Mélanie Davranche 
email: melanie.davranche@univ-rennes1.fr
  
Gérard Gruau 
  
Aline Dia 
  
Rémi Marsac 
  
Mathieu Pédrot 
  
Olivier Pourret 
  
Biogeochemical factors affecting rare earth element distribution in shallow 1 wetland groundwater 2 3

Keywords: rare earth elements, wetland, organic matter, colloids, sorption

Wetlands are specific areas able to regulate metals mobility in the environment. Among metals, rare 15 earth elements (REE) appear to be particularly interesting because of the information that could be provided by 16 the REE patterns. Moreover, as REE are becoming a matter of great economic interest, their significant release 17 into the environment may be expected over the next few decades. Wetlands would then play a key role in the 18 regulation of their concentration in the environment. This review demonstrated that REE are released in wetland 19 bound to colloidal organic matter. During the flood season, the released REE concentrations are largely higher 20 than those released during the wet period. This solubilisation is related to the organic matter desorption caused 21 by the pH rise imposed by the reducing reactions. The resulting REE patterns depend on the heterogeneity of the 22 humic acid (HA) binding sites and the presence of potential competitive cations, such as Fe(III) and Al(III). At 23 high REE loading, REE are bound to HA carboxylic groups and the pattern exhibit a MREE downward 24 concavity. At low loading, REE are bound to phenolic and chelate groups and the pattern exhibits a lanthanide 25 contraction. At low loading, REE seem to act as cationic bridges between two organic molecules, whereas at 26 high loading they seem to be engaged in strong multidentate bonding. Moreover, the REE patterns can be 27 modified with the competitive cations amount and speciation. The prime factor governing all these processes is 28 pH, which drives the organic colloid production, REE loading and solubility of competitive cations. 29 30

Introduction

34

Rare earth elements represent a group of 15 elements, specifically the lanthanides. They are often 35 referred to as REE. These 15 elements share common physiochemical properties and therefore often occur 36 together. In aquatic systems, with regards to their slight solubility, REE concentrations are low compared to their 6 and truly dissolved (< 1 kDa) phases, showed that the association of REE with colloids increases with increasing 158 pH.

159

If colloids are regarded as the main transfer and binding phases of REE in wetland solutions and waters, 160 the Fe and organic matter phases are the major components of the colloids encountered and formed in wetlands 161 or waterlogged soils. The term wetland covers a large diversity of areas subject to various hydrodynamic and 162 climatic conditions, which drastically influence the nature of the colloids released in solution. Andersson et al. 163 (2006) demonstrated that in subarctic boreal rivers draining organic-rich soils, two different REE colloid phases 164 can be distinguished. During the sole spring flood, subsequent to soil saturation, small organic-rich colloids (3 165 nm) are released. By contrast, large Fe-rich colloids (12 nm) are formed during the winter and spring floods.

