N

N

Uranium speciation control by uranyl sulfate and
phosphate in tailings subject to a Sahelian climate,
Cominak, Niger
Florian Lahrouch, Benoit Baptiste, Kathy Dardenne, Jorg Rothe, Erik
Elkaim, Michael Descostes, Martine Gerard

» To cite this version:

Florian Lahrouch, Benoit Baptiste, Kathy Dardenne, Jorg Rothe, Erik Elkaim, et al.. Uranium
speciation control by uranyl sulfate and phosphate in tailings subject to a Sahelian climate, Cominak,
Niger. Chemosphere, 2022, 287, pp.132139. 10.1016/j.chemosphere.2021.132139 . hal-03963752

HAL Id: hal-03963752
https://hal.science/hal-03963752
Submitted on 16 Oct 2023

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-03963752
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/S0045653521026114
Manuscript_d0b5e0494fed21bd02b2f57bcel0ad4e

10

11

12

13

14

15

Uranium speciation control by uranyl sulfate and phosphate in tailings

subject to a Sahelian climate, Cominak, Niger.

Florian Lahrouch!'”, Benoit Baptiste!, Kathy Dardenne?, Jorg Rothe?, Erik Elkaim®, Michael

Descostes*, and Martine Gerard"”"

I Sorbonne Université, CNRS UMR7590, MNHN, IRD, Institut de minéralogie, de physique

des matériaux et de cosmochimie (IMPMC), 4 place Jussieu, F- 75005, Paris, France

2 Karlsruhe Institute of Technology, Institute for Nuclear Waste Disposal (INE), P.O. Box

3640, D-76021 Karlsruhe, Germany

3Synchr0tr0n SOLEIL, L'Orme des Merisiers, Saint-Aubin, BP 48, F-91192 Gif-sur-Yvette

Cedex, France

“ORANO Mines, Environmental R & D Department, 125 avenue de Paris, F-93320,

Chatillon, France

SCentre de Géosciences, MINES ParisTech, PSL University. 35 rue St Honoré, 77300

Fontainebleau, France

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0045653521026114
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0045653521026114

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Highlights:

e Sulfate and phosphate groups control U mobility in the tailings environment
* Neoformation of uranyl sulfates is favored by evapotranspiration phenomena
e Uranyl phosphate minerals are efficient traps for uranium long-term mobility

* Inherited U(IV) phases included in quartz are identified in tailings

Keywords

Uranium, Mining wastes, Uranium migration, EXAFS spectroscopy, Environment, uranyl

phosphate, uranyl sulfate

Abstract

Long-term uranium mobility in tailings is an environmental management issue. The present
study focuses on two U-enriched layers, surficial and buried 14.5 m, of the tailings pile of
Cominak, Niger. The acidic and oxidizing conditions of the tailings pile combined with
evapotranspiration cycles related to the Sahelian climate control U speciation. Uraninite,
brannerite, and moluranite as well as uranophane are relict U phases. EXAFS spectroscopy,
HR-XRD, and SEM/WDS highlight the major role of uranyl sulfate groups in uranium
speciation. Uranyl phosphate neoformation in the buried layer (paleolayer) acts as an efficient

trap for uranium.
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Introduction

Tailing management related to uranium mining activity raises environmental concern among
governmental authorities and mining companies regarding the long-term mobility of
radioactive elements. The tailings generated by uranium extraction consist of residual ore
minerals. The uranium extraction yield generally around 95% related to the milling process
and ore mineralogy (Chautard et al., 2020), and by consequence, the uranium concentration in
the tailings is rather low. The residual uranium still present in the tailings, composed of U-
238, U-235 and U-234 (half-lives of 4.5 billion years, 703 million years and 245 thousand
years, respectively), is a possible source of radioactive contamination. The long-term
management of a large quantity of U-tailings, approximately 2 billion tons in the world
(Steinhausler and Zaitseva, 2007), remains an environmental management issue. However,
nearly 50% of the current world U production is accomplished preferentially by in situ
recovery (ISR), 31435 tons produced in 2019 (WNA, 2019), and does not produce equivalent
tailings configurations. The radioactive descendants of U, representing 80% of the total initial
radioactivity of the ore, are still present in the tailings (Abdelouas, 2006). Among these
radionuclides, Ra-226 (half-life of 1600 years) is particularly studied because of its high
specific activity (3.66 10'° Bq.g™!) (Nirdosh et al., 1984, Molinari et al., 1990, Fesenko et al.,
2014, Besancon et al., 2020) which leads to the continuous production of Rn-222 known for
its radiotoxicity (Martin and Tuck, 1959; King et al., 1982). Most of the tailings are stored as
piles close to the mining plants or disposed of by backfilling former uranium mines. Usually,
once mining operations cease, tailings are protected by waste rocks or water cover, which
form a radiological barrier against the emission of Rn-222, a radioactive gas descendant of
Ra-226 (Roberston et al., 2019, Ballini et al., 2020; Chautard et al., 2020). The chemical and
mechanical process of extracting uranium results in a reactive tailing environment containing

residual and oxidized ores and chemical reagents such as sulfuric and nitric acid or lime, in
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the case of neutralization. In any case, the tailings evolve through a large variety of

precipitation/dissolution processes controlling uranium migration.

The residual uranium found in the tailings comes from refractory uranium phases such as
monazite (REE-U"YPOy) and brannerite (U"-Ti20¢) or from coffinite (U™(Si04)1-x(OH)4x)
and uraninite (U™VO2) when entrapped in quartz, feldspar, or mica, which inhibit their
reactivity (Boekhout et al., 2015; Ballini et al., 2020; Chautard et al., 2020). However, if
coffinite and uraninite grains are directly exposed to oxidizing conditions, these U(IV)
minerals will oxidize with time into soluble uranyl groups ([UY'0,]?*) that are known to be
mobile (Grenthe et al., 2006). Under natural conditions, secondary minerals such as
phyllosilicates, ferric oxyhydroxides or phosphates, generated by the weathering of primary
rocks, control uranium migration through different processes, such as sorption or precipitation
(Jin et al., 2016; Cretaz et al., 2013; Lee et al., 2011; Tayal et al., 2019; Lahrouch et al. 2021).
In the tailings, secondary mineral neoformation depends on the nature of the ore parent rock,
the chemical reagents used in the extraction or neutralization processes and the storage
method. Therefore, gypsum and calcite formation are commonly observed in tailings due to
the high concentrations of sulfates, calcium and carbonates related to the ore process
(Jamieson, 2011; Lin et al., 2018). Uranyl (UO»**) forms soluble complexes with a variety of
anionic species, including sulfate, phosphate or carbonate, which tend to limit its hydrolysis
and increase its mobility (Langmuir, 1978, Singh et al., 2010). The low solubility of uranyl
phosphate complexes generally reduces uranium mobility. Conversely, sorption on mineral
phases such as ferric oxyhydroxides or precipitation of secondary minerals such as uranyl

phosphates tend to limit U mobility (His and Langmuir, 1985; Murakami et al., 2017).

