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INTRODUCTION

Lanthanides represent a group of 14 naturally occurring elements, commonly denoted as rare earth elements (REE), which bind strongly to natural dissolved organic matter (DOM) [START_REF] Takahashi | Simultaneous determination of stability constants of humate complexes with various metal ions using multitracer technique[END_REF]Viers et al., 1997;[START_REF] Gruau | The distribution of rare-earths in groundwater: assessing the role of source-rock composition, redox changes and colloidal particles[END_REF][START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF][START_REF] Johannesson | Rare earth element concentrations and speciation in organic rich blackwaters of the Great Dismal Swamp, Virginia, USA[END_REF][START_REF] Gruau | Controls on the distribution of rare earth elements in shallow groundwaters[END_REF][START_REF] Davranche | Adsorption of REE(III)-humate complexes onto MnO 2 : experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF][START_REF] Sonke | Lanthanide-humic substances complexation. I. Experimental evidence for a lanthanide contraction effect[END_REF]Pourret et al., 2007a;[START_REF] Pédrot | Insights into colloid-mediated trace element release at soil/water interface[END_REF][START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF]Yamamoto et al., 2010). The unique property of REE is their chemically coherent behavior in natural systems. The regular variations of their chemical behavior along the series can generate DOM/solution partition coefficient (K d ) patterns with specific shapes depending on the binding conditions (i.e. the nature of the functional group involved). REE binding to humic acid (HA) experiments conducted under variable REE/HA ratios (defined as the REE to carbon molar ratio) and pH conditions exhibit changes in K d REE pattern indication that REE can bind to different type of HA sites [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF]. More precisely, REE-HA binding experiments under acidic and low REE/HA conditions yielded K d REE patterns showing an increase of heavy REE (HREE) as compared to light REE (LREE). This feature is involved by the REE binding to HA few strong sites that are similar to chelate ligands such as EDTA and have more affinity for HREE than LREE [START_REF] Sonke | Lanthanide-humic substances complexation. I. Experimental evidence for a lanthanide contraction effect[END_REF][START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF]Yamamoto et al., 2010).

Experiments conducted at high REE/HA conditions showed K d REE pattern with an increase for the middle REE (MREE) specific of REE binding with carboxylic ligands such as acetic acid [START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF]Pourret et al., 2007b). This downward MREE concavity was suggested to be developed through the REE binding with abundant and weak HA carboxylic sites. This K d REE pattern dependence to REE/HA and involved HA binding site was -4 -successfully modeled by [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF] using the specific humic-ion binding model (Model VI) developed by Tipping (1998). The modeling approach suggest that at high REE/HA conditions, although LREE are dominantly (>80%) bound to carboxylic sites, a majority of HREE (>80%) are bound to phenolic and carboxy-phenolic sites [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF]. The experimental and modeling results raise therefore the possibility that REE could be used as a tool to determine which of the carboxylic, phenolic or chelate functional groups are implicated in the binding of a given cation by HA. All cations able to compete with REE for HA binding could not only involve a quantitative decrease of the complexed REE bound to HA but also modify the REE-HA K d pattern depending on their respective affinity for carboxylic, phenolic or chelate HA sites. Conversely, variations of the REE-HA K d pattern patterns observed in presence of a competitive cation could provide additional clues to explain why REE pattern variations occur in natural, organic-rich waters (Marsac et al., 2010, and references therein).

In this respect, aluminium (Al) is of particular interest. Aluminium is abundant in natural, organic-rich waters, specifically acidic water, with Al 3+ activity up to around 10 -3 mol L -1 (Tipping, 2005). Moreover, Al has strong affinity for HA and is thus a strong competitor for cations-HA binding including REE [START_REF] Bidoglio | Complexation of Eu and Tb with fulvic acids as studied by time-resolved laser-induced fluorescence[END_REF]Tanizaki et al., 1992;[START_REF] Takahashi | Simultaneous determination of stability constants of humate complexes with various metal ions using multitracer technique[END_REF][START_REF] Dupré | Major and trace elements associated with colloids in organic-rich river waters: Ultrafiltration of natural and spiked solutions[END_REF][START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF][START_REF] Pinheiro | Effect of aluminum competition on lead and cadmium binding to humic acids at variable ionic strength[END_REF]Tipping et al., 2002;[START_REF] Lippold | Influence of trivalent electrolytes on the humic colloid-borne transport of contaminant metals: competition and flocculation effects[END_REF]. 

