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Introduction

Uranium is a metal of major concern for the safety assessment and environmental monitoring of every nuclear cycle aspect: from mining operation to underground geological disposal of radioactive waste. Since the mid 1990's, and the seminal works from [START_REF] Bernhard | Speciation of uranium in seepage waters of a mine tailing pile studied by time-resolved laser-induced fluorescence spectroscopy (TRLFS)[END_REF][START_REF] Bernhard | Uranium speciation in waters of different uranium mining areas[END_REF]2001), the formation of triscarbonatouranyl(VI) complexes with alkaline earth(II) (Ae(II)) AenUO2(CO3)3 (4-2n)-complexesissued from the formation of the liebigite family phases Alk2nAemAe'(2-n-m)UO2(CO3)3:xH2O, where Alk is an alkaline metal, Ae and Ae' are alkaline earth metals [START_REF] Alwan | Aqueous chemistry of uranium minerals. Part 2. Minerals of the liebigite group[END_REF][START_REF] Kubatko | Thermodynamics of uranyl minerals: enthalpies of formation of rutherfordine, UO2CO3, andersonite, Na2CaUO2(CO3)3(H2O)5, and grimselite, K3NaUO2(CO3)3H2O[END_REF][START_REF] Amayri | Solubility and stability of liebigite, Ca2UO2(CO3)3•10H2O(cr), in dilute to concentrated NaCl and NaClO4 solutions at T = 22-80[END_REF][START_REF] Li | The crystal structure of synthetic grimselite, K3Na[(UO2)(CO3)3](H2O)[END_REF][START_REF] Mereiter | The crystal structure of liebigite, Ca2UO2(CO3)3•11H2[END_REF][START_REF] Meyrowitz | Systematic Mineralogy of Uranium and Thorium[END_REF][START_REF] Meyrowitz | Synthesis of liebigite[END_REF][START_REF] O'brien | The aqueous chemistry of uranium minerals. 4. Schröckingerite, grimselite, and related alkali uranyl carbonates[END_REF][START_REF] Smith | Art. XXXV.-Two new minerals,-Medjidite (sulphate of uranium and lime)-Liebigite (carbonate of uranium and lime)[END_REF][START_REF] Smith | Liebigite[END_REF] has been the object of physical [START_REF] Kelly | X-ray absorption spectroscopy identifies calcium-uranyl-carbonate complexes at environmental concentrations[END_REF], chemical [START_REF] Endrizzi | Scientific basis for efficient extraction of uranium from seawater. I: understanding the chemical speciation of uranium under seawater conditions[END_REF][START_REF] Kelly | Ca-UO2-CO3 complexation -Implications for bioremediation of U(VI)[END_REF], and theoretical [START_REF] Li | Effect of salt on the uranyl binding with carbonate and calcium ions in aqueous solutions[END_REF][START_REF] Oher | Influence of alkaline earth metal ions (Mg 2+ and Ca 2+ ) on structures and luminescent properties of UO2(CO3)3 4complex: theoretical and experimental study[END_REF][START_REF] Priest | First-principles molecular dynamics simulation of the Ca2UO2(CO3)3 complex in water[END_REF] studies. Their presence and impact on uranium adsorption and transport have also been particularly studied [START_REF] Baik | Determination of uranium concentration and speciation in natural granitic groundwater using TRLFS[END_REF][START_REF] Endrizzi | Scientific basis for efficient extraction of uranium from seawater. I: understanding the chemical speciation of uranium under seawater conditions[END_REF][START_REF] Fox | The effect of calcium on aqueous uranium(VI) speciation and adsorption to ferrihydrite and quartz[END_REF][START_REF] Hennig | Simulation of diffusive uranium transport and sorption processes in the Opalinus Clay[END_REF][START_REF] Maloubier | XAS and TRLIF spectroscopy of uranium and neptunium in seawater[END_REF][START_REF] Montavon | Uranium retention in a Callovo-Oxfordian clay rock formation: from laboratory-based models to in natura conditions[END_REF][START_REF] Nair | Impact of alkaline earth metals on aqueous speciation of uranium(VI) and sorption on quartz[END_REF][START_REF] Osman | Investigation of uranium binding forms in selected German mineral waters[END_REF][START_REF] Prat | Uranium speciation in drinking water from drilled wells in southern Finland and its potential links to health effects[END_REF][START_REF] Stewart | Impact of uranyl-calcium-carbonato complexes on uranium(VI) adsorption to synthetic and natural sediments[END_REF][START_REF] Stockmann | New insights into U(VI) sorption onto montmorillonite from batch sorption and spectroscopic studies at increased ionic strength[END_REF][START_REF] Wang | Cryogenic laser induced fluorescence characterization of U(VI) in Hanford vadose zone pore waters[END_REF].

During the past 26 years, the thermodynamic constants and functions of these complexes have been studied [START_REF] Bernhard | Speciation of uranium in seepage waters of a mine tailing pile studied by time-resolved laser-induced fluorescence spectroscopy (TRLFS)[END_REF][START_REF] Bernhard | Uranyl(VI) carbonate complex formation: validation of the Ca2UO2(CO3)3(aq.) species[END_REF]Dong andBrooks, 2006, 2008;[START_REF] Endrizzi | Chemical speciation of uranium(VI) in marine environments: complexation of calcium and magnesium ions with [(UO2)(CO3)3 4-] and the effect on the extraction of uranium from seawater[END_REF][START_REF] Geipel | Mixed complexes of alkaline earth uranyl carbonates: a laser-induced time-resolved fluorescence spectroscopic study[END_REF]Jo et al., 2019a;Jo et al., 2019b;[START_REF] Kalmykov | Mixed Ca 2+ /UO2 2+ /CO3 2complex formation at different ionic strengths[END_REF][START_REF] Yun | Formation of ternary CaUO2(CO3)3 2and Ca2UO2(CO3)3(aq) complexes under neutral to weakly alkaline conditions[END_REF][START_REF] Vespa | Formation, stability and structural characterization of ternary MgUO2(CO3)3 2and Mg2UO2(CO3)3(aq) complexes[END_REF][START_REF] Maia | Evaluation of thermodynamic data for aqueous Ca-U(VI)-CO3 species under conditions characteristic of geological clay formation[END_REF]Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a, b). Neither these species nor the phases have been selected in the widely recognized selection commissioned by the Thermochemical Data Base project from the Nuclear Energy Agency of the Organization for the Economic Cooperation and Development (NEA-OECD) after their discovery [START_REF] Guillaumont | Chemical Thermodynamics 5. Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF]. However, the thermodynamic constants (stepwise log10K°, or cumulative log10β°), functions of reaction (ΔrG°m, ΔrH°m, ΔrS°m, ΔrCp°m), and formation (ΔfG°m, ΔfH°m, S°f,m, Cp°f,m) at the standard state have been recently selected in the latter update of this review [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF]. Due to the lack of studies proposing log10K or log10β values at varying ionic strength, the selected data did not include the important specific ion interaction coefficients ε(AenUO2(CO3)3 (4-2n)-,Na + X -) obtained from the extrapolation of thermodynamic constants to infinite dilution, and are necessary for a back-extrapolation to actual ionic strength of natural mediasee annex B in NEA-OECD selections [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF][START_REF] Guillaumont | Chemical Thermodynamics 5. Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF].

To help better defining the predominance domain of these complexes, [START_REF] Reiller | Development and application of the thermodynamic database PRODATA dedicated to the monitoring of mining activities from exploration to remediation[END_REF] proposed predominance activity diagrams -log10 a(SO4 2-)-pH domains at constant log10 a(Ca 2+ ), log10 a(Mg 2+ ), and P(CO2)of the AenUO2(CO3)3 (4-2n)-complexes, based on speciation calculation of water compositions relevant of uranium mining activities and of other varying occurrences. The values of formation constants for CanUO2(CO3)3 (4-2n)-were taken from Dong and [START_REF] Brooks | Determination of the formation constants of ternary complexes of uranyl and carbonate with alkaline earth metals (Mg 2+ , Ca 2+ , Sr 2+ , and Ba 2+ ) using anion exchange method[END_REF] as well as those for SrUO2(CO3)3 2-and BanUO2(CO3)3 (4-2n)--, and the one of MgUO2(CO3)3 2-was chosen from Dong and [START_REF] Brooks | Formation of aqueous MgUO2(CO3)3 2complex and uranium anion exchange mechanism onto an exchange resin[END_REF]. In chemical modelling, the evolution of log10β(AenUO2(CO3)3 (4-2n)-) vs. ionic strength is important to be specified as the final speciation results can show significant differences due to different choices of activity corrections (Shang andReiller, 2020, 2021a). However, the determination of specific ion interaction coefficients ε for these ternary complexesparticularly (Mg/Ca)nUO2(CO3)3 (4-2n)- complexesdid not receive sufficient attention and only the value of ε(MgUO2(CO3)3 2-,Na + ) was reported by [START_REF] Brooks | Formation of aqueous MgUO2(CO3)3 2complex and uranium anion exchange mechanism onto an exchange resin[END_REF] at the cut-off time of the review from [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF]. Therefore, ε(MgUO2(CO3)3 2-,Na + ) = -3.2 kgw mol -1 , based on Dong and [START_REF] Brooks | Formation of aqueous MgUO2(CO3)3 2complex and uranium anion exchange mechanism onto an exchange resin[END_REF], and ε(CanUO2(CO3)3 (4-2n)-,Na + ) = 0, because of non-availabilitywith the exception of the works from [START_REF] Kalmykov | Mixed Ca 2+ /UO2 2+ /CO3 2complex formation at different ionic strengths[END_REF] -, were taken in the theoretical speciation calculations in [START_REF] Reiller | Development and application of the thermodynamic database PRODATA dedicated to the monitoring of mining activities from exploration to remediation[END_REF], which was published before [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF] was effectively published.

