Axel Denys 
email: axel.deny@univ-grenoble-alpes.fr
  
Emilie Janots 
email: emilie.janots@univ-grenoble-alpes.fr
  
Anne-Line Auzende 
  
Martine Lanson 
  
Nathaniel Findling 
  
Nicolas Trcera² 
  
Evaluation of selectivity of sequential extraction procedure applied to REE speciation in laterite Authors

Keywords: Rare Earth Element (REE), Cerium, Speciation, Sequential Extraction Procedure (SEP), Laterite

Rare earth elements (REE) speciation in laterites are commonly estimated from sequential extraction procedure (SEP). In this study, the selectivity of a 5-steps SEP protocol was evaluated on individual synthetic Ce-material and applied to a wellcharacterized lateritic profile developing over a granite bedrock (Madagascar). The synthetic Ce-materials are representative of laterite minerals: Ce-doped oxyhydroxides and kaolinite, cerianite, Ce-rhabdophane and Ce-bastnäsite. The morphology, specific surface area, Ce sorption concentrations were thoroughly characterized prior to SEP. X-Ray absorption spectroscopy on synthetic material indicates that Ce(III) dominates apart for cerianite and Mn-oxide. The evaluation of the 5-steps SEP scheme shows that reagent selectivity is generally good, but the use of hydroxylamine hydrochloride is strongly discouraged. First, distinction between Ce sorbed at the surface of Mn-and amorphous or crystalline Fe-oxyhydroxides remains ambiguous. Second, Ce-rhabdophane (phosphate) and Ce-bastnäsite (carbonate) dissolve partially with this reagent. These experimental results combined with previous mineralogical and geochemical characterization were fundamental to interpret SEP results in the laterite profile from Madagascar. In the three laterite samples from the A-, B-and C-horizons, it is proposed that REE mainly distribute in authigenic phosphates and Fe-and (Mn-)oxyhydroxides. In the oxidized B-horizon, there is a significant LREE/HREE and Ce(IV)/Ce(III) fractionation between laterite minerals. While LREE-Ce is mainly concentrated in phosphates (alunite-jarosite supergroup), it is proposed that HREE and Ce(IV) uptake is dominated by oxyhydroxides. In the A-and C-horizons, the LREE and HREE speciations are similar, indicating no significant LREE/HREE fractionation in laterite minerals and organic matter. In all horizons, the REE ion exchangeable is negligible, although kaolinite is a main mineral of the A-and B-horizons.

INTRODUCTION

Rare Earth Elements (REE) are critical metals for the industry (e.g. [START_REF] Goodenough | The Rare Earth Elements: Demand, Global Resources, and Challenges for Resourcing Future Generations[END_REF]. They are represented by elements from the lanthanide group and Yttrium. Although sometimes associated to this group, Sc generally distributes differently from REE in minerals from crustal rocks [START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF]. Based on progressive ionic radius change, REE are separated into two groups: the Light REE (LREE: La to Eu) and Heavy REE (HREE: Gd to Lu). The HREE are the most valuable economically. Yttrium is considered as HREE, with an ionic radius close to Ho [START_REF] Pack | Geo-and cosmochemistry of the twin elements yttrium and holmium[END_REF]. Mobilization, distribution and fractionation of REE is actively investigated in weathering profiles for different purposes including the REE cycle in environmental conditions [START_REF] Öhlander | Mobility of rare earth elements during weathering of till in northern Sweden[END_REF][START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Braun | REY-Th-U Solute Dynamics in the Critical Zone: Combined Influence of Chemical Weathering, Atmospheric Deposit Leaching, and Vegetation Cycling (Mule Hole Watershed, South India)[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF]; as paleoredox indicator [START_REF] Shields | Diagenetic constraints on the use of cerium anomalies as palaeoseawater redox proxies: an isotopic and REE study of Cambrian phosphorites[END_REF][START_REF] Nakada | Isotopic and speciation study on cerium during its solid-water distribution with implication for Ce stable isotope as a paleo-redox proxy[END_REF][START_REF] Ichimura | REE redistributions during granite weathering: Implications for Ce anomaly as a proxy for paleoredox states[END_REF]; characterization of pedogenetic processes [START_REF] Laveuf | A review on the potentiality of Rare Earth Elements to trace pedogenetic processes[END_REF], evaluation of REE harmfulness as emerging pollutant [START_REF] Gwenzi | Sources, behaviour, and environmental and human health risks of high-technology rare earth elements as emerging contaminants[END_REF] and the understanding of REE mineralization in laterites [START_REF] Murakami | REE Mineralization of Weathered Crust and Clay Sediment on Granitic Rocks in the Sanyo Belt, SW Japan and the Southern Jiangxi Province, China[END_REF]Sanematsu et al., 2013;[START_REF] Estrade | REE concentration processes in ion adsorption deposits: Evidence from the Ambohimirahavavy alkaline complex in Madagascar[END_REF].

Sequential extraction procedure (SEP) is a powerful method widely used to determine the REE speciation and fractionation in soils [START_REF] Öhlander | Mobility of rare earth elements during weathering of till in northern Sweden[END_REF][START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Bao | Geochemistry of mineralization with exchangeable REY in the weathering crusts of granitic rocks in South China[END_REF][START_REF] Sanematsu | Enrichment of rare earth elements (REE) in granitic rocks and their weathered crusts in central and southern Laos[END_REF][START_REF] Sanematsu | Mobility of Rare Earth Elements in Basalt-Derived Laterite at the Bolaven Plateau, Southern Laos: Mobility of rare earth elements in laterite[END_REF]Sanematsu et al., , 2016;;[START_REF] Imai | Rare Earth Elements in Hydrothermally Altered Granitic Rocks in the Ranong and Takua Pa Tin-Field, Southern Thailand: REE in hydrothermally altered granite, southern Thailand[END_REF][START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF][START_REF] Estrade | REE concentration processes in ion adsorption deposits: Evidence from the Ambohimirahavavy alkaline complex in Madagascar[END_REF][START_REF] Li | The Genesis of Regolith-Hosted Heavy Rare Earth Element Deposits: Insights from the World-Class Zudong Deposit in Jiangxi Province, South China[END_REF]. This technique consists to extract metals scavenged in different mineral by a sequence of chemical leaching in solutions with increasing strength. Protocols vary considerably concerning the solvent type and concentration, the solid/liquid ratio, the number of steps, or the extraction sequence (see references in [START_REF] Filgueiras | Chemical sequential extraction for metal partitioning in environmental solid samples[END_REF]. For most of them, they basically follow standard SEP based on the Tessier's scheme [START_REF] Tessier | Sequential extraction procedure for the speciation of particulate trace metals[END_REF] or the BCR method [START_REF] Rauret | Improvement of the BCR three step sequential extraction procedure prior to the certification of new sediment and soil reference materials[END_REF], but with optimization depending on the sample type and metal of interest [START_REF] Zimmerman | Heavy Metal and Trace Metal Analysis in Soil by Sequential Extraction: A Review of Procedures[END_REF].

Unfortunately, lack of selectivity, partial recovery or metals re-adsorption/reprecipitation are pitfalls commonly documented, as shown for instance for Cd [START_REF] Kim | Effectiveness of a commonly used sequential extraction technique in determining the speciation of cadmium in soils[END_REF] or Se [START_REF] Wright | Critical Evaluation of the Ability of Sequential Extraction Procedures To Quantify Discrete Forms of Selenium in Sediments and Soils[END_REF]. Effectiveness of SEP was previously assessed for REE by [START_REF] Sholkovitz | Artifacts associated with the chemical leaching of sediments for rareearth elements[END_REF], [START_REF] Rao | Comparison of single and sequential extraction procedures for the study of rare earth elements remobilisation in different types of soils[END_REF] and [START_REF] Mittermüller | A sequential extraction procedure to evaluate the mobilization behavior of rare earth elements in soils and tailings materials[END_REF]. In carbonate sediments [START_REF] Sholkovitz | Artifacts associated with the chemical leaching of sediments for rareearth elements[END_REF], experiments with different common leaching solutions show that reagents appear non-selective with possible re-adsorption issues. In contrast, [START_REF] Rao | Comparison of single and sequential extraction procedures for the study of rare earth elements remobilisation in different types of soils[END_REF] and [START_REF] Mittermüller | A sequential extraction procedure to evaluate the mobilization behavior of rare earth elements in soils and tailings materials[END_REF] conclude of a good SEP effectiveness based on optimized BCR procedures on soil samples and mine tailing materials. To our knowledge, the nonselectivity of common reagents to extract REE sorbed or incorporated by phases other than those targeted by SEP was never addressed.

