N

N

Post-crystallization alteration of natural uraninites:
Implications for dating, tracing, and nuclear forensics
Pierre Martz, Julien Mercadier, Julien Perret, Johan Villeneuve, Etienne
Deloule, Michel Cathelineau, David Quirt, Amber Doney, Patrick Ledru

» To cite this version:

Pierre Martz, Julien Mercadier, Julien Perret, Johan Villeneuve, Etienne Deloule, et al.. Post-
crystallization alteration of natural uraninites: Implications for dating, tracing, and nuclear forensics.
Geochimica et Cosmochimica Acta, 2019, 249, pp.138-159. 10.1016/j.gca.2019.01.025 . hal-02334117

HAL Id: hal-02334117
https://hal.science/hal-02334117

Submitted on 21 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-02334117
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0016703719300493
Manuscript_a060ee5t51dec6ded45¢ct5c003108ca3

1

2

10
11
12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
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Abstract

This study presents systematic chemical (U, Pb, Ca, Si, Fe) mapping coupled witth
analyses of major, minor and trace elements, UBBb7°Pb, and O isotopic compositions

of natural uraninites (U£) from two samples of the high-grade uranium ore from the Cigar
Lake unconformity-related uranium deposit (Athabasca Basin, Saskatchewan, Canada).

The studied uraninites are characterized by major chemical and isotopic heterogeneities
expressed at small scale (um to tens of um), from almost pristine zones to strongly altered
material. The?®®PbF**U and ’Pb/*U ratios of the different areas are widely spread and
depict two similar and well-defined Discordia, providing an upper intercept age of
crystallization at ca. 1300 Ma (1299 £ 4 and 1308 + 14 Ma, respectively) and similar lower
intercepts at 38 + 13 and 72 = 22 Ma, respectively.

The freshest areas are characterized by sub-concoff@ni®®U and °Pb7*°U ratios,

identical chemical compositions and similar very I%0 values (-39.3 to -31.4 %o). These
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data indicate that the two uraninites both cryztadl at ca. 1300 Ma, from the same fluid and
under identical physico-chemical conditions.

Alteration is characterized by i) the progressimeorporation of Ca, Si, and Fe, reaching
several wt. %, which substitute to the radiogerticalRd cause a progressive decrease in the
Pb/U isotopic ratios. The radiogenic Pb is alsostitiied by water during the alteration, ii)
concomitant variations in trace element contents, (An, V, LREEs, Sr, Th, B, Ba, NDb, for
example) and iii) heavier®O signatures (-22.5 to -8.91 %o), typical of meteavaters, in the
altered zones. This combined approach demonstthsgsfluid-driven post-crystallization
exchanges affected each uraninite during receid flow events (ca. 40 Ma and 70 Ma
respectively). The relatively high dispersion oé fb/U ratios in relation to the Discordia for
both samples is considered as linked to a localtthpm-scale) differential mobility between
lead and uranium within the uranium oxides.

The chemical changes affecting elements previouslysidered as immobile in uraninite,
such as REESs, indicate that these elements arpresérved during the post-crystallization
alteration process studied here. Alteration praeessay therefore have a major impact on the
classical geochemical tracers, such as REE patterbREE/HREE ratios, currently used in
nuclear forensic studies. The isotopic and chentiealers currently used to track back the
origin, age and history of natural uraninites sbddbkrefore be considered with a high degree
of caution to avoid misleading and erroneous caichs.

Moreover, the comparison of calculated U-Th-Pb doam®’Pb?°Pb, and Pb/U isotopic
ages shows that the use of age clustering for miéterg U-Th-Pb chemical ages and
2%ppO’Ph ages is not appropriate for constraining crijstdion stage(s) of altered uraninites
and for deciphering the different fluid events tipatentially altered or recrystallized the
uraninites over time. This study also indicated #mtimation of the crystallization age of
uraninite from substitution trends of Pb to Ca @& mpplicable to unconformity-related U
deposits and results in overestimated ages becdwae initial integration of calcium in the

uraninite lattice at the time of crystallization.
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Highlights

- Post-crystallization interactions between uraemiand fluids can result in strong chemical
(major, minor, trace element) and isotopic (U-PbR@jerogeneities.

- U-Th-Pb chemical antfPb?°Pb clustering ages should be used with cautiomes may
represent clusters of analyses of similar altematidensity rather than distinct fluid flow
events.

- Elements that have been considered immobile, RigEs, may in fact be significantly

affected by fluid-driven post-crystallization indéetions.

1. Introduction

Uraninite (ideally UQ) is the most common uranium oxide present in urandeposits and
always contains, in varying proportions, “impurifiesuch as Pb, Ca, Si, Th, Zr, Fe, and Rare
Earth Elements (REESs), in such a way that its cbalmiormula should be written more
realistically as (U2 UPREEYM?*,0%,)O24x 0.5 22 (Janeczek and Ewing, 1992b)).
This chemical variability, coupled with isotopicnations (U, O, Pb, Sr), has been used in a
increasing number of scientific studies to provigiev constraints on different aspects of the
nuclear cycle, whether concerning the geologicabld@mns at the origin of uranium deposits,
the classification of uranium deposits, or nucleaensic issues for both uranium ore and
mill concentrates (Frondel, 1958; Leroy and HolljgE984; Fryer and Taylor, 1987; Pagel et
al., 1987; Fayek and Kyser, 1997; Keegan et aD82W¥arga et al., 2009; Brennecka et al.,
2010; Varga et al., 2010; Fayek et al., 2011; Mdieraet al., 2011; Keegan et al., 2012;
Depiné et al., 2013; Lach et al., 2013; Frimmedlgt2014; Uvarova et al., 2014; Alexandre et

al., 2015; Balboni et al.,, 2016; Macmillan et &Q16b; Varga et al., 2017; Spano et al.,
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2017). The dominant hypothesis of these studiegsh&t the chemical and isotopic
compositions measured in natural uraninites todectly reflect their original compositions
as determined by the conditions of crystallizatitinis on this basis, and on the quasi-
systematic measurements of major, minor and tréements and their possible isotopic
values in natural uraninites in recent years, ttke current geological and forensic
classifications have been proposed. Such an asgumgtparticularly emphasized for minor
and trace elements like the REES, providing configein their use as provenance indicators
or as tracers of the original geological conditiofsormation (Fryer and Taylor, 1987; Pagel
et al.,, 1987; Keegan et al., 2008; Varga et all,020Mercadier et al., 2011; Keegan et al.,
2012; Depiné et al., 2013; Lach et al., 2013; Frehet al., 2014; Alexandre et al., 2015;
Balboni et al., 2016; Spano et al., 2017). Theifigant variations potentially measured in the
minor and trace elements at the scale of one dryste deposit or one deposit type
(Mercadier et al., 2011; Frimmel et al., 2014; Adedre et al., 2015; Balboni et al., 2016;
Varga et al., 2017; Spano et al., 2017) have howewt been discussed, except for recent
small-scale observations done for the Olympic Dapadit (Australia; Macmillan et al.,
2016a; 2016b) and are considered to be relateéretig processes even though the genetic
models for a vast majority of the uranium depdsésge not been properly constrained (Cuney
and Kyser, 2015).

Uraninite is nevertheless known to be one of theemil phases most likely to be affected by
post-crystallization processes (Isobe et al., 19B#yeczek and Ewing, 1992a; Fayek and
Kyser, 1997; Finch and Murakami, 1999; Fayek et2000a; Kempe, 2003; Alexandre and
Kyser, 2005; Deditius et al., 2007; Clauer et2015; Macmillan et al., 2016b; Macmillan et
al., 2016a). These post-crystallization processdsich are mainly linked to late fluid
circulation events, are observed within individuahninite crystals and induce for example
major changes in the major element contents, \wighricorporation of Ca, Si, and Fe at up to
several wt. % through cationic substitution to ocaginic Pb (Kempe, 2003; Alexandre and

Kyser, 2005; Macmillan et al., 2016b; Ozha et aD17). Post-crystallization O isotopic
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exchanges in uraninites have also been demonstiiéteder and Kyser, 1993; Fayek et al.,
2002a; Fayek et al., 2011). Unlike for the majenetnts, the cation substitution processes for
minor and trace elements in uraninite have baregntstudied with the exception of Deditius
et al. (2007) and Macmillan et al. (2016a).