MATERIALS AND METHODS

All chemicals used were of analytical grade, with all experimental solutions being prepared with doubly-deionised water (Milli-Q system, Millipore). Synthetic REE solutions were prepared from a nitrate REE standard (10 mg L -1 , Accu Trace Reference Standard).

Polyethylene containers used to get REE-HA complexation equilibrium were all previously soaked in 10% Ultrapure HNO 3 for 48h at 60°C, then rinsed with deionised water for 24h at 60°C. All experiments were performed at room temperature, i.e. 20°C  2.

Humic acid

Purified humic acid (HA) was obtained from synthetic Aldrich humic acid (Aldrich, H1, 675-2). The purification was performed with the protocol of Vermeer et al. (1998), except that a tangential ultrafiltration step was added to remove any possible HA molecules <10 kDa using a Labscale TFF system equipped with a Pellicon XL membrane (PLCGC10, Millipore). Humic acid was freeze-dried and stored in a glass container. Prior to use, -6 -purified HA was solubilized overnight in a solution of 0.01 M NaCl at pH = 10 to ensure complete dissolution (Vermeer et al., 1998). The pH was adjusted to 3 in the HA suspensions, which were then filtered at 0.2µm to remove any potential precipitate and therefore to ensure studying the same HA fraction in any experiments performed even at higher pH. The dissolved organic carbon (DOC) concentration of the filtrates was then measured to assess the true HA concentration of the experimental suspensions.

Experimental set-up of the REE and Al binding to HA

A standard batch equilibrium technique was used to study the competitive effect of Al on REE binding by HA. The fourteen REE and Al were simultaneously added to HA suspension set in a 10 -2 M (NaCl) electrolyte solution. Experimental suspensions were stirred for 48 h to reach equilibrium according to the protocol defined by Pourret et al. (2007b). The pH was monitored regularly with a combined Radiometer Red Rod electrode, calibrated with WTW standard solutions (pH 4 and 7). The accuracy of pH measurements was ±0.05 pH units. At equilibrium (48 h), 10 mL of the suspension were sampled and ultra-filtered at 5 kDa to separate the REE-HA and Al-HA complexes from the remaining inorganic REE and Al.

Ultrafiltrations were carried out by centrifuging the suspension aliquots through 15 mL centrifugal tubes equipped with permeable membranes of 5 kDa pore size (Vivaspin 15RH12, Sartorius). All the membranes used were first washed with 0.15 mol L -1 HCl, then rinsed twice with ultrapure water to minimize contamination. Centrifugations were performed using a Jouan G4.12 centrifuge with swinging bucket rotor at 3000g for 30 min. The purification step that consists in removing HA fractions <10 kDa ensures that no organic molecules pass through the 5 kDa membrane at this stage of the experiments. All experiments were performed in triplicate.

-7 - expected increase of the phenolic/carboxylic ratio with increasing pH due to the higher proton dissociation constant of phenolic groups [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF]. Thus, this second series of experiments was designed to provide information about the ability of Al to compete REE for binding with HA phenolic sites. Speciation calculations carried out with PHREEQC showed that all inorganic REE occur as free aqueous REE 3+ species in the two series of experiments [START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF]Pourret et al., 2007a;[START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF]. The situation is different for Al that can form hydroxide species and precipitate as Al(OH) 3(s) in our experimental condition. Stability constants between Al and hydroxides were taken from minteq.v4 database. Aluminium activity was controlled by the precipitation of Al(OH) 3 , following the reaction:

Al(OH) 3 + 3H + = Al 3+ + 3H 2 O K SO (1) 
-8 -

The REE complexation with HA is described using the apparent partition coefficient K d , as follows:

1 3 i 1 i i d mL µgLn DOC /g L adsorbed µgLn ) (Ln K     (2)
where Ln i = La to Lu.

