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Colloids have been recognized as key vectors of pollutants in aqueous environment. Amongst them, those formed by iron (Fe) and organic matter (OM) are of major importance due to their ubiquity in the surface environment and strong affinity for metals. In the recent years, Fe stable isotopes have been increasingly used to elucidate the sources and biogeochemical cycling of Fe in Earth's surface environments. In this study, we aim to elucidate (i) the possible Fe isotopic signature resulting from the Fe/OM colloid formation and (ii) the mechanisms involved in the development of such isotopic signature. For this purpose, Fe-OM associations were synthesized through binding and titration experiments. Various pH levels were used in order to study the isotope behavior of Fe occurring as free species at pH 1, as Fe-OM complexes at pH 2 and as mixed Fe-oxyhydroxide/OM nanoaggregates or particles at pH 6.5. Organic matter-free, Fe-free and OM membrane-deposition experiments were also performed. These suspensions were (ultra)filtered at 0.2 µm, 30 kDa and 5 kDa to evidence the possible Fe isotope fractionation between fractions. This protocol allowed also testing the potential of (ultra)filtration techniques to generate isotope fractionation. The results provided evidence that abiotic Fe precipitation, (ultra)filtration techniques and OM deposition were not able to produce significant Fe isotope fractionation under the experimental conditions. However, at circum-neutral pH, the Fe-OM binding and titration experiments displayed a significant enrichment of heavy Fe isotopes in the < 30 kDa fractions relative to the total Fe pool δ 56 Fe = 0.35 ± 0.05‰ and 0.26 ± 0.05‰ (95% confidence interval, 2σ and relative to international standard IRMM-14), respectively. Mass balance and error propagation calculation showed Fe isotope fractionation in binding and titration experiments between the > 30 kDa and < 30 kDa fractions for -0.35 ± 0.05‰ and -0.27 ± 0.05‰, respectively. This Fe isotope fractionation could be due to the complexation of Fe by OM in the < 30 kDa fractions. At pH 2, the OM-free experiment, the < 30 kDa fraction showed Fe isotope ratio δ 56 Fe = 0.75 ± 0.03‰ with an enrichment in heavy Fe isotopes of δ 56 Fe' = 0.14 ± 0.04‰ relative the total Fe pool (δ 56 Fe' is δ 56 Fe value which was corrected by δ 56 Fe of total fraction). This enrichment in heavy Fe isotopes induced an isotopic fractionation factor of -0.87 ± 0.26‰ between the > 30 kDa and < 30 kDa fractions produced by the complexation between the heavy Fe isotopes and OH -ligands in the < 30 kDa fraction. Natural Fe-OM associations were further investigated through oxidation experiments of a reduced wetland soil solution.

The oxidized soil solution was (ultra)filtered at 5 µm, 3 µm, 0.2 µm, 30 kDa and 5 kDa. The highest δ 56 Fe was obtained in the smallest size fraction, i.e. < 5 kDa fraction, yielding a negative isotopic fractionation Δ 56 Fe >5kDa -<5kDa = -0.23 ± 0.08‰ suggesting that Fe heavy isotopes are preferentially bound to small humic OM molecules in the form of Fe monomers or small clusters. This study highlights the importance of organic matter for metals' isotopic systems.

INTRODUCTION

Iron (Fe) cycle is of major importance in the control of the environmental behavior of many chemical organic or inorganic elements. In aquatic surface environments, Fe can be distributed between truly dissolved, colloidal and particulate fractions, with a strong control of physico-chemical conditions (pH, Eh, etc) and organic and inorganic ligands [START_REF] Pokrovsky | Iron colloids/organic matter associated transport of major and trace elements in small boreal rivers and their estuaries (NW Russia)[END_REF][START_REF] Allard | Revealing forms of iron in river-borne material from major tropical rivers of the Amazon Basin (Brazil)[END_REF][START_REF] Liang | Influence of hydrogeochemical processes on zero-valent iron reactive barrier performance: A field investigation[END_REF][START_REF] Sigg | Kinetic and equilibrium Fe isotope fractionation between aqueous Fe (III) and hematite[END_REF][START_REF] Dos | Contrasting iron isotopic compositions in river suspended particulate matter: the Negro and the Amazon annual river cycles[END_REF]. In surface waters, groundwaters and soil solutions, Fe is largely present as colloids or nano-aggregates in which Fe(III) is often bound to organic matter (OM) [START_REF] Pokrovsky | Fe-Al-organic Colloids Control of Trace Elements in Peat Soil Solutions: Results of Ultrafiltration and Dialysis[END_REF][START_REF] Guénet | Evidence of organic matter control on As oxidation by iron oxides in riparian wetlands[END_REF][START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. Such colloids are produced via anthropogenic forcing, physical and geochemical processes such as, alteration or erosion, and redox cycles resulting from water saturation/desaturation of soils [START_REF] Busigny | Iron isotopes in the Seine River (France): Natural versus anthropogenic sources[END_REF][START_REF] Hirst | Characterisation of Fe-bearing particles and colloids in the Lena River basin, NE Russia[END_REF]. Their production actually increases in response to the environmental changes associated with an increase in the frequency and intensity of rainfall and permafrost thawing [START_REF] Shirokova | Biogeochemistry of organic carbon, CO2, CH4, and trace elements in thermokarst water bodies in discontinuous permafrost zones of Western Siberia[END_REF][START_REF] Manasypov | Seasonal dynamics of organic carbon and metals in thermokarst lakes from the discontinuous permafrost zone of western Siberia[END_REF]. Such Fe-rich colloids are strong sorbents of contaminants (organic or inorganic) and subsequently key vectors of pollutants (e.g. [START_REF] Pédrot | Insights into colloid-mediated trace element release at the soil/water interface[END_REF]. The increase of their production, natural or not, can have dramatic consequences for the water and soil quality. Recently, [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF] demonstrated that the structural arrangement of Fe-OM colloids, controls their metal(loid) binding capacity which is dependent of their Fe/OM ratio rather than the specific surface area. Under environmental conditions, the Fe/OM ratio depends on the physico-chemical conditions prevailing during colloid formation. The most important parameters are the redox conditions, the pH and the OM properties. Elucidating the impact of such parameters on the colloids formation is therefore crucial but not trivial. Several characterization approaches could be used, for example, (i) fine structural characterization techniques such as X-ray absorption spectroscopy (XAS), small-angle X-ray scattering SANS or Small-angle X-ray scattering (SAXS), [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF] and (ii) the variation of the Fe isotopic signature (expressed as δ 56 Fe or δ 57 Fe relative to international standard IRMM-14). Iron isotopic fractionation has been shown to be able to trace biogeochemical processes and iron sources modern in Earth's surface environment [START_REF] Bullen | Demonstration of significant abiotic iron isotope fractionation in nature[END_REF][START_REF] Welch | Kinetic and equilibrium Fe isotope fractionation between aqueous Fe(II) and Fe(III)[END_REF][START_REF] Wiederhold | Iron isotope fractionation in oxic soils by mineral weathering and podzolization[END_REF][START_REF] Johnson | The Iron Isotope Fingerprints of Redox and Biogeochemical Cycling in Modern and Ancient Earth[END_REF][START_REF] Dauphas | Iron Isotope Systematics[END_REF][START_REF] Abadie | Iron isotopes reveal distinct dissolved iron sources and pathways in the intermediate versus deep Southern Ocean[END_REF]. The principal mechanisms expected to fractionate Fe isotope ratios include (i) abiotic Fe(II) oxidation and isotope exchange between Fe(II) and Fe(III) [START_REF] Welch | Kinetic and equilibrium Fe isotope fractionation between aqueous Fe(II) and Fe(III)[END_REF], (ii) bacteria-mediated Fe(II) oxidation (e.g. [START_REF] Croal | Iron isotope fractionation by Fe(II)-oxidizing photoautotrophic bacteria[END_REF], (iii) bacteria-mediated Fe(III) reduction [START_REF] Icopini | Iron isotope fractionation during microbial reduction of iron: The importance of adsorption[END_REF][START_REF] Crosby | The mechanisms of iron isotope fractionation produced during dissimilatory Fe(III) reduction by Shewanella putrefaciens and Geobacter sulfurreducens[END_REF] (iv) complexation by organic ligand [START_REF] Dideriksen | Equilibrium Fe isotope fractionation between inorganic aqueous Fe(III) and the siderophore complex, Fe(III)-desferrioxamine B. Earth Planet[END_REF][START_REF] Morgan | Fe isotope fractionation during equilibration of Fe-organic complexes[END_REF] (v) Fe(II) sorption onto Fe(III) oxyhydroxides [START_REF] Teutsch | Adsorption as a cause for iron isotope fractionation in reduced groundwater[END_REF][START_REF] Frierdich | Iron isotope fractionation between aqueous Fe(II) and goethite revisited: New insights based on a multi-direction approach to equilibrium and isotopic exchange rate modification[END_REF] and (vi) precipitations of ferric oxyhydroxides [START_REF] Johnson | Isotopic fractionation between Fe (III) and Fe (II) in aqueous solutions[END_REF][START_REF] Wu | Stable iron isotope fractionation between aqueous Fe(II) and model Archean ocean Fe-Si coprecipitates and implications for iron isotope variations in the ancient rock record[END_REF]. To be able to investigate Fe isotope composition of colloids under natural conditions (rivers, estuaries, etc.), several studies used ultrafiltration separation techniques. In boreal waters, [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF] reported that δ 57 Fe increases with the decreasing Fe/C org molar ratio while a reverse trend was observed by [START_REF] Schroth | Glacial influence on the geochemistry of riverine iron fluxes to the Gulf of Alaska and effects of deglaciation[END_REF] and [START_REF] Escoube | Iron isotope systematics in Arctic rivers[END_REF] in OM-rich colloids from high-latitude streams and meltwater due to active redox cycling. In estuaries, the flocculation of humic acid-rich colloids is a well-known process [START_REF] Sholkovitz | Flocculation of dissolved organic and inorganic matter during the mixing of river water and seawater[END_REF]. [START_REF] Escoube | Iron isotope systematics in estuaries: The case of North River, Massachusetts (USA)[END_REF] and [START_REF] Rouxel | Iron Isotope Variations in Coastal Seawater Determined by Multicollector ICP-MS[END_REF] showed that colloid flocculation in estuaries produces insignificant Fe isotope fractionation. These observations were only possible thanks to the use of the size fractionation method allowing the discrimination of the prevailing chemical processes between dissolved and particulate Fe pools. However, several studies suggested that (ultra)filtration techniques may induce analytical artifacts in response to charge separation, diffusion, or filter clogging by OM [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF][START_REF] Escoube | Iron isotope systematics in Arctic rivers[END_REF] .