The cationic substitutions of radiogenic Pb in imdas affected by post-crystallization
alteration, coupled with the calculation of U-Th-&tiemical ages by EMPA (Bowles, 1990),
have been proposed as a dating tool for i) thetaltition of the uraninite, and ii) the
different fluid events that may have affected thaninites (Alexandre and Kyser, 2005;
Cloutier et al., 2009; Dieng et al., 2013; Pal &ide, 2013; Dieng et al., 2015; Ozha et al.,
2017). On this basisn situ measurements of the U-Pb a{@Pb7°°Pb isotopic ages coupled
with U-Th-Pb chemical ages are currently consideredbe the most suitable way to
determine the crystallization age of the uraniaitd the timing of thermal and tectonic events
that generate fluid circulations and modificatidrthee isotopic and chemical compositions of
uraninites. Such a methodology has been for exaextensively applied to unconformity-
related U deposits (Canada and Australia) anddthtol the highly controversial proposal that
their exceptional grades and tonnages could bedirtk a succession of several major fluid
episodes between ca 1.7 Ga and the present (&effetsal., 2007; Kyser and Cuney, 2015;
Skirrow et al., 2016).

The mechanisms that control and affect the incatfmm and exchange of elements in natural
uraninite, and their impact on the applicabilityobemical and isotopic tracers, remain poorly
understood. This knowledge is however essentiabrder to use, in a valuable way, the
chemical and isotopic compositions of uraninitega@ce and date this mineral and subsequent
related products of the nuclear cycle. To addreisssame problematic, many new emerging
methodologies have been proposed for zircons ssieticen probe tomography (Valley et al.,
2014; Piazolo et al., 2017) or crystal-scale agppmg (Chew et al., 2017). The common
power of these new methodologies lies in the pdigilto study and understand the small-

scale chemical and structural variations of theistlimineral. Following this philosophy, the



136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

present study aims at demonstrating the effectosf-prystallization alteration on the major
and trace element, Pb and O isotopic compositidnsatural uraninite, and its impact on
elemental tracing and on the U-Th-Pb chemical antbpic dating applications. Two samples
of massive uraninites from the Cigar Lake unconforrelated deposit (Saskatchewan,
Canada) have been selected for this objective.€erhgs samples were carefully examined
using small-scale anith situ methods to provide a pm-scale cartography (scgneliectron

microscopy, SEM), structural determinations (Rarspactroscopy), major (electron probe
micro- analyses, EPMA), minor and trace (laser tadainductively-coupled plasma mass
spectrometry, LA-ICP-MS) element quantificationsda'®0, U/Pb and Pb-Pb isotopic ratios
(secondary ion mass spectrometry, SIMS). Only piymaaninite grains and their alteration
counterparts were considered and examined, regeptitentially newly-precipitated younger
uraninite grains (reprecipitated from dissolutidrttee primary mineralization) and alteration

products such as coffinite.

2. Materials and methods

Two samples (9672-131 and 9672-162; pictures irpeapentary Materials (ESM-1)) from

the high-grade U ore body of the Cigar Lake uranideposit were selected. These two
samples were collected from two freezing holes $%6-10 and SF-910-09) drilled during the
2015 summer drilling campaign, focused on the [past of the main U orebody (Phase 1).
These two samples display the usual optical andgetphic characteristics of the high-grade
U mineralizations known throughout unconformityateld U deposits of the Athabasca Basin
(Philippe et al., 1993; Reyx and Rulhmann, 1993%xAhdre and Kyser, 2005), with large
crystals of uraninite (>1 mm in diameter) that faneorable for a proper description and study
of alteration processes (ESM-1 and description .ih).3The crystals occur as botryoidal
aggregates of Ushowing a slightly fibrous aspect in a matrix mtimately mixed illite and

sudoite. A suite of sulfide, arsenide and arseuifide minerals, such as chalcopyrite, pyrite,

nickeline (NiAs), cobaltite (CoAsS) and gersdodf{iNiAsS) (among others), are commonly
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disseminated in the clay matrix, either aroundutamninite grains or in fractures that crosscut
them. Aluminium phosphate sulphates (APS) can likevibe found in association with this
illite-sudoite assemblage. The two samples werdiadlyaseparated by a few meters. The
geological setting of the Cigar Lake U deposit & described here but descriptions can be
found in the numerous previous studies dedicatatiisodeposit (Bruneton, 1993; Fayek et
al., 1997; Fayek et al., 2002a; Martz, 2017).

Polished thin sections were prepared from the tampes and were examined using
conventional transmitted and reflected light micaes and a JEOL J7600F scanning
electron microscope (SEM) equipped with an energyadsive spectrometer and a HITACHI
S-4800 SEM at the Service Commun de MicroscopiestEiniques et de Microanalyses
(SCMEM) of the GeoRessources laboratory (Nancy,néegp Major elements were
guantitatively measured using a CAMECA SX-100 etattmicroprobe analyzer (EMPA) at
SCMEM. The instrumental calibration was based otumah and synthetic oxides and/or
alloys (wollastonite, hematite, olivine, YOrhG,, PbCrQ, YPQ,). The analytical conditions
were a 10 nA current, an accelerating voltage df\l5counting times of 10 s for Ca, 20 s for
U, Si, Fe and Th, and 40 s for Pb, and the sizthefspot analysis was about 1umz2. The
detection limits (in ppm) were on average 600 fpr8S0 for Ca, 2000 for Fe, 4500 for Pb,
2800 for U and 5000 for Th.

Structural determinations were done by Raman spemipy at GeoRessources laboratory.
The Raman spectra are recorded using a LabRAM HRtispneter (Horiba Jobin Yvon)
equipped with a 600 gr.mifngrating and an Edge filter. The confocal hole aperis of
1000 pm, the slit aperture is of 200 um. The ekomabeam is provided by a Stabilite 2017
Ar’ laser (Spectra Physics, Newport Corporation) a4.53 at a power of 200 mW,
attenuated by a D1-10% neutral filter in order woid thermal degradation of oxide, and
focused on the sample using a x50 objective (Olshtach spectrum is acquired based on
a laser focused on a 1 fisurface and corresponds to the average of 10rspet80 s of

acquisition time.
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Single-point U-Pb chemical ages for U-bearing natemwere calculated from EMPA data
using the iterative procedure of Bowles (1990)thiis procedure, a first age approximation is
obtained from the following equation (1):

206Pb

t= }\238_1 ln(m + 1) (l)

wheret is the estimated age of mineral closure, &ng is the decay constant 8U. The
amounts 0f°Pb and®*U were calculated from the total lead and uraniumtents (atomic
%).

The amount of Pb corresponding to this approximatglis then calculated using:

Pb=Th x (™32t —1) + U x[0.99276 x e*38t — 1 +0.007196 x e’23st —1] (2)
wheret (output from equation 1) is the age of mineral alesi,s, Azx3s, andiyzg are the
decay constants 6f“Th, 2**U, and®*®U, respectively, and Pb, Th, and U are the contients
atomic % of these elements. If the calculated l@ttent from equation 2 is greater than the
measured content, the age (t) is then iterativaddifired by 10 Ma and then by 1 Ma until the
corresponding calculated lead content matches dasured one. The procedure assumes that
no U or Th has been reintroduced to or lost from ggistem, and that no common Pb was
present in the mineral during the initial crystadlion. The SIMS analyses confirmed that
common Pb was not introduced at the time of criygéion or during post-crystallization
alteration (extremely lo¥?*Pb?°%Pb ratios measured by SIMS, see below). This ineliceat
the procedure proposed is suitable for obtainingnubal age dates from the two selected
uraninite samples. Pb, Si, Ca, and U X-ray eleniantgpping was carried out on the two
samples using a 20 nA current, an acceleratinggelbf 15 kV, and a counting time of 10 s

for each element. The step size was 3 um with asspe of about 1 pm>.