Solution analysis

Rare earth elements and Al concentrations were determined with an Agilent

Technologies TM HP4500 ICP-MS instrument. Ultrafiltrate, containing Al and REE inorganic species, were injected directly after adding HNO 3 to a concentration of 0.37 N. The initial suspensions were also analyzed to determine precisely total cation concentrations for each experiment. The suspensions were first digested with sub-boiled nitric acid (HNO 3 14 N) at 100°C, and then resolubilized in HNO 3 0.37 N after complete evaporation, to avoid interferences with organic carbon during mass analysis by ICP-MS. Quantitative analyses were performed using a conventional external calibration procedure. Three external standard solutions with REE and Al concentrations similar to the analyzed samples were prepared from a multi-REE and an Al standard solution (Accu Trace™ Reference, 10 mg L -1 , USA). Indium (In) was added to all samples as an internal standard at a concentration of 0.87 μmol L -1 (100 ppb) to correct for instrumental drift and possible matrix effects. Indium was also added to the external standard solutions. Calibration curves were calculated from measured REE/In and Al/In intensity ratios. As established from repeated analyses of multi-REE standard solution (Accu Trace™ Reference, USA) and the SLRS-4 water standard, the instrumental error on REE and Al analysis were below 3 and 5 %, respectively.

TOC analyzer. The accuracy of DOC concentration measurements is estimated at  5%, as determined by repeated analysis of freshly prepared standard solutions (potassium biphtalate).

PHREEQC/Model VI

Humic ion-Binding Model VI (hereafter referred to as Model VI) is a model developed by Tipping (1998), which is implemented in the geochemical code WHAM 6. This model was recently introduced into the PHREEQC (version 2) developed by [START_REF] Parkhurst | User's guide to PHREEQC (Version 2) -a computer program for speciation, batch reaction, one-dimensional transport and inverse geochemical calculation[END_REF] for the entire REE series to improve REE-HA binding description, in particular by removing the linear relationship between log K MA and log K MB [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF]. PHREEQC (version 2) is a computer code based on an ion-association aqueous model, which was designed to perform speciation and saturation-index calculations in waters.

The humic-ion binding Model VI was developed by Tipping (1998). A thorough description of Model VI can be found in Tipping (1998). The model is a discrete binding site model which takes electrostatic interactions into account. Eight sites are considered and divided into an equal number of type A sites (the weak acidic sites, commonly associated with carboxylic functional groups) and type B sites (the strong acidic sites, commonly associated with phenolic functional groups). There are n A (mol g -1 ) type A sites and n A /2 type B sites.

Proton binding is described by the two median intrinsic constants (pK A or pK B ) and two parameters defining the spread of the equilibrium constants around the median (pK A or pK B ). The intrinsic equilibrium constants for metal ions (e.g. La 3+ or Al 3+ ) and their first hydrolysis product (e.g. LaOH 2+ or AlOH 2+ ) binding are defined by two median constants (log K MA and log K MB ), together with parameters that define the spread of the values around the medians (LK 1A and LK 1B ). By considering the results from many datasets, a universal average value of LK 1 was obtained for all cations (2.8), where Tipping et al., 2011). Some of the type A and type B monodentate sites can form bi-and tridentate sites. The stability constants of these bi-and tridentate sites are defined by the sum of the log K values of the monodentate sites of which they are constituted. Cation-HA binding can occur through carboxylic groups (CG), carboxyphenolic groups (CPG) or phenolic groups (PG). A small part of the stability constants of multidentate groups are increased by the LK 2 parameter, the so-called "strong binding site term" (Tipping, 1998). LK 2 is attributed to the chelation effect or the participation of ligands, such as the nitrogen-containing groups. [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF] showed that to accurately simulate REE-HA binding, LK 2 parameter had to be optimized independently for carboxylic (LK 2C ) and phenolic groups (LK 2P ). In the present paper, sites whose stability constants with a cation depend on LK 2 will be denoted as "strong multidentate sites". An electrical double layer, where only counter-ions can accumulate, is also defined in the model.

