement de Cigar Lake (Saskatchewan, Canada)[END_REF]Fayek et al., 2002a). Under reflected light, these botryoids, nodules, and ribbons show varying reflectivities, with areas of lower reflectivity located along fractures and grain margins (Fig. 1a ande). The low reflectivity areas present irregular shapes and vary in size from microns to hundreds of microns (Fig. 1c andd Fayek et al. 2002a;[START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF].

Results

Optical and scanning electron microscopy

Major element concentrations in freshest and altered zones

The brightest BSE domains of the two uraninite samples (i.e; the freshest zones) are characterized by the highest Pb contents and the lowest Ca, Si and Fe contents (Fig. 3). These areas show U contents of around 70 wt. % and high Pb contents of up to 14.7 wt. % (Fig. 4).

They contain low Ca (about 0.5 wt. % Ca), and extremely low Si (<0.1 wt. % Si) and Fe (<0.1 wt. % Fe) contents, these contents being identical in the two samples. The alteration of the uraninite grains, visible optically and by SEM (Fig. 1 and 2), is characterized by the removal of radiogenic Pb that is compensated for by the incorporation of Ca, Si, and Fe, as observed by X-ray EMPA elemental mapping of the uraninites (Fig. 3) and in situ spot electron microprobe analyses (ESM-2 and Fig. 4). Lead loss can be also compensated by incorporation of minor elements (Mn or As for example; see 3.4) and by water. The Pb concentrations decrease strongly from the freshest (14.7 wt. % Pb) to the more altered regions (0 wt. % Pb around fractures at the edges of the grains; Figs. 1, 2, 3 and 4). In the altered areas of the uraninites, the total lead loss is compensated for by three dominant chemical substitutions of Si, Ca, and Fe, with concentrations up to 2.3 wt. % Ca, 1.7 wt. % Si and 0.7 wt. % Fe (ESM-2). The dominantly progressive co-substitution of Pb by Ca and Si is visible in a Ca-Si-Pb ternary diagram (Fig. 4b), the uraninite compositions plotting along a line representing an increasing alteration from the freshest zones (80% Pb, 20% Ca, and 0% Si) to their altered counterparts (0% Pb, 55% Ca and 45% Si). The slopes of the Pb-Ca and Pb-Si substitution trends are different for samples 9672-131 and 9672-161, being -0.46 and -0.61 (Pb-Ca) and -0.8 and -0.7 (Pb-Si), respectively (Fig. 4). The coffinite conversion is characterized by a Si increase (up to 5.69 wt. %) coupled with a Ca decrease (down to 0.8 wt. %). The U concentration from the freshest to strongly altered zones range from 76.6 to 69.4 wt. % , respectively (Fig. 4a). This moderate variation indicates that, while U is mobile during the alteration, the overall U content remains conservative, as indicated by the X-ray U elemental maps (Fig. 3). The ultimate conversion from uraninite to coffinite results in a significant drop in the U content (to 61.9 wt. % U; Fig. 4a). (from red circles to black circles on Fig. 4) from the freshest to altered zones, in direct correlation with the Pb contents (Fig. 5). The most altered areas (Pb contents ≈ 0 wt. % Pb)

U-

have highly discordant values down to the lower intercept of the Concordia (black circles on Fig. 5).

The and Co (72 ± 94 ppm) are similar in the freshest and altered zones (Fig. 6). ). These differences result in different trends of element substitution between the two samples, as observed for Si and Ca (Fig. 4).

As observed for the majority of the elements, REE concentrations in the freshest regions of the two uraninites are identical, leading to identical REE patterns that are characterized by a bell shape, with low contents of LREEs and HREEs compared to MREEs (Fig. 7). This shape is characteristic of uraninites from unconformity-related U deposits [START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF][START_REF] Alexandre | Chemical compositions of natural uraninites[END_REF]. The concentrations of the REEs in altered zones are different than in the freshest zones, with a progressive increase in LREE concentrations observed for example, Ce concentrations increase from around 20 ppm in the freshest regions to 417 and 990 ppm in samples 9672-131 (+ 2085%) and 9672-162 (+ 4950%), respectively (ESM-2 and Fig. 7).

Overall, the MREEs show no variation between the two zones, whereas the HREEs are slightly affected by the alteration showing a general decrease (Fig. 7). These changes in concentration result in different LREE/HREE ratios (Fig. 7; LREE/HREE ratios increasing from 0.15 to 0. 

δ 18 O compositions in the freshest and altered regions

The freshest regions of sample 9672-131 display a narrow range of low δ 18 O values of between -39.35 and -31.42 ‰ (Fig. 8). In contrast, the most altered regions have higher and more dispersed δ 18 O values (-22.12 to -8.91 ‰). Only one δ 18 O value was measured for the intermediate degree of alteration (4 wt. % < Pb content < 10 wt. %; Fig. 8), however the available data nevertheless suggest that δ 18 O increases as the degree of alteration increases.