The aim of this study is to evaluate the efficiency of a 5-steps SEP to determine REE speciation and fractionation in laterites. Commonly, REE in weathered profile distribute between clays [START_REF] Bao | Geochemistry of mineralization with exchangeable REY in the weathering crusts of granitic rocks in South China[END_REF][START_REF] Sanematsu | Enrichment of rare earth elements (REE) in granitic rocks and their weathered crusts in central and southern Laos[END_REF]Sanematsu et al., , 2013;;[START_REF] Fu | Chemical weathering of S-type granite and formation of Rare Earth Element (REE)-rich regolith in South China: Critical control of lithology[END_REF], Fe and Mn oxyhydroxides [START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Duzgoren-Aydin | Distribution of rare earth elements and oxyhydroxide phases within a weathered felsic igneous profile in Hong Kong[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF], organic matter [START_REF] Ma | Mobilization and re-distribution of major and trace elements during extreme weathering of basalt in Hainan Island, South China[END_REF][START_REF] Davranche | Competitive binding of REE to humic acid and manganese oxide: Impact of reaction kinetics on development of cerium anomaly and REE adsorption[END_REF] and accessory minerals [START_REF] Aubert | REE fractionation during granite weathering and removal by waters and suspended loads: Sr and Nd isotopic evidence[END_REF][START_REF] Murakami | REE Mineralization of Weathered Crust and Clay Sediment on Granitic Rocks in the Sanyo Belt, SW Japan and the Southern Jiangxi Province, China[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF]. Here, the selectivity of the Mn-and Feoxyhydroxides and REE-accessory minerals during SEP was addressed through experiments on synthetic Ce-material. Then, SEP was applied to a lateritic weathered profile from Madagascar [START_REF] Berger | Formation and composition of rhabdophane, bastnäsite and hydrated thorium minerals during alteration: Implications for geochronology and low-temperature processes[END_REF], where REE-mineralogy and geochemistry [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF] and Ce oxidation states [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF] were already characterized, but REE speciation between the different laterite minerals (clay, oxides, accessory minerals), and more specially the HREE distribution, remain unevaluated.

The SEP scheme used in this study implies conventional reagents but in an original sequence for distinguishing Mn-oxides from amorphous and well-crystallized Fe-oxyhydroxides [START_REF] Aubert | Distribution and origin of major and trace elements (particularly REE, U and Th) into labile and residual phases in an acid soil profile (Vosges Mountains, France)[END_REF][START_REF] Imai | Rare Earth Elements in Hydrothermally Altered Granitic Rocks in the Ranong and Takua Pa Tin-Field, Southern Thailand: REE in hydrothermally altered granite, southern Thailand[END_REF]. Usually, SEP scheme for REE-speciation studies in soils and laterite do not distinguish between Mn-and Feoxyhydroxide fraction [START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Wang | Speciation of rare earth elements in soil by sequential extraction then HPLC coupled with visible and ICP-MS detection[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF] or between amorphous and well crystallized Fe-oxyhydroxides [START_REF] Sanematsu | Mobility of Rare Earth Elements in Basalt-Derived Laterite at the Bolaven Plateau, Southern Laos: Mobility of rare earth elements in laterite[END_REF][START_REF] Mihajlovic | Geochemical fractions of rare earth elements in two floodplain soil profiles at the Wupper River, Germany[END_REF]. For the experiment on single synthetic phases, Ce was chosen to be representative of the REE. Cerium is the most abundant REE and generally dominates the REE budget in laterites. It has two valences and can behave similarly to other LREE as Ce(III) or be fractionated as Ce(IV) under oxidized conditions in laterite minerals, as cerianite and oxyhydroxides [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF]. In this study, Ce oxidation states were thus determined for the synthetic Ce-material by X-Ray absorption prior to SEP [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF].

Possible selectivity pitfalls deduced from synthetic Ce-material provide precious insights to interpret SEP results in laterites. Confronted with previous geochemical and mineralogical results, the new SEP data on the Madagascar laterite are thus discussed in terms of REE speciation and fractionation.

MATERIAL

Synthetic Ce-material

In this study, synthetic Ce-phases representative of laterite minerals were prepared before to SEP by doping experiments and phase synthesis. We used synthetic goethite (α-FeOOH;[START_REF] Montes-Hernandez | Fast Precipitation of Acicular Goethite from Ferric Hydroxide Gel under Moderate Temperature (30 and 70 °C)[END_REF], δ-MnO2 (vernadite) synthetized following the protocol of Villalobos et al. (2003), kaolinite reference KGa-1B [START_REF] Pruett | Sampling and Analysis of KGa-1B Well-Crystallized Kaolin Source Clay[END_REF], and commercial reagents for hematite (J. M. Chemicals ltd. Specpure, Ref :

JMC 850), gibbsite (Merck; Ref. 1.01093) and cerianite (Rhône-Poulenc dech 472088, lot : 80135). The Ce-analogous of rhabdophane (CePO4•0.6H2O) and bastnäsite (CeCO3F) were synthetized using the protocols from [START_REF] Lucas | Rare earth phosphate powders RePO4•nH2O (Re=La, Ce or Y)-Part I. Synthesis and characterization[END_REF] and [START_REF] Janka | Facile Synthesis of Bastnaesite -Type LaF[CO3] and Its Thermal Decomposition to LaOF for Bulk and Eu 3+ -Doped Samples[END_REF], respectively.

Goethite, δ-MnO2, kaolinite, hematite and gibbsite, were doped in Ce using batch equilibrium method adapted from the protocol of [START_REF] Silvester | Structure of synthetic monoclinic Na-rich birnessite and hexagonal birnessite; II, Results from chemical studies and EXAFS spectroscopy[END_REF]. These products will be further referred as Ce-doped phases. First, 1.5 g of the material was diluted in 150 ml of ultrapure water, previously boiled and degassed with argon, and then stirred under ultrawaves for 30 min maximum. Thus, 300mL of ultrapure water, freshly boiled and degassed, with the mineral suspension (3.75 g.L -1 ) and 3.8 g of NaNO3 (0.1 M) were placed in a jacketed glass reactor thermostated to 20°C at pH 5 (adjusted with HNO3 0.1 mol.L -1 ) to equilibrate over one night. Cerium(III) nitrate hexahydrate (Ce(NO3)3•6H2O 238538-100G ALDRICH chemistry) was added dropwise with a speed of 2 mL.min -1 , such as to reach a Ce concentration of 2000 mg per kg of solid phase. The pH was constantly adjusted at pH = 5, with NaOH.

After equilibrating during 24h, the solution was centrifuged (13500 G), and filtered at 0.2 μm and dried. It is noteworthy that two doping-experiments were done for goethite because we run out of material after the first set of G1 SEP experiment.

Natural samples: Madagascar lateritic profile

The natural samples come from a lateritic profile from the Highlands of central Madagascar. The profile results from the weathering of a tonalitic bedrock (554 ± 1 Ma, Kroener, 2000) under tropical conditions. The parent rock is formed by quartz, feldspar, biotite, and hornblende with magnetite-ilmenite, zircons and apatite as main accessory minerals. Primary REE-mineralogy is mainly made of allanite and chevkinite with late hydrothermal alteration represented by bastnäsite (REEcarbonate) and monazite [START_REF] Berger | Formation and composition of rhabdophane, bastnäsite and hydrated thorium minerals during alteration: Implications for geochronology and low-temperature processes[END_REF]. The REE whole-rock content is estimated at 363 ppm, with 50% of Ce, and typical chondrite-normalized REE-pattern with a decreasing slope and a minor positive Ce-anomaly (Ce/Ce* = 1.45; [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF]. From bottom to top, the profile can be divided into three C-, B-and Ahorizons, corresponding to saprolite, ferruginous zone and soil, based on the wholerock texture, mineralogy and geochemistry [START_REF] Eggleton | The regolith glossary: surficial geology, soils, and landscapes[END_REF]. The origin of the profile and REE-mass transfer is considered as autochthonous in regard of the flat topography and the Nd-isotopy [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF].

Evolution of the mineralogy, composition and microstructure of REE-minerals along the profile was described in [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF], based on observations in BSE images and electron probe microanalyses. The C-horizon is the less altered and bedrock mineralogy is still abundant. An important cracks network, filled by clays and oxyhydroxide, affects the primary texture. Primary REE-minerals have been replaced by REE-phosphates of the rhabdophane group that precipitate in the cracks network.

In the B-horizon, the magmatic texture is no longer preserved and the secondary minerals attest of precipitation under oxidizing conditions. Primary minerals of quartz, magnetite-ilmenite appear as relict in nodule made by a clay and oxyhydroxides matrix. Identified REE-minerals correspond to REE-rich Al-phosphates of the alunite supergroup and cerianite. Cerianite is preferentially found in association with Mn-and Fe-oxyhydroxides [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF]. The upper A-horizon is composed of weathering resistant minerals embedded in homogeneous fine-grained matrix of clayminerals and oxyhydroxides. The REE-minerals are phosphates of the alunite supergroup.