The U/Pb and Pb/Pb isotopic compositions of the samples were measured with a
CAMECA IMS 1270 E7 ion microprobe at the Centre Rlecherches Pétrographiques et

Géochimiques (CRPG; Nancy, France) based on a ch@itoposed by Deloule et al. (2002)
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and adapted from the initial protocol developeddmympston et al. (1984) for the U/Pb and
Pb/Pb isotopic dating of zircons by SIMS. A 13-kV @imary ion beam of 3.5 to 10 nA
intensity was focussed on a spot of ca. 15 um dieam&he primary beam was set in
Gaussian mode with a raster of 10 um. The fieldtapewas set to 2,000 um and the transfer
optic magnification was adjusted to 80. Rectangldases were activated in the secondary
ion optics to increase the transmission at highsnrasolution. The energy window was
opened at 30 eV, and centred on the low energy Si@/ before the maximum value. The
activation volume for these conditions is ~ 260%u mass resolving power of 5500 was
used to fully resolve potential isobaric interfezes and an offset of 50 eV was applied during
the analyses in order to avoid matrix effects dumixtures of uraninite and silicate in natural
samples. lons were measured by peak jumping in oodlection mode using the axial
Faraday cup (FC) for*®U and®*®U0 and the axial electron multiplier (EM) f6¥Pb, >°°Pb,
207pp, 2%8pp  and?*®ThO. Each analysis consisted of 8 successive cyElash cycle began
with measurement at mass#33.5 and 203.6 to obtain the background measurtsn@enthe

FC and EM respectively. The background value dudnganalytical sessions was 0.01 cps
and 12,800 cps for the EM and FC respectively**/*%U ratio of 137.88 was used to
calculate thé”’Pb/*U ratios based on the measufé®b”%U and*’Pb7°Pb ratios. In the
past decades, precise measurement$%f/>*U ratios in different minerals, including
uranium oxides, have shown that the use of thepaedeeference value of 137.88 could be
incorrect since there are extensive evidences &ural U isotopic variations in those
minerals (Weyer et al., 2008; Bopp IV et al., 200@ndon et al., 2010; Hiess et al., 2012;
Chernyshev et al., 2014; Murphy et al., 2014; Asdaret al., 2017). However, measurements
performed on different uranium oxides from 8 uncomfity-related U deposits of the
Athabasca Basin giv&®®U/?*U ratios varying between 137.964 and 138.046, witmean
value of 137.904 + 0.038 (Uvarova et al., 2014), Bahe latter study shows that the
238/ ratio varies, the value of 137.88 remains norleisewithin the uncertainty range

measured by Uvarova et al. (2014) and can thussbkd in the present study. Now, to get a
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higher reliability in future studies, direict-situ measurement of tHg®U/>*U ratio should be
performed for each SIMS analysis.

Counting times were 4 s for 203.5, 2038Pb and***U; 3 s for?**ThO and®**®U0; 6 s for
20%ph: 10 s for’®Pb; and 20 s fof°Pb (vaiting time of 1 s). The standard used was a
uraninite sample from Zambia (Holliger, 1988), whitas a given concordant age at 540 + 4
Ma (Holliger, 1988; Cathelineau et al., 1990). intd precisions obtained on the Zambia
uraninite during the SIMS analytical sessions weré% and 0.01% fof°Pb/*®U and
2PhPP%Ph ratios respectively.

It is true thatbecause only one reference material with a U/Fib distinct from the analyzed
samples has been used, the correction for massraigde slightly erroneous and consequently
so might be the estimated age (Sharpe and Faydlg).2Blowever, such slight bias does not
change the aim of the present study. Initial dagatment, standardization against Zambia
uraninite, calculations of U/Pb and Pb/Pb ratiod eglated ages, and calculation of errors were
done using an in-house Excel spreadsheet at th&sGRE previously used for all peer-reviewed
publications based on U-Pb SIMS analyses of uranixides and zircons carried out at the
CRPG for more than 25 years. Error calculation emdr propagation assessment are based on
the same equations as indicated by Fayek et &d00Pb/U calibration for the two samples was
done based on the linear relationship betw&&n'°0/% and?***PbF3*U ratios on the Zambia
reference material (Compston et al., 1984). Unosits for Pb-U and Pb/Pb ratios and related
ages are reported at the evel (ESM-2).Concordiaages and mean square-weighted deviation
(MSWD) were calculated using ISOPLOT (Ludwig, 200Cpmmon Pb corrections were
based on the measuré@b content using the Pb isotope composition caiedlfrom Stacey
and Kramers (1975), at the supposed age of theumaoxide crystallization (value of 1300
Ma used for both samples). The higfiPb?*Pb ratio (>10,000) obtained for all analytical

points in the two samples suggests however thatreamPb is negligible (ESM-2).
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Minor and trace element, including rare earth el®n{BEE), concentrations were measured
with a laser-ablation inductively-coupled-plasmasmapectrometer (LA-ICP-MS) at the
GeoRessources laboratory (Nancy, France). The samnn@re ablated usingl@3 nm Geolas

Q Plus system with aaperture-image@€omplex 103 ArF excimer laser (Microlas, Géttingen
Germany)equipped with beam homogenization optics. Therlapet sizes were about 32 or
44pum in diameter and the fluence was ~ 7 3/@n0 laser shots were done per analysis,
leading to a penetration depth of ~ 20 um (considea penetration depth of 0.1 um/laser
shot in uranium oxide (Lach et al., 2013)). Ablagediticulate material was analyzed usang
Agilent 7500c Quadrupole ICP-MS3he transport gas was a mixture of He and Atyital
flow rates of 0.5 and 0.8 |.min respectively. All data were acquired as raw ¢sursing
time resolved mode. Data reduction was performauyuslite (Patton et al., 2011). Absolute
elemental concentrations were obtained using theatean developed by Longerich et al.
(1996). The calibration material (external stanjlards a SRM NIST 610 glass standard with
certified concentrations published by Jochum et(2011). A uraninite in-house standard
from Mistamisk (Canada), developed for REE analipgisSecondary lon Mass Spectroscopy
(SIMS; Bonhoure et al., 2007), was analyzed to moorany matrix effect and SRM NIST
612 glass was analyzed to monitor the precision awliracy of the measurements. The
matrix effects present when quantifying the REEs igraninite using SRM NIST 610 are
limited (<15%; Lach et al., 2013) and are considdrebe in the same range as for the other
measured minor and trace elements in the presay,sas previously proposed by Frimmel
et al. (2014) and Alexandre et al (2015). The maéstandard was the U content, measured
by EMPA. The U concentration used was adjustedrdaug to the type of zone analyzed (the
freshest or the altered ones), with values betwe®B8 and 76.6 wt. % U as obtained by
EPMA data (ESM-2). The methodology used is modifietn Lach et al. (2013). A series of
33 elements were analyzed for each experintéBt:*'Ti, >V, ®3Cr, *Mn, *°Co, *Ni, *Ga,
*As, %sr, By, zr, #Nb, *Mo, **'Sb, *'Ba, the 14 REEs.°AW, *°Bi, ***Th, and*%U

(internal standard). The analytical precision walsuated for all elements analyzed using the
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standard deviation of the recorded intensity and Wetter than + 20%. The accuracy was
controlled based on the analyses of the two crabbration standards, i.e. SRM NIST 612
for all the elements and the Mistamisk uraninitetfe REES, following the methodology of
Lach et al. (2013), and was typically within 20%ateve difference of the reference values.
The limit of detection (LOD) varies for each elerhand each analysis as a function of signal
intensity and was calculated for each ablation f®gnal intensities using thes Zriterion
(Longerich et al., 1996). The LODs are given whas ¢alculated values for a given element

are below these values (ESM-2).

8'80 measurements were performed on sample 9672-184 asCAMECA ims 1270 ion
microprobe at CRPG (Vandoeuvre-lés-Nancy, Frandgquisition was performed in
multicollection mode with two Faraday Cups. A 2.58 Cs primary beam with an impact
energy of 20 keV was used. Each analysis spot wasnd 15um in diameter and with
penetration depth of ~ 1 um. The analysed volurms 4/Pb, Pb/Pb and O isotopic
measurements were similar. The mass resolving powm was fixed at 7000 in order to
resolve '’OH interference o0 (contribution of up to 3% in hydrated uraninit®ach
analysis consisted of 30 cycles of 5 s, for a domabf 5 min per analysis. Isotopic
compositions are reported in %o relative to Vientan8ard Mean Ocean Water (V-SMOW)
and uncertainties are at the Bvel. A synthetic U@, standard was used for calibration
(8™ 0stangara= 8.1 * 0.3 %o; Fayek et al. 2002a). The internaicision obtained on synthetic