It is recognized that Fe is almost present as Fe/OM nanoaggregates in circum-neutral pH natural waters (e.g. [START_REF] Allard | Revealing forms of iron in river-borne material from major tropical rivers of the Amazon Basin (Brazil)[END_REF] which exert a major control on Fe isotope composition in streams and rivers water [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF][START_REF] Escoube | Iron isotope systematics in Arctic rivers[END_REF]. The exact control of Fe isotope composition in different colloidal sizes remains poorly known, and it is often difficult to disentangle source effects (i.e. different Fe pools having different origins) from isotope fractionation effects (i.e. different Fe pools undergoing Fe isotope exchange among them). As a consequence, the aim of this study was to elucidate the mechanisms involved in the Fe isotope fractionation resulting from the formation of Fe/OM nano-associations, and shed new light on the application of Fe isotope systematics of aqueous and weathering environments. We therefore designed experiments to produce synthetic Fe-OM associations and decipher the resulting Fe isotopic fractionation. This study focuses on the most reactive part of OM encountered in natural environments, i.e. humic substances. The Fe/OM nanoaggregates were synthesized under abiotic conditions through a Fe-OM binding and an OM titration by Fe experiments. Several pH were tested to be able to establish a range of Fe speciation in solution, allowing to determine the possible Fe isotope fractionation factors among several Fe pools when Fe was present as free species (pH 1), as Fe-OM complexes (pH 2) and as mixed Fe-oxyhydroxide/OM nanoaggregates or particles (pH 6.5). The various chemical species for each synthesis methodology were size-separated by using (ultra)filtration at decreasing pore size (0.2 µm, 30 kDa and 5 kDa). This protocol allowed also testing whether or not ultrafiltration introduced spurious Fe isotopic fractionation. Finally, the Fe isotopic composition of "natural" Fe-OM associations was investigated using oxidation by-products of a reduced soil solution.

MATERIAL AND METHODS

All of the chemicals used in this study were of analytical grade. The solutions were prepared with ultrapure 18 MΩ water (Milli-Q system, Millipore). The containers used were (i) cleaned with 10% (v/v) HNO 3 for 24 h at 45°C (ii) and then with ultrapure water for 24 h at 45°C, and (iii) finally dried at 30°C. For sample digestion and chromatographic separation, analytical grade nitric and hydrofluoric acids were further purified by triple sub-boiling distillation in PFA vessel. Hydrochloric acid was purified in a PFA acid purification system (DST-1000, Savillex). The organic matter stock solution at 83 mmol L -1 of dissolved organic carbon (DOC), hereafter referred to as "OM solution", was made by dissolving 2 g of Gascoyne Leonardite soil (Cat. No. BS104L) obtained from the International Humic Substances Society (IHSS) (C = 49.2%, H = 4.5% and N = 0.9% as a mass fraction) in ultrapure water. All of the experiments were performed in duplicate. The samples were filtered through a 0.2 µm poresize cellulose acetate membrane (Sartorius®), previously washed with ultrapure water.

Roughly 15 mL of the aliquot was also processed by ultrafiltration at 30 kDa and 5 kDa (Vivaspin®, Sartorius) by centrifugation at 2790 g for 15 min and 2790 g for 30 min, respectively. The 30 kDa and 5 kDa ultrafiltration cells were previously cleaned using ultrapure water. At least 97% of sample was recovered. The procedural blank of (ultra)filtration membranes was assessed by processing ultrapure water throughout the entire filtration and ultrafiltration steps and Fe concentrations were not significant for our results (below 40 nmol L -1 ). The iron concentration in the blanks never exceeded 6.7 % of the minimum amount of Fe processed through the experiment.

Fe-OM binding experiments

Iron binding experiments were performed by mixing 250 mL of OM solution at 4.2 mmol L -1 of dissolved organic carbon with a Fe(NO 3 ) 3 .9H 2 O solution at 89 µmol L -1 of Fe to obtain a Fe/C org (mol./mol.) ratio of 0.02, within the range of the calculated ratios in the soil solution in the Kervidy-Naizin wetland (France) (OZCAR Environmental Research Infrastructure) [START_REF] Davranche | Organic matter control on the reactivity of Fe(III)oxyhydroxides and associated As in wetland soils: A kinetic modeling study[END_REF][START_REF] Lambert | DOC sources and DOC transport pathways in a small headwater catchment as revealed by carbon isotope fluctuation during storm events[END_REF]. This Fe/C org is comparable with that at 0.01 for a soil solution of a Russian swamp zone [START_REF] Pokrovsky | Fe-Al-organic Colloids Control of Trace Elements in Peat Soil Solutions: Results of Ultrafiltration and Dialysis[END_REF] and at 0.006 for a water stream in a German wetland [START_REF] Neubauer | Colloid-associated export of arsenic in stream water during stormflow events[END_REF]. The ionic strength (IS) was fixed at 1 mmol L -1 with NaNO 3 electrolyte solution. The experimental pH was adjusted to pH 1, 2 and 6.5 using ultrapure HNO 3 or analytical grade NaOH. The pH 6.5 corresponds to typical pH encountered in soil solutions, whereas the pH 1 was chosen to ensure that Fe remains as free species and pH 2 was set to produce dissolved Fe complexes and to prevent Fe precipitation. The solutions were stirred for 24 h to reach a steady state as in previous studies [START_REF] Weber | Modeling Iron Binding to Organic Matter[END_REF][START_REF] Catrouillet | Geochemical modeling of Fe(II) binding to humic and fulvic acids[END_REF]. Then the suspensions were filtered through a 0.2 µm and ultrafiltered at 30 and 5 kDa. The Fe isotopic ratio (δ 56 Fe and δ 57 Fe) and Fe concentrations were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions.

Organic matter titration by Fe

Approximately 247 mL of OM solution at 4.2 mmol L -1 DOC were titrated with a solution of Fe(NO 3 ) 3 at 8.9 mmol L -1 of Fe(III) at 0.05 mL min -1 using the first automated titrator (Titrino 794, Metrohm). The second titrator using a pH state mode (Titrino 794,Metrohm) provided the OH -for the Fe hydrolysis reaction through an electrolyte solution of 100 mmol L -1 NaOH to keep the pH constant [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. The accuracy of the pH measurement was ±0.04 pH unit. At the end of the titration, the suspensions were filtered at 0.2 µm and 15 mL of filtrate were also ultrafiltrated at 30 and 5 kDa. The Fe isotopic values and Fe concentrations were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions.

Iron-OM binding experiment was performed by a rapid mixing of Fe with OM to promote the formation of Fe-OM complexes rather than colloids. By contrast, the titration of OM by Fe was performed to promote the formation of large Fe-OM aggregates rather than Fe-OM complexes. During titration, the Fe hydrolysis is indeed improved by the constant NaOH addition.

Organic matter deposition experiment

An organic matter deposition experiment was conducted to test the potential impact of the partially coated (ultra)filtration membrane with OM on both the recovery of Fe in the filtrate and its Fe isotopic composition. The experiment was performed in two steps. Organic matter solution at 8.4 mmol L -1 DOC was filtered at 0.2 µm. An aliquot of filtrate was ultrafiltered at 30 and 5 kDa. Each (ultra)filtration at 0.2 µm, 30 kDa and 5 kDa resulted on the OM deposition on the membrane. Then, 0.18 mmol L -1 of Fe(III) solution was filtered through each membrane partially coated by OM. This experiment was performed at pH 2 and 6.5 with a target Fe/C org = 0.02. The Fe concentrations and isotopic ratios were analyzed for the total fraction as well as the < 0.2 µm, < 30 kDa and < 5 kDa fractions.