Discussion

The objective of the present study was to characterize the effects of post-crystallization alteration on the chemical and isotopic compositions of natural uraninites based on two samples from the Cigar Lake U deposit. This work is not intended to provide new information about the genetic processes at the origin of the formation of unconformity-related U deposits, in particular the crystallization age of the first uranium mineralization, currently proposed to be 1467 ± 63 Ma at Cigar Lake (Fayek et al., 2000b). In this respect, the measured Discordia Lake deposit (Fayek et al., 2002a;[START_REF] Martz | Caractéristiques, chronologie et rôles des circulations fluides dans le bassin d'Athabasca et de son socle: implications dans la formation et l'évolution du gisement d'uranium de Cigar Lake. Characteristics, chronology and roles of fluid circulations in t[END_REF]. Such results suggest that the uraninites from the present study i) probably formed at a different time but under the same physico-chemical conditions as the presumed oldest uraninites at the Cigar Lake U deposit (as confirmed by the identical illite-sudoite-uraninite mineralogical assemblage), and ii) do not correspond to recrystallized and chemically modified older uraninites. If that were the case, the geochemical characteristics would be different than those of the older uraninites (with Si, Ca and Fe substitutions or possible modified REE patterns for example). Lead loss is the most frequent chemical modification linked to post-crystallization processes described for natural uraninites. This loss is mainly due to the significant differences in the ionic radii and charges of the two elements (respectively, 1.00 Å and 4 + to 6 + for uranium [START_REF] Janeczek | Mechanisms of lead release from uraninite in the natural fission reactors in Gabon[END_REF]; 1.29 Å and 2 + for lead), which favor i) non-incorporation of Pb into the crystal lattice of uraninite during its crystallization (no common Pb), and ii) nonincorporation of the radiogenic Pb produced through time by radioactive decay into the crystal lattice, and thus its easy removal from the mineral during interaction between the uraninite and fluid [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF]Macmillan et al., 2016a;2016b).

Uraninite can be thus considered one of the most difficult minerals to date with U-Pb and 207 Pb/ 206 Pb isotopic methods or U-Th-Pb chemical methods, even if this mineral is theoretically one of the best targets for U-Pb dating due to its high U and Pb contents (wt. %).

Uraninite should then be considered as an open system with 206 Pb/ 238 U and 207 Pb/ 235 U isotopic ratios and related Pb/U and 207 Pb/ 206 Pb ages that are usually not concordant, and whose degrees of discordancy are often much higher than 5% for both bulk analysis and in situ µmscale measurements acquired by SIMS (Fayek et al., 2002a;[START_REF] Sharpe | The world's oldest observed primary uraninite[END_REF][START_REF] Ballouard | Uranium metallogenesis of the peraluminous leucogranite from the Pontivy-Rostrenen magmatic complex (French Armorican Variscan belt): the result of long-term oxidized hydrothermal alteration during strike-slip deformation[END_REF] or LA-ICP-MS [START_REF] Chipley | Measurement of U-Pb ages of uraninite and davidite by laser ablation-HR-ICP-MS[END_REF][START_REF] Alexandre | Geochronology of unconformity-related uranium deposits in the Athabasca Basin, Saskatchewan, Canada and their integration in the evolution of the basin[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Cloutier | Geochemical, isotopic, and geochronlologic constraints on the formation of the Eagle Point basement-hosted uranium deposit, Athabasca Basin, Saskatchewan, Canada and recent remobilization of primary uraninite in secondary structures[END_REF]. These characteristics lead to uncertainty in the interpretation of 206 Pb/ 238 U, 207 Pb/ 235 U and 207 Pb/ 206 Pb values, even at the scale of a single grain, and to debate about the use of these data for calculating ages and proposing geological models for the formation and temporal evolution of uranium deposits. This is, for example, the case for the unconformity-related U deposits in Paleo-to Mesoproterozoic sedimentary basins in Canada and Australia, for which a very wide spread of Pb/U and 207 Pb/ 206 Pb isotopic ages, of ca 1.7 Ga to the present time, have been calculated (Jefferson et al., 2017;[START_REF] Kyser | Basins and uranium deposits, In: Geology and Geochemistry of Uranium and Thorium Deposits[END_REF]Skirrow et al., 2015). The same limitations affect the use of U-Th-Pb chemical geochronometers for uraninites [START_REF] Kempe | Precise electron microprobe age determination in altered uraninite: consequences on the intrusion age and the metallogenic significance of the Kirchberg granite (Erzgebirge, Germany)[END_REF][START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF].

One way to overcome these limitations in the calculation of crystallization ages and alteration stages of uraninite for a deposit or uranium province, might be to apply statistical clustering to the different types of measurements, such as 207 Pb/ 206 Pb ratios [START_REF] Kotzer | O, U, and Pb isotopic and chemical variations in uraninite: implications for determining the temporal and fluid history of ancient terrains[END_REF]Fayek et al., 2002a;[START_REF] Alexandre | Geochronology of unconformity-related uranium deposits in the Athabasca Basin, Saskatchewan, Canada and their integration in the evolution of the basin[END_REF][START_REF] Polito | Advances in understanding the Kombolgie Subgroup and unconformity-related uranium deposits in the Alligator Rivers Uranium Field and how to explore for them using lithogeochemical principles[END_REF] or chemical U-Th-Pb ages [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Dieng | Tectonic history of the North American shield recorded in uranium deposits in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Dieng | Genesis of multifarious uranium mineralization in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF]. This type of clustering method has already been applied