LK 1 = pK A -LK 1A = -10 - pK B -LK 1B (appendix in
The double layer thickness is set by the Debye-Hückel parameter  = (3.29 x 10 9 x I 1/2 ) -1 [START_REF] Appelo | Geochemistry, groundwater and pollution[END_REF]. The distribution of ions between the diffuse layer and the bulk solution is calculated by a simple Donnan model. Intrinsic equilibrium constants are corrected by the Boltzmann factor that depends on HA surface area which was determined to be equal to 19000 m²/g at ionic strength of 0.01 [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF]. In this study, HA was defined as the SOLUTION_MASTER_SPECIES, SOLUTION_SPECIES and PHASES in the Errors between experiments and simulations were quantified by the root mean square error of the regression (rmse), i.e. the sum of the squares of the differences between observed and calculated log , where  is the amount of REE bound to HA per gram of dissolved organic carbon (DOC). To consider a fit as to be of good quality, two conditions had to be fulfilled, namely: i) that the total rmse calculated from the whole experimental conditions and REE were low, and ii) that the rmse values calculated for the fourteen REE were sufficiently close to each other. -15 -RMSE for REE was equal to 0.07, which is low and should indicate a good fit. Figure 4b presents experimental and simulated percentage of each REE bound to HA at pH = 6. It

RESULTS

Experimental Al competitive effect on REE-HA binding

shows that Al competitive effect on REE-HA binding is underestimated in these conditions (dash-dotted line). Furthermore, the stronger competitive effect on LREE than on HREE can not be reproduced. To improve the simulation of Al competitive effect on REE at pH > 4.5, a higher value of log K MA for AlOH 2+ than for Al 3+ would be required (not shown), which is not thermodynamically consistent.

As shown previously on REE-HA sorption edge (figure 3a), Al competitive effect on To date, Al competitive effect on cation-humics binding was generally studied at pH < 5 [START_REF] Mota | Competition of Al 3+ in complexation of humic matter with Pb 2+ : a comparative study with other ions[END_REF][START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF][START_REF] Pinheiro | Effect of aluminum competition on lead and cadmium binding to humic acids at variable ionic strength[END_REF]. Model VI parameters for Al-HA binding determined by Tipping et al. (2002) can reproduce reasonably well experimental results. However, with these parameters at pH = 6, Al-HA binding is not strong enough to limit Al(OH) 3(s) precipitation and Al competitive effect on other cations, such as REE, is also limited (Fig. 4b). Furthermore, the present experimental results clearly show that -17 -Al-HA interactions occur mainly by carboxylic HA sites rather than by phenolic HA sites.

Therefore, the chemical mechanisms defined by Tipping et al.'s (2002) set of Al-HA parameters is not precise enough to simulate cation competition for HA binding under environmental conditions. The new parameters determined in the present study describe more precisely the mechanisms of Al binding to HA. Under the circumneutral pH conditions characteristic of most natural waters, Al is therefore expected to be a significant competitor of trace metals and radionuclides presenting a high binding affinity for HA carboxylic groups as compared to phenolic groups such as LREE.

Numerous studies established that dissolved organic matter (DOM) controls the REE speciation in natural, organic-rich waters [START_REF] Bidoglio | Complexation of Eu and Tb with fulvic acids as studied by time-resolved laser-induced fluorescence[END_REF][START_REF] Takahashi | Simultaneous determination of stability constants of humate complexes with various metal ions using multitracer technique[END_REF]Viers et al., 1997;[START_REF] Gruau | The distribution of rare-earths in groundwater: assessing the role of source-rock composition, redox changes and colloidal particles[END_REF][START_REF] Johannesson | Rare earth element concentrations and speciation in organic rich blackwaters of the Great Dismal Swamp, Virginia, USA[END_REF][START_REF] Gruau | Controls on the distribution of rare earth elements in shallow groundwaters[END_REF][START_REF] Davranche | Adsorption of REE(III)-humate complexes onto MnO 2 : experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF]Pourret et al., 2007a;[START_REF] Pédrot | Insights into colloid-mediated trace element release at soil/water interface[END_REF]. Laboratory experiments here performed as well as previous studies meanwhile established that HA binding has the potential of fractionating REE depending on the involved HA binding sites and REE/HA ratio [START_REF] Sonke | Lanthanide-humic substances complexation. I. Experimental evidence for a lanthanide contraction effect[END_REF]Salters, 2006, Pourret et al., 2007b;Yamamoto et al., 2010;[START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF][START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF] The present study confirms that the REE-HA pattern depends on the REE speciation on HA and can be used as a fingerprint of the dominant HA binding sites in given pH or REE/HA conditions. Modification of REE speciation on HA -and thus in REE-HA patternis expected to occur not only in response to variations of REE/HA ratio but, to the occupation of HA sites by competitor cations, such as Al. [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling[END_REF] suggested that different effects on REE-HA pattern are anticipated depending on the affinity of competitor cations for carboxylic and phenolic sites. At pH > 5, the competitive effect of Al, occurring mainly for LREE, confirms this hypothesis. Up to now, predictions of REE speciation in natural, organic-rich waters were performed using Model VI (or the previous version Model V), using generic parameters for other cations [START_REF] Tang | Speciation of rare earth elements in natural terrestrial waters: assessing the role of dissolved organic matter from the modeling approach[END_REF]Pourret et al., 2007b).