Production of 'natural' Fe-OM associations

Natural Fe-OM associations were produced from a reduction/oxidation experiment of a soil solution. The soil was sampled in the organo-mineral horizon of the planosol of the Mercy wetland (Brittany, France) [START_REF] Grybos | Is trace metal release in wetland soils controlled by organic matter mobility or Fe-oxyhydroxides reduction?[END_REF]. The soil was first incubated under anoxic conditions in a Jacomex® anaerobic chamber. Approximately 130 g of sieved moist soil (at 2 mm and soil moisture = 44 wt.%) was mixed with 1.8 L of a solution prepared with 0.48 mmol L -1 of NaNO 3 and NaCl, and 0.1 mmol L -1 of Na 2 SO 4 [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. This solution mimics the anionic composition of autumnal water when the water level increases in the wetland [START_REF] Grybos | Is trace metal release in wetland soils controlled by organic matter mobility or Fe-oxyhydroxides reduction?[END_REF]. Anoxic incubations were performed in triplicate. The reduction progress was followed through the increase in the pH and Fe(II) concentrations (reaching 7.2 and 0.52 mmol L -1 , respectively) and the decrease in the Eh values (reaching approximately -130 mV). The soil suspensions were first filtered through 5 µm cellulose nitrate filters (Sartorius®). The soil solutions were split into three parts and stored in contact with ambient air in a dark room for 2 weeks to ensure extensive Fe(II) oxidation (as shown by XANES records, [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. Using the same experimental setup, a previous study showed that Fe(II) is oxidized in less than 10 min and an apparent steady state was reached in the size redistribution between particles and colloids [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. The solutions were then filtered in a cascade mode using cellulose nitrate membrane filters at 5 µm, 3 µm and 0.2 µm (Sartorius filters). The < 0.2 µm fraction was then ultrafiltered at 30 kDa and 5 kDa using a Labscale TFF system equipped with two Pellicon XL membranes (PXC030C50 and PXC05C50).

Chemical analyses

The dissolved organic carbon concentration was determined using a total carbon analyzer (Shimadzu TOC-V CSH) with an uncertainty of 5% by a standard solution of potassium hydrogen phthalate (Sigma Aldrich). For the purpose of the trace element analysis, acidified filtrate samples were evaporated and pre-digested twice with 14.6 mol L -1 distilled HNO 3 at 90°C to release Fe from the organic complexes. The second step of digestion was performed using a mixture of 1 mL of 30% H 2 O 2 and 2 mL of 14.6 mol L -1 HNO 3 to eliminate the OM.

After total evaporation, they were then dissolved in 0.37 mol L -1 HNO 3 . The Fe concentration analysis was carried out using an Agilent 7700X inductively coupled plasma mass spectrometer (ICP-MS) at Geosciences Rennes (University of Rennes) with precision of 3% and 5% for > and < 1.8 µmol L -1 of Fe, respectively.

Iron purification

Acidified samples (roughly 15 mL of solutions, corresponding to no more than 100 µg or 1.79 µmol of Fe, [START_REF] Rouxel | Iron isotope fractionation in subterranean estuaries[END_REF] were digested overnight in PFA vials containing 3 mL of 14.6 mol L -1 HNO 3 and 0.5 mL of 22.6 mol L -1 HF and placed on a hot plate at 90°C. After complete evaporation, the samples were further digested overnight with 2 mL of 14.6 mol L - 1 HNO 3 and 1 mL of 12 mol L -1 HCl. After evaporation to dryness, they were then dissolved with 1 mL of suprapure 30% H 2 O 2 and 2 mL of 14.6 mol L -1 HNO 3 and digested for 24 h at 90°C in closed PFA vials. Then, they were evaporated to dryness again. These steps were done to release Fe from the organic and inorganic compounds. The samples were then dissolved in 2 mL of 5 mol L -1 HCl and 30 µL of 30% H 2 O 2 to ensure that Fe was completely present as Fe(III) in the solution before loading on the resin. Iron purification was achieved by ion chromatography using the anion exchange resin Dowex® 1X8, chloride form (100-200 mesh). The chromatography columns were filled with 2 mL of resin, cleaned and conditioned by running 10 mL of ultrapure H 2 O, 10 mL of 3 mol L -1 HNO 3 , 10 mL of H 2 O, 5 mL of 0.24 mol L -1 HCl and 5 mL of 5 mol L -1 HCl. The sample solutions were loaded in 2.0 mL of 5 mol L -1 HCl with trace of 30% H 2 O 2 . Then, 15 mL of 5 mol L -1 HCl was passed through the column in 2.5 mL increments to remove the matrix elements. Finally, Fe was eluted using 12 mL of 0.24 mol L -1 HCl and collected in 15 mL PFA vials. The purified Fe solution was evaporated to dryness and the residue was dissolved in 0.28 mol L -1 of HNO 3 for mass spectrometry analysis.

Procedural blanks, including evaporation/digestion and ion exchange purification steps were determined for each sample batch. These blanks contained on average 0.47 ± 0.4 nmol of Fe. Compared to typical amount of Fe processed through the entire purification steps within the range of 30.4 nmol to 52.5 µmol, the blanks represent less than 1.6 % of Fe and therefore insignificant. An internal standard BHVO-1 (a Hawaiian basalt) with an average Fe isotopic composition of δ 56 Fe of 0.10 ± 0.09‰ (2SD) [START_REF] Rouxel | Iron isotope fractionation in subterranean estuaries[END_REF] was used to evaluate the accuracy of the method. The yields from the sample purification steps were also verified by measuring the residual concentration of Fe in the eluted matrix solution using a ferrozine assay [START_REF] Stookey | Ferrozine-a new spectrophotometric reagent for iron[END_REF][START_REF] Jeitner | Optimized ferrozine-based assay for dissolved iron[END_REF]. In all cases, the Fe concentrations were below the detection limits, suggesting that less than 1% of Fe was lost during the purification (i.e. recovery > 99%).

Iron isotope measurements

Iron isotope composition analyses were performed at IFREMER in Brest (France) using a Thermo Neptune-plus multicollector inductively coupled plasma mass spectrometer (MC-ICP-MS) following the method described in [START_REF] Rouxel | Iron isotope fractionation in subterranean estuaries[END_REF]. Solutions were introduced into the MC-ICPMS using a cyclonic spray chamber and a low-flow pneumatic nebulizer at 60 L.min -1 . For sample solutions with Fe concentrations below 5.4 nmol L -1 , a desolvation nebulizer (Cetac Apex) was used to improve instrumental sensitivity.

The Neptune instrument was equipped with high-sensitivity X-cones and was operated in either high or medium mass resolution to resolve argon-based interferences on Fe isotopes. The cups were configured to measure 52 Cr, 54 Fe, 56 Fe, 57 Fe, 58 Fe, 60 Ni, 61 Ni and 62 Ni in dynamic mode. This setup allows the correction of 54 Cr interference on 54 Fe using 52 Cr abun-dances and the measurement of the 62 Ni/ 60 Ni ratios for instrumental mass bias corrections.

In addition, a sample-standard bracketing approach was applied, using the IRMM-14 international reference material and a SPEX internal standard solution. A Ni reference solution was added to the standards and samples with a Ni/Fe ratio of 1 g/g.

In general, the Fe isotope compositions were measured at a concentration ranging from 18 to 72 µmol L -1 with a maximum difference of less than 10% between the concentrations of the samples and the standard. In the literature, the measured concentrations varied from 0.9 to 89 µmol L -1 [START_REF] Rouxel | Iron isotope fractionation in subterranean estuaries[END_REF][START_REF] Escoube | Iron isotope systematics in estuaries: The case of North River, Massachusetts (USA)[END_REF].

Isotopic data are reported in delta notation relative to the IRMM-014 standard, expressed as δ 56 Fe, which represents the deviation in per mil relative to the reference material:

‰ (Eq. 1)
Since the total Fe fraction used in our experiments fractionated δ 56 Fe values relative to IRMM-14 (about 0.5 ‰), we introduce another notation (δ 56 Fe'). It corresponds to the Fe isotope composition of the different Fe fractions (δ 56 Fe A ) corrected from the total Fe isotope composition (δ 56 Fe Total ), such as:

‰ (Eq.2)
The internal precisions of the  56 Fe values were calculated for each analytical run using the repeated measurement of the IRMM-014 and SPEX standards and were found to be close to 0.08‰ for δ 56 Fe (at 2 standard deviation, 2SD). All of the samples were analyzed at least twice, and the mean values of the analyses duplicate are reported with their 95% confidence interval (Supplementary data 1-6, Table S1 to Table S6). The external precision, determined by the duplicated analyses of BHVO-1 was 0.08‰ (2SD, n=12).

Mass balance determination and error propagation

The Fe isotopic composition of each sample (i.e. fraction A) was reported using the average of duplicated analysis. The error propagation of the size fraction A which measured n times, was calculated as:

(Eq.3)

The average of duplicate samples was reported as the Fe isotopic composition of each size fraction and the error propagation was calculated using Eq.3.

The Fe isotopic composition of the size fraction F n (δ 56 Fe Fn ), is calculated based on a mass balance taking into account the δ 56 Fe and Fe concentrations in the fractions as follows:

56 Fn Fi 56 Fi (Eq.4) Where, X Fi is the Fe concentration of the F i fraction. For example, A and B are two size fractions so:

(Eq.5)

The Fe isotopic composition and error propagations were calculated using a Monte Carlo simulation [START_REF] Rouxel | Geochemistry and iron isotope systematics of hydrothermal plume fall-out at East Pacific Rise 9°50′N[END_REF] for the calculated size fractions (i.e. > 0.2 µm, 0.2 µm-30 kDa and 30-5 kDa fractions).