UQO, ; standard was £0.3%o 2 and the external precision on 9672-131 was +0(3%h

3. Results

3.1.0Optical and scanning electron microscopy

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

back-scattered electron (BSE) images of the uranmpiains from the two samples selected
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(9672-131 and 9672-162). The uraninites occur agybidal millimeter-scale ribbons
(sample 9672-131, Fig. 1a, b, c, d) and noduladiaygregates of uraninite (sample 9672-
162, Fig. le, f), and often show a fibrous aspeith werrated grain edges. The grains are
embedded in a mixed illite and sudoite (Mg-chlgritkay mineral assemblage, along with
various disseminated sulfides and arsenides. Tlystatr habits of the uraninites and
mineralogical assemblages observed in these twglsanare identical to those previously
described for primary uraninites at the Cigar Lakeleposit (Reyx and Rulhmann, 1993;
Fayek et al., 2002a). Under reflected light, thesteyoids, nodules, and ribbons show varying
reflectivities, with areas of lower reflectivity dated along fractures and grain margins (Fig.
la and e). The low reflectivity areas present utagshapes and vary in size from microns to
hundreds of microns (Fig. 1c and d) and correspgoridw brightness regions in BSE images
linked to lower average atomic weight (Fig. 1bdcand f). The freshest zones considered
under reflected light are in fact of varying brigéss in BSE pictures at the pm-scale. Sharp
contacts are observed between light and dark z@tgs2a, b and c). The variations in BSE
brightness indicate variable chemical compositiongh areas of lower average atomic
weight reflecting changes in the chemical compositof the uraninite by substitution of
heavy elements (Pb) to lighter elements (Si and Fig; 2e). The structural determination
done by Raman spectroscopy at the sub-micron scailégrms that the freshest and altered
zones of the uraninites are uranium oxides, thexatibn leading to a progressive shift of the
second peak (543 to 585 ¢niFig. 2d). Thesén situ elemental substitutions in the uraninite
are strong but progressive, and lead ultimately total conversion of uraninite to secondary
uranium minerals, such as coffinite U%i@H,O and calciouranoite, CaO;-5H,0 (Fig. 1c;

Fayek et al. 2002a; Alexandre et al. 2005).

3.2.Major element concentrationsin freshest and altered zones

The brightest BSE domains of the two uraninite desdi.e; the freshest zones) are

characterized by the highest Pb contents and thesioCa, Si and Fe contents (Fig. 3). These
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areas show U contents of around 70 wt. % and highddtents of up to 14.7 wt. % (Fig. 4).
They contain low Ca (about 0.5 wt. % Ca), and enély low Si (<0.1 wt. % Si) and Fe (<0.1
wt. % Fe) contents, these contents being identic#the two samples. The alteration of the
uraninite grains, visible optically and by SEM (Figand 2), is characterized by the removal
of radiogenic Pb that is compensated for by thenmoration of Ca, Si, and Fe, as observed
by X-ray EMPA elemental mapping of the uraninitésg( 3) andin situ spot electron
microprobe analyses (ESM-2 and Fig. 4). Lead lassle also compensated by incorporation
of minor elements (Mn or As for example; see 3.4J &y water. The Pb concentrations
decrease strongly from the freshest (14.7 wt. %t&lfhie more altered regions (0 wt. % Pb
around fractures at the edges of the grains; Hig®, 3 and 4). In the altered areas of the
uraninites, the total lead loss is compensatedyathree dominant chemical substitutions of
Si, Ca, and Fe, with concentrations up to 2.3 wC&p 1.7 wt. % Si and 0.7 wt. % Fe (ESM-
2). The dominantly progressive co-substitution bfl® Ca and Si is visible in a Ca-Si-Pb
ternary diagram (Fig. 4b), the uraninite composgiglotting along a line representing an
increasing alteration from the freshest zones (#8620% Ca, and 0% Si) to their altered
counterparts (0% Pb, 55% Ca and 45% Si). The slopéise Pb-Ca and Pb-Si substitution
trends are different for samples 9672-131 and 9¥2-being -0.46 and -0.61 (Pb-Ca) and -
0.8 and -0.7 (Pb-Si), respectively (Fig. 4). Toéfinite conversion is characterized by a Si
increase (up to 5.69 wt. %) coupled with a Ca deswe(down to 0.8 wt. %). The U
concentration from the freshest to strongly altezedes range from 76.6 to 69.4 wt. % |,
respectively (Fig. 4a). This moderate variationi¢ates that, while U is mobile during the
alteration, the overall U content remains conséreags indicated by the X-ray U elemental
maps (Fig. 3). The ultimate conversion from uraeid coffinite results in a significant drop

in the U content (to 61.9 wt. % U; Fig. 4a).

3.3.U-Pb and ?"Pb/*®Pb isotopic compositions and related ages
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The 2°Pb/8U and**’Pb/™ isotopic ratios measured in the different zonfethe uraninites
from 9672-131 and 9672-162 samples depict two gdasitical Discordia lines (Fig. 5), with
upper intercept ages of 1299 + 4 Ma (102 analyaed) 1308 + 14 Ma (66 analyses) and
lower intercept ages of 38 £ 13 Ma and 72 + 22 Mapectively. None outliers were removed
from the initial dataset. The calculated MSWD afedhd 49 respectively. The two lower
intercept ages are very close considering the lzdati errors. The freshest areas, marked by
the highest concentrations of Pb (EMPA data and;nfag. 5), have relatively slightly
discordant Pb/U ratios (degree of concordance @4168% for sample 9672-131 and 97.08%
for sample 9672-162, red circles on Fig. 5), intintathat these zones were affected by a
relatively limited but distinguishable lead losyst&matic analysis of the different zones of
the uraninites demonstrates a progressive decirdseth 2°Pb”*%U and 2°’Pb*U values
(from red circles to black circles on Fig. 4) fraitme freshest to altered zones, in direct
correlation with the Pb contents (Fig. 5). The nmalttred areas (Pb content® wt. % Pb)
have highly discordant values down to the loweerncept of the Concordia (black circles on
Fig. 5).

The ?’Pbf°%b ratios for sample 9672-131 lie between 0.060 @685, regardless of the
alteration degree of the analyzed regions (ESMah most of the values (the 4 lowest
values excluded) within a restricted range (0.07@ @.085). The relatedi’Pb/°Pb ages are
between 749 and 1325 Ma, or between 1162 and 132%tihé 4 lowest values excluded),
with mean”’Pb7°°Pb ages of 1263 Ma (all data) and 1275 Ma (thevé$o values excluded).
The ?’Pbf°%b ratios for sample 9672-162 are less dispersaufdr sample 9672-131, with
values of between 0.077 and 0.086 (ESM-2) leadirigvo populations of°Pb?°Pb ages: a
first population with a meaf?’Pb7°Pb age of 1207 Ma and a second population with@me
2PphP%Ph age of 1312 Ma. Taking the two populations togetve obtain a mean age of
1246 Ma for 9672-162. Finally, the medPb?°Pb age calculated from all data from both

samples is 1256 Ma.



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

3.4. Minor and trace element contentsin the freshest and altered regions

The minor andtrace element compositions (measured by LA-ICP-Nt$)9672-131 and
9672-162 samples are given with the correspondongcentrations of the major elements
(measured by EPMA) in ESM-2 and 3. Minor and traleanent concentrations are compared
to Pb contents in Fig. 6. The color scale is theesas that used in Figure 5 (red symbols =
the freshest zones, black symbols = the most dlteoaes). Nearly all of the 33 minor and
trace elements analyzed have concentrations abevintits of detection (LOD), whether in
the freshest or altered zones of the uraninite) thie exception of Cr, Ga, and Ni, whose
contents are systematically below the LOD (Cr: npGa: 5 ppm, Ni: 279 ppm), and Bi
(98% above the LOD [4 ppm]), Sb (98% above the L[BPpm]), La (96% above the LOD
[1 ppm]), As (85% above the LOD [46 ppm]), Mo (8&¥ove the LOD [13 ppm]), Zr (79%
above the LOD [3 ppm]), Co (69% above the LOD [énpyp Ba (58% above the LOD [14
ppm]) and B (54% of data above the LOD [127 pprihus, the minor and trace elements
have been incorporated into the uraninites in vayyroportions. Excluding Cr, Ga and Ni,
all of the minor and trace elements (with the exioepof B) have concentrations above the
LOD in the freshest zones (i.e. Pb-rich zones)gsesting that they were incorporated in the
uraninites at the time of their crystallization.eTéoncentrations of Ti (3850 + 1525 ppm), Sb
(74 =19 ppm), Zr (69 £ 99 ppm), W (188 + 54 ppMi)942 + 638 ppm), Lu (5.5 = 5.5 ppm)
and Co (72 = 94 ppm) are similar in the freshesdtatered zones (Fig. 6). The concentrations
of the following elements increase from the freslie@she most altered areas: As (increase of
2501% in 9672-131 and 568% in 9672-162), Mn (430%672-131 and 493% in 9672-162),
V (250% in 9672-131 and 698% in 9672-162), Ce (200 9672-131 and 3713% in 9672-
162) (the other LREEs behave similarly), Sr (76208672-131 and 1315% in 9672-162), Th
(820% in 9672-131 and 257% in 9672-162), B (216%672-131 and from 0 to 240 ppm in
9672-162), Ba (from 0 to 68 ppm in 9672-131 ananfi@ to 309 ppm in 9672-162) and Nb
(425% in 9672-131 and 194% in 9672-162). The comagan increases indicate that these