Since then, a series of standard state thermodynamic constants and functions, accompanied by ε(AenUO2(CO3)3 (4-2n)-,Na + X -) values in NaCl and NaClO4, have been proposed (Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a, b). It seems important to gather these data and precise the different conditions under which these complexes are predominant for the speciation of uranium in different media, within the nuclear fuel cycle, but also beyond, as variation of natural concentrations of uranium could as well be a concern for public health [START_REF] Braz | Long term application of fertilizers in Eastern Amazon and effect on uranium and thorium levels in soils[END_REF][START_REF] Coyte | Large-scale uranium contamination of groundwater resources in India[END_REF][START_REF] Prat | Uranium speciation in drinking water from drilled wells in southern Finland and its potential links to health effects[END_REF]. Moreover, sea-and ocean-waters contain a total high mass of uranium, even at global trace concentration (OECD-IAEA, 2014).

The main objective of this work was to examine the main species in natural water compositions linked to radioactive waste management (RWM), uranium mining activities, and of other more general interests related to natural uranium with the recently determined thermodynamic data and ε values for (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes obtained in previous studies (Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a, b). The speciation of the different water compositions was calculated using either PHREEQC/PHREEPLOT [START_REF] Kinniburgh | PhreePlot: Creating Graphical Output with PHREEQC[END_REF]Parkhurst andAppelo, 1999, 2013), and the Thermochimie 10a or 9b database files, respectively (https://www.thermochimie-tdb.com/) [START_REF] Giffaut | Andra thermodynamic database for performance assessment: ThermoChimie[END_REF][START_REF] Grivé | Thermodynamic data selection applied to radionuclides and chemotoxic elements: an overview of the ThermoChimie-TDB[END_REF]. The log10β°, and ε values in NaCl medium, from Shang andReiller (2020, 2021a) for (Mg,Ca)nUO2(CO3)3 (4-2n)-were implemented in the input filessee Table S1 of the SI. The speciation of uranium as well as the calculated activities of H + , HCO3 -, Mg 2+ , Ca 2+ , and Na + were retrieved. These activities are the ones who are supposed to control primarily the formation of these complexes as they either impact through the mass action law or through the ionic strength dependence. From these results, activity diagrams were plotted using PHREEPLOT [START_REF] Kinniburgh | PhreePlot: Creating Graphical Output with PHREEQC[END_REF] in order to have a common representation under which all the parameters and complexes can be represented.

Once this representation was obtained, an application to actual waters collected before treatment in the mining legacy-site around Lodève in France (site du Bosc) was conducted taking advantages of the luminescent properties of the (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes [START_REF] Bernhard | Speciation of uranium in seepage waters of a mine tailing pile studied by time-resolved laser-induced fluorescence spectroscopy (TRLFS)[END_REF][START_REF] Bernhard | Uranium speciation in waters of different uranium mining areas[END_REF][START_REF] Bernhard | Uranyl(VI) carbonate complex formation: validation of the Ca2UO2(CO3)3(aq.) species[END_REF][START_REF] Kalmykov | Mixed Ca 2+ /UO2 2+ /CO3 2complex formation at different ionic strengths[END_REF][START_REF] Yun | Formation of ternary CaUO2(CO3)3 2and Ca2UO2(CO3)3(aq) complexes under neutral to weakly alkaline conditions[END_REF]Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a). The composition of the collected waters major ions was determined, and the uranium concentration and speciation was determined using time-resolved laser-induced fluorescence spectroscopy (TRLFS) and calculated using PHREEQC (Parkhurst andAppelo, 1999, 2013). Luminescence spectra and decay-time evolution of uranium in the collected waters were compared to a known synthetic solution, in order to confirm the presence and calculated speciation of the (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes in the selected waters.

Materials and Methods

Time-resolved laser-induced luminescence

TRLFS is versatile technique, which allows both measuring total concentration of uranium [START_REF] Moulin | Determination of uranium in solution at the ng.l -1 level by time-resolved laser-induced spectrofluorimetry: application to geological samples[END_REF][START_REF] Reiller | Dual use of micellar enhanced ultrafiltration and time-resolved laser-induced spectrofluorometry for the study of uranyl exchange at the surface of alkylsulfate micelles[END_REF], and obtaining information on its chemical environment [START_REF] Oher | Influence of alkaline earth metal ions (Mg 2+ and Ca 2+ ) on structures and luminescent properties of UO2(CO3)3 4complex: theoretical and experimental study[END_REF]. The TRLFS apparatus has been extensively described in previous works (Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a, b). It consists of a 355 nm Nd:YAG pulsed laser (10 Hz, Surelite, Continiuum, USA) delivering about 170 mJ during a 5 ns pulse. The adjustable excitation wavelength chosen from the optical parametric oscillator (OPO, Horizon, Continuum, USA) is λexc = 450 nm (ca. 20 mJ) in order to balance between the U(VI) quantum yield and the efficacy of the OPO; the measures were done at a delay D after the laser pulse between 25 and 215 ns, during a gate width W of 1 µs.

The spectra were recorded using the 300 lines mm -1 grating of a monochromator spectrometer (Acton).

For uranium concentration determination in TRLFS the most convenient medium is 5% wt. H3PO4 [START_REF] Moulin | Determination of uranium in solution at the ng.l -1 level by time-resolved laser-induced spectrofluorimetry: application to geological samples[END_REF][START_REF] Reiller | Dual use of micellar enhanced ultrafiltration and time-resolved laser-induced spectrofluorometry for the study of uranyl exchange at the surface of alkylsulfate micelles[END_REF]. A 2 mL aliquot of the site du Bosc waters was weighed in a quartz cuvette (QS101, Suprasil, Hellma Analytics), and the needed mass of concentrated H3PO4 (85 wt. %, Sigma-Aldrich) to attain 5% wt., or 0.75 mol kgw -1 , was added.

The concentration was determined relative to four sub-standard solutions in 5% H3PO4 prepared by weighing from the initial stock U(VI) solution of known concentration prepared from previous studies (Shang andReiller, 2020, 2021a). The recorded spectra at D = 25 ns with fixed gate width W = 1 µs were integrated over the wavelength span from 415 nm to 615 nm to estimate the luminescence intensity. A graph of luminescence intensity vs. U concentration is plotted for the four standard solutions, as shown in Figure S1 of the electronic supplemental information ESI. For luminescence and decay-time measurements of uranium in the site du Bosc waters, around 2 mL aliquots of the site du Bosc water were used in quartz cuvettes without any modification.

A solution identical to the one analyzed in [START_REF] Oher | Influence of alkaline earth metal ions (Mg 2+ and Ca 2+ ) on structures and luminescent properties of UO2(CO3)3 4complex: theoretical and experimental study[END_REF] containing 100% CaUO2(CO3)3 2-was also measured -50 µmol kgw -1 U. It is worthy to recall that the band positions of CanUO2(CO3)3 (4-2n)-cannot be distinguished using the 300 lines mm -1 grating [START_REF] Oher | Influence of alkaline earth metal ions (Mg 2+ and Ca 2+ ) on structures and luminescent properties of UO2(CO3)3 4complex: theoretical and experimental study[END_REF].

Ionic chromatography

The ion chromatographic system was a Metrohm (CI 850), equipped for anions with a Metrosep A Supp 4/5 Guard pre-colum, a Metrosep A Supp 7 150/4.0 column, an eluent asup7 -3.6 mM Na2CO3 at 0.7 mL min -1 ; for the cations a Metrosep C 4 Guard/4.0 pre-column, a Metrosep C 4 -150/C4 column, an eluent C4 -HNO3 3.5 mM, at 0.9 mL min -1 .