In addition, the Fe isotopic fractionation between two components (i.e. A and B) is expressed as the difference between the δ 56 Fe values of each component as follows:

- (Eq.6)
The error propagation of isotope fractionation (σΔ 56 Fe A-B ) between fraction A and fraction B, σ (Δ 56 Fe A-B ), is calculated as: (Eq.7)

Also the error propagation of the corrected Fe isotope composition (δ 56 Fe', Eq.2) is calculated as:  (Eq.8)

Speciation modeling

The Fe speciation in the experiments was modeled using PHREEQC-Model VI [START_REF] Marsac | An improved description of the interactions between rare earth elements and humic acids by modeling: PHREEQC-Model VI coupling[END_REF]. This model assumes that the complexation of ions by humic substances occurs through eight discrete sites: four weak sites (carboxylic groups) and four strong sites (phenolic groups). The "minteq.v4" database was implemented with the specific binding parameters of Model VI corresponding to the complexation of Fe(II) and Fe(III) with organic matter [START_REF] Marsac | Effects of Fe competition on REE binding to humic acid: Origin of REE pattern variability in organic waters[END_REF][START_REF] Catrouillet | Geochemical modeling of Fe(II) binding to humic and fulvic acids[END_REF]. The speciation was calculated in conditions allowing the precipitation of ferrihydrite.

RESULTS

Fe-OM binding experiments

OM-free experiment

In the OM-free experiment at pH 1, 4.9% in the > 0.2 µm fraction as precipitates (oxides and/or hydroxides) and more than 93% of the total Fe was in the < 30 kDa fraction as soluble species (Fig. 1a, Table 1). At pH 2, 7.9% of Fe is precipitated in the > 0.2 µm fraction and 84 % of Fe occurred in the < 30 kDa fraction. PHREEQC-Model VI calculated that, at pH 1 and pH 2, 99.9% and 93% of Fe was as free Fe 3+ species and 0.1% and 6.6% as Fe (OH) n 3-n , respectively (Table 2). At pH 6.5, 65% of Fe occurred in the > 0.2 µm fraction and < 0.1% of Fe was in the < 30 kDa fraction (Table 1). PHREEQC-Model VI predicted that 100% of Fe was precipitated as ferrihydrite (Table 2).

At pH 1, δ 56 Fe ranged from 0.50 ± 0.05‰ (2σ) to 0.57 ± 0.05‰ (2σ) (Fig. 1b, Table 1) for all measured fractions (i.e. total, < 0.2 µm, < 30 kDa, < 5 kDa), yielding δ 56 Fe' close to 0‰.

Therefore, no significant Fe isotope fractionation was observed by filtration and ultrafiltration, which is consistent with mass balance considerations since Fe was quantitatively transferred through the filtration membranes regardless of pore sizes. As a consequence, the negligible amount of Fe calculated for the > 0.2 µm, 0.2 µm -30 kDa and 30 kDa-5 kDa fractions precludes a robust determination of their Fe isotope signatures (Supplementary data 7, Table S7).

At pH 2, δ 56 Fe ranged from 0.61 ± 0.03‰ for the total fraction to 0.83 ± 0.03‰ for the < 5 kDa fraction, yielding δ 56 Fe' = 0.22 ± 0.04‰ for < 5 kDa, 0.14 ± 0.04‰ for < 30 kDa and 0.08 ± 0.04‰ for < 0.2 µm (Table 1). Mass balance determination (Eq.5) showed significant Fe isotope fractionations between the > 0.2 µm and < 5 kDa Fe, and between the 0.2 µm -30 kDa and < 5 kDa pools at -1.16 ± 0.66‰ and -0.80 ± 0.50‰, respectively (Table 3).

At pH 6.5, δ 56 Fe of the < 0.2 µm fraction was identical, within uncertainty, to that of the total fraction (0.55 ± 0.05‰ and 0.61 ± 0.05‰, respectively) despite retention of approximately 65% of Fe in the > 0.2 µm fraction. This yields δ 56 Fe' values for < 0.2 um and > 0.2 um near 0 ‰ suggesting a lack of Fe isotope fractionation under these experimental conditions. Isotopic analysis of the < 30 kDa and < 5 kDa fractions could not be performed due to too low Fe concentrations ([Fe] < 40 nmol L -1 ). Hence, under these experimental conditions, dissolved Fe occurs essentially in the 0.2 µm-30 kDa fraction.

Fe-free experiment

The Fe-free experiments were performed at pH 2 and pH 6.5. At pH 2, 56% of OM was in the > 0.2 µm fraction, compared to 20% at pH 6.5 (Fig. 2, Table 4). Approximately 32% of OM was in the < 30 kDa fraction, whereas these proportions increased to 42% at pH 6.5.

The initial Fe content of OM was 8.3 ± 0.13 µmol L -1 , but Fe remained undetected in the < 0.2 fractions. The amount of initial Fe content of OM corresponds to about 9 % of total Fe loading for all other experiments with Fe and OM. Considering a mean of δ 56 Fe = 0.09 ± 0.03‰

for the initial OM, the maximum effect of Fe impurities on δ 56 Fe of total Fe represent only 0.06 ‰, which is close to the analytical uncertainty. Regardless of this effect, no specific correction was needed for Fe-OM binding experiment.

Fe-OM binding experiment

At pH 1, 97% of Fe occurred in the < 0.2 µm fraction (Fig. 3a, Table 5) whereas only 24% of OM was recovered in the same fraction. The high retention of OM, 76%, in the > 0.2 µm fraction resulted from flocculation/precipitation reactions (Fig. 3b). Similar features were observed for the < 30 kDa and < 5 kDa fractions (i.e. similar to OM-free experiments), e.g. about 90% of total Fe and 22% of OM were recovered in < 5 kDa fraction.

At pH 2, 51% of Fe and 9.9% of OM were recovered in the <0.2 µm fraction, and 48%

of Fe and 8.6% of OM were in the < 30 kDa fraction. The percentages of Fe and OM in the 0.2 µm -30 kDa fraction were therefore insignificant. However, the > 0.2 um fraction represented 49% of the total Fe suggesting a significant Fe-OM flocculation process at pH 2. At pH 6.5, 43% of Fe and 57% of OM were in the <0.2 µm fraction and only 0.8% of Fe and 20% of OM were in the < 30 kDa fraction, indicating that 42% of Fe and 38% of OM occurred in the 0.2 µm -30 kDa fraction. At pH 1, PHREEQC-Model VI predicted that 91% and 8.7% of Fe was as free Fe 3+ and Fe-OM complexes, respectively (Table 2). At pH 2, Fe-OM increased to 31%, whereas Fe 3+ decreased to 64%. At this low pH, no ferrihydrite is expected to precipitate. At pH 1, with or without OM, Fe bound to OH -represented only 0.1% of the total Fe (Table 2).

However, at pH 2 with OM, the amount of Fe bound to OH -increased to 4.6%, which is slightly lower than without OM. At pH 6.5, modeling calculations showed that 94% of Fe precipitated as ferrihydrite, whereas 5.7% of Fe occurred as Fe-OM complexes. No Fe (OH) n 3-n was expected at this pH (Table 2). The Fe(II) concentration was measured through ferrozine test at pH 1, 2 and 6.5. The results showed that the Fe(II) concentration was below the detection limit (< 2.2 µmol L -1 ) and no Fe(II) was produced during this Fe-OM binding experiment.

Fig. 3c shows the δ 56 Fe variations in the size fractions at each pH. At pH 1, because of low concentration of Fe in the > 0.2 µm and 0.2 µm -30 kDa fractions mass balance relationships yielded large uncertainties (Supplementary data 8, Table S8). Therefore, no obvious isotopic variations were observed, which is similar to OM-free experiment. At pH 2, the < 0.2 µm, < 30 kDa and < 5 kDa fractions showed clear variations relative to the total Fe fraction, yielding δ 56 Fe' = -0.48 ± 0.06‰; -0.45 ± 0.06‰ and -0.44 ± 0.06‰ respectively (Table 5).

Mass balance calculation (Eq.5) demonstrated significant Fe isotope fractionations between the > 0.2 µm and 30 kDa -5 kDa with Δ 56 Fe > 0.2 µm -(30 kDa-5 kDa) = 1.02 ± 0.64‰ and, between the > 0.2 µm and < 5 kDa fractions at 0.94 ± 0.11‰ (Table 3). At pH 6.5, an opposite trend was observed, with δ 56 Fe' = 0.07 ± 0.05‰ for the < 0.2 µm fraction, and δ 56 Fe' = 0.35 ± 0.06‰ for the < 30 kDa (Fig. 3c). The results suggested significant Fe isotopic fractionations between Fe pools, yielding Δ 56 Fe > 0.2 µm -(0.2 µm-30 kDa) = -0.11 ± 0.08‰; Δ 56 Fe > 0.2 µm -< 30 kDa = -0.40 ± 0.08‰ and Δ 56 Fe (0.2 µm-30 kDa) -< 30 kDa = -0.29 ± 0.05‰ (Table 3).