Low pH and sulfate enrichment are commonly described in acid mine drainage (AMD) to

favor the metal migration (Johnson and Hallberg, 2005; Morin and Calas, 2006; Park et al.,
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2019), including uranium (Evangelou et al., 1995; Edwards et al., 2000). Such an acidic rich
sulfate environment is also reported in U-tailings, which are leached by sulfuric acid and not
neutralized before their deposition (Carvalho et al., 2005; Déjeant et al., 2016). The sulfate
groups form stable complexes with uranyl, whether in acidic conditions with the formation of
binary uranyl sulfate complexes or at low to near-neutral pH conditions, which favor the
formation of ternary uranyl hydroxosulfate complexes (Cox et al., 1989; Grenthe et al., 1992;
Grenthe et al., 1993; Shock et al., 1997). Most uranyl sulfate complexes are soluble in dilute
groundwaters and precipitate where evaporation is significant to form uranyl sulfate minerals
(Finch and Murakami 1999). Hence, the occurrence of uranyl sulfate minerals was observed
under underground alteration conditions, both in weathering mining dumps (Krivovichev and
Plasil, 2013) and in mill-tailings (Schindler et al., 2012). Uranopilite formation,
(U0O2)6S0402(0OH)s. (H20)s occurs early in the alteration process of the primary U phases
involving acidic S-rich solution (Burns, 2001). This hydrated uranyl sulfate is easily
hydrolyzed or dissolved and has a high U/S ratio. Moreover, uranopilite turns into meta-
uranopilite after dehydration (Krivovichev and Plasil, 2013). Zippeite group minerals are
hydrated uranyl sulfates M(UO2)4(SO4)202(OH).. (H20)4, containing monovalent (K*, Na*,
NH4"), divalent (Mg**, Zn**, Co**, Ni**, Cu**, Ca®"), or trivalent (Y>, rare earth elements)
cations. The zippeite structure was identified as uranyl sulfate sheets with cations located in
the interlayer, such as Mg in octahedral coordination for magnesium zippeite (Brugger et al.

2003) or Na for natrozippeite (Sharifironizi and Burns, 2018).

Phosphates also play an important role in uranium migration. Indeed, like sulfates, phosphate
groups form strong complexes with uranyl ions. The uranyl phosphate complexes can be
sorbed on minerals such as ferrihydrite, which results in an increase in uranyl uptake on
ferrihydrite (Payne et al., 1996; Lahrouch et al. 2021). The rather low solubility of these

complexes leads to their precipitation as autunite or metatorbernite mineral groups (Cretaz et
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al., 2013). Under acidic conditions and depending on the ratio of carbonate to phosphate in
the system, the solubility of uranyl phosphate complexes is lower than that of uranyl
oxyhydroxides (Felmy et al., 2005; Grenthe and Konings, 1992; Langmuir, 1978; Rai et al.,
2005). The formed uranyl phosphate minerals are relatively insensitive to the system redox
potential and are also more resistant to dissolution than other uranium minerals, such as
uraninite, under oxic conditions outside of their stability fields (Campbell et al., 2011; Sowder
et al., 2001; Wellman, 2006; Wellman et al., 2009). Therefore, the precipitation of uranyl
phosphates, dominated in the environmental systems by autunite and meta-autunite formation,
prevents uranium mobility and holds uranium concentrations in groundwater rather low
(Murakami et al., 1997, 2005; Jensen et al., 2002; Jerden et al., 2003; Denecke et al., 2005;

Jerden and Sinha, 2003, 2006;).

In the present study, we investigate the evolution of uranium-bearing phases in tailings from
the COMINAK mine, Niger. Desert and subtropical weathering (Dodo and Zuppi, 1999)
favor the formation of sulfate species through strong evaporation phenomena (Finch and
Murakami 1999). Previous results indicate local reconcentrations of U up to several thousand
ppm within the tailings pile through oxidation and reprecipitation reactions associated with
uranyl sulfate and phosphate occurrences (Déjeant et al., 2014 and 2016; Angileri et al.,
2018). In this paper, we present a thorough characterization of most U-enriched layers in the
tailings pile, including both bulk and in situ characterizations. Extent X-ray Absorption to
Fine Structure spectroscopy (EXAFS) and High Resolution X-Ray Diffraction (HR-XRD)
were performed on powder samples to identify the dominant uranium species and
parageneses. Space-resolved EXAFS spectroscopy and Wavelength Dispersive Spectroscopy
(WDS) microprobe analyses on petrographic thin sections made it possible to identify
neoformed uranyl sulfates and uranyl phosphates. Based on these valuable data, the

occurrence of uranium-bearing phases related to the formation conditions as well as long-term
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uranium retention in the postmining environment will be discussed.

Materials and Methods

Mining site description and associated sampling

The COMINAK mine opened in 1978 and produced approximately 2000 t U/year. The
stratiform roll front-type deposit formed in lower Carboniferous Guezouman sandstones
(quartz grains associated with feldspar and clay minerals). Most of the uranium occurrence is
attributed to volcanic activity but to a lesser extent from erosion and leaching of the
crystalline basement of the Air crystalline basement. Primary U-bearing phases are composed
of micrometric uraninite and coffinite. Minor U refractory minerals are micrometric U-Ti and
U-Mo oxides (Forbes, 1989; Pagel et al., 2005; Cavellec, 2006; Dejeant et al. 2014, 2016).
The ore grade is approximately 4000 ppm but shows variation with time (~3000-5000 ppm).
Ore processing is based on acidic and oxidizing dissolution. The ore is first crushed, then
oxidized and leached with acid. This process liberates microphases of U associated with
gangue and solubilizes U. The leaching operation is performed simultaneously with sulfuric
acid and minor nitric acid. After flocculation using guar gum, the solid fraction (i.e., the mill
tailings) is washed, and the U-rich pulp is filtered. The process efficiency is approximately
90-96%; thus, some residual U remains in the tailings after this step. Dissolved U is then
stripped of the pregnant liquor using liquid solvents. U is finally recovered as MgU>O7 (s)
(yellow cake). The tailings of COMINAK are not neutralized with lime and are therefore

acidic. The pH of pore waters was determined to be less than 4.

This pile, containing approximately 22 million tons of tailings, is located in the Sahel Desert,

where the climate is extremely arid with an annual mean temperature of 31 °C and annual
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precipitation of approximately 40 mm (Dodo and Zuppi, 1999). During deposition, fresh
tailings are irrigated with mine water to reduce dust dispersion and improve the flow down
the slopes of the pile. Strong evaporation phenomena occur, leading to the formation of a
hardened crust (hard pan) at the surface of the pile.

