M Egal 
  
F Elbaz-Poulichet 
  
C Casiot 
  
M Motelica-Heino 
  
P Négrel 
  
O Bruneel 
  
A M Sarmiento 
  
J M Nieto 
  
  
Iron isotopes in acid mine waters and iron-rich solids from the Tinto-Odiel Basin (Iberian Pyrite Belt, Southwest Spain)

Keywords: 

The isotopic composition of Fe was determined in water, Fe-oxides and sulfides from the Tinto and Odiel Basins (South West Spain). As a consequence of sulfide oxidation in mine tailings both rivers are acidic (1.45 bpH b 3.85) and display high concentrations of dissolved Fe (up to 420 mmol l -1 ) and sulphates (up to 1190 mmol l -1 ). The δ 56 Fe of pyrite-rich samples from the Rio Tinto and from the Tharsis mine ranged from -0.56 ± 0.08‰ to + 0.25 ± 0.1‰. δ 56 Fe values for Fe-oxides precipitates that currently form in the riverbed varied from -1.98 ± 0.10‰ to 1.57 ± 0.08‰. Comparatively narrower ranges of values (-0.18 ± 0.08‰ and + 0.21 ± 0.14‰) were observed in their fossil analogues from the Pliocene-Pleistocene and in samples from the Gossan (the oxidized layer that formed through exposure to oxygen of the massive sulfide deposits) (-0.36 ± 0.12‰ to 0.82 ± 0.07‰). In water, δ 56 Fe values ranged from -1.76 ± 0.10‰ to + 0.43 ± 0.05‰. At the source of the Tinto River, fractionation between aqueous Fe(III) and pyrite from the tailings was less than would be expected from a simple pyrite oxidation process. Similarly, the isotopic composition of Gossan oxides and that of pyrite was different from what would be expected from pyrite oxidation. In rivers, the precipitation of Fe-oxides (mainly jarosite and schwertmannite and lesser amounts of goethite) from water containing mainly (more than 99%) Fe(III) with concentrations up to 372 mmol l -1 causes variable fractionation between the solid and the aqueous phase (-0.98‰ b Δ 56 Fesolid-water b 2.25‰). The significant magnitude of the positive fractionation factor observed in several Fe(III) dominated water may be related to the precipitation of Fe(III) sulphates containing phases.

Introduction

Fe is the fourth most abundant element on Earth. It is an essential element for most living organisms. It is used as an electron donor or acceptor in numerous microbiological metabolisms especially those involving acidophilic organisms [START_REF] Ehrlich | Geomicrobiology[END_REF]Amils et al., 2007). Fe is also a key micronutrient in the limitation of oceanic production and thus plays a direct role in the control of CO2 assimilation by phytoplankton [START_REF] Martin | Iron deficiency limits phytoplankton growth in the North-East Pacific subarctic[END_REF][START_REF] Martin | Glacial-interglacial CO2 change: the iron hypothesis[END_REF][START_REF] Coale | A massive phytoplankton bloom induced by an ecosystem-scale iron fertilization experiment in the equatorial Pacific Ocean[END_REF].

Fe isotopes are a good tool to improve our understanding of Fecycling and have been used in many scientific fields as reported in the review of [START_REF] Dauphas | Mass spectrometry and natural variations of iron isotopes[END_REF]. Non redox reactions can fractionate Fe isotopes [START_REF] Anbar | Non biological fractionation of iron isotopes[END_REF], but major effects are due to redox processes [START_REF] Johnson | Isotopic fractionation between Fe(III) and Fe(II) in aqueous solution[END_REF][START_REF] Schauble | Theoretical estimates of equilibrium Feisotope fractionation from vibrational spectroscopy[END_REF]. Fractionation can be predicted theoretically [START_REF] Polyakov | The use of Mösbauer spectroscopy in stable isotope geochemisty[END_REF][START_REF] Schauble | Theoretical estimates of equilibrium Feisotope fractionation from vibrational spectroscopy[END_REF]Anbar et al., 2005;[START_REF] Polyakov | Equilibrium fractionation factors of minerals: reevaluation from data of nuclear inelastic resonant X-ray scattering and Mössbauer spectroscopy[END_REF]. The theoretical approach of Anbar et al. (2005), based on the density functional theory, predicts a fractionation of 3‰ at 25 °C for the equilibrium fractionation between [Fe(H2O)6] 3+ and [Fe(H2O)6] 2+ , Fe (III) being isotopically heavier than Fe(II), which is in good agreement with the experimental data of [START_REF] Johnson | Isotopic fractionation between Fe(III) and Fe(II) in aqueous solution[END_REF] and [START_REF] Welch | Kinetic and equilibrium Fe isotope fractionation between aqeous Fe(II) and Fe(III)[END_REF].