These predictions could only give information about the total amount of REE displaced by the competitor cation but, not on the competition effect on the 14 REE taken individually.

Generic cation-HA binding parameters commonly used in Model VI are those determined initially by Tipping (1998) applying a linear relationship between carboxylic and phenolic parameters. The cations present therefore the same relative affinity for HA carboxylic and -19 -phenolic functional groups. Even if this assumption gives satisfactory modeling results for competitive experiments between two cations (Tipping, 1998;[START_REF] Peters | Americium binding to humic acid[END_REF]Tipping et al., 2002), the present REE-Al competition study shows that these generic parameters are not mechanistically sufficient to describe the effects of cation competition on REE pattern. To use geochemical models as a reliable tool to describe REE patterns in natural, organic rich-waters, a more accurate description of the different competitor cations binding behavior with HA is clearly required. In this perspective, further experimental studies of cation-REE competitive binding to HA are required, which might in turn take benefit of the "REE fingerprint" set up in this and previous studies to further highlight the complex mechanisms involved in cation binding to HA.

CONCLUSION

The -25 - -27 - 

  Figure1and show that Al 3+ binding to HA is dominant at pH < 5. AlOH 2+ binding to HA

Figure 2 illustrates

 2 Figure 2 illustrates Al influence on log K d REE patterns at pH = 3 and low REE/HA (= 1.2 10 -3 ). For [Al] = 0, REE-HA pattern increases regularly from La to Lu occurring through

Figure

  Figure 3a presents the percentage of REE bound to HA for [Al] = 0 and 10 µM for the experiments conducted at high REE/HA (2 10 -2 ) and variable pH (3 to 6). Without Al, around

  ∆pK a -∆LK 1A = 2.8). The modification of ∆LK 1A implied some modification of other parameters (log K MA = 3.3, log K MB = 6.0 and ∆LK 2C = 3) as presented in table 1. The fit can be considered of good quality because RMSE for REE is equal to 0.06. These parameters for Al-HA binding allow simulating reasonably well REE-HA patterns at pH = 3 and low REE concentration (Figure4a, line) but also at pH = 6 and [REE] = [Al] (Figure4b, line). Figure5-16 -presents the fraction of Al > 5kDa versus the pH. The new parameters for Al can also simulate reasonably well Al-HA binding.4. DISCUSSIONThe present study shows that Model VI Al-HA binding parameters have to be modifying to be able to describe Al competitive effect on REE-HA binding. To test their reliability, the new Model VI parameters for Al-HA binding determined in the present study were used to simulate the experiments of (i)[START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF], who studied Al-HA binding between pH = 4 and 4.5 at various total Al concentration and (ii)Weng et al. (2002), who studied Al-HA binding when HA is in contact with gibbsite between pH = 3.1 and 7. The conditions studied by these authors provide a good test for the present Al parameters because they differ strongly from our experiments. Figure6presents modeled versus experimental results of the amount of Al bound to HA (in mol/kg). Our data at low REE/HA, pH = 3 and varying Al concentrations are also presented. Data are close to the 1:1 line, showing a relatively good fit.The total RMSE for Al in our experiments,[START_REF] Kinniburgh | Ion binding to natural organic matter: competition, heterogeneity, stoichiometry and thermodynamic consistency[END_REF] Weng et al. (2002) is equal to 0.04. Therefore, the present Model VI Al-HA binding parameters derived from our REE-Al competitive experiments allow simulating Al-HA binding in a wide range of pH and Al to HA concentration ratio.

