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Investigating uranium migration mechanisms related to the weathering of waste rocks is essential for developing strategies that can address the potential environmental issues caused by uranium mining. This work is based on environmental samples containing 2 L ferrihydrite, lepidocrocite and goethite collected in the technosols from granitic waste rock piles, mine drainage conduits and mine waters. The results show the important role of iron oxyhydroxide in U immobilization and re-concentration.

Introduction

The environmental fate of granitic waste rocks produced as a result of uranium mining activity is a source of concern for governmental authorities as well as mining companies because the waste rocks represent a potential source of radioactive contamination for both soil and groundwater (OECD-NEA&IAEA, 2018). In general, waste rocks are composed of barren rocks that have U concentrations corresponding to the geological background of the region (10-20 ppm) [START_REF] Cuney | Felsic magmatism and uranium deposits[END_REF][START_REF] Ielsch | Estimation and mapping of uranium content of geological units in France[END_REF] and of low-grade ore that falls below the cut-off point (from 100 to 300 ppm) of economic viability (AREVA-NC, 2007). After extraction, the waste rocks are generally piled up in the vicinity of the mining sites. They also can be used to cover tailings or to backfill open-pits. Through exposure to the elements and the weathering process, the waste rock blocks are transformed into granitic arena (Sequeira [START_REF] Braga | Weathering of granites in a temperate climate (NW Portugal): granitic saprolites and arenization[END_REF] and other associated technosols (IUSS Working Group WRB, 2014; [START_REF] Santini | Assessment of Technosol formation and in situ remediation in capped alkaline tailings[END_REF].

During the arenization process, the primary U phases, coffinite (U IV (SiO4)1-x(OH)4x) and uraninite (U IV O2), are oxidized into soluble uranyl UO2 2+ groups that are known to be mobile (Grenthe et al., 2006). In the technosols, secondary minerals such as phyllosilicates, ferric oxyhydroxides or phosphates control uranium migration through different processes such as sorption or precipitation [START_REF] Jin | Surface complexation modeling of U(VI) adsorption on granite at ambient/elevated temperature: Experimental and XPS study[END_REF][START_REF] Cretaz | Solubility properties of synthetic and natural meta-torbernite[END_REF][START_REF] Lee | Development of a web-based sorption database (KAERI-SDB) and application to the safety assessment of a radioactive waste disposal[END_REF]. Uranyl (UO2 2+ ) forms soluble complexes with a variety of anionic species, including carbonate, phosphate or organic matter, which tend to limit its hydrolysis and increase its mobility [START_REF] Langmuir | Uranium solution-mineral equilibria at low temperatures with applications to sedimentary ore deposits[END_REF].

Conversely, sorption on mineral phases such as ferric oxyhydroxides or precipitation of secondary minerals such as uranyl phosphates tend to control the U mobility [START_REF] His | Adsorption of uranyl onto ferric oxyhydroxides: application of the surface complexation site-binding model[END_REF].

Iron mobility is one the most efficient indicators of weathering conditions. A large panel of iron oxyhydroxides are observed in soils and supergene environments [START_REF] Vodyanitskii | Iron Hydroxides in Soils: A Review of Publications[END_REF].

Ferrihydrite (Fh) is a common mineral phase in the environment [START_REF] Jambor | Occurance and Constitution of Natural and Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide[END_REF] and more generally wherever Fe II oxidation is rapid [START_REF] Schwertmann | Iron Oxides in the Laboratory. Preparation and Characterization. Second, Completely Revised and Extended Edition[END_REF]. A strong leaching of iron associated to organic matter contain favors the precipitation of ferrihydrite in humid well drained systems such as soils, or paleosoils (Gerard et al., 2007;[START_REF] Churchman | Alteration, Formation, and Occurrence of Minerals in Soils[END_REF]. Ferrihydrite has been extensively studied for catalysis applications (Zhao et al., 1994) and use in metallurgy [START_REF] Misawa | The mechanism of formation of iron oxide and oxyhydroxides in aqueous solutions at room temperature[END_REF] and geochemistry especially because of its capacity to sorb minor elements in surface and groundwater systems [START_REF] Kinniburgh | Specific sorption of trace amounts of calcium and strontium by hydrous oxides of iron and aluminum[END_REF][START_REF] Music | Adsorption of trace elements or radionuclides on hydrous iron oxides[END_REF][START_REF] Sajih | Adsorption of radium and barium on goethite and ferrihydrite: A kinetic and surface complexation modelling study[END_REF].

Ferrihydrite is a short-range order mineral that occurs as spherical nanoparticles [START_REF] Michel | The Structure of Ferrihydrite, a Nanocrystalline Material[END_REF], is thermodynamically unstable, and with time converts to stable Fe-oxide as goethite or hematite [START_REF] Carlson | Natural ferrihydrites in surface deposits from Finland and their association with silica[END_REF][START_REF] Schwertmann | From Fe(III) Ions to Ferrihydrite and then to Hematite[END_REF]. However, crystallization inhibitors such as organics, phosphate or silicate species can stabilize the ferrihydrite and retard its transformation into more stable minerals [START_REF] Schwertmann | Iron Oxides in the Laboratory. Preparation and Characterization. Second, Completely Revised and Extended Edition[END_REF].