The possible fractionation of Fe isotopes during biologically mediated reactions and the observation of rather homogeneous isotopic composition in low C and S clastic rocks compared to that of chemically precipitated sediments (Beard and Johnson, 1999;Beard and Johnson, 2004) paved the way for Fe biosignatures, though the picture was shown to be more complex that originally thought [START_REF] Anbar | Non biological fractionation of iron isotopes[END_REF][START_REF] Anbar | Iron stable isotopes: beyond biosignatures[END_REF]. With the exception of magnetotatic bacterial oxidation [START_REF] Mandernack | Oxygen and iron isotopes studies of magnetite produced by magnetotactic bacteria[END_REF], Fe isotope fractionation has been experimentally demonstrated for all biologically mediated Fe reactions including extracellular reductive dissolution of hematite [START_REF] Beard | Application of Fe isotopes to tracing the geochemical and biological cycling of Fe[END_REF], extracellular dissolution of ferrihydrite (Beard and Johnson, 1999;[START_REF] Beard | Application of Fe isotopes to tracing the geochemical and biological cycling of Fe[END_REF], anoxygenic photosynthesis of ferrihydrite by photoautotrophic bacteria [START_REF] Croal | Iron isotope fractionation by Fe(II)-oxidizing photoautotrophic bacteria[END_REF], dissolution of hornblende in presence of bacteria [START_REF] Brantley | isotopic fractionation during mineral dissolution with and without bacteria[END_REF]. However, Fe isotope fractionation has also been observed during abiotic processes such as abiotic Fe(II) oxidation [START_REF] Bullen | Demonstration of significant abiotic iron isotope fractionation in nature[END_REF], isotopic exchange between Fe(II) and Fe(III) [START_REF] Skulan | Kinetic and equilibrium fractionation between aqueous Fe(III) and hematite[END_REF][START_REF] Welch | Kinetic and equilibrium Fe isotope fractionation between aqeous Fe(II) and Fe(III)[END_REF], Fe(III) precipitation [START_REF] Bullen | Demonstration of significant abiotic iron isotope fractionation in nature[END_REF][START_REF] Skulan | Kinetic and equilibrium fractionation between aqueous Fe(III) and hematite[END_REF]Beard and Johnson, 2004;Balci et al., 2006), Fe(III) dissolution [START_REF] Brantley | isotopic fractionation during mineral dissolution with and without bacteria[END_REF].

Most Fe isotope data for natural environments concern solid samples including meteorites and lunar samples (Beard and Johnson, 1999;[START_REF] Poitrasson | Iron isotope differences between Earth, Moon, Mars and Vesta as possible records of contrasted accretion mechanisms[END_REF][START_REF] Poitrasson | Heavy iron isotope composition of granites determined by high resolution MC-ICP-MS[END_REF]. Particular attention has been paid to the Fe isotope composition of Banded Iron Formations (BIFs) (Johsnson et al., 2003;[START_REF] Dauphas | Clues from Fe isotope variations on the origin of Early Archean BIFs from Greenland[END_REF][START_REF] Dauphas | Identification of chemical sedimentary protoliths using iron isotopes in the N 3750 Nuvvuagittuq supracrustal belt, Canada[END_REF][START_REF] Yamaguchi | Biogeochemical cycling of iron in the Archean-Paleoproterozoic Earth: constraints from iron isotope variations in sedimentary rocks from the Kaapvaal and Pilbara Cratons[END_REF], black shales [START_REF] Rouxel | Iron isotope constraints on the Archean and Paleoproterozoic ocean redox state[END_REF], oceanic crust [START_REF] Rouxel | Iron isotope fractionation during oceanic crust alteration[END_REF], ferromanganese crust and nodules [START_REF] Levasseur | The global variation in the iron isotope composition of marine hydrogenetic ferromanganese deposits: implications for seawater chemistry? Earth Planet[END_REF][START_REF] Chu | Evidence for hydrothermal venting in Fe isotope compositions of the deep Pacific Ocean through time[END_REF], hydrothermal deposits [START_REF] Markl | Iron isotope fractionation during hydrothermal ore deposition and alteration[END_REF][START_REF] Dideriksen | Iron isotopes in natural carbonate minerals determined by MC-ICP-MS with a 58 Fe-54 Fe double spike[END_REF]).