In terms of REE geochemistry, mass transfer calculations indicate that REE are transferred from the A-horizon and accumulate in the B-horizon to reach concentrations (2200 ppm) similar to those of ion-adsorption type deposits (Sanematsu et al., 2013;[START_REF] Li | The Genesis of Regolith-Hosted Heavy Rare Earth Element Deposits: Insights from the World-Class Zudong Deposit in Jiangxi Province, South China[END_REF]. While minor preferential leaching of HREE over LREE is observed in the A-horizon [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Laveuf | A review on the potentiality of Rare Earth Elements to trace pedogenetic processes[END_REF][START_REF] Sanematsu | Mobility of Rare Earth Elements in Basalt-Derived Laterite at the Bolaven Plateau, Southern Laos: Mobility of rare earth elements in laterite[END_REF][START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF] no significant enrichment in HREE relative to LREE is observed in the B-horizon. Cerium is the most abundant REE and occurs mainly in its trivalent oxidation state in A-and C-horizons, while it is oxidized in tetravalent form in the B-horizon [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF].

For this study, we investigated one sample for each of the three weathering horizons (MAB9-3; MAB9-4; MAB9-7). They correspond to fragments or powder of the samples previously described in [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF] and [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF].

METHOD AND CHARACTERIZATION

Mineral characterization

Mineral determination in synthetic and natural samples were characterized by X Ray Diffraction (XRD). Samples were ground using a McCrone micronizing mill, ovendried and prepared as a randomly oriented mount. The XRD patterns were recorded with a Bruker D8 powder diffractometer equipped with a SolXE Si(Li) solid state detector from Baltic Scientific Instruments using CuKa_1+2 radiation. Intensities were recorded at 0.026° 2-theta step intervals from 5 to 90° (10 s counting time per step).

Eva Bruker software associated with ICCD pdf database was used first to determine the mineralogy. Mineral assemblages were determined by Rietveld refinement with Profex/BGMN software. Refinement quality is given by the good Rp factor of 8-10%, which quantifies the difference between observed and refined points, calculated point after point.

Transmitted electron microscopy (TEM) was used to characterize material homogeneity and grain morphologies. For that purpose, samples were gently grounded in an agate mortar and ultrasonicated in an ethanol solution. A drop of the solution was then deposited on a carbon-coated copper grid. TEM images were obtained using a high resolution analytical TEM JEOL JEM-2010 with a LaB6 source (CinaM, Marseille, France), at 200kV and a point-to-point resolution of 1,9 Å. Specific surface area (ssa) measurements were performed using Belsorp-Max (Bel Japan) volumetric gas sorption instrument. Samples were initially outgassed at 80°C (hematite, δ-MnO2), 90°C (goethite), 110°C (gibbsite) or 150°C (kaolinite, hematite) for 12h under vacuum. The specific surface area for 120-1300 mg of powdered samples was estimated from the Brunauer-Emmet-Teller (BET) equation in the 0.1 ≤ P/P0 ≤ 0.25 interval of relative pressure and using 16.2 Ų for crosssectional area of molecular N2.

Cerium oxidation state in Ce-phases was determined from X-ray absorption near edge spectroscopy (XANES) at the Ce LIII-edge. The XANES spectra were collected in fluorescence mode on the LUCIA beamline at SOLEIL synchrotron (France), operating with an electron energy of 2.75 GeV and a current of the machine at 430 mA. The setup of the beamline and the parameters of the XANES spectra are identical to that detailed in [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF] using a double crystal monochromator Si(111). Ce-doped phases and Ce reference materials, Ce(IV)(SO4)2 and Ce(III)(NO3)3.6H2O diluted at 1% Ce with cellulose, were prepared as 5 mm pellets. The XANES spectra were processed with ATHENA software: Ce oxidation state of Ce-doped phases was determined through linear combination fitting using reference material spectra. No XANES data was obtained on Ce-bastnäsite because its synthesis postdates XANES acquisition session [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF].

Composition of experimental products

Composition of experimental products (fluid and solid) were analyzed at AcmeLabs (bureau Veritas, Vancouver, Canada) using ICP with mass spectrometry (MS)

techniques. The compositions of solutions (Ce, Fe, Mn, Al, Si, P) obtained from SEP applied on synthetic phases were independently determined by ICP atomic emission spectrometry (AES) at ISTerre (Grenoble, France). The Fe and Mn concentrations in solutions from the SEP applied to natural samples were also measured by ICP-AES.

The ICP-AES results are in good agreement with those obtained by ICP-MS (AcmeLab).

Sequential Extraction Procedure (SEP)

Samples were dried at 60 °C in the oven for 48 hours and then placed in the desiccator prior to SEP. Between each step, the solution was separated from the solid residue by centrifugation at 3000 rpm for 30 min. The supernatant solution is then filtered through a 0.22 μm cellulose acetate filter. Filters were rinsed with pure water, dried and weighed to evaluate the mass loss during centrifugation and filtration. The recovered solution was acidified with HNO3 1M and stored at 4 °C prior to further analyses. The protocol used in this study is inspired from the review of [START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF] consisting in a 5 steps sequential extraction. The SEP were run for different masses of starting solid material depending on material availability and reactivity. In natural samples, a mass around 500 mg of solid sample was used, that is typical of SEP protocols. For synthetic material, a first set of experiments was realized with a solid/solvent ratio relatively similar to that used for natural samples.

The initial masses were 250 mg of δ-MnO2 (M1), 250 mg of hematite (H1) and 125 mg of goethite (G1). Limited dissolution using this solid/solvent ratio led to a second set of experiments with lower solid/solvent ratio, by fixing initial masses at 40 mg for all synthetic samples. The sequence of extraction steps are presented below with reactant volumes used for natural samples. The reactant volumes were divided by two for all the SEP experiments on synthetic material.

• Step 1: ion-exchangeable fraction. The solid initial sample was treated with 30 mL of 1M ammonium acetate (NH4OAc) at neutral pH, for 2 hours under continuous agitation [START_REF] Gupta | Partitioning of Trace Metals in Selective Chemical Fractions of Nearshore Sediments[END_REF][START_REF] Castilho | Ammonium Acetate Extraction for Soil Heavy Metal Speciation; Model Aided Soil Test Interpretation[END_REF][START_REF] Trolard | Trace metals in natural iron oxides from laterites: A study using selective kinetic extraction[END_REF].

• Step 2: Mn-oxides. To the residue of step 1 was added 30 mL of 0.1 M hydroxylamine hydrochloride (HaH, NH2OH,HCl) in 0.01 M HNO3. The mixture was stirred for around only 10 min to minimize the Fe-oxide dissolution [START_REF] Chao | Selective Dissolution of Manganese Oxides from Soils and Sediments with Acidified Hydroxylamine Hydrochloride1[END_REF][START_REF] Miller | Effect of Sequence in Extraction of Trace Metals from Soils[END_REF][START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF].

• Step 3: organic fraction (fulvic acid/humic acid). The residue of step 2 was mixed with 40 mL of 0.1 M sodium pyrophosphate (Na4P2O7), at pH 10, and agitated for 2 hours [START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF][START_REF] Hass | Sequential Selective Extraction Procedures for the Study of Heavy Metals in Soils, Sediments, and Waste Materials-a Critical Review[END_REF].

• Step 4: amorphous Fe-oxyhydroxides. The step 3 residue was then treated with 40 mL of solution containing 0.25 M HaH and 0.25 M HCl for 30 min at 50 °C [START_REF] Chao | Extraction Techniques for Selective Dissolution of Amorphous Iron Oxides from Soils and Sediments1[END_REF]).

• Step 5: crystallized Fe-oxyhydroxides. Finally, we use 40 mL of 0.3 M sodium citrate (C6H5Na3O4,2H2O), with 4 mL of 1 M sodium bicarbonate (NaHCO3) and 1 g of sodium dithionite to digest the step 4 residue. The mixture was heated at 80°C in a bain-marie and constantly agitated during the first minute, and every 5 min during 15 min [START_REF] Mehra | Iron oxide removal from soils and clays by a dithionitecitrate system buffered with sodium bicarbonate[END_REF]. The treatment was repeated two times to ensure full dissolution.

In comparison to natural samples, an extraction of water-soluble fraction was also performed for the synthetic phases (referred step 0). Experimentally, pure water was added to the initial samples and agitated for 1 hour. The extracted solution was separated by centrifugation during 45 min at 4000 rpm and with decantation over one day.

All experiments were duplicated. Element concentrations of extracted solutions are coherent, and average concentrations of the two duplicates for the experiments onto synthetic phases and one Madagascar duplicate analyzed outside our laboratory.

RESULTS

Synthetic Ce-phases

Ce-doped phases

Synthetic δ-MnO2 is formed by nanometric aggregates of ultrathin sheets (Fig. 1a).

They are distinguishable on the edges where the morphology is typically wrinkled, with high specific area of 128 m 2 .g -1 (Table 1). The concentration of adsorbed Ce onto δ-MnO2 is about 1980 ppm (Table 1). XANES spectra, with dominant peaks at 5731 eV and 5740 eV indicate for Ce(IV) representing 80% of total Ce (Fig. 2, Table 1). Two sets of SEP experiments were done for δ-MnO2. In the M1 experiment, at high solid/solvent ratio, only 38% of the Mn is recovered at step 2 expected to dissolve the Mn-oxides (Fig. 3a). Other 4% and 38% are extracted at steps 3 and 4.