In post mining environment, the weathering conditions control the release and leaching of heavy metals, lanthanides and actinides related to the ore extraction process. Ferrihydrite which has high sorption capability related to its high specific surface is a first trap for these toxic elements. Studies reported that the ferrihydrite is effective to retain heavy metals such as Cr, As, Se, Cd, Zn and Pb (Waychunas et al.,1993;[START_REF] Manceau | The mechanism of selenite adsorption on goethite and hydrous ferric oxide[END_REF][START_REF] Dyer | Lead sorption onto ferrihydrite 2. Surface complexation modeling[END_REF][START_REF] Dyer | Surface complexation modeling of zinc sorption onto ferrihydrite[END_REF][START_REF] Qian | In-situ stabilization of Pb, Zn, Cu, Cd and Ni in the multi-contaminated sediments with ferrihydrite and apatite composite additives[END_REF][START_REF] Du | Binding of Cd by ferrihydrite organo-mineral composites: implications for Cd mobility and fate in naturaland contaminated environments[END_REF] as well as dissolved uranyl species [START_REF] Ames | Uranium and radium sorption on amorphous ferric oxyhydroxide[END_REF][START_REF] His | Adsorption of uranyl onto ferric oxyhydroxides: application of the surface complexation site-binding model[END_REF]Langmuir, 1985, Waite et al., 1994;[START_REF] Dublet | Partitioning of uranyl between ferrihydrite and humic substances at acidic and circum-neutral pH[END_REF] through the formation of inner-sphere sorption complexes or by co-precipitation. For the long-term performance assessment of nuclear waste repositories, the ferrihydrite ability to immobilize lanthanides, as Lu(III), Ce(III) or Pr(III) and trans-uranium actinides, as Np(IV) or Am(III) were also reported [START_REF] Sakamoto | Redistribution of Neptunium (V) During the Alteration of Ferrihydrite[END_REF][START_REF] Stumpf | Sorption of Am(III) onto 6-line ferrihydrite and its alteration products: investigations by EXAFS[END_REF][START_REF] Riley | The behaviour of the rare earth elements during the precipitation of ferrihydrite from sulphate media[END_REF][START_REF] Finck | Fate of Lu(III) sorbed on 2-line ferrihydrite at pH 5.7 and aged for 12 years at room temperature. I: Insights from ICP-OES, XRD, ESEM, AsFlFFF/ICP-MS and EXAFS spectroscopy[END_REF].

Phosphate ions or organic matter affect the retention behavior of uranyl in oxic geochemical systems, resulting in an increase in uranyl uptake on ferrihydrite [START_REF] Payne | Uranium Adsorption on Ferrihydrite -Effects of Phosphate and Humic Acid[END_REF]. This process is attributed to the strong surface binding of both phosphate and organic matter and the subsequent formation of ternary surface complexes with uranyl during their sorption to ferrihydrite [START_REF] Payne | Uranium Adsorption on Ferrihydrite -Effects of Phosphate and Humic Acid[END_REF]. In the case of phosphate, several studies have not excluded the possibility of precipitation of a uranyl phosphate phase at the oxide surface [START_REF] Dzombak | Surface Complexation Modeling, Hydrous Ferric Oxide[END_REF][START_REF] Payne | Adsorption of Metals by Geomedia, variables Mechanisms, and Model Applications[END_REF][START_REF] Galindo | Mechanisms of uranyl and phosphate (co)sorption: Complexation and precipitation at α-Al2O3 surfaces[END_REF]. The precipitation of the mineral phase resulting from a ternary surface complex formation on the oxide surface is also debated for heavy metals such as Pb or Cd (Weesner and Bleam, 1998;Zhu et al., 2014).

The purpose of this paper is to demonstrate how uranyl phases can be controlled by ferric oxyhydroxides in the post-mining environment. The occurrence of other species associated with uranyl sorption are discussed relative to various post-mining environmental systems and parageneses. Ferric oxyhydroxide-rich samples collected from technosols and colloidal fractions of mine waters were analyzed by a combination of X-ray diffraction (XRD) and elemental analyses to identify the U-bearing phases and by extent X-ray absorption fine structure spectroscopy (EXAFS), which supplies valuable information on U speciation.

Materials and methods

Analytical conditions.

The pH control was carried out with a Metler Toledo equipped with an LE438 pH electrode.

The centrifugation separations were performed at 10000 g for 30 min on a Sigma 2-16P. The milliQ water (18 Ω) were produced by a Millipore Elix ® Advantage UV unity. The Fe(NO3)3.9H2O, KOH, NaOH were purchased from Alfa Aesar. The XRD analyses were achieved using an X'pert Pro Panalytical diffractometer with Fe filtered CoKα radiation (40 kV, 40 mA). All samples were finely grounded in an agate mortar for homogenization to prepare powder samples for XRD and EXAFS characterization. The samples were digested with a mix 1:3 nitric acid (65%)/hydrofluoric acid (40%) at 60°C for 12h. Each digested solution was dried and dissolved into 10 mL of a nitric acid solution (7,4 M) containing boric acid (10g/L). Then aliquot amounts of solution (1 mL) were taken and diluted until reaching 2% before being measured by ICP-OES and mass spectroscopy (Agilent Technologies 8800 ICP-MS-MS Triple Quad and with an Agilent Technologies 5100 ICP-OES SVDV at ALIPP6 Sorbonne University, Paris).