to different types of U deposits, and especially to unconformity-related U deposits. For these deposits, the clustering approach has provided several 207 Pb/ 206 Pb and U-Th-Pb chemical age peaks that have been considered representative of different successive fluid events that occurred through time within the basin and affected the uranium budget of the deposits [START_REF] Fayek | Characterization of multiple fluid-flow events and rareearth-element mobility associated with formation of unconformity-type uranium deposits in the Athabasca Basin, Saskatchewan[END_REF]Fayek et al., 2002a;[START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Polito | Advances in understanding the Kombolgie Subgroup and unconformity-related uranium deposits in the Alligator Rivers Uranium Field and how to explore for them using lithogeochemical principles[END_REF][START_REF] Sharpe | Geochronology and genesis of the Bong uranium deposit, Thelon Basin, Nunavut, Canada[END_REF][START_REF] Sheahan | A combined ingress-egress model for the Kianna unconformity-related uranium deposit, Shea Creek Project, Athabasca Basin, Canada[END_REF]. Based on this interpretation, several fluid circulation events in both the Athabasca and Thelon Basins (Canada) have been proposed to be associated with different near-field events (e.g. the emplacement of the McKenzie dyke swarms at 1.27 Ga) and with different far-field, continent-wide tectonic events, such as the Mazatzal Orogeny (1.6-1.5 Ga), the Berthoud Orogeny (ca. 1.4 Ga), the East Kootenay orogeny (ca. 1.35 Ga), the Grenville Orogeny (1.1 Ga), and the assemblage and break-up of the Rodinia (1-0.85 Ga) (Fayek et al., 2002a;Fayek et al., 2002b;[START_REF] Alexandre | Geochronology of unconformity-related uranium deposits in the Athabasca Basin, Saskatchewan, Canada and their integration in the evolution of the basin[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Cloutier | Geochemical, isotopic, and geochronlologic constraints on the formation of the Eagle Point basement-hosted uranium deposit, Athabasca Basin, Saskatchewan, Canada and recent remobilization of primary uraninite in secondary structures[END_REF][START_REF] Kyser | Basins and uranium deposits, In: Geology and Geochemistry of Uranium and Thorium Deposits[END_REF][START_REF] Sheahan | A combined ingress-egress model for the Kianna unconformity-related uranium deposit, Shea Creek Project, Athabasca Basin, Canada[END_REF].

The two samples analyzed in the present study are from the unconformity-related Cigar Lake U deposit (Athabasca Basin, Canada). They can be considered as relatively simple cases compared to published data on uraninites from unconformity-related U deposits because the measurements demonstrate a two-stage evolution of the uraninites, with their crystallization at 1300 Ma and then their alteration by a meteoric fluid at around 40 Ma (9672-131) and 70 Ma (9672-162) (Fig. 5). This interpretation is considered both analytically and geologically correct, in particular due to the large spread in the 206 Pb/ 238 U and 207 Pb/ 235 U ratios that allowed the establishment of well-defined Discordia lines (Fig. 5). The high values of the calculated MSWD (36 for 9672-131 and 49 for 9672-162) probably indicate a differential µm-scale mobility of Pb and U within the two studied uraninites, which favor a dispersion of the Pb/U ratios around the Discordia line. The process at the origin of this second-order dispersion has not been defined and is not discussed in the present document, but the authors do not consider it as related to a potential second event of alteration. Such event would have indeed generated a much greater dispersion like what can be observed for the alteration at ca.

40 Ma (9672-131) or ca. 70 Ma (9672-162) described in this study. Specific studies based on atomic to nm-scale works (atom probe or TEM for example) would help understanding such distribution. Anyway, this second order dispersion of the Pb/U ratios does not obliterate the first order distribution of the Pb/U ratios controlled by the two-stage scenario. In the discussion that follows, we aim at confronting this robust interpretation of the evolution of these two uraninites with the results obtained from a statistical interpretation of the 207 Pb/ 206 Pb and U-Th-Pb chemical ages.

Are U-Th-Pb chemical ages and ages estimated on the basis of elemental substitutions a relevant strategy for uraninites?

The calculated U-Th-Pb chemical ages range from 1308 to 0 Ma for sample 9672-131 and from 1242 to 0 Ma for sample 9672-162, with main statistical peak ages calculated at ca. 1310, 1160, 990, 815, 570, 320, 200, and 60 Ma for sample 9672-131, and at ca. 1160, 980, 790, 650, 420, 320, 200, 120, and 55 Ma for sample 9672-162 (Fig. 9). When compared to calculated upper and lower Discordia intercepts (Fig. 9), these two series of statistical U-Th-Pb chemical age peaks do not present any mathematical or geological relevance; they are related only to the variable degrees of lead loss that affected the different zones of the uraninites during the ca. 40 and 70 Ma alteration events (Fig. 1, 2, 3, 4). The amplitudes and positions of the age peaks are only dependent on the number of analyses performed within the different zones and are thus only analytically-driven. The age peaks therefore correspond not to the different fluid circulation events that could have affected the two samples through time, but only to the variable degrees of lead mobility experienced by the different areas of the uraninites during a single recent alteration event that took place < 51 Ma for 9672-131

(considering the error on the lower intercept) and < 94 Ma for 9672-162 (considering the error on the lower intercept). The calculated peaks are similar to those proposed for uraninites from the Athabasca Basin [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Cloutier | Geochemical, isotopic, and geochronlologic constraints on the formation of the Eagle Point basement-hosted uranium deposit, Athabasca Basin, Saskatchewan, Canada and recent remobilization of primary uraninite in secondary structures[END_REF].

The geological relevance proposed in these studies from the interpretations of the U-Th-Pb chemical ages are therefore highly questionable. The present observations indicate that the use of U-Th-Pb chemical ages for reconstructing the potential fluid interaction events that have affected uranium deposits [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF][START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Cloutier | Geochemical, isotopic, and geochronlologic constraints on the formation of the Eagle Point basement-hosted uranium deposit, Athabasca Basin, Saskatchewan, Canada and recent remobilization of primary uraninite in secondary structures[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF] is biased and incorrect.

Substitution trends in uraninites between Pb and the major elements Ca, Fe, and Si have been applied to calculate the crystallization ages of altered uraninites [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF].