166

Rare earth elements are bound to both C-rich and Fe-rich colloids. However, the amount of released REE is 167 higher during the spring flood when organic-rich colloids are present. Moreover, the subsequent LREE-enriched 168 REE pattern suggests that REE are released with the organic-rich colloids found in the litter of the organic-rich 169 topsoil. In a temperate climate, in swamp water, speciation modeling and voltammetric titrations indicated that 170 dissolved REE in Great Dismal Swamp waters are controlled by the complexation of REE with natural organic 171 matter [START_REF] Johannesson | Rare earth element concentrations and 484 speciation in organic rich blackwaters of the Great Dismal Swamp, Virginia, USA[END_REF]. Neubauer et al. (2013) applied Flow Field-Flow Fractionation analyses amorphous Fe(III)-nanoparticles embedded within the organic matter which are poor in REE and trace elements.
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The controlling parameters of the REE distribution between organic and Fe-rich colloids probably does not 181 account for climate or redox conditions. The same organic colloidal binding was demonstrated to dominate REE 182 speciation in the humid tropical watershed in Cameroon (Viers et al. 1997;[START_REF] Braun | Solid/liquid REE fractionation in the lateritic 421 system of Goyoum, East Cameroon: the implication for the present dynamics of the soil covers of the humid 422 tropical regions[END_REF]). Moreover Pédrot 183 et al. (2008), who performed leaching experiments on wetland soils under oxidizing conditions, provided 184 evidence that REE speciation is dominated by their binding with organic colloids, such as under reducing 185 conditions [START_REF] Grybos | Is trace metal release in wetland soils controlled by 476 organic matter mobility or Fe-oxyhydroxide reduction?[END_REF]. By contrast, it has been shown that REE patterns and therefore speciation in 186 shallow groundwater along a catchment transect are strongly related to the topography [START_REF] Dia | The distribution of rare-earths in 449 groundwater: assessing the role of source-rock composition, redox changes and colloidal particles[END_REF] [START_REF] Bau | Scavenging of dissolved yttrium and rare earths by precipitating iron oxyhydroxide: 418 Experimental evidence for Ce oxidation, Y-Ho fractionation, and lanthanide tetrad effect[END_REF] 200 [START_REF] Davranche | Adsorption of REEIII-humate complexes 444 onto MnO 2 : Experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF]. By contrast, in wetland soils with a high organic C/Fe ratio, the REE patterns solubilized 201 under reducing conditions did not exhibit any Ce anomaly. [START_REF] Davranche | Impact of humate complexation on the adsorption of REE 447 onto Fe oxyhydroxide[END_REF][START_REF] Davranche | Adsorption of REEIII-humate complexes 444 onto MnO 2 : Experimental evidence for cerium anomaly and lanthanide tetrad effect suppression[END_REF] Biological parameters could potentially influence the REE distribution in wetland waters through direct 8 shape was further attributed to the binding of REE as inner sphere complexes with carboxylic and multiple 219 phosphate sites occurring on the surface cells (Takahashi et al. 2010;Ngwenya et al. 2010;Martinez et al. 2014). 10 carboxylic and phenolic groups, respectively against for Elliot soil: 8.28 and 1.87 meq g -1 C for carboxylic group 279 and phenolic groups, respectively) (Ritchie and Perdue, 2003). Furthermore, even if humic acid represent 15% of 280 DOC in wetlands versus 10% of DOC in rivers (Thurman, 1985), it is well known that fulvic acids are generally 281 much more abundant in natural waters. However, for experimental convenience such as product avaibility and [START_REF] Dia | The distribution of rare-earths in 449 groundwater: assessing the role of source-rock composition, redox changes and colloidal particles[END_REF]. Although the redox conditions 620 became moderately reduced, the REE pattern was not significantly modified, suggesting that no drastic REE 621 speciation change occurs. that REE are bound at more than 90% to colloidal organic matter [START_REF] Gruau | Controls on the distribution of rare earth 474 elements in shallow groundwaters[END_REF]Johannesson et al., 2005; 631 Pourret et al., 2007a). conditions and the reductive dissolution of soil Fe oxides [START_REF] Dia | The distribution of rare-earths in 449 groundwater: assessing the role of source-rock composition, redox changes and colloidal particles[END_REF]. Although the redox conditions became moderately reduced, the REE pattern was not significantly modified, suggesting that no drastic REE speciation change occurs. although the modeling calculations using Model V, Model VI, Voltammetry and ultrafiltration analysis showed that REE are bound at more than 90% to colloidal organic matter [START_REF] Gruau | Controls on the distribution of rare earth 474 elements in shallow groundwaters[END_REF]Johannesson et al., 2005;Pourret et al., 2007a). 
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  demonstrated that the 202 suppression of the Ce anomaly in organic-rich water is explained by the organic speciation of the REE. In this 203 type of water, REE and Ce are bound to organic molecules. Although Fe and Mn could be present in the 204 medium, this organic matter-mediated complexation prevents any Ce(III) scavenging/oxidation by Fe and Mn 205 oxides from occurring. Therefore, in the bottomland, the REE signature is sourced in the organic matter in the 206 uppermost soil and its solubilization as an organic colloid in the wetland soil solution. 207 Therefore along a toposequence, REE patterns, speciation and transfer are mainly controlled by organic 208 colloids in bottom land soils (wetland soils) or Fe-rich colloids in the upland soil (well-drained soils). The 209 composition, organic or Fe-rich, of such colloids is dependent on the soil composition. and on mechanisms that 210 control colloid formation and transfer in solution such as, for instance, hydrodynamic conditions.