The SEM pictures using back scattering electrons mode (BSE) were recorded on a ZEISS Supra 55 VP (ECCE TERRA, Observatoire des Sciences de l'Univers, Sorbonne University -INSU). The WDS microprobe characterizations were achieved for aluminium, calcium, iron, potassium, magnesium, neodymium, oxygen, phosphorus, sulphur, silica and uranium with CAMECA SX-100 equipped with four WDS and one EDS detectors (CAMPARIS, Sorbonne University).

Synthesis and characterization of the reference (Fh-PO4-U).

2 line Ferrihydrite was prepared by dropwise adding a solution of potassium hydroxide (1M) to 140 ml of Fe(NO3)3.9H2O (0.2 M) until pH 6. The mixture was vigorously stirred while the additions were made for a period of 24 hours. The product was separated by centrifugation, twice washed with milliQ water and heated at 25°C for 3 days. The brown powder obtained was analysed by XRD and the two largest signals centred on 2.5 Å and 1.5 Å, characteristic of 2L ferrihydrite, were observed (ESI_Fig 6).

The reference (Fh-PO4-U) was prepared by dropwise adding 630 µL of a uranyl phosphate solution (4.9 mM, pH1) to 250 mg of synthetized ferrihydrite which was beforehand dispersed in 5mL of milliQ water using an ultrasonic bath. The pH was controlled in continue to stay between 3.5 and 5 by the addition of sodium hydroxide solution (0.05 M).

The solution of uranyl phosphate was prepared by mixing a solution of uranyl nitrate (0.01 M) with a solution of phosphoric acid (0.3 M). During each addition and then for 12 hours the mixture was stirred vigorously.

Fh-PO4-U were recovered by centrifugation, washed with milliQ water and heated at 25°C for 3 days. Elemental analyses: (Fh-PO4-U) U=1850 ppm; Fe= 46.7 wt%; P= 1.2 wt%.

(ESI_Table 1).

Sampling

Five samples (Table 1), all coming from former U mining sites, containing iron oxyhydroxide were selected for determination of U speciation via EXAFS. Three samples were collected in technosols from granitic waste rock piles located in Fanay, Limousin France [START_REF] Boekhout | Uranium migration and retention during weathering of granitic waste rock piles[END_REF][START_REF] Kanzari | Migration de l'uranium, en conditions d'altération météorique, dans les verses à stériles granitiques[END_REF], and two samples with ferrihydrite were taken from mine waters on the granitic waste rock pile of Hyverneresse, Limousin, France [START_REF] Kanzari | Impact of incipient weathering on uranium migration in granitic waste rock piles from former U mines (Limousin, France)[END_REF] and from a mine drainage conduit of the Bois Noir Limouzat mining site, Loire, France, in the granite of the "Montagne Bourbonnaise" district [START_REF] Husson | Environmental geochemistry and bioaccumulation/bioavailability of uranium in a post-mining context e The Bois-Noirs Limouzat mine (France)[END_REF]. These samples were characterized with XRD, ICP-OES/MS, SEM/EDS, and WDS.

The granite paragenese consists of quartz, albite, orthoclase, biotite and muscovite. Uraninite and coffinite, associated with hydrothermal episodes, are the primary U ore minerals. 1) and diffractograms (ESI Fig. 1,2,3,4 and 5) are presented in the ESI. FAN0508, FAN0507 and FAN0502C were collected in a trench dug in the technosol at the base of the waste rock pile located at the Fanay mining site [START_REF] Kanzari | Migration de l'uranium, en conditions d'altération météorique, dans les verses à stériles granitiques[END_REF]. The pH of these three samples is slightly acidic, between 4 and 5.

The chemical composition table (ESI Table

FAN0508 was sampled in the upper clay liner (2 cm thick) of an alluvial soil horizon 20 cm below the surficial waste rock widespread deposit. In this liner, uranium is highly concentrated (13600 ppm). Bulk analyses for Fe indicate 14.6 wt% and P 0.8 wt% (ESI_Table 1). The XRD analysis achieved on the fine fraction (<2µm) shows the two characteristic bulges of the 2 line ferrihydrite at 2.5 Å and 1.5 Å, as well as smectite, kaolinite, quartz, feldspar and mica peaks.

FAN0507 localized just below the FAN0508 liner, was collected in the soil horizon, between 50 and 70 cm deep below the surficial waste rocks. This silty clayey horizon chemical composition is 400 ppm of U, 2.6 wt% of Fe and 0.1 wt% of P. Phosphate submicrometric minerals were observed by SEM/EDS. The 2.69 Å peak suggest goethite occurrence. Chlorite, vermiculite, kaolinite, biotite, quartz, feldspar and mica compose the main parageneses.