No Ce is extracted at step 2, but all Ce is extracted at step 4. In order to understand the processes involved at step 2, the M1 experiment was reconducted only at step 2 in the same conditions, and we analyzed the residue by XRD and TEM. The TEM image (Fig. 1b) shows a new nanocrystalline phase with a typical cubic morphology, identified as hausmannite (Mn3O4) with XRD. This means that step 2 led to a phase transition of δ-MnO2 into hausmannite at high solid/solvent ratio. In a second set of experiments (M2), the solid/solvent ratio was lowered by around 6, and dissolution of the synthetic δ-MnO2 is complete at step 2 (Fig. 3a and Table 2). Concerning the Ce, 98% of the Ce is recovered at step 2, as expected (Fig. 3a).

The synthetic goethite is mainly composed of well crystalized acicular needles with a crystal length in the range of 30 to 300 nm and a constant width of around 60 nm (Fig. 1c), for a specific surface area of 107 m 2 .g -1 . Scarce and isolated globular particles of hematite (50 µm) in the grainmass have been identified under MET and confirmed with DRX analyses, as already described in the synthesis reference [START_REF] Montes-Hernandez | Fast Precipitation of Acicular Goethite from Ferric Hydroxide Gel under Moderate Temperature (30 and 70 °C)[END_REF]. The two identical doping experiments (G1 and G2)

give distinct Ce concentrations of 500 and 230 ppm in the initial Ce-doped goethite (Table 1), attesting of possible Ce concentrations heterogeneity in the initial material.

XANES spectrum (Fig. 2) obtained on G1 shows an exclusive absorption of Ce(III).

As for synthetic δ-MnO2, two sets of SEP experiments were done for goethite. For the G1 experiment, there is insignificant dissolution until step 5, at which sample G1 dissolved only partially (less than 20% of Fe recovery). Cerium is leached at steps 0 (19%), 2 (27%), 4 (16%) and 5 (17%), to reach a total of 80% close to a full recovery (Fig. 3b). In the experiment with lower solid/solvent ratio (G2), goethite was completely dissolved at step 5. As in G1, Ce extraction occurs at steps 0 (25%), 2 (70%) and 4 (46%), for a total of 140% recovery based on an initial Ce concentration of 230 ppm. This high recovery rate is attributed to initial Ce heterogeneity, possibly correlated to the large variability of the surface area and possible hematite presence.

Hematite consists of well crystallized ovoid grains, ranging from 20 to 100 nm in diameter (Fig. 1d). The Ce-concentration is low at 10.6 ppm for a specific surface of 2 m 2 .g -1 (Table 1). The poor quality XANES spectrum (Fig. 2) for hematite shows a low signal to noise ratio because of the low Ce content but suggests around 50% of Ce(IV) (Table 1). For the SEP experiment (H1), at high solid/solvent ratio, hematite dissolves only minorly at step 5 (around 10%, Fig. 3c). The Ce was below detection limit after each extraction step, probably due to the initial low concentration in hematite.

Kaolinite occurs as well-shaped hexagonal crystals from 200 to 600 nm in length (Fig. 1f), with a specific surface of 12 m 2 .g -1 (Table 1). The Ce content doped in kaolinite reaches 295 ppm (Table 1). XANES spectrum indicates for both oxidations states with around 44% of Ce(IV) (Table 1). No Al is significantly leached during SEP (Fig. 3d), confirming no kaolinite dissolution during the experiment.

Cerium is only extracted at step 1, for a total recovery ratio of 71% (Fig. 3d).

In gibbsite, Ce concentrations are below ICP-MS detection limit, and specific surface area very low (Table 1). No significant dissolution was noticed during SEP ([Al]extracted < 1% at step 4, Table 2, Fig. 3e).

It is noteworthy that no cerianite precipitation was detected by TEM in any of the Ce-doped phases.

Synthetic Ce-analogous phases

The TEM image of cerianite (Fig. 1g) reveals well crystallized and euhedral crystals whose sizes are from 50 to 300 nm. The XANES confirms the exclusive presence of Ce(IV) (Fig. 2), as expected in Ce(IV)O2. During SEP (Fig. 3f), Ce is modestly extracted at steps 4 (1700 ppm) and 5 (3820 ppm). Both cumulated represents 0.8% of the cerianite initial mass.

Common morphology of Ce-rhabdophane consists of agglomerated needlelike crystals (50 -100 nm) typical of the fibrous morphology of this phase (Fig. 1h).

Besides the fibers, Ce-rhabdophane can occur as globular grains between 30 and 120 nm. In Ce-rhabdophane, Ce is under trivalent oxidation state (Table 1; Fig. 2).

Cerium and P were analyzed in the leachates of the SEP experiments (Table 2).

Because P enters the composition of the reagent used in step 3 (sodium pyrophosphate), the P extracted at this step is obviously overestimated.

Consequently, its concentration is excluded from the reported results at this step. As shown in Fig. 3g, P is measured in the solutions extracted at step 0 (11%), step 2 (30%) and at step 4 (52%). The presence of P in step 0 is attributed to the presence of hydrosoluble H3PO4, remaining from the synthesis [START_REF] Lucas | Rare earth phosphate powders RePO4•nH2O (Re=La, Ce or Y)-Part I. Synthesis and characterization[END_REF]. The Ce recovery is abundant at step 2 (5%) and more importantly at step 4 (47%).

The TEM image (Fig. 1i) shows that Ce-bastnäsite mainly consists of nanometric grains (10-50 nm). Results of SEP show significant Ce-bastnäsite dissolution for steps 2 (10%), 4 (15%) and 5 (5%).

Madagascar profile

Mineral characterization

Mineral modal compositions were obtained by Rietveld refinement on the X-ray diffractograms (Fig. 4). Caution for values under 2% should be taken, but presented results are supported with microscopic evidences from [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF].

Discrimination between kaolinite and halloysite is not possible, and kaolinite refers here to kaolin group mineral (included kaolinite and halloysite indifferently). The Chorizon is mainly composed of primary mineral relicts of the parent rock: feldspars dominates (34% plagioclase and 31% microcline), with amphibole (14% hornblende) and quartz (14%). Magnetite/ilmenite (5%), gibbsite (1.4%) and fluorapatite (0.6%) were detected as accessory minerals. In the B-horizon, amphibole disappears and feldspars concentration decreases to 4.5%. Quartz concentrations relatively increase towards the top of the profile. It represents 14% in the B-horizon where it is associated with kaolinite (41%), gibbsite (20%) and Fe-oxyhydroxide (15% goethite and 2% hematite). Although Mn-rich domains are observed in-situ as mixture with Fe-oxyhydroxides (e.g. [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF], Mn-oxides are not detected by XRD. The intergrown crystal of magnetite/ilmenite is still present (2%) as accessory minerals in the B-horizon. REE-minerals from the alunite-jarosite supergroup are detected at around 1% by XRD. The A-horizon is mainly composed of quartz (38%) and kaolinite (31%). Thus come gibbsite (10%), goethite (8%) and feldspar (6%). Accessory minerals are concentrated such as: magnetite/ilmenite (3.6%), hematite (1.3%) and zircon (< 1%). REE-minerals of the alunite-jarosite supergroup is again detected (< 1%). From Rietveld refinement, the presence of a pure Gd-phase is detected. Given the very few quantities refined (<0.5% with Rp = 14%), it is likely to be the pure Gdsulfate observed in-situ by [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF].

SEP results

In the C-horizon, the total extracted of each individual REE is comprised between 55 and 101% depending on the REE with a higher recovery for HREE (82%) than LREE (77%, Table 3). The main REE released occurred at step 4 for 53%, then step 3 for around 9%. At step 5, only La, Ce, Pr, Nd, Gd and Y are detected for recovery rates comprise between 8 and 15% (Fig. 5c). Extraction at other steps are negligible (<1%). While REE are mainly extracted at step 4, Fe2O3 recovery rate is less than 10% at that step (Table 4). In contrast, Al2O3 recovery rate is of 20% (Table 4) at step 4. Iron is mostly leached at step 5, representing around 65% of the total Fe2O3 recovery. No fractionation between LREE and HREE is observed at the different steps (3.2 < La/Y < 4.3, Table 3). All chondrite-normalized spectra show a negative slope from the LREE to the HREE (Fig. 6c), similar to the whole-rock pattern. However, Tb has higher extraction rates than other REE. There is a slight increase in the Ce-anomaly (Ce/Ce*) in the solutions extracted by SEP (1.1-2.0) compared to the whole-rock composition (1.1).