  Tipping E., Lofts S. and Sonke J.E. (2011) Humic Ion-Binding Model VII: a revised parameterisation of cation-binding by humic substances. Environ. Chem. 8, 225-235. Vermeer A.W.P., Van Riemsdijk W.H. and Koopal L.K. (1998) Adsorption of humic acid to mineral particles. 1. Specific and electrostatic interactions. Langmuir 14, 2810-2819. Viers J., Dupré B., Polvé M., Schott J., Dandurand J.-L. and Braun J.J. (1997) Chemical weathering in the drainage basin of a tropical watershed (Nsimi-Zoetele site, Cameroon): comparison between organic poor and organic-rich waters. Chem. Geol. 140, 181-206. Weng L., Temminghoff E.J.M. and Van Riemsdijk W.H. (2002) Aluminum speciation in natural waters: measurement using Donnan membrane technique and modeling using NICA-Donnan. Water Research 36. 4215-4226. Yamamoto Y., Takahashi Y. and Shimizu H. (2010) Systematic change in relative stabilities of REE-humic complexes at various metal loading levels. Geochemical Journal 44, 39-63.
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 1 Figure 1. Preliminary modeling study of Al speciation in the fraction > 5kDa (i.e. Al-HA + Al(OH) 3(s) ) calculated with PHREEQC/Model VI for [DOC] = 6.7 mg L -1 , [Al] = 10
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 2 Figure 2. log K d REE patterns for REE, Al competitive binding to HA experiments at pH 3 and low REE/HA ratios (1.2 10 -3 molREE/molC) for [Al] = 1 and 20 µM. Error bars
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 3 Figure 3. REE-HA binding for high REE/HA experiments: (a) effect of Al concentration on the % of REE bound to HA relative to pH. (b) log K d REE patterns with and
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 4 Figure 4. REE percentage bound to HA from experimental data and simulation using
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 5 Figure 5. Comparison between experimental and simulated percentage of Al present
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 6 Figure 6. Comparison between experimental and simulated amount of Al bound to
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  to HA. The LK 2 parameter that defines the strength of HA multidentate sites are LK 2 (Al) < LK 2 (LREE) < LK 2 (HREE). Therefore, Model VI predicts a stronger competitive effect of Al on LREE than on HREE.In the present study, REE-Al-HA binding experiments were performed simultaneously on the 14 naturally occurring REE over a range of metal loading and pH conditions. The aim of this work is threefold: i) to experimentally investigate the competitive effects of Al on REE complexation by HA in conditions that highlight the competition with the few strong multidentate and phenolic groups, respectively; ii) to evaluate the ability of PHREEQC/Model VI to predict the experimental data and to improve the quality of the modeling; iii) to test the ability of the REE to be used as a fingerprint of the mechanisms of Al binding to HA.

The competitive binding of Al and the whole REE group has not been experimentally studied. A common belief is that Al is preferentially bound to strong HA sites and is therefore a stronger competitor for HREE than for LREE. As a consequence, Al should induce a relative decrease of HREE in the K d REE pattern (Yamamoto et al., 2010; Tang and Johannesson, 2010; Marsac et al., 2011). However, this stronger competition of Al for HREE is opposite to Tipping et al. (2002) parameters of Model VI describing Al and REE -5 -binding

  preferential binding of REE to the low density strong multidentate sites with higher affinity for HREE than for LREE(Yamamoto et al., 2010;[START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF]. The presence of 1 M of Al strongly decreases the amount of REE bound to HA, while changing the log K d REE patterns which increases for MREE (MREE downward concavity). The Al concentration rise from 1 to 20 M decreases the amount of REE bound to HA, but does not influence the log K d REE pattern which remains essentially identical to that of the [Al] = 1 M experiment. Therefore, Al appears to compete more efficiently with HREE than LREE in these experiments, suggesting that Al has a higher affinity for strong multidentate sites. Because less strong sites are available, REE bind mainly to weaker HA sites present in higher concentration. At pH 3, the main REE-HA binding sites are thus carboxylic ligands whose stability constants increase for MREE.