FAN0502C was collected 1m below the surficial waste blocks in an orange brown discontinue oxidation front. Chemical bulk composition is 1400 ppm of U, 24.3 wt% of Fe and 0.1 wt% of P in this sample. The parageneses of this sample is mainly kaolinite, muscovite, quartz, feldspar and mica. XRD data indicate a mixture of lepidocrocite and goethite, with the following peaks occurrence: at 6.23, 1.93 and 1,73 Å for lepidocrocite and 2.69 Å for goethite. It can be noted that the peaks of 3,29 Å and 2,47 Å of the lepidocrocite and the peak of 4.13 Å of the goethite are overlapped by the quartz signals.

HYV0105 was sampled in red deposits located in mine waters on the granitic waste rock pile of Hyverneresse, Limousin, France. Chemical composition is 2100 ppm of U, 35.2 wt% of Fe and 1.4 wt% of P. The XRD data shows 2 lines ferrihydrite, quartz, feldspar and mica [START_REF] Kanzari | Impact of incipient weathering on uranium migration in granitic waste rock piles from former U mines (Limousin, France)[END_REF].

BNL canal 2B was collected in the upper sediment layer formed in the mine drainage conduit of Bois Noir Limouzat mine, Loire, France, at 40m from the underground mine outlet. The pH was measured to be 6.5. Chemical composition is 2100 ppm of U, 39.1 wt% of Fe and 0.5 wt% of P. We can also note the concentration of carbon, equal to 3.6 wt %, which indicates the presence of organic matter or carbonate. The XRD data show ferrihydrite, quartz feldspar and mica [START_REF] Husson | Environmental geochemistry and bioaccumulation/bioavailability of uranium in a post-mining context e The Bois-Noirs Limouzat mine (France)[END_REF].

Table 1: Description of samples collected from different geological environments in the mining sites.

Petrographic thin section

A petrographic thin section of FAN0508 sample was prepared by impregnation of an aggregate of the H0 horizon in an epoxy resin of 30 μm thickness which is glued on a glass substrate of 25 mm x 29 mm. The thin section was mapped by optical microscopy (Fig 2b) and by scanning electronic microscopy using BSE mode (Fig 3a 

EXAFS measurements and processing

EXAFS experiments at the U LIII edge were performed on the MARS beamline of the SOLEIL synchrotron facility. The MARS beamline is dedicated to investigation of radioactive materials in the hard X-ray range. Because of the low concentration of the samples, EXAFS measurements were performed in fluorescence mode using a 13-element high purity germanium detector (ORTEC). The powder samples were prepared as pellets with a diameter equal to 7 mm and using a specifically designed 12-position sample holder. The petrographic thin section was mapped beforehand by an X-ray fluorescence map (XRF) at the U LIII edge and subsequently characterized by EXAFS using a 300 x 250 µm 2 beam. All samples were cooled near 115 K using a LN2 cryostat. The optics of the beamline essentially consist of a water-cooled double-crystal monochromator (FMB Oxford), which is applied for selection of the incident energy of the X-ray beam and for horizontal focalization, and two large water-cooled reflecting mirrors (IRELEC/SESO) that are used in high-energy rejection harmonic and vertical collimation and focalization. In this case, the monochromator was set with Si (220) crystals and mirrors with Pt strips. Energy calibration was performed at the Y K edge at 17038 eV. Data processing was conducted using the ATHENA code [START_REF] Ravel | ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT[END_REF]. The Eo energy was identified at the maximum of the absorption edge for data fitting.

EXAFS data fitting

Fourier transformation (FT) in k 2 was performed between 3 and 12 Å -1 with Hanning windows using the ARTEMIS code [START_REF] Ravel | ARTEMIS, HEPHAESTUS: data analysis for X-ray absorption spectroscopy using IFEFFIT[END_REF]. Only one global amplitude factor S0 2 and one energy threshold correction factor ΔE0 were used in all paths. Phases and amplitudes were calculated using the FEFF6 simulation code [START_REF] Rehr | Parameter-free calculations of X-ray spectra with FEFF9[END_REF] included in [START_REF] Basile | Structural characterization of environmentally relevant ternary uranyl citrate complexes present in aqueous solutions and solid state materials[END_REF]. The total coordination number was fixed to 5+2, which is a usual coordinate for uranyl. Single scattering paths were considered for the oxo oxygens (Oax), equatorial oxygens, phosphorus, carbon or iron atoms according to the sample. Triple Oax-U-Oax scattering paths were also considered and linked to the corresponding single paths. The addition of a single scattering path modeling the apical oxygen atom significantly improved the fit. 13

Table 2: EXAFS best-fit parameters for the HYV0105, BNL canal 2B, Fh-PO4-U, FAN0508, FAN0507, FAN0502C and FAN0508 thin section. CNs were fixed to 2 for the axial and to 5

for the equatorial oxygen atoms (numbers in italics). The numbers in parentheses are the estimated uncertainties, σ 2 is the Debye-Waller factor of the scattering path, S0 2 is the global amplitude factor, e0 is the energy threshold, Rfactor is the quality factor of the fit in percent, and Q is the reduced χr 2 factor of the fit.