An increasing number of studies are now considering the fractionation between water and solids in natural environments such as oceanic hydrothermal systems [START_REF] Sharma | Iron isotopes in hot springs along the Juan de Fuca Ridge[END_REF][START_REF] Severmann | The effect of plume processes on the Fe isotope composition of hydrothermally derived Fe in the deep ocean as inferred from the Rainbow vent site, Mid-Atlantic Ridge, 36°14′N[END_REF][START_REF] Dauphas | Mass spectrometry and natural variations of iron isotopes[END_REF], shelf sediments and porewaters [START_REF] Severmann | The effect of early diagenesis on the Fe isotope compositions of porewaters and authigenic minerals in continental margin sediments[END_REF], rivers and sediments [START_REF] Fantle | Iron isotopic fractionation during continental weathering[END_REF]Berquist and Boyle, 2006). However the number of data on the Fe isotope composition of natural waters remains limited. Yet this knowledge is important to better understand the biogeochemical processes that fractionate Fe isotopes in nature.

Fe-rich acidic water also called acid mine drainage (AMD) is produced upon oxidation of pyrite in mining residues. The formation of iron stromatolite-like structures is common in AMD [START_REF] Brake | Eukaryotic stromatolite builders in acid mine drainage: implications for Precambrian iron formations and oxygenation of the atmosphere?[END_REF][START_REF] Brake | Diatoms in acid mine drainage and their role in the formation of iron-rich stromatolites[END_REF][START_REF] Morin | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoulès creek, France): XANES and XRD evidence of As(V)or As(III)-Fe(III) gels and tooeleite[END_REF] and is linked to microbial activity, which plays a major role in the oxidation of Fe and in the precipitation of the Fe-rich solids [START_REF] Ferris | Geochemistry of acidic Rio Tinto headwaters and role of bacteria in solid phase metal partitioning[END_REF]. These modern stromatolites are very similar to those of Late Archean-Early Proterozoic BIFs. AMD may thus be studied as a model for early Earth and extraterrestrial environments [START_REF] Fang | Microbial biomass and community structure of a stromatolite from an acid mine drainage system as determined by lipid analysis[END_REF]. With the exception of the study of [START_REF] Herbert | Iron isotope fractionnation by biogeochemical processes in mine tailings[END_REF], few data on the isotopic composition of Fe in acid mine environments have been reported to date.

The Tinto and Odiel Rivers drain the central and eastern part of the Iberian Pyrite Belt, which has the largest known concentration of massive sulfide deposits in the world. Pyrite oxidation is still taking place in the huge mining spoil heaps that resulted from a long history (5000 years) of mining [START_REF] Leblanc | A 4500 years old mining pollution in Spain[END_REF]. As a consequence, the waters of both rivers are strongly affected by AMD and display extremely high Fe concentrations (up to a few hundreds of mmol l -1 ) and low pH values (2.5 to 3.5) from the mining area to the estuary (ca. 50 km) [START_REF] Braungardt | Metal biogeochemistry in an acidic mine polluted estuarine system in south-west Spain[END_REF]. The system is currently being studied as a terrestrial analogue for the planet Mars because of the abundance of Fe and the occurrence of jarosite which resembles that at the Martian Meridiani Planum site [START_REF] Fairen | Inhibition of carbonate synthesis in acidic oceans on early Mars[END_REF]Fernandez-Remollar et al., 2005;Amils et al., 2007).

The objective of this study was to assess the variability of Fe isotope composition in relation to the main processes affecting Fe cycling in this Fe(II)-Fe(III)-pyrite-sulphates-rich system.

Iron isotope composition was determined in the water of the Tinto and Odiel Rivers, in the Fe sulfides of the mining wastes, in the Fe-rich solids that are currently being precipitated from the water, and in similar Fe-oxide precipitates that have been preserved in the Pliocene-Pleistocene river terraces. In parallel, dissolved Fe concentrations (including total, Fe(II) and Fe(III)) were determined. The mineralogical composition of the Fe-rich solids in this system was also analysed.