Total Organic Carbon Analysis

The total organic carbon (TOC) determinations were performed with VARIOTOC cube analyzer (Elementar). The total inorganic carbon (TIC) is measured by mixing in the TICreactor 0.1 mL of the sample with 0.5 mL of H3PO4 diluted solution prepared from a concentrated commercial one (85%, Merck). The total carbon (TC) is obtained by a Pt-catalytic combustion at 850°C of samples. After TIC and TC reactions, CO2(g) produced is measured by IR. The TOC is obtained by the difference between TC and TIC. When uncertainties on TOC determination are considered too high, one can pre-acidify the sample prior the carbon determination. In that case, TIC is negligible and TOC corresponds directly to the TC determination. The calibration was done using standards solutions prepared by mixing with Milli-Q water (Millipore, 18.2 MΩ.cm, TOC = 5ppbC) potassium hydrogen phthalate (K2H4O4C8, Elementar S35.00-0151) in TOC (0.08 to 1.73 mmolC L -1 ) and anhydrous sodium carbonate (Na2CO3, Elementar S35.00-0152) in TIC (0.04 to 0.82 mmolC L -1 ). The injected volume was 0.1 mL and each sample was replicated 3 times. A blank consisted in Milli-Q water was inserted between each sample to measure the background in TIC and TC.

UV-Visible spectroscopy

The UV-Visible (UV-Vis) spectra were obtained using a Shimadzu UV-3150 double beam spectrophotometer in the 200-400 wavelength range. Samples were measured in the fluorescence quartz cuvette (cf. § 2.1), using pure water as reference.

pH measurement

The pH-measurement procedure has already been described in details in Shang andReiller (2020, 2021a). With use of the Na + and Cl -concentration, the potential measured by the combined-glass (Mettler Toledo, USA) pH electrode was converted to a pH value.

Description of studied water compositions

Data from literature

The chemical composition of natural water is a result of the physical, chemical, and biochemical processes that occur in the atmosphere-soil-rock water system. A wide range of chemical elements can dissolve in natural waters due to interactions with the atmosphere, the surrounding environment, soil, and bedrock. In particular, the rock-mineral solubility has a decisive influence on the chemical composition of natural water. Type and amount of major, secondary, and minor elements, are considerably variable and reflect the nature and effects of geochemical processes on groundwater composition.

To build our representations in activity diagrams, a number of natural water compositions were collected from literature. The measurement of the geochemical parametersi.e. pH value, redox potential, salinity, alkalinity, temperature, etc.and important characteristics for speciation modelling were taken for each collected sample. The selected water conditions cover those reported for:

(a) waters in underground research laboratories (URL) for radioactive waste management (RWM), e.g., clay porewaters -Boom clay in Belgium [START_REF] De Craen | Geochemistry of Boom Clay Pore Water at the Mol site[END_REF], Callovo-Oxfordian [START_REF] Gaucher | A robust model for pore-water chemistry of clayrock[END_REF] and Tournemire [START_REF] Beaucaire | Groundwater characterisation and modelling of water-rock interaction in an argillaceous formation (Tournemire, France)[END_REF] clays in France, and Mont-Terri clay in Switzerland (Courdouan [START_REF] Merz | Nature and Reactivity of Dissolved Organic Matter in Clay Formations Evaluated for the Storage of Radioactive Waste[END_REF][START_REF] Thury | Mont Terri Rock Laboratory: Results of the Hydrogeological, Geochemical and Geotechnical Experiments Performed in[END_REF] and granitic groundwaters -Äspö site, Forsmark and Laxemar-Simpevarp areas in Sweden [START_REF] Emrén | The modeler's influence on calculated solubilities for performance assessments at the Äspö Hard-Rock Laboratory[END_REF][START_REF] Laaksoharju | Bedrock hydrogeochemistry Forsmark. Site descriptive modelling SDM-Site Forsmark[END_REF][START_REF] Tullborg | The occurrences of Ca2UO2(CO3)3 complex in Fe(II) containing deep groundwater at Forsmark, Eastern Sweden[END_REF];

(b) groundwaters in acid In Situ Recovery (ISR) contexts from ORANO mining sitessee [START_REF] Reiller | Development and application of the thermodynamic database PRODATA dedicated to the monitoring of mining activities from exploration to remediation[END_REF] and references therein -; in Al-Batin Alluvial Fan, Southern Iraq [START_REF] Alkinani | Uranium in groundwater of the Al-Batin alluvial fan aquifer, South Iraq[END_REF]; and in the Lodève basin, France [START_REF] Beaucaire | Redox chemistry of uranium and iron, radium geochemistry, and uranium isotopes in the groundwaters of the Lodève Basin, Massif Central, France[END_REF];

(c) waters crossing the Cigar Lake mining site, Saskatchewan, Canada [START_REF] Toulhoat | Géochimie des eaux liées au gisement d'uranium de Cigar Lake (Saskatchewan, Canada) et apport des isotopes de l'uranium et du plomb comme guides de prospection[END_REF]; and in the Oklo uraninite deposit area [START_REF] Gurban | Uranium transport around the reactor zone at Bangombé and Okélobondo (Oklo): examples of hydrogeological and geochemical model integration and data evaluation[END_REF][START_REF] Salas | Groundwater chemistry of the Okélobondo uraninite deposit area (Oklo, Gabon): two-dimensional reactive transport modelling[END_REF]);

(d) well waters as local sources of drinking sources in Finland [START_REF] Prat | Uranium speciation in drinking water from drilled wells in southern Finland and its potential links to health effects[END_REF]; around the Semipalatinsk Nuclear Test Site in Kazakhstan [START_REF] Yamamoto | Uranium isotopes in well water samples as drinking sources in some settlements around the Semipalatinsk Nuclear Test Site, Kazakhstan[END_REF]; and near-surface Canadian aquitards considered as underlying groundwater [START_REF] Hendry | Controls on the distribution of major ions in pore waters of a thick surficial aquitard[END_REF][START_REF] Ranville | Quantifying uranium complexation by groundwater dissolved organic carbon using asymmetrical flow field-flow fractionation[END_REF];

(e) waters sampled upstream, downstream, and within uranium mining sites, e.g., Cluff Lake in Canada [START_REF] Von Gunten | Biogeochemistry of U, Ni, and As in two meromictic pit lakes at the Cluff Lake uranium mine, Northern Saskatchewan[END_REF], and Lac Saint-Clément in France [START_REF] Stetten | Geochemical control on the reduction of U(VI) to mononuclear U(IV) species in lacustrine sediments[END_REF];

(f) standard seawater [START_REF] Millero | The composition of standard seawater and the definition of the reference-composition salinity scale[END_REF], as source of uranium [START_REF] Beccia | New insight into the ternary complexes of uranyl carbonate in seawater[END_REF][START_REF] Endrizzi | Scientific basis for efficient extraction of uranium from seawater. I: understanding the chemical speciation of uranium under seawater conditions[END_REF][START_REF] Leggett | Scientific basis for efficient extraction of uranium from seawater, II: fundamental thermodynamic and structural studies[END_REF][START_REF] Maloubier | XAS and TRLIF spectroscopy of uranium and neptunium in seawater[END_REF], and evolution along the Scheldt estuary (Belgium) [START_REF] Smolíková | Diffusive gradients in thinfilms technique for uranium monitoring along a salinity gradient: a comparative study on the performance of Chelex-100, Dow-PIWBA, Diphonix, and Lewatit FO 36 resin gels in the Scheldt estuary[END_REF] Generally, these natural waters are dominated by Na + , Ca 2+ , Mg 2+ , K + , Cl -, NO3 -, HCO3 -, CO3 2-, and SO4 2-that may be attributed to the chemical weathering process and the leaching of minerals. Among these ions, chloride concentration is the most suitable parameter to describe water salinity because it of its high solubility. The concentration of uranium in the collected samples highly depends on the sampling regions. In most natural waters, uranium concentration is between 4.2 × 10 -10 M and 4.2 × 10 -9 M [START_REF] Osmond | Uranium isotopic disequilibrium in ground water as an indicator of anomalies[END_REF]. In Europe, the average uranium concentration in continental surface water is estimated to be ca. 0.3 μg L -1 (≈ 1.26 × 10 -9 M) while it is ca. 0.5 μg L -1 (≈ 2.1 × 10 -9 M) worldwide [START_REF] Vos | FOREGS Geochemical Atlas of Europe, Part 2: Interpretation of Geochemical Maps, Additional Tables, Figures, Maps, and Related Publications[END_REF]. In river waters, it can extend over four orders of magnitude with average content from 0.02 to 6 μg L -1 (≈ 8.40 × 10 -11 to 2.52 × 10 -8 M) [START_REF] Bonin | L'uranium dans le milieu naturel, des origines jusqu'à la mine[END_REF]. In France, the uranium concentration in river waters is about 0.44 μg L -1 (≈ 1.85 × 10 -9 M) in sedimentary areas, and expected to be slightly lower than 0.15 µg L -1 in the Hercynian shelf and Alpine areas [START_REF] Salpeteur | Valeurs de référence pour les teneurs en éléments traces dans les eaux de rivières et les sédiments, obtenues en France dans le cadre du nouvel Atlas géochimique européen[END_REF]. In extreme cases, concentration up to 3400 µg L -1 have been measured in drinking waters from drilled wells [START_REF] Prat | Uranium speciation in drinking water from drilled wells in southern Finland and its potential links to health effects[END_REF]. A wider view on uranium concentration in e.g. river waters can be found in [START_REF] Lartigue | Aqueous inorganic uranium speciation in European stream waters from the FOREGS dataset using geochemical modelling and determination of a U bioavailability baseline[END_REF]. However, in mines the uranium concentration in groundwater can range from 0.063 to 1.68 µM [START_REF] Fix | Hydrogeochemical Exploration for Uranium[END_REF].