This methodology relies on the assumption that the uraninite does not incorporate any elements except U and O at the time of its crystallization, and that other cations (Ca, Si, and Fe) are incorporated into the uraninite during post-crystallization alteration event(s) through substitution with Pb. The method was initially proposed for use with unconformity-related U deposits [START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF] and has more and more frequently been used for these deposits [START_REF] Cloutier | The Millennium Uranium Deposit, Athabasca Basin, Saskatchewan, Canada: An Atypical Basement-Hosted Unconformity-Related Uranium Deposit[END_REF][START_REF] Cloutier | Contrasting Patterns of Alteration at the Wheeler River Area, Athabasca Basin, Saskatchewan, Canada: Insights into the Apparently Uranium-Barren Zone K Alteration System[END_REF] as well as for other types of U deposits [START_REF] Dieng | Tectonic history of the North American shield recorded in uranium deposits in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Pagel | Geochemistry and chemical dating of uraninite in the Jaduguda Uranium Deposit, Singhbhum Shear Zone, India-Implications for uranium mineralization and geochemical evolution of uraninite[END_REF][START_REF] Dieng | Genesis of multifarious uranium mineralization in the Beaverlodge area, northern Saskatchewan, Canada[END_REF][START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF]. The application of this method to samples 9672-131 and 9672-162 provided x-axis intercept ages of 1592 and 1712 Ma respectively (using Ca only; Fig. 10), 1210 and 1216 Ma (using Si only), 1430 and 1492 Ma (using Fe only), and 1388 and 1405 Ma (using Si+Ca+Fe). These ages differ according to the substituting element selected and all are inconsistent with the Discordia upper intercept ages and oldest U-Th-Pb chemical ages calculated for both samples (Fig. 9). Moreover, the majority of the ages based on substitution trends are far older than the crystallization age obtained using isotopic measurements (ca. 1300 Ma). The freshest regions in the two uraninites provide U-Th-Pb chemical ages that are identical within error to the Discordia upper intercept age, indicating that lead substitution was strongly limited in these zones. Their current chemical compositions can thus be considered relevant as a marker of the initial chemical composition of the uraninite at the time of crystallization. Ca (0.6 ± 0.2 wt. % Ca) and Fe (0.2 ± 0.1wt. % Fe) were consequently integrated into the uraninite lattice at the time of crystallization. Such incorporation of up to several weight percent of Ca in uraninites during crystallization is a common process in several types of U deposit [START_REF] Förster | The chemical composition of uraninite in Variscan granites of the Erzgebirge, Germany[END_REF][START_REF] Mercadier | Magmatic and metamorphic uraninite mineralization in the western margin of the transhudson orogen (Saskatchewan, Canada): A uranium source for unconformity-related uranium deposits?[END_REF]Ballouard et al., 2017a;[START_REF] Bonnetti | The genesis of granite-related hydrothermal uranium deposits in the Xiazhuang and Zhuguang ore fields, North Guangdong Province, SE China: Insights from mineralogical, trace elements and U-Pb isotopes signatures of the U mineralisation[END_REF], with contents as high as 8 wt. % CaO recorded in fresh uraninites in granite-related hydrothermal deposits (Ballouard et al., 2017a). Ca has a similar ionic radius to U [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] and the majority of U deposits are believed to have formed from Ca-rich mineralizing fluids or magmas. CaCl 2 -rich brines with Ca contents of >2 mol.kg -1 have for example been considered as the mineralizing fluids for a number of unconformity-related U deposits [START_REF] Pagel | Détermination des conditions physico-chimiques de la silicification diagénétique des grès Athabasca (Canada) au moyen des inclusions fluides[END_REF][START_REF] Derome | Mixing of sodic and calcic brines and uranium deposition at McArthur River, Saskatchewan, Canada: a Raman and laser-induced breakdown spectroscopic study of fluid inclusions[END_REF][START_REF] Richard | Brine-rock interaction in the Athabasca basement (McArthur River U deposit, Canada): Consequences for fluid chemistry and uranium uptake[END_REF][START_REF] Richard | Metal-rich fluid inclusions provide new insights into unconformity-related U deposits (Athabasca Basin and Basement, Canada)[END_REF]. An initial incorporation of Ca in the crystal lattice of the uraninites in unconformity-related U deposits is thus consistent with these findings. Si is the only major element that does not enter the uraninite structure at the time of the initial crystallization, suggesting that use of the U-Th-Pb chemical ages in Si-free areas could provide the less-biased non-isotopic age estimate for the crystallization of uraninite. The use of Ca, Fe or a combination of these elements, in a substitution trend plot results in the calculation of ages older than the age of crystallization. Moreover, the slope of the substitution trends for a given element might be different in contemporaneous samples and could lead to the calculation of two different ages, as exemplified by samples 9672-162 and 9672-131. Such differences are thought to be related to local variations in the substitution mechanisms within the deposit and therefore to spatial variations in the alteration process.

The method of using substitution trends for calculating crystallization ages of uraninites can be thus considered as invalid. However, when the system becomes closed after this event of lead loss, radiogenic Pb is again accumulated, and the isotopic ratio evolves, and the Discordia line will then show a lower intercept age that corresponds to the timing of lead loss (Fig. 11b). In this case, only the upper intercept age is correct and none of the U-Pb or 207 Pb/ 206 Pb dates will have any geological meaning (Fig. 11). The two Discordia lines obtained for samples 9672-131 and 9672-162 give lower intercept ages of 38 ± 13 Ma and 72 ± 22 Ma, respectively. Therefore, since the lead loss did not occur strictly at the present time, statistical clusters of 207 Pb/ 206 Pb dates will be skewed by the number of analyses that show similar lead loss intensity (Fig. 11).

Consequently, it appears that the older the lower intercept age, the higher the risk of obtaining skewed 207 Pb/ 206 Pb distributions (Fig. 11b).