elements substituted for Pb during the alteratibthe uraninites, as observed for Ca, Si and
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Fe. The concentrations of Mo (from about 1000 pmwrdto 0 in 9672) and Bi (from about
200 ppm down to 0 in 9672-131 and from about 50mmwn to 0 in 9672-162) decrease
from the freshest to the altered regions. The aunatons of minor and trace elements in the
freshest zones are almost identical in the two $esrexcept Th, with about 50 ppm in 9672-
131 against 200ppm in 9672-162, and Ti, with al®8Q2@0 ppm in 9672-131 against 5000
ppm in 9672-162). For a similar degree of lead,losscentrations of several elements in the
altered areas differ between the two samples. Tiferehces are particularly visible for Ba
(about 75 ppm in 9672-131 vs. 300 ppm in 9672-188)(about 3500 ppm in sample 9672-
131 vs. 1000 ppm in 9672-162) and V (about 1200 pp®672-131 vs. 850 ppm in 9672-
162). These differences result in different treofiselement substitution between the two
samples, as observed for Si and Ca (Fig. 4).

As observed for the majority of the elements, RBEcentrations in the freshest regions of
the two uraninites are identical, leading to idesitiREE patterns that are characterized by a
bell shape, with low contents of LREEs and HREE®gared to MREESs (Fig. 7). This shape
is characteristic of uraninites from unconformiglated U deposits (Mercadier et al., 2011;
Alexandre et al., 2015). The concentrations ofRiiES in altered zones are different than in
the freshest zones, with a progressive increab®EE concentrations observed for example,
Ce concentrations increase from around 20 ppmeiriréshest regions to 417 and 990 ppm in
samples 9672-131 (+ 2085%) and 9672-162 (+ 4950éspectively (ESM-2 and Fig. 7).
Overall, the MREEs show no variation between the tenes, whereas the HREEs are
slightly affected by the alteration showing a gahetecrease (Fig. 7). These changes in
concentration result in different LREE/HREE rati®3g. 7; LREE/HREE ratios increasing
from 0.15 to 0.7 and 1.4 for 9672-131 and 9672-168pectively) and different total REE
contents (increasing from 1350 ppm to 2204 and §#8@ for altered regions of 9672-131
and 9672-162, respectively) in the freshest andredt regions. These changes in LREE
concentrations also induce modifications of the REfectra and related factors such as

LREE/HREE in the freshest and altered zones. Asmwis for other minor and trace



456

457

458

459
460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

elements, the concentrations of several LREEsenaitered regions differ between the two

samples (Figs 6 and 7).

3.5. $'®0 compositionsin the freshest and altered regions

The freshest regions of sample 9672-131 displayamow range of lows'®0 values of
between —39.35 and —31.42 %o (Fig. 8). In conttast,most altered regions have higher and
more dispersed'®O values (-22.12 to -8.91 %o). Only 0680 value was measured for the
intermediate degree of alteration (4 wt. % < Pbteon< 10 wt. %; Fig. 8), however the

available data nevertheless suggestiH@ increases as the degree of alteration increases.

4. Discussion

The objective of the present study was to charaetéhe effects of post-crystallization
alteration on the chemical and isotopic compos#tiaf natural uraninites based on two
samples from the Cigar Lake U deposit. This workasintended to provide new information
about the genetic processes at the origin of thedton of unconformity-related U deposits,
in particular the crystallization age of the fitganium mineralization, currently proposed to
be 1467 + 63 Ma at Cigar Lake (Fayek et al., 200Dbjhis respect, the measured Discordia
isotopic ages of ca. 1300 Ma for both samples couditate that 9672-131 and 9672-162
uraninites co-crystallized during a secondary U ematization event. The geochemical
characteristics measured in the freshest zonehesketuraninites (Ca, Si and Pb contents,
minor and trace elements contents, REE patterns @Qndotopic values) are however
equivalent to those measured in what are considerdze older uraninites from the Cigar
Lake deposit (Fayek et al., 2002a; Martz, 2017¢hSesults suggest that the uraninites from
the present study i) probably formed at a diffetante but under the same physico-chemical
conditions as the presumed oldest uraninites aCibar Lake U deposit (as confirmed by the

identical illite-sudoite-uraninite mineralogical segblage), and ii) do not correspond to
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recrystallized and chemically modified older uratgs. If that were the case, the geochemical
characteristics would be different than those @& tider uraninites (with Si, Ca and Fe

substitutions or possible modified REE patternsefample).

4.1.1mplications of post-crystallization alteration for Pb/U, ®'Pb/*®Pb

isotopic dating and U-Th-Pb chemical dating of uraninites

Lead loss is the most frequent chemical modificatioked to post-crystallization processes
described for natural uraninites. This loss is yattue to the significant differences in the
ionic radii and charges of the two elements (retypaly, 1.00 A and 4 to 6" for uranium
(Janeczek and Ewing, 1995); 1.29 A afidd lead), which favor i) non-incorporation of Pb
into the crystal lattice of uraninite during itsystallization (no common Pb), and ii) non-
incorporation of the radiogenic Pb produced throtigie by radioactive decay into the crystal
lattice, and thus its easy removal from the minekaing interaction between the uraninite
and fluid (Alexandre and Kyser, 2005; Macmillarakt 2016a; 2016b).

Uraninite can be thus considered one of the md&tult minerals to date with U-Pb and
2’ppf%%h isotopic methods or U-Th-Pb chemical methodsene¥f this mineral is
theoretically one of the best targets for U-Pbrdatue to its high U and Pb contents (wt. %).
Uraninite should then be considered as an opeemysith?*°Pb7*®U and®°’Pb?3U isotopic
ratios and related Pb/U arfd’Pb/°®Pb ages that are usually not concordant, and whose
degrees of discordancy are often much higher tBaridd both bulk analysis and situ pm-
scale measurements acquired by SIMS (Fayek et2802a; Sharpe and Fayek, 2011,
Ballouard et al., 2017b) or LA-ICP-MS (Chipley &t 2007; Alexandre et al., 2007; Cloutier
et al., 2009; Cloutier et al.,, 2011). These chamstics lead to uncertainty in the
interpretation of°Pb/®U, 2°Pb**U and*°’PbFPb values, even at the scale of a single
grain, and to debate about the use of these datafoulating ages and proposing geological
models for the formation and temporal evolutionucdinium deposits. This is, for example,

the case for the unconformity-related U depositPateo- to Mesoproterozoic sedimentary
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basins in Canada and Australia, for which a veige spread of Pb/U antf’Pb7*°Pb
isotopic ages, of ca 1.7 Ga to the present timee lheen calculated (Jefferson et al., 2017;
Kyser and Cuney, 2015; Skirrow et al., 2015). Téime limitations affect the use of U-Th-Pb
chemical geochronometers for uraninites (Kempe328Gexandre and Kyser, 2005).

One way to overcome these limitations in the caldoih of crystallization ages and alteration
stages of uraninite for a deposit or uranium pro@jrmight be to apply statistical clustering to
the different types of measurements, suctf’48b/°®Pb ratios (Kotzer and Kyser, 1993;
Fayek et al., 2002a; Alexandre et al., 2007; Pdttal., 2011) or chemical U-Th-Pb ages
(Alexandre and Kyser, 2005; Cloutier et al., 20D#%ng et al., 2013; Pal and Rhede, 2013;
Dieng et al., 2015; Ozha et al., 2017). This typelastering method has already been applied
to different types of U deposits, and especiallynconformity-related U deposits. For these
deposits, the clustering approach has providedra¥&b?°Pb and U-Th-Pb chemical age
peaks that have been considered representativaffefedt successive fluid events that
occurred through time within the basin and affectied uranium budget of the deposits
(Fayek and Kyser, 1997; Fayek et al., 2002a; Aldramnd Kyser, 2005; Polito et al., 2011;
Sharpe et al.,, 2015; Sheahan et al., 2016). Basedhis interpretation, several fluid
circulation events in both the Athabasca and Th&asins (Canada) have been proposed to
be associated with different near-field events.(thg emplacement of the McKenzie dyke
swarms at 1.27 Ga) and with different far-fieldntinent-wide tectonic events, such as the
Mazatzal Orogeny (1.6-1.5 Ga), the Berthoud Orogéay 1.4 Ga), the East Kootenay
orogeny (ca. 1.35 Ga), the Grenville Orogeny (1a),@nd the assemblage and break-up of
the Rodinia (1-0.85 Ga) (Fayek et al., 2002a; Fagehkl., 2002b; Alexandre et al., 2007;
Cloutier et al., 2009; Cloutier et al., 2011; Kysed Cuney, 2015; Sheahan et al., 2016).