Description of calculations of uranium speciation in the selected samples

The selection of the software, the database file and activity correction would have a particular effect on the simulation results [START_REF] Emrén | The modeler's influence on calculated solubilities for performance assessments at the Äspö Hard-Rock Laboratory[END_REF]. The calculations were performed using the PHREEQC version 3.4.0.14000 (Parkhurst andAppelo, 1999, 2013) for the speciation calculation and Phreeplot 1.0 [START_REF] Kinniburgh | Predominance and mineral stability diagrams revisited[END_REF][START_REF] Kinniburgh | PhreePlot: Creating Graphical Output with PHREEQC[END_REF] for the activity diagrams. According to the SIT definition in PHREEQC, activity correction adopted in this work, the formation constants at infinite dilution log10β°, the thermodynamic functions ∆fHm° and SIT parameters, specific ion interaction coefficients ε((Mg/Ca)nUO2( CO3)3 (4-2n)-,Na + Cl -) complexes from Shang andReiller (2020, 2021a), were implemented in the input files, and the Thermochimie 10a database [START_REF] Giffaut | Andra thermodynamic database for performance assessment: ThermoChimie[END_REF][START_REF] Grivé | Thermodynamic data selection applied to radionuclides and chemotoxic elements: an overview of the ThermoChimie-TDB[END_REF] was used. The reader is recalled that more recent versions of Thermochimie (10d and 11a) are available for download. These latter versions will only be partly used in this work, as they were made available after the end of this project. A discussion on the data selection will be developed in the following (cf. § 3.1).

Water from the site du Bosc (Lodève, France)

The water coming out of the Site du Bosc (Lodève, Hérault, France) must be treated in order to follow the French legislation and orders from local authorities. The routine treatment is done using an ion-exchange resin (Drozdzak et al., 2016a;[START_REF] Morin | Nouveau procédé de traitement des effluents liquides du site de Lodève[END_REF]. Before treatment (pH ca.

8.2, hereafter "untreated water"), the waters are filtered at 0.45 µm and then acidified using H2SO4 (pH ca. 6.5, hereafter "treated water") in order to help further dissolving possible colloidal carbonate particles. The buffer capacities of these carbonate particles induce an increase of the pH value close to the original one. The modification of alkaline earth ions concentration is also in question.

The untreated and treated samples were sent to the CEA laboratory. The water samples undertook no further treatment in order to stay as close as possible to the actual treatment situation. The composition of Le Bosc site has been investigated elsewhere (Drozdzak et al., 2016a;Drozdzak et al., 2016b), but either exact pH or total U or Na amounts are missing. The water composition was then analyzed in ion chromatography coupled to ICP-MS for major ions, and TRLFS for uranium. With this information, it is possible to perform a theoretical speciation calculation and then compare with the luminescence of the dominant species experimentally observed by TRLFS.

Results and Discussions

Differences in speciation of (Mg,Ca)nUO2(CO3)3 (4-2n)-between thermodynamic data from different origins

Apart from the results of Shang & Reiller (2020, 2021a, b) , the AenUO2(CO3)3 (4-2n) (2020), and the ε values from like-charged analogy were chosen.

The impact of the choice of the data is shown in Figure 1. Theoretical speciation calculations of a solution with CU = 10 -9 mol kgw -1to minimize formation of (UO2)2CO3(OH)3 --, CMg = CCa = 10 -2 mol kgw -1 , [NaCl] = 0.5 mol kgw -1to maximize ionic strength effects -, and 3.5 atm is plotted in the pH range 6-10 fixed by MgCa(OH)4, and where dolomite (MgCa(CO3)2) is required to precipitate. It can be seen that the predominance of the AenUO2(CO3)3 (4-2n)-complexes are different in the three calculations. CaUO2(CO3)3 2-is clearly dominant at pH 7 to 9, when Ca2UO2(CO3)3(aq) is dominant under the other two situations.

P(CO2) = 10 -
Here, the differences mainly come for the hypotheses on the ε values: explicit from experiments in Shang and Reiller (2020) in Figure 1a, and either considered nil in Figure 1b [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF], or from liked-charged analogy in Thermochimie 10d and 11a.

The relative affinity of the different reactions can be estimated calculating the stepwise reactions for the cumulative reactions in Table S1 of the SI.

Ca 2+ + UO2(CO3)3 4-⇄ CaUO2(CO3)3 2- K°Ca1 = β°(CaUO2(CO3)3 2-)/β°(UO2(CO3)3 4-) Ca 2+ + CaUO2(CO3)3 2-⇄ Ca2UO2(CO3)3 K°Ca2/Ca1 = β°(Ca2UO2(CO3)3)/β°(CaUO2(CO3)3 2-) Mg 2+ + UO2(CO3)3 4-⇄ MgUO2(CO3)3 2- K°Mg = β°(MgUO2(CO3)3 2-)/β°(UO2(CO3)3 4-)
The calculated relative affinity under standard conditions are (Shang andReiller, 2020, 2021a), 23 [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF], and Thermochimie 11a), and 66 (Thermochimie 10a and 10d). Accounting for ionic strength at 0.5 mol kgw -1 NaCl, K 0.5m (CaUO2(CO3)3 2-)/K 0.5m (Ca2UO2(CO3)3) = 5.0 (Shang and Reiller, 2020), 0.9 [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF], and Thermochimie 11a), and 2.6 (Thermochimie 10a) and 2.7 (Thermochimie 10d). The relative affinity for K°(CaUO2(CO3)3 2-)/K°(MgUO2(CO3)3 2-) = 6.3 (Shang and Reiller, 2020, 2021a), 6.3 (Grenthe et al. (2020), and Thermochimie 11a), and 24.0 (Thermochimie 10d) -MgUO2(CO3)3 2-was not present in Thermochimie 10a. At ionic strength 0.5 mol kgw -1 NaCl, (Shang andReiller, 2020, 2021a), 5.9 [START_REF] Grenthe | Chemical Thermodynamics 14. Second Update on the Chemical Thermodynamics of Uranium, Neptunium, Plutonium, Americium and Technetium[END_REF], and Thermochimie 11a), and 22.6 (Thermochimie 10d)typographic error in ε(MgUO2(CO3)3 2-,Na + ) is corrected.

K°(CaUO2(CO3)3 2-)/K°(Ca2UO2(CO3)3) = 117
K 0.5m (CaUO2(CO3)3 2-)/K 0.5m (MgUO2(CO3)3 2-) = 4.7
Because of the higher relative affinity for CanUO2(CO3)3 (4-2n)-compared to MgUO2(CO3)3 2-, the proportion of the latter complex is lower in the three hypothesis. Percentage of MgUO2(CO3)3 2-is then higher in Figure 1a than in Figure 1b or 1c as the ε(MgUO2(CO3)3 2-,Na + Cl -) determined in Shang and Reiller (2021a), is either not nilas in 

Description of activity predominance diagrams

Figure 2 illustrates the evolution of predominance diagrams obtained using PHREEPLOT [START_REF] Kinniburgh | PhreePlot: Creating Graphical Output with PHREEQC[END_REF] for the system Ca 2+ -U(IV/VI)-Na + -Cl --OH --HCO3 --H2O(l) as a function of partial pressure of oxygen. The activity diagrams log10(a(HCO3 -) a(H + )) vs. log10(a(Mg 2+ ) 0.5 a(Ca 2+ ) 0.5 /a(H + ) 2 ) have been chosen for the presentation due to the number of 
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variables affecting this system. It allows representing the variation of H2CO3 and (Mg-Ca)0.5(OH)2. These equilibria can be written in a general form as follows.

MgnCa

(1-n)(OH)2 + 2H + ⇄ nMg 2+ + (1-n)Ca 2+ + 2H2O, with 0 ≤ n ≤ 1 H2CO3 ⇄ HCO3 -+ H +
In the following, the influence of Na + and pH with be represented by log10(a(Na + )/a(H + )) and the following equilibrium.