Results

Iron oxyhydroxides and uranyl sorption 14

The experimental EXAFS spectra of the FAN0508, FAN0507, FAN0502C, Fh-PO4-U, BNL canal 2B, and HYV0105 samples at the U LIII edge are shown in figure 1a, and the corresponding FT is presented in figure 1b. For each sample, the modulus of the FT exhibits the characteristic short-range axial shell of the two oxo bonds of UO2 2+ 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 + Φ = 2.2-3.2 A ̊ with a weaker signal. The best fit metrical parameters are displayed in Table 2. For all samples, the two axial oxygen atoms are located between 1.78 and 1.80 A ̊. In the equatorial uranyl plane, the U-Oeq distances are found between 2.32 and 2.38 A ̊, in agreement with the number of oxygen atoms fixed to 5 [START_REF] Burns | U 6+ minerals and inorganic compounds: insights into an expanded structural hierarchy of crystal structures[END_REF]. The Debye-Waller factor associated with the contribution of the equatorial oxygen atoms is rather high (between σ 2 =0.0096 A ̊2 and σ 2 =0.0127 A ̊2) for pure sorption of the uranyl at the ferrihydrite surface. These high values of σ 2 indicate high disorder of the equatorial oxygen atoms, suggesting that uranium is coordinated with different small molecules such as H2O, phosphates or carbonates and organic matter. The different types of equatorial oxygen atoms were not distinguished in the fits to limit the number of fitting parameters. A strong contribution near 3.56 A ̊ is systematically observed, corresponding to Oax-U-Oax multiple scattering.

Another contribution between 2.71 and 2.74 A ̊ highly enhances the fit quality. We attributed this last contribution to surface oxygen atoms from iron oxides [START_REF] Ulrich | Molecular characterization of uranium (VI) sorption complexes on iron(III)-rich acid mine water colloids[END_REF]. This latter interpretation is supported by the XRD results. Ferrihydrite is identified in HYV0105, FAN0508 and BNL canal 2B; goethite in FAN0507; and a mix of lepidocrocite/goethite in FAN0502C (ESI Fig. 1, 2, 3, 4 and 4).

In HYV0105, FAN0508 and FAN0502C, the second coordination sphere of uranyl is composed of phosphorus atoms at 3.63(2), 3.65(2) and 3.69(4) A ̊, respectively. The synthetic Fh-PO4-U sample, which gives a reference of uranyl phosphate sorbed on ferrihydrite, also exhibits the U…P contribution at 3.65(2) A ̊, which is consistent with the distance described in the literature for monodentate uranyl phosphate [START_REF] Vazquez | Interactions of uranium with polyphosphate[END_REF][START_REF] Kelly | Chapter 14 -Uranium Chemistry in Soils and Sediments[END_REF]. A weak contribution of iron atoms at 3.32(2) A ̊ occurs for the reference Fh-PO4-U, which is not obvious in the other samples.

Concurrently, the results of ICP-OES and MS chemical analyses for U range from 2100 to 13000 ppm in the ferrihydrite rich samples and from 0.78 to 1.42 wt% for P (ESI Table 1).

The high cation exchange capacity and specific surface area enable ferrihydrite to sorb a wide range of compounds (Waychunas et al.,1993;[START_REF] Manceau | The mechanism of selenite adsorption on goethite and hydrous ferric oxide[END_REF][START_REF] Payne | Uranium retention by weathered schists -the role of iron minerals[END_REF][START_REF] Schwertmann | Iron Oxides in the Laboratory. Preparation and Characterization. Second, Completely Revised and Extended Edition[END_REF][START_REF] Dyer | Lead sorption onto ferrihydrite 2. Surface complexation modeling[END_REF][START_REF] Dyer | Surface complexation modeling of zinc sorption onto ferrihydrite[END_REF][START_REF] Qian | In-situ stabilization of Pb, Zn, Cu, Cd and Ni in the multi-contaminated sediments with ferrihydrite and apatite composite additives[END_REF][START_REF] Du | Binding of Cd by ferrihydrite organo-mineral composites: implications for Cd mobility and fate in naturaland contaminated environments[END_REF]. Lepidocrocite and goethite have a reduced sorption capacity compared with ferrihydrite, which is consistent with the lower U and P concentrations observed in FAN0502C.

The second coordination shell of U in BNL canal 2B exhibits a carbon contribution at 3.27(4)

A ̊. This distance is similar to the congested monodentate carboxylic acid complexation described in the literature [START_REF] Lahrouch | A Combined Spectroscopic/Molecular Dynamic Study for Investigating a Methyl-Carboxylated PEI as a Potential Uranium Decorporation Agent[END_REF][START_REF] Dublet | Partitioning of uranyl between ferrihydrite and humic substances at acidic and circum-neutral pH[END_REF] and indicates organic carbon occurrence in the uranyl coordination shell. This sample is a component of the upper sediment of the mining conduit, composed of 2 L ferrihydrite, with 2100 ppm of uranium and 3.6 wt% of organic carbon (ESI Table 1).