Experiments of organic matter titration by Fe

In the Fe-OM titration experiment at pH 2, 16% of Fe and 80% of OM were in the > 0.2 µm fraction as precipitated and/or flocculated species (Fig. 4 and Table 6). In contrast to binding experiment, the 30 kDa -5 kDa fraction represented a very small pool of total Fe. However the 0.2 µm -30 kDa fraction represented a larger Fe pool compared to the binding experiment at similar pH. About 76% of Fe and 19% of OM were recovered in both the <30 kDa and < 5 kDa fractions. Iron therefore mainly occurred in the smaller fractions. At pH 6.5, 41% of Fe and 31% of OM occurred in the > 0.2 µm fraction (Table 6), which is substantially higher than pH 2 experiment but significantly lower that Fe-OM binding experiments at the same pH (Table 5). The < 30 kDa fraction contained the remaining 3.5% of Fe and 19% of OM. Therefore, 56% of Fe and 50% of OM were in the 0.2 µm -30 kDa fraction.

At pH 2, the < 0.2 µm, < 30 kDa and < 5 kDa fractions are enriched in light Fe isotopes relative to the total Fe, yielding δ 56 Fe' < 0.2 µm = -0.49 ± 0.06‰ and δ 56 Fe' < 30 kDa = -0.48 ± 0.06‰, with similar value for < 5kDa fraction (Fig. 4c and Table 6). These results are remarkably similar to those obtained for the Fe-OM the binding experiment at pH 2. The Fe isotope fractionation factor between the > 0.2 µm and 0.2 µm -30 kDa was determined at 2.78 ± 0.91‰ (Table 3). Similar values were also obtained for the Fe-OM the binding experiment at the same pH, with  56 Fe > 0.2 µm -< 5 kDa = 3.02 ± 0.62‰ (Table 3). In contrast to binding experiment, Fe isotopic fractionation was not significant between the > 0.2 µm and 30 kDa -5 kDa fractions, because of low Fe concentration in the 30 kDa -5 kDa fraction. At pH 6.5, the < 30 kDa fraction (δ 56 Fe < 30 kDa = 0.80 ± 0.03‰) displayed a heavier Fe isotope composition than the total fraction (δ 56 Fe total = 0.54 ± 0.04‰), yielding a δ 56 Fe' < 30 kDa = 0.26 ± 0.05‰ (Fig. 4c, Table 6). This result is also comparable to that of the Fe-OM binding experiment at the same pH and opposite to the results obtained at pH 2. Mass balance (Eq.5) determined the Fe fractionation factor between the > 0.2 µm and < 30 kDa at -0.32 ± 0.11‰ and also between the 0.2 µm -30 kDa and < 30 kDa at -0.23 ± 0.05‰ (Table 3 and Supplementary data 9, Table S9).

No significant Fe isotope fractionation was observed within uncertainty between the > 0.2 µm and 0.2 µm -30 kDa fractions.

Organic matter deposition experiment

At pH 2, 55% of Fe and 69% of OM were retained in the > 0.2 µm fraction (Fig. 5 and Table 7). Hence, a higher proportion of Fe was retained in the > 0.2 µm fraction compared to the Fe-OM binding and titration experiments (49% and 16% of Fe in the Fe-OM binding and titration experiments, respectively). The < 30 kDa fraction contained 14% of Fe and 8% of OM. Hence, mass balance considerations (Eq.5) showed that the 0.2 µm -30 kDa fraction contained about 31% of Fe and 23% of OM. At pH 6.5, 89% of Fe and 23% of OM retained in the > 0.2 µm fraction. Although less OM was retained as compared to pH 2, the amount of retained Fe was higher, as shown by a Fe/C org (mol./mol.) ratio of 0.004 at pH 2 against 0.017 at pH 6.5. Iron in the < 0.2 µm fraction represented approximately 11% of the total Fe. The < 30 and < 5 kDa fractions contained undetectable Fe and 16% and 7% of OM respectively (Fig.

and Table 7).

At pH 2, the < 5 kDa fraction was characterized by significant enrichment in light Fe isotopes relative to the total Fe (δ 56 Fe' < 5 kDa = -0.23 ± 0.06‰) (Table 7) while the < 30 kDa yielded similar composition that the total Fe. Hence, unlike the other experiments, significant Fe fractionations were observed between the > 0.2 µm and 30 kDa-5 kDa fractions (Δ 56 Fe > 0.2 µm -(30 kDa -5 kDa) = -3.12 ± 1.34‰), the > 0.2 µm and < 5 kDa fractions (Δ 56 Fe > 0.2 µm - < 5kDa = 0.21± 0.09‰), the 0.2 µm-30 kDa and 30 kDa-5 kDa fractions (Δ 56 Fe (0.2 µm-30 kDa) -( 30kDa -5kDa) = -3.09 ± 1.34‰), the 0.2 µm -30 kDa and < 5 kDa fractions (Δ 56 Fe (0.2 µm -30 kDa) -< 5 kDa = 0.24 ± 0.07‰) and the 30 kDa -5 kDa and < 5 kDa fractions (Δ 56 Fe (30 kDa -5 kDa) -< 5kDa = 3.33 ± 1.34‰)(Table 3).

At pH 6.5, the < 0.2 µm fraction was enriched in light Fe isotope compared to the total fraction, with δ 56 Fe' < 0.2 µm = -0.35 ± 0.06‰ (Table 7). Since Fe concentrations were too low (i.e. below detection), the δ 56 Fe could not be determined in the < 30 kDa and < 5 kDa fractions. Mass balance (Eq.5) resulted a Fe isotope fractionation between the > 0.2 µm and < 0.2 µm fractions for 0.39 ± 0.06‰ (Table 3).

Natural Fe-OM associations

In the natural Fe-OM associations, 12% of Fe and 10% of OM were found in the > 5 µm particulate fraction, while 47% of Fe and 24% of OM were retained in the 5 µm -0.2 µm fraction (Fig. 6 and Table 8). The 0.2 µm -30 kDa fraction contained 35% of Fe and 32% of OM. The remaining Fe (7%) and OM (34%) were in the < 30 kDa fraction (Fig. 6 and Table 8).

The total fraction was characterized by a δ 56 Fe of 0.17 ± 0.03‰, which represented the composition of the initial soil solution. In contrast, the > 5 µm fraction displayed heavier Fe isotope composition with δ 56 Fe = 0.32 ± 0.04‰ (Fig. 6c and Table 8). Using a mass balance approach (Eq.5) demonstrated that the 0.2 µm -30 kDa fraction (δ 56 Fe = 0.06 ± 0.03‰) was characterized by significant enrichment in light isotopes relative to the 5 µm -0.2 µm fraction (δ 56 Fe = 0.16 ± 0.03‰). The Fe isotopic compositions of the < 30 kDa and < 5 kDa fractions were similar within uncertainty, and ranged from δ 56 Fe = 0.34 ± 0.03‰ to 0.40 ± 0.07‰. They were thus enriched in heavy Fe isotopes relative the total fraction for δ 56 Fe'= 0.17 ± 0.04‰ and 0.23 ± 0.08‰, respectively (Table 8). The < 5 kDa fraction was therefore enriched in heavy Fe isotopes relative to the other fractions. In contrast to these isotopically heavy fraction, the 0.2 µm -30 kDa fraction was enriched in lighter Fe isotopes with δ 56 Fe = 0.06 ± 0.03‰. Significant Fe isotope fractionations were observed between the > 5 µm fraction and other fraction with Δ 56 Fe > 5 µm -(5 µm -0.2 µm) = 0.16 ± 0.05‰, Δ 56 Fe > 5 µm -(0. 2µm -30 kDa) = 0.26 ± 0.04‰ and Δ 56 Fe > 5 µm -(30 kDa -5 kDa) = 0.21 ± 0.09‰ (Table 3). The smallest < 5 kDa fraction presented the highest δ 56 Fe. These Fe isotope fractionations were observed be-tween the 5 µm -0.2 µm and the < 5 kDa fractions (Δ 56 Fe (5 µm -0.2 µm) -< 5kDa = -0.24 ± 0.08‰) and the 0.2 µm -30 kDa, and the < 5 kDa fractions (Δ 56 Fe (0.2 µm -30 kDa) -< 5kDa = -0.33 ± 0.08‰).

DISCUSSION

Impact of precipitation on Fe isotopic fractionation

In the OM-free experiment, precipitation was shown to occur mainly at pH 2 and 6.5.

At pH 6.5 and as predicted by the PHREEQC-Model VI (Table 2), Fe occurred mainly as Feoxyhydroxides in the > 0.2 µm fraction. The low Fe concentrations in the < 5 kDa and < 30 kDa fractions precluded the determination of Fe isotopic composition of these fractions.

Moreover, the calculation of the Fe isotopic fractionation factor between the > 0.2 µm and the < 0.2 µm fractions was insignificant, with Δ 56 Fe > 0.2 µm -< 0.2 µm = 0.09 ± 0.10‰ (Table 1), suggesting that Fe precipitation as ferrihydrite did not produce any Fe isotope fractionation.