In the B-horizon, Ce is mainly oxidized in its tetravalent form and behaves differently from the trivalent REE. Therefore, we distinguish Ce (in its trivalent and tetravalent forms) from the other LREE that are strictly trivalent and referred further as LREE-Ce (minus). Individual extracted REE recovery varies between 39 and 147%, with higher rate for HREE (101%) than LREE-Ce (55%). Recovery rates above 100 %, as for Ce (133%), are assumed to be accounted by heterogeneity in initial starting material compared to values presented in Berger at al., (2014) used as references for normalization. The REE extractions rates for the different steps are such as they are mainly extracted at step 4 (87%), then step 5 (11%), step 2 (9%), step 3 (5%) and finally step 1 (4%). The importance of steps 4 and 5 is maximal for Ce, which is extracted at 110% and 13% respectively. In comparison, HREE and LREE-Ce are less extracted during these steps, with recovery rates increasing progressively with atomic number (Fig. 5b). A similar trend indicating a preferential fractionation of HREE compared to LREE-Ce, is also seen for step 3. Extraction rates increase all along the lanthanide series (except Ce), from 8% (La) to 57% (Lu), 2% (La) to 53% (Yb), and 4% (La) to 25% (Lu), for steps 4, 5 and 3 respectively. This is characterized by a La/Y ratio between 0.4 (step 5) and 0.9 (step 3) and by severe positive Ce anomalies reaching 41 (step 4), 19 (step 5) and 3.2 (step 3, Table 3). A negative Gd-anomaly is seen at step 4 (Gd/Gd* = 0.3). In the leachates of step 1, the recovery ratio of LREE-Ce is comprised between 11% (La) and 14% (Nd) and then decreases for the HREE from 12% (Gd) to below the detection limit (Lu). At step 1, the slope of HREE is strongly negative (GdCN/YbCN = 12) and HREE are depleted in comparison of LREE (La/Y = 4.1). There is no specific fractionation between LREE-Ce and HREE at step 2, with minimum of 6% (Ce) and maximum of 26% (Y, Fig. 5b).

The Fe2O3 recovery is relatively low at step 4 (3%), whereas Fe2O3 is totally leached at step 5 (Table 2). Concerning MnO, it is mainly recovered at step 2 (54%), and then extracted at steps 3 (21%) and 4 (15%) to reach a total recovery of 98% (Table 2).

The Al2O3 is significantly leached at step 4 (8%) and step 5 (17%), for a total recovery of 27%.

In the A-horizon, several REE concentrations in the solutions are below the ICP-MS detection limit, especially in the leachates of steps 1, 2 and 5. The total extracted REE recovery is in the range of 16 -57% (Fig. 5a). The LREE-Ce are less extracted (17%) than the HREE (27%), with Ce being the most leached (57%; Fig. 5a). The main leaching occurs at step 4, with extraction rate increasing from La (7%) to Tb (14%), and decrease slightly to Yb (10%, Fig. 5a). Cerium shows higher extraction rate (29%). The extraction rates at step 3 are similar to step 4 for LREE-Ce, but Ce is slightly smaller (20%) while Yb higher (23%). Extractions rates for the other steps are typically below few %. In the leachates, REE are slightly depleted in HREE in comparison to the whole-rock, with La/Y ratio ranging between 1.8 (step 3) and 3.0 (step 1). Each leached fraction presents a positive Ce anomaly, from Ce/Ce* = 2.9 (step 2) to 5.2 (step 4, Table 3). Concerning the major elements, Fe2O3 is mainly extracted at step 5 for 65%. The total recovery rate of Al2O3 is of 30%, mainly distributed between steps 4 (16%) and 5 (11%).

Residue modal composition

In all the horizons, minerals of the solid final residue are similar to the initial sample (XRD), indicating for limited dissolution of the main mineral assemblage, excepted for Mn-, Al-and Fe-oxyhydroxides (Fig. 7). In the C-horizon, there is a noteworthy diminution of gibbsite (1.4% to < 0.5%), magnetite (2.5% to < 1%) and apatite (< 1% to < 0.5%) in comparison of initial content (Table 5, Fig. 7). In the B-horizon, goethite is totally absent from the residue (Table 5,Fig 7), and hematite is barely detected. All other minerals line up when normalized to quartz, but not in the 1:1 line due to a quartz decrease in the B-horizon residue (14% to 4.3%, Table 5). In the C-horizon, goethite content decreases but is still present in the residue (from 8.3% to 4.9%), as for gibbsite and hematite (Table 5). All others phases increase proportionally to quartz. Importantly, mineral of the alunite-jarosite group (florencite) is preserved in the residue of the A-and B-horizons.

DISCUSSION

Insights from experiments on synthetic material

Cerium sorption and oxidation states in synthetic materials

Generally, retention capacity correlates in first order with surface specific area (Table 1). Under the doping conditions, the capacity to sorbe Ce decreases such as: δ-MnO2 (1980 ppm) > goethite (230 -500 ppm) > kaolinite (295 ppm) > hematite (11 ppm) > gibbsite (2.5 ppm). The highest retention of δ-MnO2 is related to its high specific surface area favored by the hexagonal layer symmetry [START_REF] Ohta | REE(III) adsorption onto Mn dioxide (δ-MnO2) and Fe oxyhydroxide: Ce(III) oxidation by δ-MnO2[END_REF][START_REF] Takahashi | Chemical and structural control of the partitioning of Co, Ce, and Pb in marine ferromanganese oxides[END_REF][START_REF] Grangeon | Nucleation and growth of feitknechtite from nanocrystalline vernadite precursor[END_REF]. For goethite, two different Ce concentrations of 230 and 500 ppm were measured for an identical doping protocol (Table 1). TEM images show that goethite occurs as crystals with a size ranging from 30 to 300 nm (Fig. 1e). The variability of the crystal size implies a variation of the surface area available for sorption which was measured as an average of 107 m².g -1 , but could vary from 10 to 134 m 2 .g -1 [START_REF] Montes-Hernandez | Fast Precipitation of Acicular Goethite from Ferric Hydroxide Gel under Moderate Temperature (30 and 70 °C)[END_REF][START_REF] Liu | An overview of the role of goethite surfaces in the environment[END_REF]. These variations in their surface site density and the distribution of functional group (Villalobos et al., 2003b;[START_REF] Liu | An overview of the role of goethite surfaces in the environment[END_REF] is assumed to account for the initial heterogeneous Ce concentrations measured in goethite samples (Table 1). This may account for inconsistent recovery rates for samples with high goethite concentrations that are assumed to cause an overevaluation of the REE extracted in the G2 experiment (Fig. 3b) or in the B-horizon (Fig. 5b). Despite a relatively low specific surface area of 12 m 2 .g -1 typical of KGa-1B (13 m²g -1 , [START_REF] Dogan | Baseline studies of the Clay Minerals Society source clays: specific surface area by the Brunauer Emmett Teller (BET) method[END_REF], kaolinite shows relatively high Ce-concentrations, which may be due to high cation exchange capacity on basal planes and broken bonds around the edges [START_REF] Ma | Cation exchange capacity of kaolinite[END_REF]. With low surface area (Table 1), hematite and furthermore gibbsite have low abilities to sorbe REE at their surface [START_REF] Rabung | Sorption of Eu(III) on a Natural Hematite: Application of a Surface Complexation Model[END_REF][START_REF] Gimenez | Arsenic sorption onto natural hematite, magnetite, and goethite[END_REF], although structural incorporation is not ruled out (e.g. [START_REF] Qin | Chemical speciation of scandium and yttrium in laterites: New insights into the control of their partitioning behaviors[END_REF]. The TEM images exclude cerianite co-precipitation during sorption experiments (Fig. 1).

In this study, Ce oxidation states are coherent with observations in natural environments (Table 1; Fig. 2). In Ce-phases, Ce is structurally incorporated in its tetravalent form only in cerianite. In sorption experiments, oxidation of Ce(III) at δ-MnO2 surface is coherent with the positive Ce-anomaly commonly observed in manganese oxides and experiments [START_REF] Koppi | Rare earth element trends and cerium-uranium-manganese associations in weathered rock from Koongarra, Northern Territory, Australia[END_REF][START_REF] Ohnuki | Concurrent transformation of Ce(III) and formation of biogenic manganese oxides[END_REF][START_REF] Feng | Behaviour of rare earth elements and yttrium in ferromanganese concretions, gibbsite spots, and the surrounding terra rossa over dolomite during chemical weathering[END_REF], through a proton transfer between Mn(IV) and Ce(III) (Ohta and Kawabe, metal precipitation (Castilho and Rix, 1993;[START_REF] Filgueiras | Chemical sequential extraction for metal partitioning in environmental solid samples[END_REF], as approved by the BCR [START_REF] Trolard | Trace metals in natural iron oxides from laterites: A study using selective kinetic extraction[END_REF]. Although previous studies have reported the ability of acetate to dissolve other components such as carbonates [START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF], Mn-oxides or Fe-/Mn-carbonates (see references in [START_REF] Hass | Sequential Selective Extraction Procedures for the Study of Heavy Metals in Soils, Sediments, and Waste Materials-a Critical Review[END_REF], no Ce concentration is measured at step 1 for all other experiments with synthetic Ce-phases indicating for no other desorption or dissolution at that step. Efficiency of step 1 to release the exchangeable REE is rather good with extraction of around 70% of the Ce sorbed by kaolinite (Fig. 3d). The non-extracted part could result of formation of inner-sphere complexes [START_REF] Coppin | Sorption of lanthanides on smectite and kaolinite[END_REF], that could be more important for Ce(IV) [START_REF] Klika | Vermiculite as efficient sorbent of CeIII and CeIV[END_REF]. It has been previously shown that step 3 can dissolve some Mn-oxide and partially amorphous Fe-oxides or carbonates [START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF][START_REF] Hass | Sequential Selective Extraction Procedures for the Study of Heavy Metals in Soils, Sediments, and Waste Materials-a Critical Review[END_REF]. It is why it was realized after the step 2 treatment. This shows to be efficient with no Ce release at step 3 except for the M1 experiments where hausmannite formed from δ-MnO2 dissolves partially. There is no Ce released for all other experiments at step 3, also for Ce-bastnäsite (carbonate). At step 5, goethite fully dissolves for experiments with the lowest solid/solvent ratio (G2), coherently with the results of [START_REF] Sholkovitz | Artifacts associated with the chemical leaching of sediments for rareearth elements[END_REF] and [START_REF] Trolard | Trace metals in natural iron oxides from laterites: A study using selective kinetic extraction[END_REF], while other synthetic phases dissolve minimally.