NaOH + H + ⇄ Na + + H2O

The calculations were conducted at fixed uranium concentration of 10 -8 mol kgw -1 at Im = 0.1 mol kgw -1 NaCl with P(O2) varying from 10 -73 to 10 -51 atmor pO2 = -log10 P(O2), varying from 73 to 51, which covers a wide range of actual underground research laboratory for the radioactive waste managemente.g., of pO2 = 73, ca. the value for Äspö site in Sweden, to pO2 = 67, ca. the value for Callovo-Oxfordian site in France. One can observe that the partial pressure of oxygen has a significant impact on the aqueous speciation of uranium as well as its oxidation state. Because of the redox sensitivity of uranium, the oxidation-reduction reactions are very important in the assessment of uranium mobility. Uranium exists as U(OH)4(aq), under its +IV redox state, at low P(O2) (pO2 = 73 and 67) and log10(a(HCO3 -) a(H + )) at the expenses of CanUO2(CO3)3 (4-2n)-complexes. With increasing P(O2), the formation of Ca-UO2-CO3 ternary complexes takes place within larger range at higher log10(a(HCO3 -) a(H + )) and log10(a(Mg 2+ ) 0.5 a(Ca 2+ ) 0.5 /a(H + ) 2 ) values. In spite of the predominant role of CanUO2(CO3)3 (4-2n)-complexes, the borderlines between two different species remain almost unaffected at pO2 ≤ 55. As observed in this exercise, the great impact of P(O2) on the aqueous speciation of U(IV)/U(VI) strongly affects its solubility under conditions relevant for nuclear waste disposal. Other activity predominance diagrams can be drawn in Figure 3 for a total uranium concentration of 10 -6 mol kgw -1 at atmospheric O2(g), i.e. pO2 = 0.6788, n varying from 10 -4 to 0.9999, and [NaCl] = 0.5 mol kgw -1 . The progressive transition from Ca to Mg dominated water is shown. The dominance of MgUO2(CO3)3 2-requires high ionic strengthhere controlled by UO 2 (OH) 2 (aq) 
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Analysis of speciation results from water compositions

Figure S2 of the SI shows the repartition of the reported uranium concentration for the selected water compositions in this study. The measured uranium concentration varies widely from 10 -11 to 5 × 10 -3 mol kgw -1 . The ionic strength ranges from 0.6 to 83.1 mmol kgw -1 with an 2 2-20 average of 12.5 mmol kgw -1 . Some water samples represent uranium concentration lower than 15 μg L -1 (≈ 6.30 × 10 -8 M)the World Health Organization proposed restrictive guideline (WHO, 2017)around the Cigar Lake mining site, Saskatchewan, Canada [START_REF] Toulhoat | Géochimie des eaux liées au gisement d'uranium de Cigar Lake (Saskatchewan, Canada) et apport des isotopes de l'uranium et du plomb comme guides de prospection[END_REF], the Oklo uranium ore deposits, from several ORANO mining sites in an ISR context (IAEA, 2001(IAEA, , 2016)), from the European project FOREGS, and sampled in the Semipalatinsk nuclear test site [START_REF] Yamamoto | Uranium isotopes in well water samples as drinking sources in some settlements around the Semipalatinsk Nuclear Test Site, Kazakhstan[END_REF]. However, concentrations ≥ 10 -6 M even up to the order of 10 -4 M can occur in several water compositions associated with uranium ore deposits, such as in the former uranium mine at Cluff Lake, Canada [START_REF] Von Gunten | Biogeochemistry of U, Ni, and As in two meromictic pit lakes at the Cluff Lake uranium mine, Northern Saskatchewan[END_REF], in the U ore deposits within the Lodève Basin in South Central France [START_REF] Beaucaire | Redox chemistry of uranium and iron, radium geochemistry, and uranium isotopes in the groundwaters of the Lodève Basin, Massif Central, France[END_REF][START_REF] Beaucaire | Groundwater characterisation and modelling of water-rock interaction in an argillaceous formation (Tournemire, France)[END_REF], and in Kazakhstan [START_REF] Yamamoto | Uranium isotopes in well water samples as drinking sources in some settlements around the Semipalatinsk Nuclear Test Site, Kazakhstan[END_REF].

Some of these groundwaters containing high uranium concentration are strongly reducing, and contain important sulphide but very low calcium concentrations. The speciation distribution for the selected aqueous solutions was carried out using PHREEQC. The activity of important ions -log10 a(HCO3 -), log10 a(H + ), log10 a(Ca 2+ ), log10 a(Na + )and the percentages of the major species were retrieved from the output files. Saturation index of calcite and schoepite was also retrieved, which is key parameter in geochemical studies and indicates how far the solution is from thermodynamic equilibrium with respect to these minerals. In this study, we only considered the water compositions that were showing CanUO2(CO3)3 (4-2n)-as major complex. The selected water compositions are plotted in log10(a(HCO3 -) a(H + )) vs. log10(a(Ca 2+ )/a(H + ) 2 ), and log10(a(Na + )/a(H + )) vs. log10(a(Ca 2+ )/a(H + ) 2 ) activity predominance diagrams calculated at fixed uranium concentration of 100 μmol kgw -1 and P(O2) = 0.2095 atm at 25°C considering the activity of water to be unity. The choice of axis ranges in Figure S3 of the SI is based on the analysis of the frequency of the log10(a(Ca 2+ )/a(H + ) 2 )-log10(a(HCO3 -) a(H + ))-log10(a(Na + )/a(H + )) parameters. Most of selected samples within the ranges of 10 < log10(a(Ca 2+ )/a(H + ) 2 ) < 13, -11 < log10(a(HCO3 -) a(H + )) < -9.5, and 4 < log10(a(Na + )/a(H + )) < 6. The precipitation of calcite and dolomite is not requested in calculation even if several water compositions were oversaturated respective to these phasescf. Fig. S7 of ESI in Shang and Reiller (2020). The precipitation region of calcite, limited by the blue dashed line in predominance diagrams (Figure 5-Figure 9), is separately calculated by imposing the equilibrium between the atmospheric CO2(g) and the aqueous solution. The mineral field boundaries of calcite were found using the "hunt and track" (i.e. ht1) algorithm in Phreeplot, which represents the equality of the number of moles of dissolved Ca 2+ and precipitated CaCO3.

The use of minstab1 calculation method, which can be adopted in constructing the mineral stability diagram, would make the borderlines move towards lower log10(a(Ca 2+ )/a(H + ) 2 ) because it indicates the conditions where the mineral begins to precipitate. The basic principles involved in these two algorithms are detailed in [START_REF] Kinniburgh | Predominance and mineral stability diagrams revisited[END_REF]2011). There are limitations in comparing all the chemical analyses of selected water compositions of different origins and types in one diagram. As shown in Figure 5, log10(a(HCO3 -) a(H + )) vs. log10(a(Ca 2+ )/a(H + ) 2 ) predominance diagram plotted at log10(a(Na + )/a(H + )) = 5, the positions of the points in the diagram correspond to chemistry of the studied water samples, regardless of their real values of log10(a(Na + )/a(H + )). By colour of points, the calculated major species in each water sample is presented. However, expression of natural water chemistry with the two parameters, i.e. log10(a(HCO3 -) a(H + )) and log10(a(Ca 2+ )/a(H + ) 2 ), is a drawback because the value of log10(a(Na + )/a(H + )) for a number of water samples differs from 5 units, and the borderlines of predominance regions of different complexes are closely related to this parameter. Figure 6 shows a three-dimensional repartition of the selected water samples with their values of log10(a(Na + )/a(H + )) projected to the surface parallel to the z-axis of log10(a(Na + )/a(H + )) ranging from 2 to 7. Most of the data points are plotted ca. log10(a(Na + )/a(H + )) = 5. A few data points are ca. log10(a(Na + )/a(H + )) = 4 and 6. For this reason, log10(a(HCO3 -) a(H + )) vs. log10(a(Ca 2+ )/a(H + ) 2 ) predominance diagrams are plotted at the three most common values of log10(a(Na + )/a(H + )), i.e. 4, 5, and 6. The water compositions are divided into groups from their log10(a(Na + )/a(H + )) value and separately presented in the diagram having the nearest log10(a(Na + )/a(H + )) value, as shown in Figure 7. Ca2UO2(CO3)3(aq) can be identified in a large field at high log10(a(HCO3 -) a(H + )) and log10(a(Ca 2+ )/a(H + ) 2 ) values in the predominance diagram with log10(a(Na + )/a(H + )) varying from 2 to 7. Actually, the variable log10(a(Na + )/a(H + )) partially reflects the ionic strength of the water samples as their pH values are comparable, and Na + represents one of the major cation in these water samples. It is worthy to point out that the dominant species calculated for several water samples do not strictly correspond to their position in the diagram because the predominance diagrams are calculated taking only NaCl as background electrolyte.