The two samples analyzed in the present studyrane the unconformity-related Cigar Lake
U deposit (Athabasca Basin, Canada). They can besidered as relatively simple cases
compared to published data on uraninites from ufwronity-related U deposits because the

measurements demonstrate a two-stage evolutidreafraninites, with their crystallization at
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1300 Ma and then their alteration by a meteorimfat around 40 Ma (9672-131) and 70 Ma
(9672-162) (Fig. 5). This interpretation is consatk both analytically and geologically
correct, in particular due to the large spreadhie P°Pb”®%U and 2°Pb/”*U ratios that
allowed the establishment of well-defined Discortitees (Fig. 5). The high values of the
calculated MSWD (36 for 9672-131 and 49 for 9672)1probably indicate a differential
pm-scale mobility of Pb and U within the two studligraninites, which favor a dispersion of
the Pb/U ratios around the Discordia line. The psscat the origin of this second-order
dispersion has not been defined and is not disdusstne present document, but the authors
do not consider it as related to a potential se@vaht of alteration. Such event would have
indeed generated a much greater dispersion like edrabe observed for the alteration at ca.
40 Ma (9672-131) or ca. 70 Ma (9672-162) describetthis study. Specific studies based on
atomic to nm-scale works (atom probe or TEM forregke) would help understanding such
distribution. Anyway, this second order dispersadrthe Pb/U ratios does not obliterate the
first order distribution of the Pb/U ratios conteal by the two-stage scenario. In the
discussion that follows, we aim at confronting thidust interpretation of the evolution of
these two uraninites with the results obtained feostatistical interpretation of thR&¥Pb/°Pb

and U-Th-Pb chemical ages.

4.1.1. Are U-Th-Pb chemical ages and ages estimated on the basis of

elemental substitutionsarelevant strategy for uraninites?
The calculated U-Th-Pb chemical ages range fron8 1800 Ma for sample 9672-131 and
from 1242 to 0 Ma for sample 9672-162, with maiatistical peak ages calculated at ca.
1310, 1160, 990, 815, 570, 320, 200, and 60 Madonple 9672-131, and at ca. 1160, 980,
790, 650, 420, 320, 200, 120, and 55 Ma for sarAplE2-162 (Fig. 9). When compared to
calculated upper and lower Discordia interceptg.(B), these two series of statistical U-Th-

Pb chemical age peaks do not present any matheihatiqyeological relevance; they are
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related only to the variable degrees of lead Ited &ffected the different zones of the
uraninites during the ca. 40 and 70 Ma alteratieenés (Fig. 1, 2, 3, 4). The amplitudes and
positions of the age peaks are only dependentenumber of analyses performed within the
different zones and are thus only analytically-dnivThe age peaks therefore correspond not
to the different fluid circulation events that cdudave affected the two samples through time,
but only to the variable degrees of lead mobiligperienced by the different areas of the
uraninites during a single recent alteration ewvratt took place < 51 Ma for 9672-131
(considering the error on the lower intercept) st Ma for 9672-162 (considering the error
on the lower intercept). The calculated peaks ianéas to those proposed for uraninites from
the Athabasca Basin (Alexandre and Kyser, 2005ut#oet al., 2009; Cloutier et al., 2011).
The geological relevance proposed in these stddias the interpretations of the U-Th-Pb
chemical ages are therefore highly questionable.present observations indicate that the use
of U-Th-Pb chemical ages for reconstructing thesptiél fluid interaction events that have
affected uranium deposits (Alexandre and Kyser52@loutier et al., 2009; Cloutier et al.,
2011; Pal and Rhede, 2013; Ozha et al., 2017piediand incorrect.

Substitution trends in uraninites between Pb ardihjor elements Ca, Fe, and Si have been
applied to calculate the crystallization ages tdrald uraninites (Alexandre and Kyser, 2005).
This methodology relies on the assumption that dah@ninite does not incorporate any
elements except U and O at the time of its crygtdlbn, and that other cations (Ca, Si, and
Fe) are incorporated into the uraninite during fogstallization alteration event(s) through
substitution with Pb. The method was initially pospd for use with unconformity-related U
deposits (Alexandre and Kyser, 2005) and has muden@ore frequently been used for these
deposits (Cloutier et al., 2009; Cloutier et ab1@) as well as for other types of U deposits
(Dieng et al.,, 2013; Pal and Rhede, 2013; Dien@let2015; Ozha et al., 2017). The
application of this method to samples 9672-131 @itR-162 provided x-axis intercept ages
of 1592 and 1712 Ma respectively (using Ca onlyg. Ri0), 1210 and 1216 Ma (using Si

only), 1430 and 1492 Ma (using Fe only), and 1388 #4405 Ma (using Si+Ca+Fe). These
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ages differ according to the substituting elemesdecded and all are inconsistent with the
Discordia upper intercept ages and oldest U-Thiimical ages calculated for both samples
(Fig. 9). Moreover, the majority of the ages basedubstitution trends are far older than the
crystallization age obtained using isotopic measeargs (ca. 1300 Ma). The freshest regions
in the two uraninites provide U-Th-Pb chemical atjest are identical within error to the
Discordia upper intercept age, indicating that lsabstitution was strongly limited in these
zones. Their current chemical compositions can beusonsidered relevant as a marker of the
initial chemical composition of the uraninite aé ttime of crystallization. Ca (0.6 + 0.2 wt. %
Ca) and Fe (0.2 = 0.1wt. % Fe) were consequentggmted into the uraninite lattice at the
time of crystallization. Such incorporation of upgeveral weight percent of Ca in uraninites
during crystallization is a common process in salvéypes of U deposit (Férster, 1999;
Mercadier et al., 2013; Ballouard et al., 2017anBatti et al., 2018), with contents as high as
8 wt. % CaO recorded in fresh uraninites in graretated hydrothermal deposits (Ballouard
et al., 2017a). Ca has a similar ionic radius tgSbannon, 1976) and the majority of U
deposits are believed to have formed from Ca-rigeralizing fluids or magmas. Ca&ich
brines with Ca contents of >2 mol:képave for example been considered as the minerglizi
fluids for a number of unconformity-related U dep®gPagel, 1975; Derome et al., 2005;
Richard et al., 2010; Richard et al., 2016). Aniahiincorporation of Ca in the crystal lattice
of the uraninites in unconformity-related U dep®si#t thus consistent with these findings. Si
is the only major element that does not enter tlaminite structure at the time of the initial
crystallization, suggesting that use of the U-ThdMemical ages in Si-free areas could
provide the less-biased non-isotopic age estin@t¢hk crystallization of uraninite. The use
of Ca, Fe or a combination of these elements, sulastitution trend plot results in the
calculation of ages older than the age of cryzaiiion. Moreover, the slope of the
substitution trends for a given element might bigecent in contemporaneous samples and
could lead to the calculation of two different agas exemplified by samples 9672-162 and

9672-131. Such differences are thought to be mkl&delocal variations in the substitution
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mechanisms within the deposit and therefore toiapeaariations in the alteration process.
The method of using substitution trends for caltntacrystallization ages of uraninites can

be thus considered as invalid.

4.1.2. ®Pb/*Pb ages and the clustering approach

The uncertainties that arise when interpretingdiseordant isotopic U-Pb values of uranium
oxides have led some authors to propose distines @fj uraninite crystallization based on
statistical clusters ofPb*Pb ages obtained sometimes from spot analysis sihgle
uraninite grain (e.g. in the Sue and McArthur dépdayek et al., 2002b). When applied to
this study, sample 9672-131 provides a single dg&2@5 Ma whereas sample 9672-162
provides two ages of 1207 Ma and 1312 Ma (1246 Mmduped together, Fig. 9 and 11a).
All three ages are different from the upper intptage of ca. 1300 Ma. In fact, the definition
of discordance implies that clusters?8fPb/°®Pb ages will give erroneous ages if obtained
from discordant analyses of uraninites that expegd at least one lead loss evenf(Ma).