  REE-HA binding is low at pH < 4 and become stronger at pH > 4. From a modelling point of view, this behaviour could be explained by different ∆LK 1A for Al and REE. Indeed, ∆LK 1A represents the spread of stability constants between a cation and HA carboxylic groups around log K MA value. An increase of this spread decreases Al stability constants with half of HA carboxylic groups, presenting the lower pK a and log K with REE, and increases it for the second half. Therefore, an increase of ∆LK 1A would lead to a decrease of Al-HA binding at low pH and to an increase of Al-HA binding at high pH, accompanied with the corresponding competitive effect on REE-HA binding. Model VI parameters for Al 3+ determined above were used as initial values for data fitting. Log K MA and log K MB for AlOH 2+ were set equal to Al 3+ ones but ∆LK 2C and ∆LK 2P were set equal to 0 for AlOH 2+ . The best fit was obtained with ∆LK 1A (Al) = 2.7, against -0.7 as determined byTipping et al. (1998) for every cation (i.e.

  . For low REE/HA, when REE-HA binding occurs mainly through strong multidentate sites, REE patterns of natural, organic-rich waters are expected to show a progressive increase from La to Lu. By contrast, when REE-HA binding is dominated by weak carboxylic sites (i.e. for high REE/HA), patterns are expected to exhibit a MREE downward concavity(Yamamoto et al., 2010;[START_REF] Marsac | Metal loading effect on rare earth element binding to humic acid: Experimental and modeling evidence[END_REF]. By compiling data from natural, organic-rich waters,Marsac et al. 

	(2010) recently showed that REE patterns effectively displayed variations that could be partly
	due to the REE/HA (or metal loading) effect. The true occurrence of this effect is however
	challenged by other mechanisms able to potentially fractionate REE. The competitive effect
	generated by other cations such as Al and Fe is one of possible mechanisms (Tang and
	-18 -

  Johannesson, 2010).Yamamoto et al. (2010) suggested that even low concentrations of Al and Fe could delete the above "low REE/HA" fractionation process. The experiments at pH 3 and low REE/HA reported in the present study show that Al competition has effectively the potential of limiting the higher HREE-HA binding confirming this suggestion. However, at pH > 5, the contrary is observed. Aluminium occurrence decreases LREE binding to HA.Therefore, these results show that the Al binding to HA in circumneutral waters could promote HREE enrichment in the dissolved fraction (i.e. < 0.2 µM) due to HREE higher affinity for HA binding as compared to that of LREE. In other words, Al competition with REE at circumneutral pH enhances the metal loading effect on REE-HA pattern.

  competition experiments between REE and Al show different Al competition effects depending on the pH and the REE/HA ratio. Under acidic (pH = 3) and low REE/HA conditions, Al 3+ as the dominant Al species compete more strongly with HREE than with LREE. Therefore, Al 3+ has high affinity for the few amount of HA strong multidentate sites. is pH dependent. From our experimental results, we can conclude that, the presence of Al should enhance the metal loading effect on REE-HA pattern (i.e. an increase from LREE to HREE) since Al is not expected to bind efficiently neither to HA phenolic groups nor to the low amount of HA strong multidentate groups. As deduced from the different behavior depicted by the different Al species, other potential competitor cations are expected to have their own competitive effect on REE-HA binding. Therefore, a precise knowledge of the exact behavior of the different REE competitor cations is required in order to reliably understand and model REE-HA pattern variations in natural waters. Finally, the REE-HA patterns resulting from Al competition were used as a probe to evaluate Al ability to bind to different HA sites (carboxylic, phenolic or chelate ligands). This ability of the REE to be used as a "speciation probe" could be applied to other cations in order to precisely describe their interactions with HA. sediments: Implications for rare earth element complexation with organic matter in natural waters. Geochim. Cosmochim. Acta 74, 6690-6705.
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  Table and Figure Captions Table 1. log K MA , log K MB , LK 2C and LK 2P for Al 3+ and AlOH 2+ determined by Tipping et al. (2002) and fitted from the present experimental data using PHREEQC/Model VI adjusting or not the parameter LK 1A . ( * ) In the present study LK 2C and LK 2P for AlOH 2+ were set equal to 0.
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