One can observe that the predominance regions of UO2(CO3)3 4-and CaUO2(CO3)3 2-increase with log10(a(Na + )/a(H + )) as a result of increasing interionic attraction between Ca 2+ and other major anions. When viewed as a function of log10(a(Na + )/a(H + )) in the predominance diagram, the field of Ca2UO2(CO3)3(aq) constrained by the precipitation of calcite narrows with increasing log10(a(Na + )/a(H + )). Figure 7a shows that nearly all water samples in the range 3.5 < log10(a(Na + )/a(H + )) < 4.5 are undersaturated with respect to calcite. Most of the selected water compositions are in the range of 4.5 < log10(a(Na + )/a(H + )) < 5.5, as shown in Figure 7b.

In particular, in the samples having Ca2UO2(CO3)3(aq) as major species calcite is oversaturated or near to the saturation line, while those dominated by CaUO2(CO3)3 2-in the aqueous phase are undersaturated, or slightly oversaturated, with respect to calcite. In the diagram where log10(a(Na + )/a(H + )) = 6, the region of Ca2UO2(CO3)3(aq) is completely limited by the calcite precipitation. All the samples with predominant Ca2UO2(CO3)3(aq) are oversaturated with respect to calcite and those with predominant CaUO2(CO3)3 2-are close to the saturation line.

This observation reveals a key feature for this system, i.e. the Ca2UO2(CO3)3(aq) complex is controlling the U(VI) speciation in the aqueous phase saturated with calcite depending on the value of log10(a(Na + )/a(H + )), or approximately on the ionic strength. It is worth noting that the samples with UO2CO3(aq) as major species are filtered out in these predominance diagrams as their values 2.08 ≤ log10(a(Na + )/a(H + )) ≤ 3.38 are too low to be represented in these projections. Figure S4 of the SI focuses on the repartition of the selected water samples in a log10(a(Ca 2+ )/a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + )) diagram with the z-axis varying from -12 to -8. Most of the data points are in the range of -11 < log10(a(HCO3 -) a(H + ))

< -9.

The diagrams of log10(a(Ca 2+ )/a(H + ) 2 ) vs. log10(a(Na + )/a(H + )) with log10(a(HCO3 -) a(H + ))

= -11, -10.5, -10 and -9.5 were chosen for the representation in Figure 8. The data points were categorized from their values of log10(a(HCO3 -) a(H + )) and presented in the diagram having the nearest value of log10(a(HCO3 -) a(H + )). The water sample symbols are contoured by black squares when calcite is undersaturated in solution under their individual and specific conditions, and by red squares when the calcite is oversaturated in solution. Again, the saturation state with respect to calcite and the dominant species in several water samples during the calculation do not correspond to their position in the diagram because the predominance diagrams are constructed taking only NaCl as background electrolyte. Nonetheless, these particular samples are all near to the borderlines. Figure 8 again highlights the importance of calcite saturation in this system. At log10(a(HCO3 -) a(H + )) = -11, the solution would easily be oversaturated with respect to calcite while high values of log10(a(HCO3 -) a(H + )) promote the predominance of uranyl-carbonate complexes. The predominance of the binary/ternary complexes UO2CO3/CaUO2(CO3)3 2-/Ca2UO2(CO3)3(aq) depends on the activity of calcium owing to the close pH values in the selected water samples. High concentration of calcium in system leads to the precipitation of calcite before having the Ca2UO2(CO3)3(aq) as major species in the aqueous phase.

The selected water solutions are colored according to their predominant species in Figure 8.

For each group, an ellipsoid containing most of the data points belonging to that group is constructed using Hotelling's T-squared (T 2 ) distribution.

(https://www.originlab.com/fileExchange/details.aspx?fid=280), as shown in Figure 9.

Equations of the ellipsoids are reported in Table 1. For this reason, the ellipsoidal boundaries of UO2CO3(aq), CaUO2(CO3)3 2-, and Ca2UO2(CO3)3(aq) were determined from the distribution of sample points in log10(a(Ca 2+ )/a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + )) diagram with the interval confidence of 68%, corresponding to 1σ. Using a higher confidence level, i.e.

95% or 98%, would generate wider ellipsoids, which tend to produce a larger intersection between the two ellipsoids of CaUO2(CO3)3 2-and Ca2UO2(CO3)3(aq), thus a less clear distinction of their concentration domain. To allow representation, Figure 9, and Figure S5 from the SI, illustrates the confidence ellipsoids for three species using 2D projections seen in different view angles. One can note that the ellipsoid of Ca2UO2(CO3)3(aq) is slightly narrower and more elongated than that of CaUO2(CO3)3 2-. The overlap of the calculated ellipsoids of CaUO2(CO3)3 2-, and Ca2UO2(CO3)3(aq) can nearly extend to the half of their individual volumes. Furthermore, the ellipsoid of Ca2UO2(CO3)3(aq) is located in the regions of higher calcium and carbonate concentrations compared with that of CaUO2(CO3)3 2-, which is consistent with the evaluation of equilibrium constants. Regarding to the concentration region of UO2CO3(aq), its ellipsoid exists at low log10(a(Na + )/a(H + )) and low log10(a(Ca 2+ )/a(H + ) 2 ), underlining that the occurrence of major UO2CO3(aq) in aqueous phase is due to a low calcium concentration in solution.

Comparison of modelling and experimental results for the water samples collected from the site du Bosc

Water from the site du Bosc

Table 2 lists the chemical constituents for the investigated water samples: one was the untreated water initially at pH 8.3, and the other one was initially treatment by acidification to pH 6.5 after sampling. It is apparent that the acidification of the solution did not last until it was analyzed and the buffer capacity of the watersmost likely through the dissolution of calcium carbonateimposes a final pH 8.16, close to the untreated one. In the second sample, the increase of SO4 2-reflected the added amount of H2SO4. It is also worthy to notice that the Ca content in the second sub sample was increased ca. three fold compared to the first sub sample, when there was no difference between the Mg contents. This could suggest that a Ca containing phase was dissolved during the acidification process. The slight (and barely significant) increase in alkalinity maybe an indication of the dissolution of, most likely, calcite particles.

The TOC content appears relatively low, as in Drozdzak et al. (2016a), but significant and comparable in the both samples. Even if the complexation of U(VI) by natural organic matter is known since long - [START_REF] Reiller | Analyse Critique des Données de Complexation des Lanthanides et Actinides par la Matière Organique Naturelle : Cas des Substances Humiques[END_REF][START_REF] Reiller | Structure-Reactivity Relationships in the Interactions Between Humic Substances, Pollutants from the Nuclear Cycle, and Mineral Surfaces[END_REF], [START_REF] Reiller | Uranium (VI) binding to humic substances: speciation, estimation of competition, and application to independant data[END_REF] and references therein -, it

will not be taken into account in a first approach. The differences between the water composition in Drozdzak et al. (2016a) and the ones analyzed here is representative of the variability of the treated waters from the site du Bosc. 

Im

(mmol kgw -1 ) 21.8 26.9

* lod: limit of detection = 10 -5 molF L -1 ; n.m. not measured; values expressed ± 1σ

Modelling of inorganic speciation

With the detailed chemical compositions for the untreated and treated waters sampled from the site du Bosc (Table 2, and Figure S8a of the SI), their uranium speciation calculations were performed using log10β°, ∆fHm°, and SIT parameters ε((Mg/Ca)nUO2( CO3)3 (4-2n)-,Na + Cl -) from Shang andReiller (2020, 2021a, b) implemented in the input file for PHREEQC and using Thermochimie 10a databasethe oversaturation of CaCO3 and MgCa(CO3)2 phases are shown in Figure S8b of the SI. The comparison with the discharge water from the site du Bosc in Drozdzak et al. (2016a) is also presented. The percentages of major uranium carbonate species, the activity of important ions, as well as the values of log10(a(Ca 2+ )/a(H + ) 2 ), log10(a(Na + )/a(H + )), and log10(a(HCO3 -) a(H + )) are listed in Table 3 one can see that using either SIT or Davies equation does not change the results significantly. The ratio n = a(Mg 2+ )/(a(Mg 2+ ) + a(Ca 2+ )) is calculated illustrating the importance of MgUO2(CO3)3 2-. The increase of Ca in the treated water is reflected in the decrease of the n value and of the percentage of MgUO2(CO3)3 2-(Table 3).