The work conducted on these two uraninites thus demonstrates that 207 Pb/ 206 Pb ages and U-Th-Pb chemical ages in uraninites, especially when derived from clustering, should not be interpreted to have any geological significance. A misuse of the data, linked to the absence of detailed preliminary petrographic and chemical studies, can directly lead to incorrect geological interpretations that will affect any model proposed for the formation of the U deposit and its evolution through time. In the case of unconformity-related U deposits, the present study does not preclude the possibility that multiple mineralizing and/or remobilizing events affected the uraninites following their crystallization. Investigating this hypothesis further, however, is beyond the scope of the present study. Nevertheless, the study does emphasize the strong effects of fluid-driven post-crystallization alteration on uraninites and thus the need for careful analysis and description of the dated materials for proper interpretation of the isotopic and chemical data.

Implications of post-crystallization alteration for geochemical tracing of uraninites and related material from the nuclear cycle

The systematic measurements of i) the chemical compositions for major, minor and trace elements, and ii) the isotopic compositions (U, O, Pb, Sr) in uraninites from different deposits and different types of deposit revealed significant differences between the uraninites. These differences are considered to be related to variabilities in the physico-chemical conditions that led to the formation of each uraninite, deposit or type of deposit. From the observed differences, several tools based on the specific variations of minor and trace elements (eg.

∑LREE/∑MREE or ∑REE) or isotopic compositions (eg. 87 Sr/ 86 Sr, δ 18 O, 238 U/ 235 U;

234 U/ 238 U, …) have been proposed i) to understand and define the geological conditions at the origin of uranium deposits (Fayek et al., 1997;[START_REF] Fayek | The oxygen isotopic composition of uranium minerals: A review[END_REF][START_REF] Mercadier | Origin of uranium deposits revealed by their rare earth element signature[END_REF][START_REF] Depiné | Trace element distribution in uraninite from Mesoarchaean Witwatersrand conglomerates (South Africa) supports placer model and magmatogenic source[END_REF][START_REF] Lach | Situ Quantitative Measurement of Rare Earth Elements in Uranium Oxides by Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry[END_REF][START_REF] Uvarova | Variations in the uranium isotopic compositions of uranium ores from different types of uranium deposits[END_REF]Macmillan et al., 2016b), and ii) as forensic tools to trace back the source and origin of illegally traded nuclear materials [START_REF] Keegan | The provenance of Australian uranium ore concentrates by elemental and isotopic analysis[END_REF][START_REF] Varga | Application of lead and strontium isotope ratio measurements for the origin assessment of uranium ore concentrates[END_REF][START_REF] Brennecka | Natural variations in uranium isotope ratios of uranium ore concentrates: understanding the 238 U/235 U fractionation mechanism[END_REF][START_REF] Varga | Origin assessment of uranium ore concentrates based on their rare-earth elemental impurity pattern[END_REF][START_REF] Keegan | Attribution of uranium ore concentrates using elemental and anionic data[END_REF][START_REF] Depiné | Trace element distribution in uraninite from Mesoarchaean Witwatersrand conglomerates (South Africa) supports placer model and magmatogenic source[END_REF][START_REF] Frimmel | Uraninite chemistry as forensic tool for provenance analysis[END_REF][START_REF] Uvarova | Variations in the uranium isotopic compositions of uranium ores from different types of uranium deposits[END_REF][START_REF] Balboni | Chemical and Sr isotopic characterization of North America uranium ores: Nuclear forensic applications[END_REF][START_REF] Varga | Identification of uranium signatures relevant for nuclear safeguards and forensics[END_REF][START_REF] Spano | A novel nuclear forensic tool involving deposit type normalized rare earth element signatures[END_REF].

The prerequisite of these studies is that the composition of uraninites reflects only the differences in the initial physico-chemical conditions at the time of their crystallization.

However, the present work demonstrates that post-crystallization alteration events can generate significant changes not only in the major element contents and in the O isotopic composition (Fig. 8), as previously demonstrated [START_REF] Kotzer | O, U, and Pb isotopic and chemical variations in uraninite: implications for determining the temporal and fluid history of ancient terrains[END_REF]Fayek et al., 2002a;[START_REF] Alexandre | EFFECTS OF CATIONIC SUBSTITUTIONS AND ALTERATION IN URANINITE, AND IMPLICATIONS FOR THE DATING OF URANIUM DEPOSITS[END_REF], but also in the concentrations of minor and trace elements (Figs. 6 and7). These differences can be quite significant, leading to major variations in REE concentrations and therefore modification of the REE patterns, ∑LREE/∑MREE or ∑REE between the freshest and altered zones (Fig. 7). The two samples studied have identical initial chemical compositions in terms of major, minor, and trace elements (except Th and Ti; Fig. 7) and identical ages of formation (ca. 1300 Ma), suggesting that they formed under similar geological conditions. Moreover, the two samples experienced only one alteration event, which can be considered rather contemporaneous for the two samples (38 ± 13 Ma and 72 ± 22 Ma). The substitution trends and related chemical contents in the altered regions for several elements, such as As (2500 % variation), V (250 % variation), Th (820 % variation), or LREEs (527 % variation), are however different for the two samples. Such differences are probably related to local variations in the physico-chemical characteristics at the time of the alteration event. If the distinctions between the freshest and altered regions are not made before measurement of the chemical and isotopic compositions of uraninites, any direct comparison based on REE spectra or diagrams combining ∑REE and LREE/HREE (Fig. 7) can lead to a biased distinction between the two samples and consequently to the proposal of different geological and/or forensic fingerprint applications for these two samples.