An originality of the SEP is to evaluate REE distribution between the Mn-oxides (step 2), amorphous (step 4) and well-crystallized Fe-oxyhydroxides (step 5). This 5-steps scheme, inspired from Chao, (1972) and [START_REF] Gleyzes | Fractionation studies of trace elements in contaminated soils and sediments: a review of sequential extraction procedures[END_REF], was established because REE speciation between the oxyhydroxides is relatively unknown in laterite, as in the profile from Madagascar [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF]. Few studies already discriminate between these three fractions but using preferentially oxalate-based solutions instead of HaH [START_REF] Miller | Effect of Sequence in Extraction of Trace Metals from Soils[END_REF][START_REF] Aubert | Distribution and origin of major and trace elements (particularly REE, U and Th) into labile and residual phases in an acid soil profile (Vosges Mountains, France)[END_REF][START_REF] Imai | Rare Earth Elements in Hydrothermally Altered Granitic Rocks in the Ranong and Takua Pa Tin-Field, Southern Thailand: REE in hydrothermally altered granite, southern Thailand[END_REF], which was here preferred because of the low solubility of REE-oxalate-complexes [START_REF] Mittermüller | A sequential extraction procedure to evaluate the mobilization behavior of rare earth elements in soils and tailings materials[END_REF]. While SEP results suggest that the use of HaH at step 2 is efficient to extract REE from Mn-oxides in experiments with low solid/solvent ratio (Fig. 3a), this solvent appears poorly selective to the synthetic Ce-phases at steps 2 and moreover at step 4. Most Ce doped by goethite is released at these steps, although goethite shows limited dissolution (<1%; Fig. 3b). Similar conclusions were also reached for Cd, where the Cd sorbed in goethite was partially leached (⁓20%) using HaH solution in acetic acid [START_REF] Kim | Effectiveness of a commonly used sequential extraction technique in determining the speciation of cadmium in soils[END_REF]. It shows that when sorbed by surface complexation (e.g. [START_REF] Fendorf | Sorption Mechanisms of Lanthanum on Oxide Minerals[END_REF][START_REF] Manceau | Quantitative Speciation of Heavy Metals in Soils and Sediments by Synchrotron X-ray Techniques[END_REF] rather than incorporated structurally, metals may be released from goethite before its dissolution. Not only goethite, but also Ce-rhabdophane (5.3%. and 47%), and in a lesser proportion of Ce-bastnäsite (10% and 15%) dissolve significantly at steps 2 and 4. Those results suggest the potential dissolution of rhabdophane or REE-carbonates (bastnäsite, parisite, synchysite) in natural samples using HaH as reagent. This was also shown for apatite [START_REF] Leleyter | Selectivity and Efficiency of the Acido-soluble Extraction in Sequential Extraction Procedure[END_REF], especially in natural spodsol [START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF]. In contrast to other synthetic material, cerianite dissolution is negligible at that step.

For steps 2, and 5, the solid/solvent ratio seems crucial to insure full dissolution and no possible readsorption by phase transformation [START_REF] Sholkovitz | Artifacts associated with the chemical leaching of sediments for rareearth elements[END_REF][START_REF] Leleyter | Selectivity and Efficiency of the Acido-soluble Extraction in Sequential Extraction Procedure[END_REF][START_REF] Josso | Extraction and separation of rare earth elements from hydrothermal metalliferous sediments[END_REF]. In the series of experiments with high solid/solvent ratio (M1; Fig. 1b), there is a phase transformation of δ-MnO2 into hausmannite at step 2 (e.g. [START_REF] Lefkowitz | Influence of pH on the Reductive Transformation of Birnessite by Aqueous Mn(II)[END_REF] with re-adsorption or coprecipitation of Ce into hausmannite that is then released fully at step 4. Similarly, goethite (G1) and hematite (H1) only dissolve partially for experiments with the highest solid/solvent ratio at step 5. This shows the importance to consider the solid/solvent ratio for rocks that contain significant amount of Fe or Mn as it is the case for duricrust in laterites or Fe-and Mn-polymetallic nodules [START_REF] Jiang | Enrichment mechanisms of rare earth elements in marine hydrogenic ferromanganese crusts[END_REF]Surya Prakash et al., 2012;[START_REF] Mikhailik | Distribution of rare-earth elements and yttrium in hydrothermal sedimentary ferromanganese crusts of the Sea of Japan (from phase analysis results)[END_REF].

REE speciation and fractionation in the weathering profile from Madagascar

REE speciation in lateritic minerals

In the laterite profile of Madagascar, REE recovery rate varies strongly depending on the horizons. In the A-and B-horizons, moderate recovery rates of REE and LREE-Ce are attributed to the presence of phosphates of the alunitejarosite group. In the weathering course, primary accessory minerals hosting the REE commonly alter into phosphates [START_REF] Bao | Geochemistry of mineralization with exchangeable REY in the weathering crusts of granitic rocks in South China[END_REF][START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF][START_REF] Sanematsu | Influence of phosphate on mobility and adsorption of REEs during weathering of granites in Thailand[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF], which are generally assumed to contain significant REE in laterites developed upon granites [START_REF] Banfield | Apatite Replacement and Rare Earth Mobilization, Fractionation, and Fixation During Weathering[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Ma | Mobilization and re-distribution of major and trace elements during extreme weathering of basalt in Hainan Island, South China[END_REF], basalt [START_REF] Sanematsu | Mobility of Rare Earth Elements in Basalt-Derived Laterite at the Bolaven Plateau, Southern Laos: Mobility of rare earth elements in laterite[END_REF] or carbonatite [START_REF] Nasraoui | Differentiated hydrothermal and meteoric alterations of the Lueshe carbonatite complex žDemocratic Republic of Congo/ identified by a REE study combined with a sequential acid-leaching experiment[END_REF]. Recently, [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF] estimated that phosphates (rhabdophane and alunite-jarosite) account for around 25% of the REE by combining SEP, mass balance calculation and microscopic evidences in an Indian ferrisol.

Based on REE recovery rates, REE-phosphates of the alunite-jarosite supergroup is proposed to account for around 65% of the REE and 45% of the LREE-Ce in the Aand B-horizons [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF], respectively. While no experiment was led on synthetic mineral representative of the alunite-jarosite group, its apparent persistence in the residue (florencite; Fig 7a andb) attests of its SEP resistivity. In the C-horizon, the REE contained by phosphates such as rhabdophane or fluorapatite [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF] is estimated around 25% based on REE extracted through SEP. In this study, we show however significant experimental dissolution of Ce-rhabdophane (Fig. 3g) at step 4 of the SEP. Phosphate dissolution at step 4 is also suggested by the lower abundance of fluorapatite in the residue of the C-horizon (Fig. 7c), as already suggested by the apatite reactivity in HaH [START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Leleyter | Selectivity and Efficiency of the Acido-soluble Extraction in Sequential Extraction Procedure[END_REF]. Phosphate contribution is thus proposed to be underestimated in the Madagascar profile due to dissolution during SEP in HaH solutions.

Apart from authigenic phosphates, Fe-and Mn-oxyhydroxides are also known to efficiently scavenge REE and Sc in laterites [START_REF] Nasraoui | Differentiated hydrothermal and meteoric alterations of the Lueshe carbonatite complex žDemocratic Republic of Congo/ identified by a REE study combined with a sequential acid-leaching experiment[END_REF][START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF][START_REF] Braun | REY-Th-U Solute Dynamics in the Critical Zone: Combined Influence of Chemical Weathering, Atmospheric Deposit Leaching, and Vegetation Cycling (Mule Hole Watershed, South India)[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Qin | Chemical speciation of scandium and yttrium in laterites: New insights into the control of their partitioning behaviors[END_REF]. In the Madagascar profile, the distribution related to the oxyhydroxides is controversial. The Mn-oxides, dissolve relatively well at step 2 in the oxidized B-horizon (57% of Mn recovery, Table 2) but with low REE content (Fig. 5b). However, this low REE uptake by Mn-oxide remains ambiguous due to possible goethite desorption (Fig. 3b), Mn-oxide phase transformation (Fig. 1b) and re-adsorption [START_REF] Sholkovitz | Artifacts associated with the chemical leaching of sediments for rareearth elements[END_REF][START_REF] Takahashi | Chemical and structural control of the partitioning of Co, Ce, and Pb in marine ferromanganese oxides[END_REF].