Tailing samples containing high uranium concentrations were selected for this study (Déjeant
et al., 2014; 2016). V126 and C11-14,5 were collected at the surface of the tailings pile and at
14.5 m depth in a former surface crust that has been buried over the years of activities
(namely, paleolayer). Their uranium concentration is equal to 4100 ppm for V126 and 2250

ppm for C11-14,5, suggesting a strong U reconcentration.

Scanning electronic microscopy (SEM) and wavelength-dispersive X-ray (WDS)

spectroscopy microprobe.

SEM images using backscattering electron mode (BSE) were recorded at 15, 20, and 25 keV
on a ZEISS Supra 55 VP (ECCE TERRA, Observatoire des Sciences de I’Univers, Sorbonne
University -INSU). WDS microprobe characterizations were achieved for Al, Ba, Ca, Fe, K,
Mg, Mn, Mo, Na, P, S, Si, Th, Ti, V, Zr, Zn and U with a CAMECA SX-FIVE equipped with
five WDS and one EDS detector (CAMPARIS ECCE TERRA, Sorbonne University). The

spatial resolution was set at 1 pm?.

HR-XRD.

Samples V126 and C11-14.5 were finely ground in an agate mortar for homogenization to
prepare powder samples for X-ray diffraction (XRD) experiments. For each sample,

approximately 20 mg was loaded into polyimide (Kapton) double capillaries (Microlumen,
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Oldsmar, USA) 0.5 mm in diameter. The XRD data were collected using a 2-circle
diffractometer of the CRISTAL beamline at the SOLEIL synchrotron (Saint-Aubin, France) at
A =0.7270 A, with an efficient Mythen 2 X 9K detector (Dectris, Switzerland) at 293 K. The
goniometer was calibrated, and the wavelength was refined using the LaB¢ standard (NIST,

SRM660a).

EXAFS measurements and data processing

XAFS experiments at the U Ly edge (E(2p32) = 17.166 keV) were performed at the INE-
Beamline (Rothe et al., 2012) of the Karlsruhe Research Accelerator (KARA, Karlsruhe,
Germany). The INE-Beamline is dedicated to the investigation of radionuclide materials with
hard X-ray spectroscopy techniques. The EXAFS spectra were recorded on bulk samples
conditioned as pellets with a diameter equal to 5 mm. The pellets were encapsulated by
double-containment sample holders and cooled near 115 K using a LN> cryostat (Oxford
Instruments OptistatDN) during data acquisition. Because of the low concentration of the
samples, EXAFS measurements were performed in fluorescence yield detection mode
averaging the U Ly fluorescence signal (~13.61 keV) recorded by a 4-element Vortex-ME4
SDD and a 1-element Vortex-60EX SDD (SIINT). The optics of the beamline comprises a
double-crystal monochromator (DCM), fitted with a pair of Ge<422> crystals for selection of
the required X-ray energy range, and a collimating and focusing mirror system (Rh-coated
silicon mirrors), applied for higher-harmonic rejection, vertical collimation and focusing of
the incident beam, respectively. The energy scale of the DCM was calibrated by assigning the
first inflection point of the Y K-edge XANES (obtained from an yttrium metal foil measured
in transmission mode) to the Y l1s-energy (17.038 keV). Spatially resolved XAFS
investigations were performed for petrographic thin section samples prepared by

impregnation of sample aggregates in epoxy resin of 30 mm thickness glued on a glass
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substrate of 25 mm x 29 mm. Regions of interest were preselected from SEM images,
showing high contrast for U rich aggregates. These regions were relocated by means of a
visible light microscope aligned to the X-ray focus obtained by a polycapillary optic. A beam
spot size of ~25Uum x 25um on the thin section samples was achieved. The U Lq; fluorescence
intensity was recorded by a 1-element Vortex-60EX SDD. Microfocus experiments were

conducted at room temperature.

EXAFS data fitting

Data processing was conducted using the ATHENA code (Ravel and Newville, 2005). The e,
energy was identified at the maximum of the absorption edge for data fitting. Fourier
transformation (FT) in k® was performed between 3 and 12 A"' with Hanning windows using
the ARTEMIS code (Ravel and Newville, 2005), except for the C11-14.5 thin section B
sample, which is very noisy, and FT had to be performed between 3 and 8 Al Only one
global amplitude factor So> and one energy threshold correction factor AEy were used in all
paths. Phases and amplitudes were calculated using the FEFF6 simulation code (Rehr et al.,
2010) included in ARTEMIS and based on the modified structure of menasite (Plasil et al.,
2013), brannerite (Szymanski and Scott, 1982) and parsonsite (Locock et al., 2003) for uranyl
sulfates, uranium oxide, and uranyl phosphate, respectively. In addition, a modified model of
hydrogen uranyl phosphate tetrahydrate (Morosin, 1978), which has an equivalent structure to
chernikovite or ankoleite, has been used for a uranyl phosphate mineral. Single scattering
paths were considered for the oxygen, phosphorus, sulfur, iron or uranium atoms according to
the sample. Triple Oax-U-Oax scattering paths were also considered and linked to the

corresponding single paths for uranyl.

10
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Results

Uranium speciation in bulk samples

XRD results with the diffractograms of V126 and C11-14.5 and the magnification of chosen
angular domains of interest are shown in ESI Fig. 1 and Figs. 2 a to c, respectively. The two
bulges at approximately 2.5 and 9.5 20 on both diffractograms correspond to the Kapton
tubes. Quartz, K, and Na feldspar (orthoclase, microcline, albite) are detrital mineral heritages
of the Akouta sandstone formation. Phyllosilicates are kaolinite, the main component, illite,
smectite, interstratified chlorite/smectite, and palygorskite. Like hematite/goethite, anatase,
pyrite, and calcite, they are diagenetic signatures of sandstone formations. The only U(IV)
primary phase of the initial ore is uraninite, identified in the surficial crust (V126) with peaks
at 3.16 A and 1.93 A. Uranophane, the oxidized zone of the uranium deposit, is also identified
in the surficial crust (V126) with peaks at 7.91, 3.95, 3.61, and 2.99 A. These minerals were
not identified in the paleolayer. Secondary minerals related to the U extraction process
(sulfuric acid) in these two samples are sulfates such as gypsum, natro-jarosite, plumbo-
jarosite, and jarosite. In the surficial crust sample, a higher variability of minerals is observed
with peculiar minerals not identified in the paleolayer: hydrated minerals such as
nordstrandite Al(OH)3, todorokite (Na,Ca,K)2MneO12.3-4.5(H20), quenstedtite
Fe2(S04)3.10(H20) and palygorskite (Mg,Al)2Si4010(OH).4(H>0) but also anhydrite (CaSOs),
witnesses of the evaporation conditions. In addition, diffraction peaks of apatite
(Cas(PO4)3(CI/F/OH)) are observed at 2.81 2.77 and 2.72 A are observed in the surficial crust.
In the C11-14.5 diffractogram, vivianite occurrence (Fe?*3(POy), - 8H,0) highlights different

conditions of diagenesis in the paleolayer.