Regarding unconformity-related U deposits, the contents of several minor and trace elements, such as LREEs, in uraninite are affected by post-crystallization substitutions leading to significant changes in the chemical composition of the uraninite. Minor and trace elements therefore exhibit a behavior similar to major elements such as Si, Ca, and Fe. A similar behavior can also be proposed for elements in other types of uranium deposits, as previously observed for the REEs in the Jaduguda U deposit (Pal and Rhede, 2013) or in the Samarkiya area [START_REF] Ozha | Geochemistry and chemical dating of uraninite in the Samarkiya area, central Rajasthan, northwestern India-Implication for geochemical and temporal evolution of uranium mineralization[END_REF]. The δ 18 O signature varies strongly between the freshest and altered zones within a single uraninite sample. Such behavior in uraninites from unconformity-related U deposits has previously been described and has been inferred for other U deposit types [START_REF] Kotzer | O, U, and Pb isotopic and chemical variations in uraninite: implications for determining the temporal and fluid history of ancient terrains[END_REF][START_REF] Fayek | Characterization of multiple fluid-flow events and rareearth-element mobility associated with formation of unconformity-type uranium deposits in the Athabasca Basin, Saskatchewan[END_REF][START_REF] Fayek | The oxygen isotopic composition of uranium minerals: A review[END_REF]. The use of 87 Sr/ 86 Sr ratio in uraninite has been proposed as a pertinent tool to discriminate between basementhosted and unconformity-hosted U deposits (Fayek et al., 1997) or to classify U ore material [START_REF] Balboni | Chemical and Sr isotopic characterization of North America uranium ores: Nuclear forensic applications[END_REF], however, this study shows that the strontium contents of uraninite are also strongly affected by the alteration process, with an increase in Sr concentration from the freshest to altered zones of 762 and 1315% in samples 9672-131 and 9672-162 respectively (Fig. 5). The substitution trends are moreover different between the two samples. If the fluids present at the initial crystallization of the uraninite and at the time of its alteration have different 87 Sr/ 86 Sr ratios, which is a likely situation, the 87 Sr/ 86 Sr ratios will change between the freshest and altered zones, leading to mixed, variable, non-reproducible, and inconsistent bulk 87 Sr/ 86 Sr values between samples of a deposit and between deposits.

As explained earlier, the two uraninites studied here represent relatively simple examples for unconformity-related U deposits and probably for other types of uranium deposits, having been affected by only one alteration event. If uraninites experienced different and successive alteration events characterized by different physico-chemical conditions, as proposed for unconformity-related U deposits [START_REF] Jefferson | Unconformity-associated uranium deposits of the Athabasca basin, Saskatchewan and Alberta[END_REF][START_REF] Kyser | Basins and uranium deposits, In: Geology and Geochemistry of Uranium and Thorium Deposits[END_REF], and if the different fluids did not alter the same zones through time, then the uraninites will be characterized by numerous zones exhibiting small-scale variabilities in their chemical and isotopic compositions. It is clear that direct use of such mixed chemical signatures, without any deconvolution of the impact of the different alteration events, would add little to our overall understanding of uraninite geochemistry. Therefore, caution must be applied when using the geochemical compositions of uraninite to reveal the past geological conditions or as a provenance tool for a natural U-ore and related products of the nuclear cycle.

Conclusion

The present study demonstrates that the chemical and isotopic compositions of uraninites can be significantly modified by post-crystallization interactions with fluids. These modifications affect the U-Pb isotopic systems (lead loss), as well as the O isotopes, and the concentrations of major (Pb, Ca, Si, and Fe), minor and trace elements. The variations in all these elements and/or isotopic systems can be strong at a very small scale (micrometer to tens of micrometers). Studies based on the geochemistry of natural uraninites must therefore take into account these scales (spatial and chemical) of variability and use adequate descriptive, analytical, and imaging techniques and methods to overcome the potential errors and bias arising from the use of mixed data measured from regions of a sample that have been affected by variable post-crystallization alteration. Such a detailed characterization work of uraninites at the smallest possible scales is especially needed for geochronology applications, coupled to the acquisition of a large amount of data (chemical and isotopic) to potentially discard suspicious data and calculate robust ages. The use of U-Th-Pb chemical ages and 207 Pb/ 206 Pb clustering ages to reconstruct fluid events that have potentially affected the uraninites after their crystallization should be not considered as a robust approach, even for the simple example described in this study (uraninite affected by only one recent post-crystallization alteration event). Similarly, estimation of the crystallization age from chemical substitution trends leads to over-estimated ages due to the integration of these elements in uraninites during their crystallization. Such a method cannot be considered as a robust approach unless it is based on elements not initially incorporated into uraninite and substituted during alteration.

The present study demonstrates that such an element is not definable for unconformity-related uranium deposits.

The geochemical tracing of uraninites and related products of the nuclear cycle based on isotopic and chemical markers appears to be far less simple than thought up to now. Elements that have been considered immobile, like REEs, may in fact be significantly affected by postcrystallization interaction between fluid and uraninite. However, in the specific case of unconformity-related U deposits, the concentrations of several minor and trace elements, such as Sb, HREEs, Co, W, and Ti, are constant in both the freshest and altered regions. These elements could therefore only be used as conservative tracers for geological or forensic purposes. WDS-SEM spectra measured on the freshest (spectrum 1) and altered (spectrum 2) areas.

Figure captions

d): Raman spectra for the freshest and altered areas. Spectra of UO2 and coffinite from other authors are given for comparison [START_REF] Clavier | From thorite to coffinite: A spectroscopic study of Th1-xUxSiO4 solid solutions[END_REF][START_REF] Lv | Raman scattering from phonons and electronic excitations in UO2 with different oxygen isotopes[END_REF]. / 206 Pb dates that only correspond to groups of analyses with a similar lead loss intensity. Such "peak ages" cannot be accounted for distinct events of (re)crystallization.