In the soil horizon below the FAN0508 ferrihydrite rich liner, the second coordination shell of U in FAN0507 is composed of iron and phosphorus contributions at 3.41(2) A ̊ and 3.54(3) A ̊, respectively. Compared with the synthetized reference Fh-PO4-U, the U…P distance is shorter and that of U…Fe is larger, suggesting another iron oxyhydroxide occurrence similar to goethite/hematite (ESI Fig. 1). Besides, Moyes et al. described the U…Fe distance equal to 3.47 A ̊ in case of uranyl sorption on goethite [START_REF] Moyes | Uranium Uptake from Aqueous Solution by Interaction with Goethite, Lepidocrocite, Muscovite, and Mackinawite: An X-ray Absorption Spectroscopy Study[END_REF]. The U and P concentrations below the ferrihydrite liner are much lower at 380 ppm for U and 0.1 wt% for P (ESI Table 1).

In situ observations of ternary surface complexes

The XRF map recorded at the U LIII edge and the petrographic thin section optical microscopy image of FAN0508, the most U-concentrated sample, are compared in figures 2a and b. The highest U concentrations occur in the orange ferrihydrite liner visible on the right side of the section.

Submicrometric mineralogical and chemical characterizations, SEM, and WDS mapping were performed (Fig. 3a,b). On the BSE image (Fig. 3a), root cell relics are mixed within the ferrihydrite liner. The liner is composed of approximately 100 µm ferrihydrite concretions containing cell relics and residual primary minerals surrounded by a poorly mineralized cell relic network. This cell relic network appears to be Fe-enriched up to 10 wt% on the WDS maps (Fig. 3b). The WDS maps presented in Fig. 3b highlight the correlation of iron, phosphorus and uranium. The WDS maps of the ferrihydrite concretion range from 2 to 4 wt% for P and from 2.5 and 11 wt% for U (the map was filtered to 6 for a higher image accuracy). The spatial resolution of the WDS microprobe is equal to 2 µm 3 . Chemical composition analysis was achieved on 12000 pixels located on a ferrihydrite concretion identified by a black circle (Fig. 3a). The distribution of the concentrations of Fe, P and U was extracted from the regions of interest (ROI's) of the WDS chemicals maps and are reported in the ESI Figure 7, 8 and 9. Preferential concentrations are observed for U of approximately 9.25, 7.50, 5.60, 3.75 and 1.80 wt%. Approximately 7000 probed points did not contain uranium. The graphical distribution of the P and Fe concentration follows a Gaussian distribution. The average measured concentrations are equal to 2 wt% for phosphorus and 1 wt% for uranium. Rare pixels can reach 11 wt% of U and present a U/P ratio greater than 7.68. This U/P ratio is also found for the crystallized uranyl phosphate minerals such as autunite, meta-autunite, torbernite, meta-torbernite, according to the mineral database (http://webmineral.com) and corresponds to a 1:1 stoichiometry (U/P).

EXAFS characterization was achieved at the U LIII edge using a beam size equal to 300 (H) x 250 (V) µm 2 in the U-rich liner area located at the bottom of the thin section (Fig. 2a). The merge of the recorded EXAFS spectra and the corresponding FT are shown in figures 1a and b. The coordination shell of uranyl is similar to that of the FAN0508 powder sample. The oxygen atom numbers were fixed to 2 for the axial and fixed to 5 for the equatorial atoms.

The U-O distances corresponding to the first coordination shell of the uranium are equal to 1.79(1) Å for the axial and 2.35(2) Å for the equatorial oxygen atoms. The second coordination shell is composed of apical oxygen atoms from the ferrihydrite surface at 2.73(2)

Å and phosphorus atoms at 3.65(6) Å from monodente phosphate groups (Table 2). A strong Oax-U-Oax multiple scattering contribution at 3.56 A ̊ is also required to fit this signal. Other EXAFS data recorded along the ferrihydrite liner on the same thin section are equivalent.

Together, the EXAFS results confirm the presence of U as phosphate complexes sorbed on ferrihydrite. This apparent homogeneity is related to the probe spatial resolution and suggests that the ferrihydrite is the dominant mineral phase controlling the U mobility. the black square marks the SEM/BSE map (Fig. 3). 

Discussion

U speciation in the post-mining environment EXAFS spectroscopy combined with mineralogy and geochemistry characterizations is a powerful tool for investigating uranium speciation and associated mineral phases in natural environmental samples. Specific sampling of three horizons in a technosol (FAN0508, FAN0507, FAN0502C) and two ferrihydrite rich samples (HYV0105, BNL canal 2B) from mining drainage waters was performed to investigate the interactions between iron oxyhydroxide minerals and uranium in waste rock piles of former U mines. These samples 20 were chosen because of their high U concentration (10 to 1000 times the typical value for this geological background). For all of these samples, the oxidized form of uranium was identified by EXAFS, indicating re-concentration of soluble uranyl at the molecular scale.