It is true that in a system experiencing a fluithted lead loss event, the leached Pb leaving
the system will have &Pb°Pb composition of the mineral at that time, a tithat also
corresponds to it8’Pb/°Pb age. If the analyses were made at this exaat saoment of
lead loss, by definition, the upper intercept ageuld be identical to th&°’Pb/°Pb age.
However, when the system becomes closed afteetaist of lead loss, radiogenic Pb is again
accumulated, and the isotopic ratio evolves, ardDiscordia line will then show a lower
intercept age that corresponds to the timing af leas (Fig. 11b). In this case, only the upper
intercept age is correct and none of the U-PB°Bb7°Pb dates will have any geological
meaning (Fig. 11). The two Discordia lines obtaif@dsamples 9672-131 and 9672-162 give
lower intercept ages of 38 + 13 Ma and 72 + 22 keapectively. Therefore, since the lead
loss did not occur strictly at the present timetistical clusters of”’Pbf°Pb dates will be

skewed by the number of analyses that show simigad loss intensity (Fig. 11).
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Consequently, it appears that the older the lomercept age, the higher the risk of obtaining
skewed®’PbF%Pb distributions (Fig. 11b).

The work conducted on these two uraninites thusomstates that”’Pb°Pb ages and U-
Th-Pb chemical ages in uraninites, especially wtlerived from clustering, should not be
interpreted to have any geological significanceni&use of the data, linked to the absence of
detailed preliminary petrographic and chemical &sid can directly lead to incorrect
geological interpretations that will affect any nebgroposed for the formation of the U
deposit and its evolution through time. In the cakainconformity-related U deposits, the
present study does not preclude the possibility iinatiple mineralizing and/or remobilizing
events affected the uraninites following their tajlization. Investigating this hypothesis
further, however, is beyond the scope of the ptesardy. Nevertheless, the study does
emphasize the strong effects of fluid-driven pagstallization alteration on uraninites and
thus the need for careful analysis and descriptibnthe dated materials for proper

interpretation of the isotopic and chemical data.

4.2.1mplications of post-crystallization alteration for geochemical tracing

of uraninitesand related material from the nuclear cycle

The systematic measurements of i) the chemical ositipns for major, minor and trace
elements, and ii) the isotopic compositions (UP®, Sr) in uraninites from different deposits
and different types of deposit revealed significdifferences between the uraninites. These
differences are considered to be related to vditiakiin the physico-chemical conditions that
led to the formation of each uraninite, deposittgpe of deposit. From the observed
differences, several tools based on the specifimttans of minor and trace elements (eg.
YLREE/SMREE or YREE) or isotopic compositions (ed’srf°sr, 5'%0, 2%%U/7%U;
23491238y, ...) have been proposed i) to understand and el¢fi@ geological conditions at the

origin of uranium deposits (Fayek et al., 1997; éfagt al., 2011; Mercadier et al., 2011;
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Depiné et al., 2013; Lach et al., 2013; Uvarovalgt2014; Macmillan et al., 2016b), and ii)
as forensic tools to trace back the source andnon§ illegally traded nuclear materials
(Keegan et al., 2008; Varga et al., 2009; Brennetlka., 2010; Varga et al., 2010; Keegan et
al., 2012; Depiné et al., 2013; Frimmel et al.,£0dvarova et al., 2014; Balboni et al., 2016;
Varga et al., 2017; Spano et al., 2017).

The prerequisite of these studies is that the caitipn of uraninites reflects only the
differences in the initial physico-chemical condiits at the time of their crystallization.
However, the present work demonstrates that pgstallization alteration events can
generate significant changes not only in the majement contents and in the O isotopic
composition (Fig. 8), as previously demonstratedttér and Kyser, 1993; Fayek et al.,
2002a; Alexandre and Kyser, 2005), but also in tlacentrations of minor and trace
elements (Figs. 6 and 7). These differences camgte significant, leading to major
variations in REE concentrations and therefore ffication of the REE patterns,
Y LREE/>MREE orY REE between the freshest and altered zones (Fig:h€)two samples
studied have identical initial chemical composiioim terms of major, minor, and trace
elements (except Th and Ti; Fig. 7) and identiggsaof formation (ca. 1300 Ma), suggesting
that they formed under similar geological condiioMoreover, the two samples experienced
only one alteration event, which can be considawtier contemporaneous for the two
samples (38 £ 13 Ma and 72 + 22 Ma). The substitutiends and related chemical contents
in the altered regions for several elements, suEhAa (2500 % variation), V (250 %
variation), Th (820 % variation), or LREEs (527 %riation), are however different for the
two samples. Such differences are probably relatdéocal variations in the physico-chemical
characteristics at the time of the alteration evHrthe distinctions between the freshest and
altered regions are not made before measuremeheathemical and isotopic compositions
of uraninites, any direct comparison based on Rig€tsa or diagrams combini¢REE and

LREE/HREE (Fig. 7) can lead to a biased distinctiotween the two samples and
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consequently to the proposal of different geoldgarad/or forensic fingerprint applications
for these two samples.

Regarding unconformity-related U deposits, the eot# of several minor and trace elements,
such as LREEs, in uraninite are affected by pogttaHization substitutions leading to
significant changes in the chemical compositiortha&f uraninite. Minor and trace elements
therefore exhibit a behavior similar to major elewsesuch as Si, Ca, and Fe. A similar
behavior can also be proposed for elements in ayipess of uranium deposits, as previously
observed for the REEs in the Jaduguda U depoditafRhRhede, 2013) or in the Samarkiya
area (Ozha et al., 2017). TR¥O signature varies strongly between the freshestadtered
zones within a single uraninite sample. Such bemariuraninites from unconformity-related
U deposits has previously been described and has inéerred for other U deposit types
(Kotzer and Kyser, 1993; Fayek and Kyser, 1997;ekagt al., 2011). The use dfSrfosr
ratio in uraninite has been proposed as a pertite@itto discriminate between basement-
hosted and unconformity-hosted U deposits (Fayek.e1997) or to classify U ore material
(Balboni et al., 2016), however, this study shohat the strontium contents of uraninite are
also strongly affected by the alteration proces#) an increase in Sr concentration from the
freshest to altered zones of 762 and 1315% in ss§$72-131 and 9672-162 respectively
(Fig. 5). The substitution trends are moreoveredéht between the two samples. If the fluids
present at the initial crystallization of the umité and at the time of its alteration have
different 8’Srf°Sr ratios, which is a likely situation, t§&Srf°Sr ratios will change between
the freshest and altered zones, leading to mixadale, non-reproducible, and inconsistent
bulk #’Srf°Sr values between samples of a deposit and betslegmsits.

As explained earlier, the two uraninites studietehepresent relatively simple examples for
unconformity-related U deposits and probably fdnesttypes of uranium deposits, having
been affected by only one alteration event. If umées experienced different and successive
alteration events characterized by different physicemical conditions, as proposed for

unconformity-related U deposits (Jefferson et 2007; Kyser and Cuney, 2015), and if the
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different fluids did not alter the same zones tlglouime, then the uraninites will be
characterized by numerous zones exhibiting smalleseariabilities in their chemical and
isotopic compositions. It is clear that direct wdesuch mixed chemical signatures, without
any deconvolution of the impact of the differenteedtion events, would add little to our
overall understanding of uraninite geochemistryerEfiore, caution must be applied when
using the geochemical compositions of uraniniteeiceal the past geological conditions or as

a provenance tool for a natural U-ore and relatedyrcts of the nuclear cycle.