In comparison, step 4 is efficient to extract REE in the C-and B-horizons: 77% of the REE in the C-horizon, 110% of Ce and 36% of HREE in the B-horizon. Based on the minor Fe contents released at step 4 (Table 4), dissolution of amorphous Feoxyhydroxides can be ruled out. The experimental Ce desorption from goethite in HaH (Fig. 3b) suggests instead that REE extracted at step 4 may be scavenged by Fe-oxyhydroxides in the oxidized B-horizon (Fig. 4), as proposed in numerous studies for REE [START_REF] Koeppenkastrop | Uptake of rare earth elements from solution by metal oxides[END_REF][START_REF] Zhenghua | Adsorption isotherms of lanthanum to soil constituents and effects of pH, EDTA and fulvic acid on adsorption of lanthanum onto goethite and humic acid[END_REF][START_REF] Compton | Rare earth element behavior in soils and salt pan sediments of a semi-arid granitic terrain in the Western Cape, South Africa[END_REF][START_REF] Faris | Characterisation of a ferruginous rare earth bearing lateritic ore and implications for rare earth mineral processing[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF] and Sc [START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF]. In the Madagascar laterite, REE desorption is proposed to be dominant compared to structural incorporation in Fe-oxyhydroxides [START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF] because minor REE are release at step 5 except for few HREE (Tables 4 and5). The variations in Fe-oxyhydroxides crystal sizes and thus sorption capacities (Fig. 1c; [START_REF] Montes-Hernandez | Fast Precipitation of Acicular Goethite from Ferric Hydroxide Gel under Moderate Temperature (30 and 70 °C)[END_REF]) could be at the origin of local heterogeneities in REE concentrations [START_REF] Duzgoren-Aydin | Distribution of rare earth elements and oxyhydroxide phases within a weathered felsic igneous profile in Hong Kong[END_REF]. Combined with low mass sample used for SEP, this may be at the origin of inaccurate recovery rates, as obtained in the B-horizon. In the C-horizon, where goethite is not detected by XRD, dissolution of authigenic phosphates are thought to be more relevant than goethite (see discussion above). Despite of apparent gibbsite resistivity to SEP (Fig. 3e), leaching of significant Al for the three horizons at step 4 indicates partial dissolution of an Alphase that could correspond to gibbsite, based on residue mineral abundances of Aand C-horizons (Fig. 7). This Al-oxyhydroxide dissolution is not assumed to contribute significantly to REE budget, because of the generally low specific surface area of gibbsite (Table 1) and the lack of correlation between REE and Al in the three weathering horizons.

After authigenic phosphates and oxides, REE association with organic compounds (step 3) reaches 13% of the total REE in the most superficial A-horizon, though vegetation is rare above the investigated profile. Although less important in the deeper B-and C-horizons, organic compounds may play a role on REE mobilization through organic ligand complexation [START_REF] Davranche | Adsorption of REE(III)-humate complexes onto MnO2: Experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF][START_REF] Davranche | Competitive binding of REE to humic acid and manganese oxide: Impact of reaction kinetics on development of cerium anomaly and REE adsorption[END_REF][START_REF] Wan | The effect of humic acid on the adsorption of REEs on kaolin[END_REF][START_REF] Armstrong | Effect of fulvic acid on neodymium uptake by goethite[END_REF].

Common REE uptake by clays in laterites is generally attributed to the cation exchange capacity of kaolinite and halloysite [START_REF] Li | Nature of parent rocks, mineralization styles and ore genesis of regolith-hosted REE deposits in South China: An integrated genetic model[END_REF]. While kaolinite is a main mineral (30-40%) of the A-and B-horizons (Fig. 4), REE in the ion-exchange form are below few % in the Madagascar profile. This result diverges strongly from previous SEP studies in laterites developed over granitic or mafic rocks [START_REF] Bao | Geochemistry of mineralization with exchangeable REY in the weathering crusts of granitic rocks in South China[END_REF][START_REF] Imai | Rare Earth Elements in Hydrothermally Altered Granitic Rocks in the Ranong and Takua Pa Tin-Field, Southern Thailand: REE in hydrothermally altered granite, southern Thailand[END_REF]Sanematsu and Kon, 2013;[START_REF] Sanematsu | Enrichment of rare earth elements (REE) in granitic rocks and their weathered crusts in central and southern Laos[END_REF][START_REF] Sanematsu | Mobility of Rare Earth Elements in Basalt-Derived Laterite at the Bolaven Plateau, Southern Laos: Mobility of rare earth elements in laterite[END_REF][START_REF] Li | Nature of parent rocks, mineralization styles and ore genesis of regolith-hosted REE deposits in South China: An integrated genetic model[END_REF][START_REF] Fu | Chemical weathering of S-type granite and formation of Rare Earth Element (REE)-rich regolith in South China: Critical control of lithology[END_REF], particularly when kaolinite is abundant [START_REF] Wu | REE Geochemistry in the Weathered Crust of Granites, Longnan Area, Jiangxi Province: REE Geochemistry in Weathered Crust[END_REF][START_REF] Estrade | REE concentration processes in ion adsorption deposits: Evidence from the Ambohimirahavavy alkaline complex in Madagascar[END_REF]. There is little documentation on limited uptake at kaolinite surface, but similar conclusions were reached in Indian ferrisol [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF] and carbonatite laterite in DR Congo [START_REF] Nasraoui | Differentiated hydrothermal and meteoric alterations of the Lueshe carbonatite complex žDemocratic Republic of Congo/ identified by a REE study combined with a sequential acid-leaching experiment[END_REF], where REE distribute between phosphates and oxides despite the presence of kaolinite. As initially proposed by [START_REF] Sanematsu | Influence of phosphate on mobility and adsorption of REEs during weathering of granites in Thailand[END_REF], precipitation of REE-phosphates (combined with Fe-oxyhydroxides) appears thus to hamper REE sorption at the surface of clay.

Although cerianite was microscopically observed in the B-horizon and considered as a main host for tetravalent Ce [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF], high Ce recovery rate SEP indicate otherwise. According to SEP on synthetic material, cerianite is resistant to SEP and should remain in the solid residue (Fig. 3f).

Fractionation of HREE/LREE and Ce during weathering

The HREE/LREE fractionation during weathering is an important question behind petrogenetic models of ion-adsorption deposits [START_REF] Hoshino | REE Mineralogy and Resources[END_REF][START_REF] Sanematsu | Characteristics and Genesis of Ion Adsorption-Type Rare Earth Element Deposits, in: Rare Earth and Critical Elements in Ore Deposits[END_REF][START_REF] Li | Nature of parent rocks, mineralization styles and ore genesis of regolith-hosted REE deposits in South China: An integrated genetic model[END_REF]. HREE enrichment compared to LREE [START_REF] Wu | REE Geochemistry in the Weathered Crust of Granites, Longnan Area, Jiangxi Province: REE Geochemistry in Weathered Crust[END_REF], has been recently suggested to be first inherited from magmatic processes [START_REF] Bao | Geochemistry of mineralization with exchangeable REY in the weathering crusts of granitic rocks in South China[END_REF][START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF]Sanematsu et al., 2013[START_REF] Sanematsu | Influence of phosphate on mobility and adsorption of REEs during weathering of granites in Thailand[END_REF]Sanematsu et al., , 2016;;[START_REF] Estrade | REE concentration processes in ion adsorption deposits: Evidence from the Ambohimirahavavy alkaline complex in Madagascar[END_REF], but REE mass transfer and redistribution during weathering is not excluded to amplify the HREE fractionation (Sanematsu et al., 2016;[START_REF] Watanabe | Differential Fractionation of Rare Earth Elements in Oxidized and Reduced Granitic Rocks: Implication for Heavy Rare Earth Enriched Ion Adsorption Mineralization: Differential fractionation of REEs in granites[END_REF]. Experimentally, clays minerals could favor REE fractionation by selective HREE absorption [START_REF] Coppin | Sorption of lanthanides on smectite and kaolinite[END_REF]. This is supported by some studies on natural cases showing that ion-exchangeable HREE is higher than the LREE, but this far from systematic [START_REF] Imai | Rare Earth Elements in Hydrothermally Altered Granitic Rocks in the Ranong and Takua Pa Tin-Field, Southern Thailand: REE in hydrothermally altered granite, southern Thailand[END_REF][START_REF] Murakami | REE Mineralization of Weathered Crust and Clay Sediment on Granitic Rocks in the Sanyo Belt, SW Japan and the Southern Jiangxi Province, China[END_REF]Sanematsu and Kon, 2013;[START_REF] Sanematsu | Enrichment of rare earth elements (REE) in granitic rocks and their weathered crusts in central and southern Laos[END_REF][START_REF] Sanematsu | [END_REF]. In the lateritic profile from Madagascar, there is no significant HREE/LREE fractionation in the whole-rock compositions of weathered horizons compared to that of the bedrock [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF]. In the A-and C-horizons, HREE reveal to distribute similarly to LREE in authigenic phosphates and oxyhydroxides. This is different in the B-horizon, where HREE fractionate from LREE between the different mineral fractions. Phosphates of the alunite-jarosite supergroup fractionate preferentially the LREE (Fig. 5a and [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF], whereas there is a preferential HREE uptake by oxyhydroxides (steps 4 and 5; Fig. 5b andTable 3). This is coherent with previous studies in soils or within the water column indicating HREE speciation onto crystallized Feoxyhydroxide [START_REF] Land | Solid speciation and fractionation of rare earth elements in a spodosol profile from northern Sweden as revealed by sequential extraction[END_REF][START_REF] Verplanck | Rare earth element partitioning between hydrous ferric oxides and acid mine water during iron oxidation[END_REF][START_REF] Gammons | Hydrogeochemistry and rare earth element behavior in a volcanically acidified watershed in Patagonia, Argentina[END_REF][START_REF] Liu | Rare earth elements sorption to iron oxyhydroxide: Model development and application to groundwater[END_REF] and LREE-rich composition of authigenic phosphates [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF].