In contrast, at pH 2, the major pool of Fe was in the < 5 kDa fraction (about 80%) in which, Fe occurred as free or soluble complexes in agreement with modeling results (Table 2). The resulting Fe isotopic fractionation between the > 0.2 µm and the < 5 kDa fractions was significant, with Δ 56 Fe > 0.2 µm -< 5 kDa = -1.16 ± 0.66 ‰. Note that this value is also similar to Δ 56 Fe > 5 kDa -< 5 kDa and has relatively high propagated uncertainties due to the small pool of Fe retained on the membrane > 0.2 µm. Nevertheless, the <5 KDa fraction appears systematically enriched in heavy Fe isotopes relative to both > 0.2 µm and 0.2 µm-30 kDa fractions. An immediate implication of this result is that kinetic or diffusion effects during ultrafiltration were likely minor or insignificant (i.e. a light Fe isotope enrichment would be expected for the fraction passing through the membrane). As discussed by [START_REF] Roe | Nonbiological fractionation of Fe isotopes: Evidence of an equilibrium isotope effect[END_REF], Fe-OH binding favors the complexation of heavy relative to light Fe isotopes. In addition, as mentioned in previous section, according to modeling, about 6.6% of the total Fe is present as soluble Fe(OH) n 3-n complexes in the < 5 kDa fraction. At pH 2, the Fe isotope fractionation factor between the > 0.2 µm and the < 5 kDa fractions could therefore result from the small amount of Fe complexed by OH -ligands. These results also provided evidence that Fe precipitation has no direct impact on the Fe isotopes fractionation. Skulan et al. (2002) demonstrated also that no Fe isotopic fractionation occurred between Fe 3+ and hematite (Δ 56 Fe Fe3+ -hematite = -0.10 ± 0.20‰) at low and high (98°C) temperatures.

Impact of OM on Fe isotopic fractionation

In the Fe-OM binding experiment, at pH 1, Fe occurred mainly in the < 30 kDa fraction as free Fe 3+ has identical Fe isotope composition, within uncertainty, than the total Fe.

Considering that the < 30 kDa fraction represented about 92% of the total Fe, determining the Fe isotope composition of the > 0.2 µm and 0.2 µm -30 kDa fractions through mass balance relationships yielded large uncertainties, preventing the determination of Fe isotope fractionation factor during filtration. Regardless the pH, high OM proportions in the > 0.2 µm fraction suggested that Fe promoted OM coagulation or flocculation (e.g. at pH 2, 90% versus 56% of OM in the > 0.2 µm fraction with and without Fe, respectively). At pH 2, the higher proportion of Fe and OM in the > 0.2 µm fraction indicated that Fe precipitated as a mixture of OM and Fe-oxyhydroxide particles. However, a large amount of Fe was also present in the < 30 kDa fraction as free Fe 3+ . Moreover, at pH 2, complexation and precipitation occurred simultaneously. At this pH, all the < 0.2 µm fractions consistently showed an enrichment in Fe light isotopes relative to the total fraction. Mass balance considerations and error propagation (Eq.5) yielded  56 Fe > 0.2 µm = 1.02 ± 0.10‰ (Table 5) and  56 Fe > 0.2 µm -< 0.2 µm = 0.97 ± 0.11 ‰ (Table 3). Modeling calculations demonstrated that 31% of the Fe was bound to OM, whereas roughly 4.6% occurred as Fe(OH) n 3-n (Table 2). Several authors showed that the strong Fe-O bonds are formed via the O atoms of the OM carboxylic sites in bidendate or tridendate complexes [START_REF] Catrouillet | Geochemical modeling of Fe(II) binding to humic and fulvic acids[END_REF] between heavy Fe isotopes and OM [START_REF] Dideriksen | Equilibrium Fe isotope fractionation between inorganic aqueous Fe(III) and the siderophore complex, Fe(III)-desferrioxamine B. Earth Planet[END_REF][START_REF] Morgan | Fe isotope fractionation during equilibration of Fe-organic complexes[END_REF]. At pH 2, Fe was partially complexed by OM, which is precipitated at this low pH. Iron was thus associated to large organic precipitates whose size was > 0.2 µm. Due to the preferential complexation of heavy Fe isotopes by OM, flocculation processes and OM precipitation is expected to produce isotopically light Fe in the remaining < 0.2 µm fraction. At pH 6.5, in the < 30 kDa fraction, Fe concentration was low and OM represented only 19.7% of the total OM. These results provided evidence of the simultaneous Fe and OM precipitation in the highest fractions. According to the model (Table 2), 5.7% of Fe were complexed by OM, suggesting that all of the Fe present in the < 30 kDa fraction could be bound to OM. Thereby, the observed Fe isotopic fractionation between the > 0.2 µm and the < 30 kDa fractions (Δ 56 Fe > 0.2 µm -< 30 kDa = -0.40 ± 0.08‰) can be explained by the Fe-OM complexes as discussed above. The present results thus showed that Fe complexation by OM and OH -may drive significant and negative Fe isotopic fraction-ation factor between > 0.2 µm and < 30 kDa. As calculated by PHREEQC-Model VI, Fe-OM complexation is dominant at pH 6.5 (Table 2), leading to a negative Δ 56 Fe > 0. 2µm -< 30 kDa (-0.40 ± 0.08‰ and -0.32 ± 0.11‰ in the binding and titration experiments, respectively). Equilibrium Fe isotope fractionation due to organic ligand exchange was studied by [START_REF] Morgan | Fe isotope fractionation during equilibration of Fe-organic complexes[END_REF]. These authors displayed that despite the strong binding affinity of siderophore ligands (e.g. desferrioxamine mesylate) for Fe, Fe isotopes exchange between siderophore ligands and ligands with lower Fe-binding affinities. They also suggested a positive correlation between Fe-ligand binding affinity and the magnitude of equilibrium isotope fractionation. Our findings are consistent with their results to support the hypothesis of Fe isotope fractionation resulting from Fe-binding to organic ligands with high affinities.

Unexpected results (i.e. strong isotope fractionation) were however obtained at pH 2 where OM complexation was not expected to be dominant. Calculated fractionation factors between the > 0.2 µm and < 0.2 µm Fe pools were determined at 0.97 ± 0.11‰ and 3.04 ± 0.62‰, for the binding and titration experiments, respectively. As described by Allard et al.

( 2004) at pH< 5, precipitation competed with Fe complexation due to the lower solubility of Fe in the presence of OM. PHREEQC-Model VI calculated that 69% of Fe occurred as dissolved species (Fe 3+ and Fe(OH) n

3-n

) at pH 2 in the presence of OM and reached 100% in the OM-free experiment (Table 2). Therefore, at pH 2, Fe binding by OM was rather inefficient compared to Fe precipitation as aggregates. Therefore, we interpret the rather large Fe fractionation factor  56 Fe > 0.2 µm -< 0.2 µm as resulting from the preferential binding of heavy Fe isotopes by OM in the particulate fraction, yielding a decrease in the  56 Fe in the dissolved Fe fractions.

The Fe-organic ligand complexation was reported as a potential cause of Fe isotope fractionation in natural environment in several studies. In particular, [START_REF] Conway | Quantification of dissolved iron sources to the North Atlantic Ocean[END_REF] and [START_REF] Fitzsimmons | Partitioning of dissolved iron and iron isotopes into soluble and colloidal phases along the GA03 GEOTRACES North Atlantic Transect[END_REF] suggested that the strong Fe-binding ligands could be due to concentration of heavy Fe isotopes and the Fe isotope enrichment in the range from 0.3 to 0.7 ‰ in seawater. Natural environments waters such as stream characterized by an enrichment in heavy Fe isotopes in the < 0.2 µm fractions, Fe complexation by OM may be the dominant process controlling the Fe isotopic composition (i.e. 2 ‰, [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF].

The organic molecules as siderophores or macromolecules can precipitate and form flocs larger than 0.2 µm, notably at low pH. Therefore, under physico-chemical conditions where Fe complexation by OM and flocculation are favored, OM-rich fractions are enriched in heavy Fe isotopes. The similar result was reported by [START_REF] Fitzsimmons | Dissolved iron and iron isotopes in the southeastern Pacific Ocean[END_REF], presenting the complexation Fe-organic ligand as a reason of colloidal phase enrichment in heavy Fe isotopes for δ 56 Fe= 0.54 ± 0.14‰ in a hydrothermal plume study.

Impact of filtration and ultrafiltration on Fe isotopic fractionation

The OM-free experiment provided a first-order assessment of the fractionation of Fe isotopes during (ultra)filtration. At pH 1, Fe was mainly present as soluble species in the < 0.2 µm, < 30 kDa and < 5 kDa fractions and no Fe isotope fractionation could be expressed.

The pore size modification was mentioned as a usual problem of (ultra)filtration. Previously [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF] demonstrated that (ultra)filtration cannot fractionate the Fe isotopes through a procedure check using non-cascade mode filtration. The OM deposition experiment was specially designed to test this hypothesis. At pH 2, OM and Fe were mainly retained in the > 0.2 µm fraction in response to the combination of the OM precipitation and the possible Fe binding with OM. The modeling calculation showed indeed that 31% of Fe was complexed to OM (Table 2). The Fe isotopic composition of the < 5 kDa fraction, δ 56 Fe' < 5 kDa = -0.23 ± 0.06‰ (Table 7) suggested a significant enrichment in light isotopes in this fraction. However, this enrichment in light Fe isotopes at the < 5 kDa was not observed when Fe and OM were simultaneously (ultra)filtrated in the binding experiment at pH 2. In the binding experiment, Fe was bound to OM before the (ultra)filtration and then the equilibrium was reached between different fractions. In such conditions, the presence of relatively high concentration of Fe promoted OM molecules flocculation, which resulted in aggregates having higher Fe/OM. However, in the OM deposition experiment, the acidic pH was the only parameter able to precipitate OM molecules, which results in the formation of smallersize organic-rich colloids that were recovered in the > 5 kDa fraction. During the Fe filtration, Fe was partially bound to these small deposited organic colloids. The Fe isotopic fractionation between the > 5 kDa and the < 5 kDa fractions was positive with Δ 56 Fe > 5 kDa -< 5 kDa = 0.26 ± 0.05‰. Therefore, the binding of isotopically heavy Fe with OM deposited on the 5 kDa membrane led to an enrichment of the < 5 kDa fraction in light Fe isotopes. Iron isotopic fractionation in the < 5 kDa fraction results therefore from the Fe binding to small organic molecules deposited on the membrane.