EXAFS results of this study highlight the U immobilization process by ferrihydrite neoformation. The single scattering contribution near 2.73 Å is required for the best fit to the EXAFS signals of BNL canal 2B, HYV0105 and FAN0508. This contribution was described in the literature as U-binding environments occurring at the surface of iron oxyhydroxide phases [START_REF] Ulrich | Molecular characterization of uranium (VI) sorption complexes on iron(III)-rich acid mine water colloids[END_REF][START_REF] Dublet | Partitioning of uranyl between ferrihydrite and humic substances at acidic and circum-neutral pH[END_REF]. This contribution occurs as well in the fit of the reference Fh-PO4-U, which simulates the sorption of uranyl phosphate complexes on the ferrihydrite. The EXAFS signals of the three samples and the reference are similar to that of the same uranyl coordination shell composed of phosphorus atoms at 3.65 Å. Additionally, in the reference, the iron contribution at 3.32 Å corresponds to a bidentate mononuclear innersphere sorption complex. This contribution is reported in the literature at distances of 3. 33-3.42 Å (Waite et al., 1994).

Monodentate uranyl phosphate complexes were identified by EXAFS spectroscopy in the ferrihydrite liner of the upper horizon of the technosol (FAN0508) and mineral neoformations in the mining runoff waters (HYV0105), which is consistent with the chemical data. No X-ray diffraction signals related to uranyl phosphates were observed, suggesting that these complexes are essentially sorbed on ferrihydrite [START_REF] Tayal | Determination of the speciation of U in granitic waste rock piles from Limousin France, by X-ray Absorption Fine Structure spectroscopy[END_REF]. In the surficial mining conduit drainage water sediment (BNL canal 2B), the second coordination shell of uranyl is composed of carbon atoms at 3.27 Å. This U…C distance has been described in the literature for congested carboxylic acids [START_REF] Lahrouch | A Combined Spectroscopic/Molecular Dynamic Study for Investigating a Methyl-Carboxylated PEI as a Potential Uranium Decorporation Agent[END_REF][START_REF] Dublet | Partitioning of uranyl between ferrihydrite and humic substances at acidic and circum-neutral pH[END_REF]. According to the retention time of the sedimentary deposits and organic carbon concentration (ESI Table 1), organic matter is also involved in the uranyl complexation, although the U…C distance value must be considered with care because of the strong Oax-U-Oax multiple scattering extra features.

In the surficial mining waters (HYV0105 and BNL canal 2B), 2 L ferrihydrite is the dominant secondary mineral phase with a high cation sorption capacity. In both cases, ferrihydrite controls the uranyl sorption, but different processes are identified by EXAFS leading to the formation of ternary surface complexes. Uranyl phosphate complexes are sorbed on ferrihydrite for HYV0105. For BNL canal 2B, organic matter promotes the complexation of uranyl, either with direct sorption or as uranyl OM complexes sorbed on ferrihydrite. Both phosphates and organic matter have strong surface binding that allows the subsequent formation of ternary surface complexes. These complexes enhance the uranium sorption capacity of ferrihydrite [START_REF] Payne | Uranium Adsorption on Ferrihydrite -Effects of Phosphate and Humic Acid[END_REF]. The ferrihydrite precipitation in the surficial mining conduit or pools leads to high uranyl re-concentrations (> 2000 ppm).

In the upper technosol horizon, the 2 L ferrihydrite-rich liner FAN0508 is mixed with small amounts of smectite and kaolinite, which might compete for uranyl sorption (ESI Fig. 1).

EXAFS spectroscopy allowed the identification of uranyl phosphate complexes sorbed on ferrihydrite in this soil liner (FAN0508), with a longer retention time for U and a higher U concentration compared with the mining water systems (HYV0105 and BNL canal 2B).

Petrographic thin sections preserve the features and distribution pattern of the soil and allow in situ characterizations. WDS chemical maps with high spatial resolutions on the ferrihydrite liner (Fig. 3b) identified U-rich zones from 2 to 6 wt%. U and P are correlated and localized in the ferrihydrite concretions (Fig. 3a-b). EXAFS data with a beam of 300 x 250 µm 2 show evidence of the dominant control of ferrihydrite on the U sorption (presence of the contribution at 2.73 Å). The concretions trap detrital primary minerals and root cell relics.

These concretions are associated in the soil horizon with root networks and cell vegetal relics.

The Fe and P geochemical signature of the relics observed by WDS in the cell mat (Fig. 3b) suggests thin ferrihydrite coatings on the cells and might be related to the primary ferritin occurrence of biological material [START_REF] Schwertmann | Iron Oxides in the Laboratory. Preparation and Characterization. Second, Completely Revised and Extended Edition[END_REF]. The roots in the liner at the scale of the soil horizon act as a natural barrier supporting the ferrihydrite concretion formations. In addition to the weathering of the granitic waste rocks, degradation of biological material is known to be another source of phosphorus enrichment [START_REF] Singh | Molecular-Scale Structure of Uranium(VI) Immobilized with Goethite and Phosphate[END_REF].