Clays show equivalent REE scavenging, though moderately higher LREE-Ce contribution as exchangeable cation is seen in the B-horizon (Fig. 5b).

In the B-horizon, there is a severe positive Ce anomaly (Ce/Ce* = 4.14), compared to the bedrock (Ce/Ce* = 1.45), and the other horizons (Ce/Ce* = 1.12 -1.26, [START_REF] Berger | Rare earth element mineralogy and geochemistry in a laterite profile from Madagascar[END_REF]. Laterites profiles commonly show changes in the Ce anomaly (Ce/Ce*) due to Ce oxidation in its tetravalent form, which leads to its fractionation from other trivalent REE (e.g. [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF][START_REF] Ma | Mobilization and re-distribution of major and trace elements during extreme weathering of basalt in Hainan Island, South China[END_REF]Sanematsu et al., 2013). In uppermost weathering horizons (A-or B-), preferential Ce(IV) fixation during leaching under oxidizing conditions can generate a Ce-positive anomaly [START_REF] Sanematsu | Characteristics and Genesis of Ion Adsorption-Type Rare Earth Element Deposits, in: Rare Earth and Critical Elements in Ore Deposits[END_REF]. In turn, Ce immobilization can induce a negative Ce-anomaly in counterpart fluids that can be transferred further down to the deeper horizons or evacuate in stream waters [START_REF] Leybourne | Rare earth elements (REE) and yttrium in stream waters, stream sediments, and Fe-Mn oxyhydroxides: Fractionation, speciation, and controls over REE+Y patterns in the surface environment[END_REF]. This explained for the negative Ce-anomaly that is found in some other laterites with high ion exchangeable REE (Sanematsu et al., 2013(Sanematsu et al., , 2016)). In the laterite profile of Madagascar, tetravalent Ce fractionation was attributed to a precipitation under oxidized conditions in the B-horizon [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF]. Despite of microscopic evidences of cerianite, SEP suggests REE uptake by oxyhydroxides (Fig. 5b), with much higher retention capacities for Ce(IV) compared to other trivalent REE. Only the ion exchangeable fraction in the B-horizon shows a negative Ce-anomaly (Fig. 6b), possibly due to preferential Ce(IV) fixation through non-exchangeable complexes [START_REF] Laufer | The adsorption of quadrivalent cerium by kaolinite[END_REF]. As already proposed by [START_REF] Janots | Ce(III) and Ce(IV) (re)distribution and fractionation in a laterite profile from Madagascar: Insights from in situ XANES spectroscopy at the Ce LIII-edge[END_REF] in the Madagascar profile, and more recently in a modern weathering profile from Central Japan [START_REF] Ichimura | REE redistributions during granite weathering: Implications for Ce anomaly as a proxy for paleoredox states[END_REF], this shows that whole-rock compositions are not necessarily representing the Ce redox state and possible fractionation between mineral phases during alteration.

CONCLUSION

In conclusion, the selectivity of the 5-steps SEP developed in this study is generally good, but not for the use of hydroxylamine hydrochloride. Especially, the dissolution of Ce-rhabdophane or Ce-carbonates and Ce(III)-desorption from well-crystallized goethite using this reagent may lead to erroneous interpretations in natural samples.

In samples with limited organic material, a simplified 2-steps SEP scheme (e.g. steps 1, 5) is alternatively recommended to distinguish the speciation at clay surface and in Fe-and Mn-oxyhydroxides from speciation in accessory minerals that will remain in the residue (e.g. [START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF][START_REF] Estrade | REE concentration processes in ion adsorption deposits: Evidence from the Ambohimirahavavy alkaline complex in Madagascar[END_REF]. Distinction of sorption mechanisms in Mn-or Fe-oxyhydroxides seems better by XAS methods but for single REE [START_REF] Chassé | Scandium speciation in a world-class lateritic deposit[END_REF][START_REF] Qin | Chemical speciation of scandium and yttrium in laterites: New insights into the control of their partitioning behaviors[END_REF]. In the laterite profile from Madagascar, the SEP results bring some important insights on REE speciation and fractionation. REE distribute in authigenic phosphates (alunite-jarosite and rhabdophane) and oxyhydroxides, with no evidence of HREE/LREE fractionation in the C-and Ahorizons. In the B-horizon, LREE-Ce distribute also in minerals of the alunite-jarosite, whereas Ce and HREE are preferentially uptake by oxyhydroxides. Positive Ce-anomaly usually attributed to Ce(IV) immobilization through cerianite precipitation appears here rather produced by oxidative scavenging at the surface of oxyhydroxides. In all the samples, the REE ion exchangeable fraction is low, although kaolinite is a main mineral of the A-and B-horizon. This indicates that precipitation of secondary phosphates and Fe-oxyhydroxides may adversely affect the fixation of exchangeable REE at clay surface, its bioavailability [START_REF] Braun | REY-Th-U Dynamics in the Critical Zone: Combined Influence of Reactive Bedrock Accessory Minerals, Authigenic Phases, and Hydrological Sorting (Mule Hole Watershed, South India)[END_REF], and possible formation of ion-adsorption type deposits.
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 2 Figure 2. Normalized XANES spectra at Ce LIII-edge of the synthetic Ce-material. Standard materials of Ce(IV)(SO4)2 and Ce(III)(NO3)3. 6H2O were used to fit XANES spectra and estimate Ce oxidation states before SEP.
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 3 Figure 3. SEP recovery rate of Ce and the main constituents of the synthetic Cematerials (see methods, in %). (a) δ-MnO2 experiments M1 and M2; (b) Goethite experiments G1 and G2; (c) hematite; (d) kaolinite; (e) gibbsite; (f) cerianite; (g) Cerhabdophane and (h)bastnäsite. Given low recovery rates for gibbsite and cerianite, adjusted scale detail is given in respective inserts.

Figure 4 .

 4 Figure 4. Simplified lateritic profile from Madagascar, with mineral compositions obtained by Rietveld refinement on X-Ray diffractograms (in %). In B-horizon, Feoxyhydroxides fraction is mainly represented by goethite (15 ± 0.5%). Detail of the accessory minerals are detailed below the legend. Minerals in italic are REEminerals. Values under 1% are coherent with observations from Berger et al. (2014).

Figure 5 .

 5 Figure 5. REE recovery rate at the different SEP steps (in %) and concentration of single REE versus the total REE (X(REE)/ΣREE, black line, in %). Cerium is systematically the most abundant REE (43% to 73%).

Figure 6 .

 6 Figure 6. Chondrite-normalized REE patterns of SEP experimental solutions in (a) Ahorizon, (b) B-horizon and (c) C-horizon. Vertical scale for (b) is one order magnitude higher than the two other horizons. Note that some patterns are incomplete due to REE concentrations below ICP-MS detection limit.
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 7 Figure 7. Modal abundance normalized to quartz in the residue versus initial sample.Values determined with Rietveld refinement of X-Ray diffractograms. Quartz is assumed insensitive to SEP, but underrepresented in residue compared to initial sample in B-horizon (b). In B-horizon, goethite is totally absent from the residue.
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Phase

Label N2 ssa* Ce-sorbed Ce sorbed/ssa Ce(IV)/Ce 

A-Horizon

Step d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.80 

B-Horizon

Step 

C-Horizon

Step Res 9.1 10 49 0.6 6.1 0.3 4.6 0.3 26 1.3 4.9 0.3 4.9 0.3 0.9 0.1 4.1 0.1 n.