At pH 6.5, a higher Fe amount occurred in the > 0.2 µm fraction as compared to the experiment without OM in response to the Fe precipitation. Lighter Fe isotopic compostion was measured in the < 0.2 µm fraction (δ 56 Fe' < 0.2 µm = -0.35 ± 0.06‰). In the OM deposition experiment, Fe was bound to OM and/or precipitated as ferrihydrite. The consequence was an enrichment in light Fe isotopes and low concentration of Fe in the < 0.2 µm fraction induced by their complexation with the OM deposited on the > 0.2 µm membrane. The OM deposition experimental conditions favored the Fe binding with OM that coated the filtration membrane and subsequently the fractionation of the Fe isotopes. The observed Fe fractionation obtained in the OM deposition experiment was therefore not produced directly by the (ultra)filtration technique.

Mechanisms controlling Fe fractionation

The δ 56 Fe measured for all of the fractions from the OM-free, binding, titration and deposition experiments at pH 6.5 were plotted relative to the Fe concentration (Fig. 7). The majority of the fractions exhibited an isotopic composition δ 56 Fe in the range from 0.48 ± 0.03‰ to 0.61 ± 0.05‰. The two highest δ 56 Fe values reached 0.83 ± 0.03‰ and 0.80 ± 0.03‰ and corresponded to the < 30 kDa fractions where Fe was expected to be bound to small OM molecules. The lowest δ 56 Fe (0.18 ± 0.04‰) corresponded to the < 0.2 µm fraction in the deposition experiment, in response to flocculation of complexed Fe-OM. However, it is important to note that in the deposition experiment, complexation occurred directly on the OM-coated membrane at 0.2 µm involving heavy Fe isotope retention and their subsequent depletion in the < 0.2 µm fraction.

All of these experimental results provided evidence that Fe precipitation alone (i.e. in the absence of OM-complexes) was not able to fractionate Fe isotopes. Likewise, the experiments demonstrated that Fe-OM complexation involved Fe fractionation and that this isotopic fractionation increased with increasing pH. The OM deposition on the (ultra)filtration membrane indirectly fractionated Fe isotopes in response to Fe complexation by the trapped OM. However, this process is probably insignificant in natural waters, given that, under natural conditions, Fe is bound to OM before the filtration is performed, i.e. Fe fractionation is produced before (ultra)filtration.

Application to "natural" Fe-OM associations

Iron-OM associations produced from the oxidation of a reduced soil solution were extensively characterized using X-ray absorption spectroscopy (XAS), transmission electronic microscopy (MET), fluorescence spectral analysis (EEM) and THM-Gas chromatography-mass spectrometry (THM-GC-MS) in a previous study [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. In summary, the particulate fraction (> 0.2 µm) was composed of fresh biological OM containing fragments and leaf debris mixed with humic acids (increasing from the > 5 µm fraction to the > 0.2 µm fraction). Iron was found as old inherited Fe(III) oxyhydroxides (goethite) or as nano-particles of hydrous Fe(III) oxides embedded within the OM matrix (Fig. 8a and8b). Approximately 47% of the total Fe occurred in the particulate fraction 5 µm -0.2 µm. In the colloidal 0.2 µm -30 kDa fraction, OM occurred as aggregates of humic substances embedding Fe(III) nanoparticles and clusters (Fig. 8c). In the < 30 kDa fraction, OM was found as small humic molecules binding to Fe(III) as small clusters or ions. This fraction represented less than 7% of the total Fe. Note that in this experiment, Fe oxidation may be produced by both biotic and abiotic reactions.

The δ 56 Fe of the reoxidized soil suspension (i.e. the total fraction) was 0.17 ± 0.03‰.

The highest δ 56 Fe were obtained in the < 30 kDa fraction (δ 56 Fe < 30 kDa = 0.34 ± 0.03‰ with 7% of Fe) and the < 5 kDa fraction (δ 56 Fe < 5 kDa = 0.40 ± 0.07‰ with 0.5% of Fe), respectively (Fig. 9 and Table 8). The lowest δ 56 Fe value was obtained for the 0.2 µm -30 kDa fraction (δ 56 Fe (0.2 µm -30 kDa) = 0.06 ± 0.03‰ with 35% of Fe). The δ 56 Fe increased with the decreasing Fe and DOC concentrations, except for the 0.2 µm-30 kDa fraction, without any significant dependence on the pore siz (Fig. 9). A similar relationship was also observed by [START_REF] Ilina | Extreme iron isotope fractionation between colloids and particles of boreal and temperate organic-rich waters[END_REF]. These authors reported that the δ 57 Fe increase with the decreasing in the Fe/C ratio and the size fraction, which can be due to the changes in chemical nature of Fe-binding from Fe-O-Fe in the large Fe-rich size fractions to Fe-O-C in the small Fe-poor fractions. However, our results displayed that the Fe isotopic signature was controlled not only by the Fe concentration but also the OM played an essential role to control the δ 56 Fe by the Fe-OM complexation.

The alone Fe cannot explain the δ 56 Fe in each fraction. Our experimental results provided evidence that Fe complexation with OM produced a significant Fe isotope fractionation and resulted in a negative  56 Fe between the larger fractions (> 30 kDa) and the small fractions (< 5 kDa). Here, fraction characterization through transmission electron microscopy demonstrated that the < 5 kDa fraction primarily contained dissolved Fe(III) monomers or clusters complexed with OM (Fig. 8). Mass balance (Eq.5) and error propagation calculation showed a high and negative  56 Fe (0.2 µm -30 kDa) -< 5 kDa values (-0.33 ± 0.08‰) which can be therefore explained by the Fe-OM complexation process.

The lowest δ 56 Fe was found in the 0.2 µm -30 kDa fraction. In this fraction, Fe mainly occurred as Fe(III) nano-oxides embedded in humic substances; the dominant process was therefore precipitation as nano-oxides. Our previous results in the OM-free experiment demonstrated that abiotic precipitation did not produce any Fe isotope fractionation. These Fe(III) nano-oxides were formed from the oxidation/hydrolysis of Fe(II)-OM complexes produced during the soil reduction. However, in natural soils, Fe oxidation is mainly catalyzed by heterotrophic or autotrophic Fe(II)-oxidizing bacteria (e.g. Gallionella, Leptothrix) (e.g. [START_REF] Wang | Diversity of iron oxidizers in wetland soils revealed by novel 16S rRNA primers targeting Gallionella-related bacteria[END_REF]. Microbial Fe(II) oxidation is an effective mechanism fractionating Fe isotopes, with the production of isotopically heavy Fe(III) oxyhydroxides relative to the Fe(II) in solution (e.g. [START_REF] Croal | Iron isotope fractionation by Fe(II)-oxidizing photoautotrophic bacteria[END_REF][START_REF] Balci | Iron isotope fractionation during microbially stimulated Fe(II) oxidation and Fe(III) precipitation[END_REF].

Mass balance calculation resulted in negative Fe isotopic fractionations  56 Fe (5 µm -0.2 µm) -<5kDa = -0.24± 0.08‰ and  56 Fe (0.2 µm -30 kDa) -< 5 kDa = -0.33 ± 0.08‰. In the < 30 and < 5 kDa fractions, Fe occurring as a monomer was complexed by organic molecules which favored the binding of heavy Fe isotopes (Fig. 8). As a consequence, the precipitated colloidal Fe in the 0.2 µm -30 kDa fraction were enriched in light Fe isotopes with respect to the smaller fractions. The presence of such Fe(III) nanoparticles was also detected in the > 0.2 µm fraction [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF]. Therefore, why did these fractions not exhibit lower δ 56 Fe?

The δ 56 Fe value for the 5-0.2 µm fraction was similar to that of the total soil suspension, and was intermediate between those of the > 5 µm and 0.2 µm -30 kDa fractions. This is explained by its composition, corresponding to the soil which inherited old Fe(III) oxides, Fe(III) nanoparticles, fresh OM and humic substances [START_REF] Guénet | Highlighting the wide variability in arsenic speciation in wetlands: A new insight into the control of the behavior of arsenic[END_REF].

The combination of (ultra)filtration with spectroscopic characterization of the 0.2 µm -30 kDa fraction showed the presence of Fe-OM nano-aggregates and clusters. The small organic nano-aggregates (< 5 kDa) promoted the binding of heavy Fe isotopes resulting in enrichment in light Fe isotopes in the 0.2 µm -30 kDa fraction. However, when ultrafiltration is not performed, this isotope fractionation is hidden by the large Fe phases.

Conclusion

Although filtration and ultrafiltration are widely used in field studies notably, to fractionate particles, colloids and soluble fractions, just a few studies focused on the impacts of (ultra)filtration on Fe isotopic fractionation. Therefore, in the present work, our purpose was to study the Fe isotopic fractionation ( 56 Fe) in response to the (ultra)filtration of mixtures of Fe-OM particles, colloids and complexes synthesized from binding and titration methods at various pH levels. The impact of OM deposition on filter membranes was also investigated.