In the ferrihydrite concretions, the heterogeneous U distribution (ESI Fig. 7, 8 and 9) compared with the P and Fe Gaussian-shaped distribution rates suggests preferential sorption or precipitation sites on ferrihydrite. Thereby, 0.05% of the probed points reach 11 wt% U, and half of them have a U/P ratio greater than 7.68 (1:1 U/P stoichiometry), characteristic of uranyl phosphate neoformation such as autunite on the ferrihydrite surface. Goethite occurrences in the soil horizon (FAN0507) below the ferrihydrite liner are identified by XRD.

The U…Fe distance obtained by EXAFS is coherent with U sorption on the goethite surface [START_REF] Moyes | Uranium Uptake from Aqueous Solution by Interaction with Goethite, Lepidocrocite, Muscovite, and Mackinawite: An X-ray Absorption Spectroscopy Study[END_REF][START_REF] Singh | Molecular-Scale Structure of Uranium(VI) Immobilized with Goethite and Phosphate[END_REF], but the U incorporation in the iron oxyhydroxyde structure is difficult to exclude. [START_REF] Payne | Uranium retention by weathered schists -the role of iron minerals[END_REF][START_REF] Ohnuki | Change in sorption characteristics of uranium during crystallization of amorphous iron minerals[END_REF] reported the irreversible incorporation of U in hematite and/or goethite when U is adsorbed onto the precursor ferrihydrite phase. Additionally, the presence of phosphorus atoms in the second coordination shell of uranyl suggests the implication of phosphate groups in the U immobilization process. The relatively shorter U…P distance might signify the neoformation of uranyl phosphate phase as autunite. However, the formation of a uranyl ternary surface complex with phosphate groups on goethite cannot be excluded.

Despite relatively low occurrence in the soil horizon of goethite compared with ferrihydrite occurrence in the upper liner, the U trap efficiency is relevant in this homogenous soil horizon due to the U concentration with a mean U value of 400 ppm. Goethite is thermodynamically more stable than ferrihydrite in aerobic conditions. Below the upper ferrihydrite liner, goethite acts as a secondary trap for U immobilization. Another mineral phase observed in a highly weathered granitic block relic (FAN0502C) is another iron-rich trap for U re-concentration.

The occurrence of lepidocrocite in such a case is controlled by crystallization inhibitors such as uranyl phosphates, which decrease the slow kinetic transformation to goethite [START_REF] Jambor | Occurance and Constitution of Natural and Synthetic Ferrihydrite, a Widespread Iron Oxyhydroxide[END_REF].

Conclusion

The multi-scale approach using EXAFS spectroscopy combined with mineralogical and geochemical characterizations highlights the major role of the iron oxyhydroxides on the uranium mobility in the post-mining environment.

Two lines ferrihydrite was identified as an efficient natural uranyl trap for uranium in the surficial mining conduits or pools as well as in the upper liner of the technosol below the waste rocks piles. The uranium concentration in the ferrihydrite rich clay liner of the technosols is five time the concentration of the ferrihydrite rich water sediments related to the longer residence time of ferrihydrite in the soil.

In situ observations of the U-rich ferrihydrite liner in the technosol show that the root networks and cell vegetal relics support the ferrihydrite growth. In this study, the uranyl sorption on the ferrihydrite surface is associated to the formation of ternary surface complexes with phosphates or organic matters according to the uranium speciation.

According to the WDS microprobe, the uranium concentration on the ferrihydrite concretions is heterogeneous, with U-rich zones exceeding 11wt% but always related to phosphorus occurrence. The U/P ratio > 1:1 stoichiometry suggests local concentration of uranyl phosphates with the possible formation of submicrometric phases in agreement with the uranyl phosphate ternary surface complexes identified by EXAFS.

In the technosols, goethite and lepidocrocite are identified as secondary uranyl traps.

Similarly, to ferrihydrite, the lepidocrocite EXAFS data suggest a surface sorption of uranyl associated to the formation of ternary complexes with phosphate. Goethite is thermodynamically more stable than ferrihydrite and could be a long-term uranyl retention phase, especially if the uranyl is incorporated in the iron oxyhydroxide structure. Such iron oxyhydroxide paragenese suggests a time control of the uranium mobility in the post-mining environment. In oxidizing conditions and even more in strong hydrolyzing environments, ferrihydrite is the most efficient tool for U stabilization as well other anthropic hazardous elements.
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 1 Figure 1:a) EXAFS spectra of FAN0508, FAN0508 thin section, FAN0507, FAN0502C,
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 2 Figure 2: a) XRF map of FAN0508 petrographic thin section recorded at the U LIII edge. The

Figure 3 :

 3 Figure 3: a) Back-scattering electron map of a portion of the FAN0508 petrographic thin

  ). Then microprobe analyses were achieved on the ferrihydrite liner (Fig3b).

	Samples	description	U concentration
	FAN0508	2L ferrihydrite enriched clay liner, 20 cm below the surficial waste rocks	13600 ppm
	FAN0507	Silty clayey horizon with goethite occurrence	400 ppm
	FAN0502C	Highly altered granitic block with lepidocrocite and goethite occurrences	1400 ppm
	HYV0105	2L ferrihydrite from colloidal fraction of mine water pools	2100 ppm
	BNL canal 2B	2L ferrihydrite from the upper sediment of a mining drainage conduit	2100 ppm
			10
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