5. Conclusion

The present study demonstrates that the chemidaisatopic compositions of uraninites can
be significantly modified by post-crystallizationtéractions with fluids. These modifications
affect the U-Pb isotopic systems (lead loss), dtagethe O isotopes, and the concentrations
of major (Pb, Ca, Si, and Fe), minor and trace el@m The variations in all these elements
and/or isotopic systems can be strong at a veryllsstale (micrometer to tens of
micrometers). Studies based on the geochemistmatoial uraninites must therefore take into
account these scales (spatial and chemical) ofabiity and use adequate descriptive,
analytical, and imaging techniques and methodsveroome the potential errors and bias
arising from the use of mixed data measured fragiores of a sample that have been affected
by variable post-crystallization alteration. Suctiedailed characterization work of uraninites
at the smallest possible scales is especially mefuiegeochronology applications, coupled to
the acquisition of a large amount of data (chemmadl isotopic) to potentially discard
suspicious data and calculate robust ages. ThefuseTh-Pb chemical ages aRtPb/°%Pb
clustering ages to reconstruct fluid events thatehgotentially affected the uraninites after
their crystallization should be not considered asolust approach, even for the simple
example described in this study (uraninite affedbgdonly one recent post-crystallization
alteration event). Similarly, estimation of the stllization age from chemical substitution

trends leads to over-estimated ages due to thgratien of these elements in uraninites
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during their crystallization. Such a method cari®tonsidered as a robust approach unless it
is based on elements not initially incorporate® imtaninite and substituted during alteration.
The present study demonstrates that such an elésneoit definable for unconformity-related
uranium deposits.

The geochemical tracing of uraninites and relatemtycts of the nuclear cycle based on
isotopic and chemical markers appears to be fardesple than thought up to now. Elements
that have been considered immobile, like REEs, mdsct be significantly affected by post-
crystallization interaction between fluid and urate. However, in the specific case of
unconformity-related U deposits, the concentratioinseveral minor and trace elements, such
as Sb, HREEs, Co, W, and Ti, are constant in bo¢hfteshest and altered regions. These
elements could therefore only be used as conseevatacers for geological or forensic

purposes.
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Figure captions

Figure 1: Photomicrograph under reflected lighthef primary uranium oxide minerals (&O
a and e) from the two samples (9672-131 and 9622-dbthe high-grade U zone from

the Cigar Lake U deposit (Saskatchewan, Canadd) S&M pictures in backscattered
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mode of the same crystals. Locations of the spatyaas for the different techniques
used are indicated and areas mapped through Xleayeatal analysis are indicated by
red rectangles with the reference to the concefiggales. UQ: uranium oxide; coff:

coffinite; Gers: gersdorffite

Figure 2: a to c: SEM pictures in backscattered enofdthe primary uranium oxide minerals

(UOy, see Fig. 1e) from sample 9672-162 of the highigrd zone from the Cigar Lake
U deposit (Saskatchewan, Canada), with freshegiit(ljrey) and altered (dark grey)
areas. Location of SIMS spots (white dashed ekipdea-ICP-MS spots (black circles),
Raman analyses (red stars) and WDS-EM measurerfyetitsv cross) are indicated. e)
WDS-SEM spectra measured on the freshest (spediyand altered (spectrum 2) areas.
d): Raman spectra for the freshest and alteredsa8gectra of UO2 and coffinite from

other authors are given for comparison (Clavieale2014; Lv et al., 2016).

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

Lake U deposit, Saskatchewan, Canada). Resultsre¢ tquantitative EMPA analyses
are displayed (EMPA spot ID n°28, 30 and 37 in E3MOn the top, Microphotograph
under reflected light (left) and SEM picture (rigatd elemental maps for U, Ca, Pb and
Si below. Darker areas in SEM correspond to altareds which express lead loss and a
concomitant Ca and Si gain. llI: illite; sud: sumoicoff: coffinite. The black holes on the
uranium oxides for the microphotograph under réélédight are SIMS and LA-ICP-MS

spots (see Fig. 1).

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

and 9672-131 (Cigar Lake U deposit, Saskatchewamada). The express trends
indicate an overall lead loss and Ca, Si gain duraiteration. The trends for
coffinitization are indicated and are differentrfrothe alteration. Note that calcium
content is always non-null in contrast to the aileontent (freshest zone with the highest

Pb content).

1070 Figure 5: U-Pb Concordia diagram of the primaryniwen oxides from samples 9672-162 and
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9672-131 (Cigar Lake U deposit, Saskatchewan, Ggn&b X-ray elemental maps of
the corresponding analyzed areas are indicatedthdthocation of the distinct analyses.
Colors of the spots on the maps and on the Coreafidigram indicate th&*Pb/%U

ranges measured, which reflect the degree of tessd |

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

oxides from samples 9672-162 and 9672-131 (Cig&elld deposit, Saskatchewan,
Canada). The degree of alteration is correlatethéolead loss. Colors indicate the
corresponding?®®Pb*®U ranges of associated SIMS analyses (see FigTh8.Blue
dashed lines correspond to the trend line for san98l72-131 whereas the red ones
correspond to sample 9672-162. The mean limit ¢é¢dm®n (L.O.D.) value calculated
from all the analyses for a considered elemenemeasented by a dashed line. Data
presented on the figure have individual calculatedcentration above the individual

calculated L.O.D and are therefore true concewinati

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

uranium oxides from samples 9672-162 and 9672-1Glga¢ Lake U deposit,
Saskatchewan, Canada). REE patterns are progrgseingched in LREE with the
increase of the alteration degree whereas HREBraserved. LREE include REE from
La to Sm and HREE include elements from Eu to LEERcontents are plotted in a
YREE vs. ZLREEEHREE diagram, and the evolution of contents of CRHE)
compared to Lu (HREE) is given as a function ofesponding°®Pb?*%U ages and thus

progressive lead loss.

Figure 8:5%0 composition of primary uranium oxides in primamanium oxides from

sample 9672-131 (Cigar Lake U deposit, Saskatche®anada)5'®0 values increase
with increasing alteration and lead loss. Corredpa’*®Pb/*®U ages given through the

color scale (see Fig. 4)

Figure 9: a) and b): U-Pb Concordia diagrams of psimmary uranium oxides from samples

9672-162 and 9672-131 (Cigar Lake U deposit, Sabkatan, Canada) and
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corresponding histograms 8YPb7%Pb (c and d) ages and U-Th-Pb chemical ages (e
and f). The dashed lines on c), d), e) and f) eecalculated upper intercept Discordia

age for each sample, and the thickness is repedsenof the error.

Figure 10: Binary diagrams of SiQa), CaO (b), FeO (c) and Si@ CaO + FeO (d) vs. U-

Th-Pb chemical age of two primary uranium oxidesrfrsamples 9672-162 and 9672-
131 (Cigar Lake U deposit, Saskatchewan, Canaddjaolation of the chemical ages
to the age were Fe, Si and Ca were negligible r@efe of the X axis), following the

methodology of Alexandre and Kyser (2005), givetidid and inconsistent ages
compared to upper intercept Discordia ages (1289Ma [blue dashed line] and 1308 +
14 Ma [grey dashed line]) due to significant inamgtion of Ca and Fe at the time of

crystallization. The thickness of the dashed lisegpresentative of the error.

Figure 11: Effect of lead loss and post-crystafima alteration on?’PbP*Pb age

distributions. U-Pb data from this study are pldtten a Concordia diagram (a). Colors
correspond to?®Pb?°®Pb age ranges. The data show a bimodal repartifothe
2’ppP%%h dates even though they define a single welkhdefDiscordia line and thus a
single age of crystallization. b) Concordia diagnaith a made-up dataset corresponding
to a uranium crystal having crystallized at 1300 &l that suffered from a lead loss
event at 500 Ma. The correspondiffdPb°Pb distribution reveals 3 meaningless
statistical clusters o Pb/°®Pb dates that only correspond to groups of analyithsa
similar lead loss intensity. Such “peak ages” carmeaccounted for distinct events of

(re)crystallization.

ESM-1: Macroscopic pictures of the two studied siasfrom the high-grade uranium ore of

the Cigar Lake deposit (Saskatchewan, Canada). ésb&ample 9672-131, Below:
9672-162. Both samples consist of massive urasiniigh minor coffinite and arsenides

embedded in a clay-rich matrix of intimately mixéie and sudoite.

ESM-2: SIMS U, Pb, O isotopic data of the primargninites from samples 9672-131 and

9672-162 (Cigar Lake U deposit, Saskatchewan, Ggnashd associated EMPA
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measurements for Si, P, Ca, Fe, Pb, Th and U (lOuleted from stoichiometry), plus
corresponding calculated chemical ages following itieration procedure of Bowles,
(1990). a.p.: analytical problem. Errors are regobith .

ESM-3: LA-ICP-MS minor and trace element data ofm@ary uraninites from samples 9672-
131 and 9672-162. Corresponding U-BFO SIMS and EMPA spots are indicated.
Italic: Limit of detection, given when calculate@lues are below this limit. LREE

include REE from La to Sm and HREE include eleméuis Eu to Lu.
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