Experiments with or without OM with significant precipitation provided evidence that abiotic precipitation could not be able to fractionate Fe isotopes, since no significant  56 Fe values were observed. In all of the experiments where the Fe complexation by OM and /or hydroxyl ligands is expected, even in low proportions, a Fe isotope fractionation was observed irrespective of pH. This fractionation may occur through the preferential complexation of heavy Fe isotopes by OM and/or hydroxyl ligands to form stronger chemical bonds [START_REF] Roe | Nonbiological fractionation of Fe isotopes: Evidence of an equilibrium isotope effect[END_REF][START_REF] Dideriksen | Equilibrium Fe isotope fractionation between inorganic aqueous Fe(III) and the siderophore complex, Fe(III)-desferrioxamine B. Earth Planet[END_REF][START_REF] Morgan | Fe isotope fractionation during equilibration of Fe-organic complexes[END_REF]. At low pH, the strong positive fractionation between the > 0.2 µm and the < 0.2 µm fractions resulted in a decrease in δ 56 Fe in the < 0.2 µm fractions, i.e. a decrease in the amount of heavy Fe isotopes may be in response to the preferential binding of heavy Fe by the OM molecules of the > 0.2 µm fraction. By contrast, at circum-neutral pH, Fe complexation with small organic matter contained in the < 30 kDa fractions dominated Fe speciation, therefore involving a small increase in δ 56 Fe potentially in response to the preferential complexation of heavy Fe isotopes by OM.

The OM deposition experiment revealed that regardless of the pH condition, OM deposition indirectly fractionated the Fe isotopes in response to the Fe complexation by OM, which coated the membrane. However, this process is probably very insignificant with regards to the Fe speciation in natural solutions since the complexation occurred before filtration and the Fe speciation is not expected to change during filtration.

These results were used to study and explain the Fe isotope fractionation observed between the various fractions of "natural" Fe-OM associations obtained from the oxidation of a natural reduced soil solution produced by anoxic incubation in a wetland soil. The highest δ 56 Fe value was obtained in the smallest fraction, i.e. the < 5 kDa fraction, can be due to Fe(III) complexation by small humic OM molecules as monomers or small clusters. The lowest δ 56 Fe value was determined for the 0.2 µm -30 kDa fraction, where Fe mainly occurred as Fe(III) nano-particles embedded within the humic organic matrix. Regarding the results stemming from this study, this low δ 56 Fe value can result from the strong complexes formed by heavy Fe and organic molecules in the smallest fractions.

This observation of such Fe isotopic fractionation notably, for "natural" Fe-OM associations, was only possible through the use of the fractionation method, which allowed the discrimination of the prevailing chemical processes. Therefore, this method should be extensively used in the study of Fe fractionation since, neither filtration, nor ultrafiltration fractionated Fe isotopes. It appears that filtration and ultrafiltration are essential for further experimental and field studies, in order to assess Fe and OM speciation in the different fractions and therefore help to understand the potential control of the Fe isotopic fractionation.

Figure Captions:

Fig. 1. The Fe percentage (a) and the δ 56 Fe (b) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the OM-free experiments at pH 1, 2 and 6.5.

Fig. 2. The DOC relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in theFefree experiments at pH 2 and 6.5. ns.
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Fig. 3 .

 3 Fig.3. The Fe percentage (a), DOC (b) and the δ 56 Fe (c) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the Fe-OM binding experiment at pH 1, 2 and 6.5. Fig.4. The Fe percentage (a), DOC (b) and the δ 56 Fe (c) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the OM titration by Fe at pH 2 and 6.5. Fig.5. The Fe percentage (a), DOC (b) and the δ 56 Fe (c) relative to the size fractions (total, < 0.2 µm, < 30 kDa and < 5 kDa) in the OM deposition experiment at pH 2 and 6.5. Fig.6. The Fe percentage (a), DOC (b) and the δ 56 Fe (c) relative to the size fractions (total, > 5 µm, 5 µm -0.2 µm, 0.2 µm -30 kDa, < 30 kDa and < 5 kDa) in natural Fe-OM associations. Fig.7. The δ 56 Fe of the total (square), < 0.2 µm (triangle) and < 30 kDa (circle) fractions for the Fe-OM experiments relative to the Fe concentration (µmol L -1 ) at pH 6.5. The gray zone illustrates from the minimum (48 ± 0.03‰) to the maximum (0.61 ± 0.05‰) of δ 56 Fe values in the total fractions.

Fig. 8 .

 8 Fig. 8. Transmission electron microscopy micrographs of the fractions. a) Large view of the > 0.2 µm fraction. b) Close-up on a Fe aggregate corresponding to the red square from micrograph a. c) micrograph of the 0.2 µm -30 kDa fraction.Fig. 9. The δ 56 Fe of the natural Fe-OM associations relative to Fe percentage.

  

  

  

  

  

  

  

  

  

Table 1 -

 1 Chemical and isotopic compositions of filtrates and ultrafiltrates for the OM-free experiment.

	OM-free pH 1

free pH 6.5 Size fraction [Fe] µmol L -1 [Fe] (%) δ 56 Fe (‰) 2σ (‰) δ 56 Feʹ(‰) 2σʹ(‰)

  

	Total	40±1		0.61	0.05		
	> 0.2 µm*	26±1	65±3	0.64	0.08	0.03	0.10
	< 0.2 µm	14±0.3	35±1	0.55	0.05	-0.06	0.08
	< 30 kDa	<LOD	nd.	<LOD	nd.	nd.	nd.
	< 5 kDa	<LOD	nd.	<LOD	nd.	nd.	nd.
	DOC: dissolved organic carbon. *: Calculated fraction. <LOD: below limit of detection. nd.: not determined.

Table 2 -

 2 Percentage of Fe-OM binding (Fe-OM %), precipitated Fe as ferrihydrite (Ferrihydrite %), Fe3+ and Fe complexed by OH -(Fe(OH) n 3-n %) without and with OM, calculated using PHREEQC-Model VI.

	OM-free

A↓ B→

Table 3 -

 3 Iron isotopic fractionation between size for the OM-free, Fe-OM binding, titration OM deposition experiments and Fe-OM natural association.

	OM-free

  Not defined isotopic fractionation. ns. : No significant error propagation. nd. : not determined.

					Fe -OM natural association		
	Δ	56 Fe A-B	5-0.2 µm	0.2 µm-30 kDa	30 -5 kDa		< 5 kDa
	> 5 µm	0.16± 0.05	0.26± 0.04	0.21± 0.09	ns.
	5-0.2 µm	---	0.10± 0.04	-0.18± 0.04	-0.24± 0.08
	0.2 µm-30 kDa	-0.10± 0.04	---	-0.28± 0.04	-0.33± 0.08
	30 -5 kDa	0.18± 0.04	0.28± 0.04	---		ns.
	---:							
							--	ns.	1
						--	--	ns.	2
						--	--	nd.	6.5
					Titration		
	Δ	56 Fe A-B	< 0.2 µm	0.2 µm-30 kDa	< 30 kDa	30 -5kDa	< 5 kDa	pH
				3.04 ± 0.62	2.78 ± 0.91	3.02 ± 0.62	ns.	3.02 ± 0.62	2
	> 0.2 µm	ns.	ns.	-0.32 ± 0.11	nd.	nd.	6.5
				--	--	ns.	ns.	ns.	2
	0.2 µm-30 kDa	--	--	-0.23 ± 0.05	nd.	nd.	6.5
				--	ns.	--	--	ns.	2
	30 -5kDa	--	nd.	--	--	nd.	6.5
					OM deposition		
	Δ	56 Fe A-B	< 0.2 µm	0.2 µm-30 kDa	< 30 kDa	30 -5kDa	< 5 kDa	pH
				ns.	ns.	ns.	-3.12 ± 1.34	0.21 ± 0.09	2
	> 0.2 µm	0.39 ± 0.06	nd.	nd.	nd.	nd.	6.5
				--	--	ns.	-3.09 ± 1.34	0.24 ± 0.07	2
	0.2 µm-30 kDa	--	--	nd.	nd.	nd.	6.5
				--	3.09 ± 1.34	--	--	3.33 ± 1.34	2
	30 -5kDa	--	nd.	--	--	nd.	6.5

Table 4 -

 4 Chemical and isotopic compositions of filtrates and ultrafiltrates for the Fe-free experiment.

	Fe-free pH 2

DOC: dissolved organic carbon. *: Calculated fraction. <LOD: below limit of detection. nd.: not determined.

Table 5 -

 5 Chemical and isotopic compositions of filtrates and ultrafiltrates for the Fe-OM binding experiment. : dissolved organic carbon. *: Calculated fraction. <LOD: below limit of detection. nd.: not determined.

	Binding pH 1

DOC

Table 6 -

 6 Chemical and isotopic compositions of filtrates and ultrafiltrates for the Fe-OM titration experiment.

	Titration pH 2

DOC: dissolved organic carbon. *: Calculated fraction. <LOD: below limit of detection. nd.: not determined.

Table 7 -

 7 Chemical and isotopic compositions of filtrates and ultrafiltrates for the OM deposition experiment.

	OM deposition pH 2

DOC: dissolved organic carbon. *: Calculated fraction. <LOD: below limit of detection. nd.: not determined.

Table 8 -

 8 Chemical and isotopic compositions of filtrates and ultrafiltrates for the Fe-OM natural association.

	Fe -OM natural association

*: Calculated fraction.
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