  282 REE-humic complexes separation from solution, humic acid remains generally chosen. If fulvic acids are more 283 soluble than humic acids, both present higher abundance of carboxylic weak sites than phenolic strong sites and 284 the sorption mechanisms on their surface are identical. The REE pattern resulting from binding with fulvic acids 285 would therefore not differ from those corresponding to humic acids-mediated binding. The only 286 carboxylic/phenolic site ratio between humic and fulvic acids could weakly modify the REE pattern developed 287 when identical physico-chemical conditions prevail. 288 289 3.1. REE loading and HA surface heterogeneity 290 291 Marsac et al. (2010; 2011) demonstrate that the discrepancy between these two types of REE patterns is 292 explained by the combined effect of metal loading and the surface heterogeneity of HA. At low loading, REE are 293 complexed to strong but less abundant HA sites, namely phenolic and/or multidendate/chelating sites. The 294 resulting REE patterns show a lanthanide contraction. By contrast, at high metal loading, REE are complexed to 295 weak but more abundant HA sites, namely the carboxylic group. The resulting REE pattern exhibits a MREE 296 downward concavity. These authors developed two approaches to obtain this result. In a first step, they 297 compared their experimental log Kd REE-HA patterns with the pattern for the stability constants (log K) of 298 REE-organic model ligands. Humic acids can be considered as a group of discrete sites. The major sites 299 identified on the HA surface are the carboxylic and phenolic groups, which can form monodentate or 300 multidentate complexes. Using this simplified representation, HA binding properties can be compared with the 301 binding properties of model organic ligands. Figure 6 displays the pattern of the log K REE-carboxylic model 302 ligand, namely acetic acid (Fig.6a), the REE-phenolic model ligand, namely catechol (Fig.6b) and the REE-303 chelate ligand model, namely nitrilotriacetic acid (NTA) (Fig.6c)[START_REF] Byrne | Comparative complexation behaviour of the rare earth elements[END_REF]. The REE patterns 304 corresponding to the binding of REE with acetate (carboxylic group) exhibit a MREE downward concavity, 305 whereas catechol and NTA (phenolic and chelate group) exhibit a lanthanide contraction effect corresponding to 306 both REE-HA patterns obtained at high and low metal loading, respectively. Figure6dplots the evolution of the 307 log(K Lu-organic ligand /K La-organic ligand) relative to the average log K REE-organic ligand for the 101 14 geochemical behavior and tracing properties". Dr. Sara Mullin is acknowledged for post-editing the
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 567812 Fig. 5. (a) Log Kd REE pattern on the colloidal HA surface at pH = 6 (Pourret et al., 2007b). (b) Apparent log 
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 3 Fig. 3. Evolution of the REE pattern in shallow groundwater relative to the topography in the Mercy sub-catchment (Brittany, France) (Pourret et al. 2010).
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 4 Fig. 4. UCC normalized REE patterns in the dissolved fraction (< 0.2 m) of the organic-rich wetland solutions from the a) Kervidy Naizin wetland (France) (DOC ≈ 15 ppm), c) Great Diswal swamp (USA) (DOC from 5.3 to 115 ppm) and c) Le Home-Pleine Fougères wetland (France) (DOC ≈ 27 ppm). The REE patterns are different
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 56 Fig. 5. (a) Log Kd REE pattern on the colloidal HA surface at pH = 6 (Pourret et al., 2007b). (b) Apparent log  REE-HA at pH = 6 (Sonke and Salters, 2006).
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 78 Fig. 7. Evolution of REE speciation on the HA site described in PHREEQC-Model VI relative to the pH at high loading.
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 1 REE speciation in shallow groundwater from the Naizin (France) riparian wetland(Pourret et al. 2010).609Calculations were performed using Model VI and the optimized data produced byPourret et al. (2007a).
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 1 REE speciation in shallow groundwater from the Naizin (France) riparian wetland(Pourret et al. 2010).Calculations were performed using Model VI and the optimized data produced byPourret et al. (2007a).

Neubauer et al. 2013). Vasyukova et al. (2012), who studied the distribution of 50 major and trace elements in Fe

and organic-rich boreal surface waters (either draining wetlands or not) between the colloidal (1 kDa-0.22 m)

(FlowFFF) to waters sampled in a small stream draining an unpolluted wetland (Tanner Moor) in Upper Austria 173 to study the REE colloidal distribution. They showed that the REE size distribution corresponds to that of 174 organic matter, i.e. REE are bound to organic-rich colloids. Same results were obtained byStolpe et al. (2013) 175 using FFF separation for alaskan rivers water samples. This strong binding of REE by organic matter was 176 confirmed by several field, experimental and modeling studies(Tang and Johannesson 2003; Johannesson et al. 177 2004; Sonke and Salters 2006; Pourret et al. 2007a,b; Stern et al. 2007; Pédrot et al. 2008;[START_REF] Kerr | Hydrologic and biogeochemical controls on trace 493 element export from northern Wisconsin wetlands[END_REF] 

[START_REF] Davranche M Grybos | Rare earth element patterns: A tool for 440 identifying trace metal sources during wetland soil reduction[END_REF]. Moreover,[START_REF] Davranche M Grybos | Rare earth element patterns: A tool for 440 identifying trace metal sources during wetland soil reduction[END_REF] demonstrated that Fe occurs mainly in wetland soils as

and indirect mechanisms. Several authors have demonstrated the ability of the bacterial cell surface to bind REE 216(Takahashi et al. 2005; 2010; Ngwenya et al. 2009; 2010). The resulting REE pattern exhibits a tetrad effect and

a prominent enrichment in HREE (from Er to Lu). Based on EXAFS evidence and modeling calculations, this

Simpson et al. (2007) suggested that bacterially derived biomass could constitute more than 50 % of the total soil 221 organic carbon in aerobic soils. However, in wetlands, with regards to the temporary or permanent saturation of 222 the soil, the bacterial activity is low, the nitrate respiratory or Mn and Fe reduction is less energetic compared to 223 the O 2 respiratory in soil where aerobic conditions prevailed. A direct consequence is that organic molecules are 224 transformed into humic substances rather than being degraded. The proportion of bacterial biomass as compared
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