The experimental EXAFS spectra of V126 and C11-14.5 at the U Ly edge are shown in Fig.

1 a, and the corresponding FT is presented in Fig. 1 b. The FTs are not corrected for the

11
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EXAFS phase shift, so peaks appear at shorter distances (R+(@) than the true near-neighbor
distances (R). The FT peaks below 1.5 A are artifacts of spline removal and are not associated
with any coordination distance. For each sample, the modulus of the FT exhibits the
characteristic short-range axial shell of the two oxo bonds of UO,** for the first coordination
sphere, of which the equatorial shell is also well resolved and indicates a single contribution.
A second coordination sphere is visible between R+@ = 2.2-3.3 A with a weaker signal and a
third between R+@ = 3.3-4.2 A for V126. The best fit metrical parameters are displayed in
Table 1. For the two samples, the two axial oxygen atoms are located at 1.78(1) A. In the
equatorial uranyl plane, the U-Oeq distances are found at 2.37(1) A for V126 and 2.41(1) A
for C11-14.5. These distances are consistent with the number of equatorial oxygen atoms
fixed to 5 (Burns, 2005). The Debye-Waller factor associated with the contribution of the
equatorial oxygen atoms is rater high in both samples (62 = 0.0081 A2 and ¢ = 0.0091 A2 for
V126 and C11-14.5, respectively), indicating disorder in the second coordination shell. This
suggests that uranium is coordinated to small molecules such as H>O, phosphates, or sulfates.
The different types of equatorial oxygen atoms were not distinguished in the fits to limit the
number of fitting parameters and because the k range was restricted to 3-12 A", A strong
contribution near 3.56 A is systematically observed, corresponding to Oax-U-Oax multiple
scattering. The second coordination shell of uranium in V126 and C11-14.5 is composed of
sulfur contributions located at 3.10(2) A and 3.17(3) A, respectively, corresponding to
bidentate uranyl sulfates. The reported U S distances for bidentate uranyl sulfates in the case
of EXAFS experiments on soluble complexes of uranyl sulfates are approximately 3.12 A
(Moll et al., 2000; Hennig et al., 2008). This US distance can reach 3.17 A in the case of
quantum chemical calculations on various isomers of UO2(SO4) and UO2(SO4)>* (Vallet and
Grenthe, 2007). A second sulfur contribution at 3.62(3) A for V126 and at 3.63(2) A for C11-

14.5 completes the second coordination shell of uranium. This U S distance is consistent

12
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with those _reported for monodentate uranyl sulfates (Moll et al., 2000; Hennig et al., 2008).
The coordination numbers of bi and monodentate sulfates in V126, equal to 0.8(2) and 0.8(3),
respectively, are lower than those in C11-14.5, equal to 2.1(3) and 1.2(2). This difference
could be related to the higher hydration rate in the crust (V126), which is more impacted by
hydration/evaporation cycles than the paleolayer (C11-14.5). The higher values of the Debye-
Waller factor associated with the second coordination shell of uranium in C11-14.5 can also
be explained by this difference in coordination numbers. An extra shell of uranium, composed
of 0.4(3) atoms at 3.94(4) A, is also needed to increase the fit quality of V126. The addition of
the U-U contribution enhances the fit quality with an associated Rfactor and Qfactor equal to
1.3% and 5.34 respectively against 1.5% and 5.78 without the contribution. This weak
uranium contribution could correspond to the formation of uranyl oxyhydroxides, but residual
inherited uranophane, observed by HR-XRD, could not be excluded despite being a minor

component.

Micromorphology, mineralogical and microgeochemical characterization of uranium phases

in V126 and C11-14.5

Submicrometric mineralogical and chemical characterizations were performed on V126 and
C11-14.5 prepared as petrographic thin sections. Uranium-bearing minerals were identified by
SEM images (Fig. 2) combined with WDS microchemical analyses (Table 2) and mapping
(Fig. 3 and ESI Fig. 3). To further clarify, the space-resolved chemical analyses, numbered
one through thirteen, are marked by red stars, and the WDS maps are marked by red squares.
Each reported chemical composition is an average of five to ten measurements recorded

around red dots.
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Inherited uranium phases from the initial ore were easily found in both the V126 and C11-
14.5 samples, most having sizes less than 5 pm. Nanometric to micrometric uranium-titanium
oxides are also dispersed in a chlorite/smectite matrix (Fig 2a). Submicrometric crystal
growth of uranium-titanium oxide on a montmorillonite pseudomorph occurred in fragmented
quartz (Fig 2b). These uranium-titanium oxides have homogeneous chemical compositions,
approximately 10 wt% Ti and ranging from 25.9 to 23.7 wt% U. (Table 2, areas 1 and 4). The
related U/Ti ratios are equal to 2.49 and 2.30, respectively, which is close to the 2.48 found
for brannerite (Willard et al., 1990). Iron (4.5 and 5.8 wt%), sulfur (1.8 and 2.8 wt%) and
molybdenum (2.5 and 2.0 wt%) were also detected. Fe and S are common impurities in
brannerite. The molybdenum is probably due to the presence of molybdenate relicts observed

in both samples.

A large altered uranium-molybdenate (>100 pm), composed of 35.0 wt% uranium and 25.9%
molybdenum, was observed in the V126 sample (Fig 2c, Table 2, area 6). The related U/Mo
ratio is equal to 1.35, a composition similar to moluranite, a hydrated U molybdenate found in
the environment, with a U/Mo ratio of 1.41 (Willard et al., 1990). Moluranite is a common
alteration product of brannerite that explains the ~2 wt % iron, sulfur and silicon

concentrations detected.