ESM-1: Macroscopic pictures of the two studied samples from the high-grade uranium ore of the Cigar Lake deposit (Saskatchewan, Canada 

  conventional transmitted and reflected light microscopies and a JEOL J7600F scanning electron microscope (SEM) equipped with an energy dispersive spectrometer and a HITACHI S-4800 SEM at the Service Commun de Microscopies Electroniques et de Microanalyses (SCMEM) of the GeoRessources laboratory (Nancy, France). Major elements were quantitatively measured using a CAMECA SX-100 electron microprobe analyzer (EMPA) at SCMEM. The instrumental calibration was based on natural and synthetic oxides and/or alloys (wollastonite, hematite, olivine, UO 2 , ThO 2 , PbCrO 4 , YPO 4 ). The analytical conditions were a 10 nA current, an accelerating voltage of 15 kV, counting times of 10 s for Ca, 20 s for U, Si, Fe and Th, and 40 s for Pb, and the size of the spot analysis was about 1µm². The detection limits (in ppm) were on average 600 for Si, 850 for Ca, 2000 for Fe, 4500 for Pb, 2800 for U and 5000 for Th.

Fig. 1 .

 1 Fig. 1. shows both reflected light optical microscopy photomicrographs and high-contrast

  ) and correspond to low brightness regions in BSE images linked to lower average atomic weight (Fig.1b, c, d and f). The freshest zones considered under reflected light are in fact of varying brightness in BSE pictures at the µm-scale. Sharp contacts are observed between light and dark zones (Fig.2a, b and c). The variations in BSE brightness indicate variable chemical compositions, with areas of lower average atomic weight reflecting changes in the chemical composition of the uraninite by substitution of heavy elements (Pb) to lighter elements (Si and Ca; Fig.2e). The structural determination done by Raman spectroscopy at the sub-micron scale confirms that the freshest and altered zones of the uraninites are uranium oxides, the alteration leading to a progressive shift of the second peak (543 to 585 cm -1 ; Fig.2d). These in situ elemental substitutions in the uraninite are strong but progressive, and lead ultimately to a total conversion of uraninite to secondary uranium minerals, such as coffinite USiO 4 •nH 2 O and calciouranoite, CaU 2 O 7 •5H 2 O (Fig.1c;

3. 4 .

 4 Minor and trace element contents in the freshest and altered regions The minor and trace element compositions (measured by LA-ICP-MS) for 9672-131 and 9672-162 samples are given with the corresponding concentrations of the major elements (measured by EPMA) in ESM-2 and 3. Minor and trace element concentrations are compared to Pb contents in Fig. 6. The color scale is the same as that used in Figure 5 (red symbols = the freshest zones, black symbols = the most altered zones). Nearly all of the 33 minor and trace elements analyzed have concentrations above the limits of detection (LOD), whether in the freshest or altered zones of the uraninites, with the exception of Cr, Ga, and Ni, whose contents are systematically below the LOD (Cr: 89 ppm, Ga: 5 ppm, Ni: 279 ppm), and Bi (98% above the LOD [4 ppm]), Sb (98% above the LOD [5 ppm]), La (96% above the LOD [1 ppm]), As (85% above the LOD [46 ppm]), Mo (88% above the LOD [13 ppm]), Zr (79% above the LOD [3 ppm]), Co (69% above the LOD [6 ppm]), Ba (58% above the LOD [14 ppm]) and B (54% of data above the LOD [127 ppm]). Thus, the minor and trace elements have been incorporated into the uraninites in varying proportions. Excluding Cr, Ga and Ni, all of the minor and trace elements (with the exception of B) have concentrations above the LOD in the freshest zones (i.e. Pb-rich zones), suggesting that they were incorporated in the uraninites at the time of their crystallization. The concentrations of Ti (3850 ± 1525 ppm), Sb (74 ± 19 ppm), Zr (69 ± 99 ppm), W (188 ± 54 ppm), Y (942 ± 638 ppm), Lu (5.5 ± 5.5 ppm)

  7 and 1.4 for 9672-131 and 9672-162, respectively) and different total REE contents (increasing from 1350 ppm to 2204 and 8280 ppm for altered regions of 9672-131 and 9672-162, respectively) in the freshest and altered regions. These changes in LREE concentrations also induce modifications of the REE spectra and related factors such as LREE/HREE in the freshest and altered zones. As observed for other minor and trace elements, the concentrations of several LREEs in the altered regions differ between the two samples (Figs 6 and 7).

  isotopic ages of ca. 1300 Ma for both samples could indicate that 9672-131 and 9672-162 uraninites co-crystallized during a secondary U mineralization event. The geochemical characteristics measured in the freshest zones of these uraninites (Ca, Si and Pb contents, minor and trace elements contents, REE patterns and O isotopic values) are however equivalent to those measured in what are considered to be older uraninites from the Cigar

Figure 1 :

 1 Figure1: Photomicrograph under reflected light of the primary uranium oxide minerals (UO 2 ;

Figure 3 :

 3 Figure 3: X-ray elemental maps of primary uraninite crystals from sample 9672-162 (Cigar

Figure 4 :

 4 Figure 4: Major element composition of the primary uranium oxides from samples 9672-162

Figure 5 :

 5 Figure 5: U-Pb Concordia diagram of the primary uranium oxides from samples 9672-162 and

Figure 6 :

 6 Figure 6: Minor and trace element content variations during alteration in primary uranium

Figure 7 :

 7 Figure 7: Evolution of the REE patterns with increasing alteration and lead loss in primary

Figure 8 :