As displayed in Figure 10, the position of the investigated samples are well included in the previously determined ellipsoids for CaUO2(CO3)3 2-(red) and Ca2UO2(CO3)3(aq) (blue). As with the untreated water sample, the red point is actually located in the overlap between ellipsoids of CaUO2(CO3)3 2-and Ca2UO2(CO3)3(aq), indicating that the dominant species cannot be unambiguously assigned without thermodynamic calculation in the log10(a(Ca 2+ )/a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + )) diagram. However, this red point is well positioned in the CaUO2(CO3)3 2-ellipsoidal predominance region in log10((a(Mg 2+ ) n a(Ca 2+ ) (1-n) /a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + )) space (see Figure S7 of the SI). According to the thermodynamic modelling, CaUO2(CO3)3 2-is expected to be the most abundant species in untreated water with percentage of 50.6% and the sum of -2 charge bearing ternary complexes (CaUO2(CO3)3 2-and MgUO2(CO3)3 2-) attains 76.7%

(Table 3).

One can observe that the blue point representing the treated water is solely included in the ellipsoids of Ca2UO2(CO3)3(aq) in log10(a(Ca 2+ )/a(H + ) 2 )-axis diagram (Figure 10), suggesting a predominance of Ca2UO2(CO3)3(aq) in aqueous solution. The verification of dominant complex for the treated sample corroborates also the results of the speciation calculation as the percentage of the principal species -Ca2UO2(CO3)3(aq) is of 50.8% (Table 3).

One can conclude that the determination of ellipsoids for CanUO2(CO3)3 (4-2n)-complexes is a suitable tool for quickly identifying the major (calcium) uranyl carbonate species for a given natural water sample once its chemical composition is available. As stressed out by [START_REF] Reiller | Development and application of the thermodynamic database PRODATA dedicated to the monitoring of mining activities from exploration to remediation[END_REF], comparable results could be obtained with the later version of PRODATA database file [START_REF] Reiller | The PRODATA Thermochemical Database -A Database Applied for Uranium Mining Operations[END_REF], containing data from Shang andReiller (2020, 2021a, b), now used for environmental monitoring of ORANO Mining activities [START_REF] Besançon | The role of barite in the post-mining stabilization of radium-226: a modeling contribution for sequential extractions[END_REF][START_REF] Grozeva | Reactive transport modeling of U and Ra mobility in roll-front uranium deposits: Parameters influencing 226 Ra/ 238 U disequilibria[END_REF][START_REF] Lartigue | Aqueous inorganic uranium speciation in European stream waters from the FOREGS dataset using geochemical modelling and determination of a U bioavailability baseline[END_REF][START_REF] Seigneur | Long-term evolution of uranium mobility within sulfated mill tailings in arid regions: a reactive transport study[END_REF].

In a later stage, the calculation results will be compared with the uranium speciation identified by the TRLFS analyses. 

Spectroscopic measurement

TRLFS can help elucidating the speciation of uranium in water because of the very low detection limits, a high sensitivity with respect to U(VI) complex, and its triple selectivity i.e., selectivity in excitation wavelength, emission spectrum, and time-resolved acquisition.

In general, TRLFS provides two important spectroscopic pieces of information: characteristic luminescence decay time and positions of the emission maxima. In a fingerprinting procedure, the recorded TRLFS spectra can be identified with the help of previously acquired reference complexes. In the previously published works (Shang and Reiller, 2020;Shang et al., 2020;Shang and Reiller, 2021a, b), we have obtained these primary spectroscopic information for (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes under varying conditionstype of electrolyte, ionic strength and temperaturethat will be compared with the recorded spectra of the site du Bosc water samples.

The two natural occurring water samples in the Site du Bosc both delivered a measurable luminescence signal, which is characteristic for uranyl carbonate luminescence. Figure 11a shows the emission spectra normalized to their total area for each sample with initial delay time of D = 25 ns during the gate width W = 1 μs, in comparison with a reference solution of known composition in which U(VI) principally exists in the form of CanUO2(CO3)3 (4-2n)-complexes.

Hypsochromic-shifted peak positions compared with those of UO2 2+ ions (470.07, 487.31, 509.31, 533.38, and 559.86 nm) in acidic conditions provide evidence for formation of triscarbonatouranyl(VI) complexes in aqueous solution. The characteristic peak positions are the same with the reference solution. Nevertheless, the water from the sample site represents an obvious distortion in the spectrum. This distortion does not seem to be identical for the two water samples: the acidification to pH ca. 6.5 seems to have a slight influence on the initial spectrum. An acquisition of the same solutions was also made at a longer delay time (D = 100 ns), in order to verify whether the distortion is due to the luminescence of another U(VI) complex having a different decay time. As illustrated in Figure 11b, the luminescence spectra of the two water samples with D = 100 ns are identical to that of CanUO2(CO3)3 (4-2n)-complexes.

It is therefore possible to hypothesize that two decay functions of U(VI) are involved in the water samples: a fast decay function not yet identifiable, and a slower decay function of which the spectrum is characteristic of CanUO2(CO3)3 (4-2n)-complexes.

It is noteworthy that the contribution of the MgUO2(CO3)3 2-complex to the general luminescence in the untreated water samplewhich account of ca. 26% of the total uranium speciation -, is not easy to settle, as the luminescence spectra of (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes are difficult to distinguish [START_REF] Oher | Influence of alkaline earth metal ions (Mg 2+ and Ca 2+ ) on structures and luminescent properties of UO2(CO3)3 4complex: theoretical and experimental study[END_REF]Shang and The luminescence decay of the untreated water sample was acquired by recording the luminescence spectra as a function of delay time. Figure S9a of the SI shows the spectra normalized to the same area for the delay time ranging from 20 to 215 ns in steps of 5 ns with gate width W = 50 ns, which is more favorable to distinguish the spectra of different species.

Figure S9b of the SI shows the exponential fits of integrated time-resolved luminescence intensities in the wavelength range from 420 to 635 nm using the trapezoid method. A monoexponential luminescence decay (dashed curve in Figure S9b of the SI) is clearly not satisfactory to describe the decay process with τ = (31 ± 1) ns, while a bi-exponential function can better fit the luminescence decay curves with τ1 = (11 ± 1) ns (dotted curve) and τ2 = (38 ± 1) ns (dash-dot curve). In experiments, we observed that the luminescence spectra for the same water sample under identical measurement conditions have undergone evident spectral modification after long time laser excitation, as shown in Figure S10 of the SI. It is well known that the dissolved organic matter present in natural waters can impair the detection of total uranium because of the complexation of organic species, such as humic substances, with uranyl ion [START_REF] Czerwinski | Complexation of the uranyl ion with aquatic humic acid[END_REF][START_REF] Sachs | Uranium(VI) complexation by humic acid under neutral pH conditions studied by laser-induced fluorescence spectroscopy[END_REF]Steudtner et al., 2011a). One can expect luminescence emission of these ligands if they contain delocalized p-electron system, like in aromatic compounds [START_REF] Geipel | An ultrafast time-resolved fluorescence spectroscopy system for metal ion complexation studies with organic ligands[END_REF][START_REF] Sachs | Uranium(VI) complexation by humic acid under neutral pH conditions studied by laser-induced fluorescence spectroscopy[END_REF]. The previous determination of decay times using bi-exponential fits (Figure S9 of the SI) suggests the existence of organic moieties in the aqueous system due to the very short decay time of τ1 = (11 ± 1) ns. Steudtner et al. (2011a;2011b) suggested that a mixed complex containing UO2-CO3-humic acid was formed under carbonated conditions.

A set of luminescence decays was recorded for the long time-excited site du Bosc water sample at 25°C. As shown in the fitting results in the Figure 13, the luminescence decays biexponentially within the delay range studied. The equation: Intensity = A1exp(-x/τ1) + A2exp(-x/τ2) + y0 was applied in the fitting procedure where A1, A2 represent the luminescence intensity of components 1 and 2 at D = 0, τ1 and τ2 correspond to their decay times and y0 is an adjustable noise term.

One can note that long period laser excitation at 25°C causes a decrease in the luminescence intensity for the first minor luminescent component 1 with τ1 = (11 ± 1) ns from A1 = 7.32 10 9 to 2.49 10 9 while little changes in other parameters, i.e. A2, τ1, τ2 were observed. Our results suggest that the first minor luminescent component was photolysed due to the laser excitation with static quenching patterns since its decay time did not change. To verify the possible influence of short time fluorescence of organic component, the treated sample was excited at 425, 450, and 470 nm (Figure S11 of the SI). The bands of AenUO2(CO3)3 (4-2n)-are apparent whatever the excitation wavelength, but a red-shift of the spectrum with excitation wavelength seems to indicate that the fast component is due to the fluorescence of organic moieties.