In the paleolayer (C11-14.5), a large uranium-rich zone (>300 um) filled a quartz fissure (Fig.
2d). The WDS map shows a heterogeneous distribution of uranium ranging from 10 wt% to
65 wt % (Fig. 3). The richest uranium areas are composed of uranium oxide aggregates of a
few hundred nanometers (ESI Fig. 5). These nanometric uranium oxides (58.2 wt % mean
uranium) occur in a smectite-rich matrix (Table 2, area 7, ESI Fig. 3). Impurities such as 2.5
wt % Ti, 1.6 wt % Fe and 1.3 wt % P are also measured in the fissure. Rutile dispersed in the

fissure is observed. On the WDS maps, the iron and phosphorus concentrations display a
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differential distribution. The central part of the fissure exhibits low concentrations of iron and
phosphorus (~2 wt % for both) and 60 wt% uranium. Conversely, higher concentrations of
iron and phosphorus are detected in the extremities of the fissure (~10 wt % of Fe and ~7 wt
% of P) and 10 wt % of uranium, suggesting a local alteration/dissolution process of these

inherited uranium oxides (Table 2, area 8)

Submicrometric cubic uranyl sulfate crystals growing on quartz within a kaolinite-rich
coating were identified in the crust (V126) (Fig. 2e). Microprobe analyses provide evidence
of iron sulfide as well in a background. A larger uranyl sulfate mineral or concretion of a few
tens of micrometers was also observed in this sample (Fig. 2f). The crystal composition is
23.1 wt % U and 4.4 wt % S (Table 2, area 9). The uranium concentration of the micrometric
uranyl sulfate mineral is higher than that of the small crystals (49.1 wt %), and the sulfur rate
is equivalent (Table 2, area 10). The U/S ratio of the crystals is equal to 5.25, whereas it is
equal to 10.9 for the mineral. The different micromorphologies and sizes suggest the
formation of two different phases of uranyl sulfates. The various sulfate neoformations in
both the surficial crust and paleolayer are related to extraction processes based on sulfuric

acid leaching.

Uranyl phosphates from a few tens to a few hundreds of micrometers were only found in the
paleolayer (Fig. 2 g and h). With a fan and sheet structure in the porosity of the tailings, they
are composed of 53.1 wt % uranium and 6.4 wt % phosphorus (Table 2, area 11). A large
uranyl phosphate coating (over 100 um) with the same sheet structure and chemical
composition was also identified on a hydroxyapatite aggregate (Fig. 2 h, ESI Fig 4). The high
concentrations of phosphorus and calcium detected on the aggregate, 14.7 and 31.3 wt %,
respectively (Table 2, area 13), correspond to hydroxyapatite composition. The U/P ratio is

similar to the 7.6 value of uranyl phosphates, such as chernikovite or lermontovite. The
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highest uranium concentration (55 wt%) occurs in the coating and fissure infillings of
hydroxyapatite. It should be noted that approximately 6 wt % uranium is detected in the
richest hydroxyapatite and central part of the aggregate. This value may be attributed to
dispersed submicrometric crystals of uranyl phosphates and eventually uranium sorption on
hydroxyapatite (Fuller et al., 2002). According to their occurrence, micromorphology and

sizes, these uranyl phosphate minerals are considered newly formed.

HEXAFS characterizations of U-bearing minerals in C11-14.5

EXAFS characterizations of both uranium oxide located in the crack fissures (Fig. 2d) and
uranyl phosphate coating growing on hydroxyapatite (Fig. 2 h) were performed at the U L
edge using a beam of 25um x 25um. These two minerals are located in the paleolayer (C11-
14.5). The sample was prepared as a petrographic thin section that allowed us to precisely
probe uranium speciation in these two minerals. The recorded EXAFS spectra are shown in
Fig. 1a, and the corresponding FT is presented in Fig. 1b. Despite an extended acquisition
time between 1 and 13 k and the merging of eight spectra, noise is important in these two
EXAFS spectra and forces us to fit until 11.5 k for uranyl phosphate and 8 k for uranium

oxide. The best fit metrical parameters are displayed in Table 1.

For uranium oxide, the modulus of the FT exhibits two strong contributions visible at R+ =
1.5-2.5 A and R+@ = 3.1-4 A, corresponding to the first and second coordination shells of
uranium (Fig. 1b). The shape and the R+@ of the first contribution confirm a U(IV) mineral.
The coordination shell of uranium is composed of 7.2(4) oxygen atoms at 2.37(1) A and
2.5(5) uranium atoms at 3.85(2) A, which is consistent with the U-O and U-U distances
reported for uraninite (Kelly, 2010). The weak contribution visible at R+@ = 2.5-3 A can be

fitted with a U-O distance of 2.83(2) A, but this value is too long to be physically reasonable
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for a uranium-oxygen bond length. The scattering contribution of this shell is assumed to be
mainly a contribution of silicon related to the mineral background of the fissure composed of
kaolinite. The coffinite USiO4 contains a similar U-Si contribution reported to be 3.09 A for
the SiO4 polyhedron coordinated in a bidentate, edge-sharing fashion (Dreissig et al., 2011;
Fuchs and Gebert, 1958). The low Si concentration detected by WDS in this area (2.2 wt%,
Table 2, area 7) is not consistent with the Si concentration in coffinite (~7 wt%), which

excluded the possibility of coffinite occurrence (Willard et al., 1990).

Despite its low resolution, the FT modulus of uranyl phosphate (Fig 1b) exhibits the short-
range axial shell of the two oxo bonds of UO»**. A shoulder associated with the first
contribution is also visible corresponding to the equatorial shell. The second and third
coordination spheres have a weaker signal and are located at R+@=2.2-3.3 A and R+@ = 3.5-
4.1 A, respectively. The first coordination shell is composed of two axial and five equatorial
oxygen atoms at 1.74(1) A and 2.25(1) A, respectively. A total of 1.7(7) phosphorus atoms at
3.55(3) A from monodentate phosphate groups form the second coordination shell (Vazquez
et al., 2007; Kelly, 2010). The third coordination shell composed of 1.4(5) uranium atoms at
4.02(3) completes the coordination shell of uranium. The U-Oeq and U-P distances were
close to those reported for meta-autunite (Ca(UO2)2(PO4)226H>0O) and meta ankoleite
(K2(UO2)2(PO4)226H20) (Thompson et al. 1997) but no calcium or potassium were detected
by WDS (Table 2). The identification of the uranyl phosphate phase based only on the
EXAFS data is difficult. Nevertheless, the reported U-P and U-U distances are similar to
those reported for uranyl orthophosphate (Catalano et al. 2004) and the presence of
hydroxyapatite could support the formation of uranyl orthophosphate (Locock et al. 2002). A
multiple scattering contribution, Oax-U-Oax, near 3.56 A is also needed to fit the
experimental data. Together, the EXAFS and WDS results confirm the occurrence of uranyl

phosphate in the paleolayer.
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Discussion

Uranium speciation and paragenese

EXAFS spectroscopy, HR-XRD, micromorphology, mineralogical and microgeochemical
characterization procedures were combined in this study to determine the mechanisms ruling
uranium mobility in the Cominak tailing pile. The selected samples V126 and C11-14.5 were
collected in the surficial crust and in a paleolayer (C11-14.5), a former surficial crust located
at 14.5 m depth, of the pile. The high U concentrations of these two environmental samples,
4100 ppm for V126 and 2250 ppm for C11-14,5, suggest a strong U reconcentration. EXAFS
spectroscopy performed on the bulk samples provided valuable data about dominant U
speciation in the samples. HR-XRD allowed us to describe the paragenesis and identify
uranium-bearing minerals. Micromorphology, microgeochemical analyses, and micro-EXAFS
spectroscopy performed on petrographic thin sections of the samples made possible the
characterizations of specific uranium phases, inherited or newly formed, and highlighted

mechanisms ruling the uranium immobilization.