 8 Figure 8: δ 18 O composition of primary uranium oxides in primary uranium oxides from sample 9672-131 (Cigar Lake U deposit, Saskatchewan, Canada). δ 18 O values increase with increasing alteration and lead loss. Corresponding 206 Pb/ 238 U ages given through the

Figure 10 :

 10 Figure 10: Binary diagrams of SiO 2 (a), CaO (b), FeO (c) and SiO 2 + CaO + FeO (d) vs. U-

Figure 11 :

 11 Figure 11: Effect of lead loss and post-crystallization alteration on 207 Pb/ 206 Pb age

Pb and 207 Pb/ 206 Pb isotopic compositions and related ages

  The 206 Pb/ 238 U and 207 Pb/ 235 U isotopic ratios measured in the different zones of the uraninites from 9672-131 and 9672-162 samples depict two quasi-identical Discordia lines (Fig.5), with upper intercept ages of 1299 ± 4 Ma (102 analyses) and 1308 ± 14 Ma (66 analyses) and lower intercept ages of 38 ± 13 Ma and 72 ± 22 Ma, respectively. None outliers were removed from the initial dataset. The calculated MSWD are 36 and 49 respectively. The two lower intercept ages are very close considering the calculated errors. The freshest areas, marked by the highest concentrations of Pb (EMPA data and map; Fig.5), have relatively slightly discordant Pb/U ratios (degree of concordance up to 94.78% for sample 9672-131 and 97.08% for sample 9672-162, red circles on Fig.5), indicating that these zones were affected by a relatively limited but distinguishable lead loss. Systematic analysis of the different zones of the uraninites demonstrates a progressive decrease in both 206 Pb/ 238 U and 207 Pb/ 235 U values

  The concentrations of Mo (from about 1000 ppm down to 0 in 9672) and Bi (from about 200 ppm down to 0 in 9672-131 and from about 50ppm down to 0 in 9672-162) decrease from the freshest to the altered regions. The concentrations of minor and trace elements in the freshest zones are almost identical in the two samples (except Th, with about 50 ppm in 9672-

	131 against 200ppm in 9672-162, and Ti, with about 3000 ppm in 9672-131 against 5000
	ppm in 9672-162). For a similar degree of lead loss, concentrations of several elements in the
	altered areas differ between the two samples. The differences are particularly visible for Ba
	(about 75 ppm in 9672-131 vs. 300 ppm in 9672-162), As (about 3500 ppm in sample 9672-
	131 vs. 1000 ppm in 9672-162) and V (about 1200 ppm in 9672-131 vs. 850 ppm in 9672-
	162
	The concentrations
	of the following elements increase from the freshest to the most altered areas: As (increase of
	2501% in 9672-131 and 568% in 9672-162), Mn (431% in 9672-131 and 493% in 9672-162),
	V (250% in 9672-131 and 698% in 9672-162), Ce (1007% in 9672-131 and 3713% in 9672-
	162) (the other LREEs behave similarly), Sr (762% in 9672-131 and 1315% in 9672-162), Th
	(820% in 9672-131 and 257% in 9672-162), B (216% in 9672-131 and from 0 to 240 ppm in

, Ba (from 0 to 68 ppm in 9672-131 and from 0 to 309 ppm in 9672-162) and Nb (425% in

9672-131 and 194% in 9672-162)

. The concentration increases indicate that these elements substituted for Pb during the alteration of the uraninites, as observed for Ca, Si and Fe.

4.1.2. 207 Pb/ 206 Pb ages and the clustering approach

  The uncertainties that arise when interpreting the discordant isotopic U-Pb values of uranium oxides have led some authors to propose distinct ages of uraninite crystallization based on statistical clusters of 207 Pb/ 206 Pb ages obtained sometimes from spot analysis of a single uraninite grain (e.g. in the Sue and McArthur deposit,Fayek et al., 2002b). When applied to this study, sample 9672-131 provides a single age of 1275 Ma whereas sample 9672-162 provides two ages of 1207 Ma and 1312 Ma (1246 Ma if grouped together, Fig.9 and 11a).All three ages are different from the upper intercept age of ca. 1300 Ma. In fact, the definition of discordance implies that clusters of 207 Pb/ 206 Pb ages will give erroneous ages if obtained from discordant analyses of uraninites that experienced at least one lead loss event (≠ 0 Ma).It is true that in a system experiencing a fluid-related lead loss event, the leached Pb leaving the system will have a 207 Pb/ 206 Pb composition of the mineral at that time, a time that also corresponds to its 207 Pb/ 206 Pb age. If the analyses were made at this exact same moment of lead loss, by definition, the upper intercept age would be identical to the 207 Pb/ 206 Pb age.

  Ca, Fe, Pb, Th and U (O: calculated from stoichiometry), plus corresponding calculated chemical ages following the iteration procedure of Bowles, (1990). a.p.: analytical problem. Errors are reported with 1σ. ESM-3: LA-ICP-MS minor and trace element data of primary uraninites from samples 9672-131 and 9672-162. Corresponding U-Pb, δ 18 O SIMS and EMPA spots are indicated. Italic: Limit of detection, given when calculated values are below this limit. LREE include REE from La to Sm and HREE include elements from Eu to Lu.

	). Above: Sample 9672-131, Below:
	9672-162. Both samples consist of massive uraninites with minor coffinite and arsenides
	embedded in a clay-rich matrix of intimately mixed illite and sudoite.

ESM-2: SIMS U, Pb, O isotopic data of the primary uraninites from samples 9672-131 and 9672-162 (Cigar Lake U deposit, Saskatchewan, Canada) and associated EMPA measurements for Si, P,
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