Additionally, UV/Vis absorption spectra of the site du Bosc water samples were collected from 200 to 400 nm in order to detect any changes of potentially degraded organic components after laser excitation. As seen in Figure S12 of the SI, the absorption spectra for the original site du Bosc water and the water samples subjected to long period laser excitation of 450 nm at 25 decomposition because the values of peak parameters are approximately identical for different spectra taking into account the interval uncertainties. The E254:E204 values are also very close,

i.e. 0.22, 0.21, and 0.22 for untreated water, 5 h laser exposed at 25°C, and 5 h laser exposed at 50°C. Further information on the first minor luminescent complex is difficult to obtain. A decomposition of the spectra allowed identifying at least 3 bands ca. 206, 225, and 239 nm, characteristic of aromatic moieties [START_REF] Scott | Interpretation of ultraviolet spectra of natural products[END_REF], and which are close to broader peaks decomposed otherwise [START_REF] Claret | Fractionation of Suwannee River fulvic acid and Aldrich humic acid on α-Al2O3: spectroscopic evidence[END_REF][START_REF] Korshin | Monitoring the properties of natural organic matter through UV spectroscopy: a consistent theory[END_REF]. The formation of an organic matter uranyl complex under these conditions cannot be ascertained using these experiments, and is considered minor. 

Conclusion

We have examined the speciation calculation of uranium(VI) in actual situations covering radioactive waste management (RWM), uranium mining activity, and other natural water samples with the previously determined thermodynamic data for (Mg/Ca)nUO2(CO3)3 (4-2n)- complexes in Shang andReiller (2020, 2021a, b). It represents a comprehensive and the most updated thermodynamic dataset, including the formation constants at infinite dilution log10β°, the thermodynamic functions and SIT parametersspecific ion interaction coefficients ε for (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes -, which can be applied in geochemical calculations covering a wide range of conditions, particularly relevant to nuclear waste disposal.

Based on the repartition of major uranium species obtained in the speciation calculations for the selected water compositions, three ellipsoidal predominance regions of CanUO2(CO3)3 (4-2n)- complexes were constructed from the sample point-clouds in log10(a(Ca 2+ )/a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + ))and also in log10(a(Mg 2+ ) n a(Ca 2+ ) 1-n /a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + ))three-dimension spaces. The determination of ellipsoids for CanUO2(CO3)3 (4-2n)-complexes allows a quick identification of the major (calcium)carbonatouranyl species for a given natural water sample once its chemical composition is available. Thermodynamic calculations and TRLFS analyses were performed for two water samples collected from the Site du Bosc. The calculated dominant species, i.e.

CaUO2(CO3)3 2-, corroborates well the experimental observations in terms of important luminescence characteristics, i.e. band positions and decay timeknowing the lowest emission of MgUO2(CO3)3 2-in comparison to the CanUO2(CO3)3 (4-2n)-species. A minor luminescence species, which decays faster than (Mg/Ca)nUO2(CO3)3 (4-2n)-, is suspected to be of a natural organic matter origin, as total organic carbon concentration in the mgC/L range was measured, and typical patterns of UV-Vis spectrum of aromatic species were detected. The measured luminescent properties for (Mg/Ca)nUO2(CO3)3 (4-2n)-complexes under different conditionstype of electrolyte, ionic strength, and temperaturedetailed in preceding works are verified with these sample.

  -species were recently included in the NEA-OECD selections (Grenthe et al., 2020)with no selection of ε values -, and in the versions of Thermochimie 10 (a and d) and 11a. Very recently, Jo et al. (2022) reviewed more recent data on the system. Thermochimie 10d and 11a, and Jo et al. (2022) were available late in the advancement of this project and will only be considered in this section. These data will not be considered in the following. The log10β°n.1.3 from Dong and Brooks (2006) (Ca) and Lee et al. (2017) (Mg, not present in version 10a), and the ε values from like-charged analogywith a typographic error on ε(MgUO2(CO3)3 2-,Na + ) = -0.2 kgw mol -1 instead of -0.02 kgw mol -1 announced in analogy with ε(UO2(CO3)3 2-,Na + ) (https://www.thermochimie-tdb.com/pages/view.php) and corrected in version 11a -, were chosen in Thermochimie 10. In Thermochimie 11a, the log10β°n.1.3 values from Grenthe et al.
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 11 Figure 11. Comparison of luminescence spectra normalized to the same area of uranium

  -CO3 (D = 25 ns) Untreated water (D = 100 ns) Treated water (D = 100 ns) The bi-exponential decay of the TRLFS-signals for the untreated water sample revealed that either two luminescent fluorophores were observed, or the rate of de-excitation process is slower than that of ligand exchange. However, for such complicated fluorophores, luminescence decay behaviour cannot be simply settled. With the determined parameters in biexponential function, it is possible to estimate the spectral contributions of the individual species, e.g., the second component contributes 29% at D = 20 ns, and 98% at D = 100 ns and the first component represents 71% of the luminescent signal at D = 20 ns. This allows the spectral decomposition of the experimental spectrum at D = 20 ns, as shown in Figure 12.
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Table 2 . Chemical constituents for the investigated site du Bosc water samples.

 2 

	untreated water	treated water

Table 3 . Percentages of major uranium carbonate species -see Figure S8a of the SI for a graphical representation -and logarithm of major ions activities calculated using Thermochimie 10a database file (Giffaut et al., 2014; Grivé et al., 2015) for the site du Bosc.
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	Samples	Discharge a	untreated water	treated water
		SIT	SIT	Davies	SIT	Davies
	CaUO2(CO3)3 2-	44.5%	50.1%	50.2%	43.0%	43.3%
	MgUO2(CO3)3 2-	6.4%	27.7%	27.8%	7.1%	7.2%
	Ca2UO2(CO3)3(aq)	47.6	18.4%	18.2%	48.7%	48.3%
	UO2(CO3)3 4-	1.2%	3.6%	3.7%	1.1%	1.1%
	Total	99.7%	99.9%	99.9%	99.9%	100.0%
	log10 P(CO2(g))	-1.78	-2.96	-2.96	-2.75	-2.75
	log10 a(Ca 2+ )	-2.99	-3.48	-3.48	-2.97	-2.97
	log10 a(Mg 2+ )	-3.04	-2.93	-2.94	-2.95	-2.95
	log10 a(HCO3 -)	-2.25	-2.48	-2.48	-2.41	-2.41
	log10 a(Na + )	-2.07 *	-2.15	-2.15	-2.16	-2.16
	log10 a(H + )	-7.35	-8.30	-8.30	-8.16	-8.16
	log10(a(Ca 2+ )/a(H + ) 2 )	11.71	13.12	13.12	13.35	13.35
	log10(a(Mg 2+ )/a(H + ) 2 )	11.66	13.67	13.66	13.37	13.37
	n = a(Mg 2+ )/(a(Mg 2+ )+a(Ca 2+ ))	0.47	0.78	0.78	0.51	0.51
	log10(a(Mg 2+ ) n a(Ca 2+ ) 1-n /a(H + ) 2 )	11.69	13.55	13.54	13.36	13.36
	log10(a(HCO3 -) a(H + ))	-9.60	-10.78	-10.78	-10.57	-10.57
	log10(a(Na + )/a(H + ))	5.28	6.15	6.15	6.00	6.00
	Im (mol kgw -1 )	0.027	0.022	0.022	0.027	0.027
	a Drozdzak et al. (2016a)					

* calculated from electrical balance.

11a. The relative affinity K°(CaUO2(CO3)3 2-)/K°(MgUO2(CO3)3 2-) of Ca 2+ for UO2(CO3)3 4-is lower than Mg 2+ and the proportion of MgUO2(CO3)3 2-is then higher inShang and Reiller (2020, 2021a) (Figure1a) compared to Thermochimie 10d (Figure1c).The data fromShang and Reiller (2020, 2021a, b) being the only one issued from consistent sets of experimental data, they will be used in the following.
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Nevertheless, it is noteworthy that the pH value is also an important parameter as the samples with UO2CO3(aq) as major species are all mildly acidic of pH value between 6 and 7, which is less favorable to the formation of CaUO2(CO3)3 2-, and Ca2UO2(CO3)3(aq) especially at low calcium concentration, contrary to water from Lodève in [START_REF] Beaucaire | Redox chemistry of uranium and iron, radium geochemistry, and uranium isotopes in the groundwaters of the Lodève Basin, Massif Central, France[END_REF].

The authors noticed the particular importance of Mg 2+ in the selected water solutions.

Figure S6 of the SI shows the ellipsoids determined from the distribution of samples points in log10((a(Mg 2+ ) n a(Ca 2+ ) (1-n) /a(H + ) 2 )-log10(a(Na + )/a(H + ))-log10(a(HCO3 -) a(H + )) diagram, where the ratio n = a(Mg 2+ )/(a(Mg 2+ ) + a(Ca 2+ )) is calculated illustrating the importance of MgUO2(CO3)3 2-. Equations of the ellipsoids are accordingly reported in Table S2 of the SI. The shift of sample points along the x-axis as well as the resulting ellipsoidal patterns do not show large differences. However, it is rather remarkable that the use of ratio n could better predict the predominant species for the water compositions of important log10a(Mg 2+ )see the comparison for the site du Bosc samples in the next section.