The formation of uranyl (UY)) groups was detected in the U-tailings samples by EXAFS
spectroscopy. In both samples, uranyl is mainly associated with sulfate groups (Table 1),
which is consistent with the chemical and environmental conditions occurring in the U-
tailings pile of Cominak. This pile is ruled by acidic pH and anthropic sulfur rich
environments. Oxidizing conditions and strong evaporation phenomena related to the
extremely arid Sahelian climate induce the neoformation of uranyl sulfates (Finch and
Murakami 1999). Various sulfate species were detected by HR-XRD in the samples, such as
gypsum CaSO4. 2H>0, natrojarosite NaFe3(SO4)2(OH)es, plumbojarosite PbFe3(SO4)2(OH)e
and quenstedtite Fe>(SO4)3.11H20. Sulfur contributions were identified in the coordination

shell of uranyl at 3.10 A and 3.17 A as well as 3.62 A corresponding to bi and monodentate
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uranyl sulfates (Moll et al., 2000; Vallet and Grenthe, 2007; Hennig et al., 2008).

Indications regarding the hydration rate can be deduced from the coordination numbers, equal
to 0.8 for bidentate and monodentate sulfur atoms in the surficial crust, while there are equal
to 2.1 and 1.2 for bidentate and monodentate sulfur atoms in the paleolayer. Among the five
oxygen atoms composing the equatorial shell of V126, 1.6 come from bidentate sulfates
(2x0.8) and 0.8 come from monodentate sulfates. The 2.6 remaining oxygen atoms
correspond to water molecules. In C11-14.5, the oxygen equatorial shell is composed of 4.2 O
from bidentate sulfates (2x2.1) and 1.2 from monodentate sulfates which confirm the absence
of water molecule in the coordination shell. Following this method, the equatorial shell would
be composed of 5.4 oxygen atoms. According to the estimated uncertainties, this value is
consistent with the value of this parameter in the fit fixed to 5. The average distance of the
oxygen equatorial shell also brings information about the composition of the coordination
shell. Considering the average distances of uranium-oxygen from monodentate sulfate (2.30-
2,37 A), bidentate sulfate (2.42-2.48 A) and waters molecules (2.41 A) (Hennig et al., 2007),
it is possible to calculate theoretical distances of the oxygen equatorial shell. For V126 this
theoretical distance is equal to 2.41A ((2.33x 0.8 Ospbia + 2.45x1.6 Osmon =+
2.41x2.60vwaer)/5=2.41) and for C11-14.5 to 242 A ((2.33x 12 Osvia + 2.45x4.2
Osmon)/5.4)=2.42). For C11-14.5 the result is consistent with the EXAFS data but for V126
the result is higher of 0.04 A. The presence of oxygen atoms from clay minerals in the
coordination shell of the uranyl, in addition to those from water molecules, could explain this
difference and indicate minor sorption phenomena on clay minerals. The higher hydration rate
of the surficial crust sample is related to the Sahelian climate. Minerals such as norstrandite in
the surficial sample and anhydrite confirm the variability of hydrometric occurrence at the
surface. The paleolayer located at 14.5 m depth is protected from surficial meteoric conditions

with more constant hydrometric conditions.
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Uranyl sulfate minerals were only identified as micrometric cubic minerals or as
microconcretion in the surficial crust by SEM and WDS microprobe in petrographic thin
sections (Fig. 2e and 2f). They were not detected in the HR-XRD diffractograms. The
neoformation of uranyl sulfate minerals is therefore considered to be a minor process
compared to the formation of soluble forms of uranyl sulfate. The higher coordination number
associated with the sulfate groups in the paleolayer suggests the neoformation of uranyl
sulfate minerals. However, it was not observed in the paleolayer sample by SEM and WDS

microprobes.

In the surficial crust, relict primary uranium minerals were identified. Uranophane was
detected by HR-XRD as well as minor occurrence of uraninite (ESI Fig 2abc). Uranophane,
the U(VI) mineral resulting from the supergene alteration of uraninite, is more resistant to the
extraction process. Despite the high efficiency of the U-extraction process (95-98%),
uraninites resist the extraction process, especially when trapped in minerals such as quartz,
feldspar, or mica. A weak U-U contribution at 3.94 A was identified by EXAFS spectroscopy
(Table 1). This U-U contribution is attributed to the formation of uranyl oxides certainly
formed from the oxidation of relict uranium primary minerals. Although a U-U contribution at
3.94 A was reported for uranophane (Catalano et al 2004, Kelly, 2010), this U mineral is a
minor component of the V126 sample. Uranophane is rarely observed in tailings, and its
detection is related to the high sensitivity of HR-XRD for minor phases. In the bulk sample of
the paleolayer, no inherited uranium minerals were detected by EXAFS or HR-XRD, related
to the detection limits. Compared to the surficial layer, it suggests a reduced occurrence of
these minerals, probably due to time-related dissolutions according to the oxidizing conditions

in the pile.

Micromorphological in situ observations on petrographic thin sections highlight other residual

uranium phases in both samples, possibly minor for some of them. Submicrometric crystals of
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brannerite, ((U,Ca,Ce)(Ti,Fe)20¢), are dispersed in a chlorite/smectite matrix aggregate with
relicts of K felspars (Fig 2a) but also as nanometric spherules associated with montmorillonite
neoformations entrapped in a quartz crystal (Fig 2b). These oxides are refractory uranium
minerals of the ore and resist the U-extraction process (Lottering et al., 2008; Charalambous
et al.,, 2014). The clay minerals result from supergene alteration prior to the extraction
process. A uranium-molybdenum oxide such as moluranite was also observed in the V126
sample in a millimetric aggregate of quartz feldspar clay minerals with dispersed micrometric
pyrites, zircons, and galenas (Fig 2c). Moluranite, a U(IV)/U(VI) amorphous alteration

product of brannerite, formed when brannerite was highly altered by the extraction process.

A large U-rich zone located in a quartz fissure was identified in the paleolayer (Fig. 2d). U
concentration is approximately 58 wt%. Uranium(IV) was detected by space-resolved EXAFS
spectroscopy on a petrographic thin section. The number of uranium next neighbors equal to
2.5 is too low to be crystalline uraninite, which has 12 uranium next neighbors (Lander and
Mueller, 1974, Conradson et al., 2004). The low coordination number is a result of a strong
structural disorder possibly related to the nanometric size of the uranium (IV) oxide
aggregates (ESI Fig. 5). A weak single scattering contribution at 2.83(2) A is attributed to
silicon atoms related to the smectite infilling observed in the fissure (ESI Fig. 3). This Si
contribution was described by Dreissig et al. during the formation of U(IV) colloids in the
presence of aqueous silicate solution. The U(IV) oxide and smectite overgrowths in such
fissures of quartz suggest inherited phases of supergene alteration prior to the U-extraction

process.

A heterogeneous distribution of uranium is observed in the fissure (Fig. 3) with U-
concentrations ranging from 35 wt% to 65 wt%, related to the growth of uranium(IV)
spherules on the smectite sheets in the closed part of the fissure. When no uranium(IV)

spherules are visible in the fissure, the smectite is 5 wt% U enriched. It could be attributed to
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U sorption. In the open part of the fissure, the U concentration is approximately 10 wt%,
suggesting alteration of the uranium(IV) oxide concretions. In this zone affected by alteration
fluids, the mean concentrations of iron and phosphorus are 7 and 5 wt %, respectively. The
formation of iron oxides and phosphate groups refers to recent alteration conditions and
postextraction processes (Lahrouch et al., 2021). The colocalization of Fe and P observed on
the WDS map highlights a combination of iron oxide with phosphate groups that forms a trap
for uranium. This mechanism of uranium immobilization was already observed and described
in U-waste rock piles submitted to weathering (Lahrouch et al., 2021). In this open area

feature, the smectitic background is also another complementary trap of U immobilization.

Uranyl phosphate minerals were observed in the paleolayer as a few hundred micrometers
rosettes in the porosity of the samples (Fig. 2 g) or as coatings on hydroxyapatite (Fig. 2 h).
They are composed of ~55 wt % uranium and 7 wt % phosphorus (Table 2, area 7). The
uranyl coordination shell composed of monodentate phosphate groups and uranium is
consistent with the formation of uranyl orthophosphate (Catalano et al 2004, Locock et al.
2002). The uranyl groups are immobilized by uranyl phosphate mineral neoformations known
as insoluble phases. The P source for phosphates is the accessory mineral apatite observed by
SEM/WDS. Uranyl phosphate coatings on hydroxyapatite aggregates confirm the local
dissolution and reprecipitation of P. These uranyl orthophosphates may result from the
dissolution of apatite under acidic conditions controlled by Ca liberation (Dorozkhin, 1997).
These strong acidic conditions explain why more common autunite neoformations were not
observed (Kelly, 2010). Apatite is observed in the XR diffractogram of the surficial crust but
not in that of the paleolayer. This confirms a weak occurrence of this mineral in the
paleolayer and the in situ alteration/transformation of apatite in uranyl orthophosphate.

Another phosphate mineral, vivianite, a ferrous phosphate, suggests variable local redox
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conditions, which is consistent with the conservation of relicts of uraninite in the global

oxidized facies.

The tailings pile is a hydrated sulfate-rich environment with gypsum, jarosite, and
quenstedtite (less than 2 wt% S). As described by EXAFS, uranyl is mainly associated with
sulfate groups, which are relative traps for uranium. Rare uranyl sulfate minerals were
observed by SEM/WDS, suggesting that neoformation is not the dominant process. The
surficial crust is submitted to cyclic evapotranspiration conditions of the Sahelian climate.
Local anhydrite occurrence in the surficial crust attests to a more arid period. These peaks of
evaporation favor the precipitation of uranyl sulfate minerals. In the paleolayer, the conditions
of hydration and temperature are more stable than in the surface. The uranyl groups are
associated with sulfate complexes, and the sulfate parageneses are similar to those in the
surficial crust except for quenstedtite. The neoformation of uranyl phosphate minerals
competes with uranyl sulfate minerals. The uranyl phosphate minerals precipitate according to
solubility constants (Gorman-Lewis et al., 2008) and possible pH modification. The P source
for these phosphate neoformations is the accessory mineral apatite from the Guezouman
sandstone, which also occurs in the surficial layer. The paleolayer, which is an ancient U-rich
surface of the tailings, evolves with time and confined medium to a globally more stable
environment for uranyl immobilization. Local reduced phases such as uraninite and vivianite
endure, but if redox conditions evolve, the vivianite alteration will possibly act as another

trap.

Conclusions

Uranium mobility in the two major U-enriched layers of the tailings pile of COMINAK was
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studied at micrometric and molecular scales, the surficial crust and the 14.5 m deep paleolayer
(an ancient surficial hard pan). The tailings were not neutralized with lime after the sulfuric
acidic U extraction process. Acidic conditions control the uranyl speciation in the pile. Uranyl
is mainly associated with the sulfate groups. Neoformation of uranyl sulfates is favored by

strong evapotranspiration phenomena due to Sahelian climates.

Uranyl phosphate occurrence in the deep paleolayer protected from surficial climatic
conditions, suggesting that more stable hydration states and temperatures are efficient traps
for uranium long-term mobility. The main source of P is apatite from the Guezouman
sandstone dispersed in the tailings. In the paleolayer, local reduced conditions perdure with
uraninite and vivianite occurrence. This other P source will possibly control the long-term

mobility of uranium in case of modification of the redox conditions.

Figures:

Table 1: EXAFS best-fit parameters for V126, C11-14.5 (bulk samples) and for the micro
EXAFS analyses of uranyl phosphate rosettes and uranium oxide minerals found in C11-14.
CNs were fixed to 2 for the axial and 5 for the equatorial oxygen atoms in the case of uranyl
configuration (numbers in italics). The numbers in parentheses are the estimated uncertainties,
0’ is the Debye-Waller factor of the scattering path, So? is the global amplitude factor, €0 is
the energy threshold, Recior is the quality factor of the fit in percent, and Q is the reduced X,

factor of the fit.

15t coordination shell 2" coordination shell Parameters

2 Ouat 1.78 (1) A 0.8 (2) Shia at 3.10 (2) A Se’=1.0
V126 a2 = 0.0026 A2 62 =0.0011 A2 eo=-0.35eV
5 Oeq a.t 237 (1) A 08 (3) Sm()n a.t 362 (3) A Rfactor: 1.3%
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o2 =0.0081 A? o2 =0.0015 A? Q=5.34
0.4 (3)Uat3.94 (4) A
o2 =0.0032 A?

20xat1.78 (1)A 2.1 (3) Spaat3.17 (3) A Se*=1.0
C11.14.5 0% =0.0021 A* o?=00115A7  e=2.65eV
' 50eat241 (DA 12(2)Smonat3.63(2) A Reactor= 1.5%

o2 =0.0091 A? o2 = 0.0050 A? Q=1.39

Micro EXAFS: 2 Ou at 1.74 (1) A 1.7 (7) P at3.55 (3) A Sp2=1.0
Cl11-14.5 o2 =0.0059 A2 o2 =0.0111 A2 eo= 1.48 eV
uranyl 50eqat2.25 (1) A 14(5)Uat4.02(3)A  Ractor=2.0%

phosphate o2 =0.0077 A? o2 =0.0062 A? Q=2.08

.  72@)0at237(1)A  27(5)Uat3.8512) A Sp2=1.0
Ml‘gi’lEﬁAsFS' o2 = 0.0240 A2 & = 0.0067 A2 eo=2.10 eV
uramur‘n ode 173 0at2.83(2) A Riacior= 2.5%

o2 =0.0045 A2 Q=3.71
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566
567  Figure 1: a) EXAFS spectra of V126, C11-14.5 recorded on the bulk samples and micro

568  EXAFS spectra recorded on uranyl phosphate rosettes and uranium oxide minerals found in
569 Cl11-14.5. b) Corresponding FT of the EXAFS spectra. Solid line = experimental spectrum.

570  Dotted line = adjustment. Spectra are shifted in ordinates for clarity.

571

26



EHT = 2000 kV*
WD =36.1 mm

EHT = 1500 kV Signa? 8 4
WD = 7.7 mm Vacuum Mode = High Vacuum

EHT = 15.00 kV

572 ey WD = 8.3mm

573  Figure 2: Back-scattering electron pictures of U-bearing minerals observed in petrographic
574  thin sections of the crust (V126) and paleolayer (C11-14.5). a) Uranium-titanium oxides
575  dispersed in a chlorite/smectite matrix (V126). c) A concretion of uranium-molybdenate
576  (V126). b) Uranium-titanium oxide on a montmorillonite pseudomorph occurred in

577  fragmented quartz (Qtz) (V126). d) A large uranium-rich zone filling a quartz fissure (C11-
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14.5). e) Submicrometric cubic uranyl sulfate crystals growing on quartz within a kaolinite
(Klt)-rich coating (V126). f) A uranyl sulfate mineral or concretion (V126). g) A crystalized
uranyl phosphate(C11-14.5). h) A large uranyl phosphate coating on hydroxyapatite (C11-
14.5). The 1-9 red crosses correspond to WDS analyses (Table 2), and the red squares mark

the WDS maps.
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Table 2: WDS microchemical analyses recorded on V126 and C11-14.5 thin sections. Each

reported chemical composition (in wt %) is an average of five to ten measurements except for

2, 3 and 5. The values are presented with their standard deviations. The probed area (1pum

x1m) is identified by red crosses (Fig. 2), numbered one through nine.
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Al Si K Ca Na Fe S P Mo Ti U O total
2.71 7.88  0.31 0.51 047 584 276 079 204 1032 23.72 3039 92.35
1 + + =+ + =+ + + + =+ + =+ + =+
0.38 1.73  0.11 0.08 0.13 2.11 023 0.09 0.21 1.05 3.48 1.38 0.73
1596 2532 7.00 0.14 0.18 223 056 0.15 0.00 005 0.13 4738 101.59
2 + + =+ + =+ + =+ =+ + =+ + + =+
nc nc nc nc nc nc nc nc nc nc nc nc nc
15.13 21.67 024 0.21 0.11 2.51 1.21 027 025 045 034 4384 90.80
3 + + =+ + =+ + =+ =+ + =+ =+ + =+
nc nc nc nc nc nc nc nc nc nc nc nc nc
257 489 028 034 0.21 4.49 1.80 0.53 249 1044 2595 2495 82.04
4 + + + + + + + + + + + + +
0.52 1.73  0.31 0.13 006 0.14 052 003 022 0.25 1.22 249 4.18
956 2092 086 007 0.17 218 284 027 0.1 0.85 2.02 3876 81.26
5 + + + + + + + + + + + + +
nc nc nc nc nc nc nc nc nc nc nc nc nc
042 259 0.00 000 0.16 1.89 1.68 0.18 2593 0.15 35.02 2331 91.01
6 + + =+ + =+ + + + =+ + =+ + +
042 0.85 0.08 007 0.06 1.38 0.21 0.03 200 0.04 350 1.80 6.42
1.24 2.18 0.35 1.36  0.31 1.60 0.11 1.30 0.68 251 58.15 1749 90.36
7 + + =+ + =+ + + + =+ + =+ =+ +
038 0.66 0.31 0.18 0.03 0.03 0.02 018 0.01 005 282 1.04 0.15
8.04 1441 284 052 027 6.3 024 450 0.79 1.73 492 36.74 86.72
8 + + + + + + + + + + + + +
1.84 350 055 0.07 0.09 1.53  0.09 201 0.29 0.76 1.13 1.98 3.17
522 529 032 0.18 0.31 1.74 443 047 0.05 0.04 23.07 20.09 61.69
9 + + + + + + + + + + + + +
350 3.75 031 0.01 0.05 027 092 0.11 0.08 0.03 0.90 7.15 16.27
1 025 027 0.00 010 0.10 0.21 454 0.05 0.00 002 49.12 1335 70.61
0 + + =+ + =+ + + + =+ + =+ =+ +
035 0.18 0.04 0.17 006 0.09 072 004 013 005 522 130 6.58
1 0.09 025 005 034 0.09 1.87 0.14 642 000 0.17 53.08 17.29 81.34
1 + + =+ + =+ + + + =+ + =+ =+ +
004 0.16 0.09 0.21 004 099 0.14 0.61 0.08 0.06 4.31 1.07 5.40
1 0.51 095 0.21 027 0.07 205 0.13 754 0.17 0.07 5456 2048 89.25
2 + + + + + + + + + + + + +
046 0.74 0.10 006 0.02 0.51 0.09 037 022 004 1.03 1.13 1.66
1 1.51 1.84 0.70 2750 0.21 1.69 1.20 1439 232 029 7.17 37.69 96.69
3 + + =+ + =+ + =+ + =+ + =+ =+ +
024 0.64 0.21 343 025 095 085 053 239 0.23 1.23  2.64 6.67
600
601
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Figure 3: Back-scattering electron map of a portion of the C11-14.5 petrographic thin section
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with uranium oxides in a quartz fissure. Corresponding wavelength dispersive X-ray maps of
uranium, iron and phosphorus. The scale is calculated in elementary mass percent (wt%). The
white pixels correspond to the highest concentration, and the black pixels indicate the lowest.

The pixel size is 1 pm x1 pm.
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