Site description

The Iberian Pyrite Belt (IPB) forms part of the South Portuguese Zone, which comprises the southernmost zone of the Iberian Variscan Belt. The IPB has been reported as one of the largest massive sulfide provinces in the world [START_REF] Leistel | The volcanic-hosted massive sulfide deposits of the Iberian Pyrite Belt[END_REF][START_REF] Sáez | The Iberian type of volcanosedimentary massive sulfide deposits[END_REF][START_REF] Tornos | Environment of formation and styles of volcanogenic massive sulfides: the Iberian Pyrite Belt[END_REF], containing more than one hundred individual massive sulfide deposits with original reserves being estimated to exceed 1700 million tons scattered over an area about 250 km in length and 40 km in width extending from Seville (Spain) to south of Lisbon (Portugal) (Fig. 1). Two contrasting styles of mineralization can be recognized in the IPB suggesting two different geological settings: shale-hosted exhalative deposits in the southern part of the area, and volcanic-hosted deposits in the northern part formed by stratabound replacement of felsic volcanic rocks. Most of the deposits formed over a short time span, from the Late Devonian to the Early Carboniferous. Some of the sulfide deposits have been exposed at the surface at least since the Miocene, and have consequently undergone extensive oxidation processes, developing a thick cover of iron oxides and hydroxides known as "Gossan", [START_REF] Pomiès | Assessment of the precision and accuracy of lead-isotope ratios measured by TIMS for geochemical applications: example of massive sulfide deposits (Rio Tinto, Spain)[END_REF][START_REF] Nieto | Beudantite: a natural sink for As and Pb in sulfide oxidation processes[END_REF].

The metallic ore, which consists of massive bodies of iron and copper sulphides, has been mined since the Third Millennium BC [START_REF] Leblanc | A 4500 years old mining pollution in Spain[END_REF][START_REF] Nocete | An archaeological approach to regional environmental pollution in the South-Western Iberian Peninsula related to Third Millennium BC mining and metallurgy[END_REF], leaving numerous abandoned mining wastes that contain mainly pyrite.

The area is drained by the Tinto and Odiel Rivers. The Odiel River (length: 140 km, surface of the basin: 2300 km 2 ) has an average annual flow of about 460 Mm 3 yr -1 . The Tinto River (length: 100 km, surface of the basin: 720 km 2 ) has an average annual flow of 90 Mm 3 . yr -1 . Except for the upper Odiel River, which is located upstream from the mines, all the water bodies in the area are acidic (pH = 1.45-3.85) and contain extremely high concentrations of Fe and associated heavy metals and sulphate [START_REF] Olias | Seasonal water quality variations in a river affected by acid mine drainage: the Odiel River (South West Spain)[END_REF][START_REF] Ferris | Geochemistry of acidic Rio Tinto headwaters and role of bacteria in solid phase metal partitioning[END_REF][START_REF] Sanchez-Espana | Acid mine drainage in the Iberian Pyrite Belt (Odiel river watershed, Huelva, SW Spain): Geochemistry, mineralogy and environmental implications[END_REF].

Despite such extreme conditions, the Tinto and Odiel waters are host to a diverse biota of eukaryotes and prokaryotes [START_REF] Lopez-Archilla | Microbial community composition and ecology of an acidic aquatic environment: the Tinto River, Spain[END_REF][START_REF] Zettler | Eukaryotic diversity in Spain's River of Fire[END_REF][START_REF] Sabater | Structure and function of benthic algal communities in an extremely acid river[END_REF][START_REF] Gonzalez-Toril | Microbial ecology of an extreme acidic environment, the Tinto River[END_REF][START_REF] Aguilera | Eukaryotic community distribution and its relationship to water physicochemical parameters in an extreme acidic environment, Río Tinto (Southwestern Spain)[END_REF]. These organisms probably promote the precipitation of the Fe-rich solids that are ubiquitously encountered in the riverbeds around biological remains [START_REF] Fernandez-Remolar | The Rıo Tinto Basin, Spain: mineralogy, sedimentary geobiology, and implications for interpretation of outcrop rocks at Meridiani Planum, Mars[END_REF]. In the Pliocene (N 500,000 years) terraces of the Tinto River, similar structures are observed that can be considered as fossil analogues of modern stromatolites (Amils et al., 2007).

Materials and methods

Sample collection

Four surveys were carried out from 2003 to 2006. Samples for Fe isotope analysis were taken in July 2003 and July 2006. The locations of the sampling stations are shown in Fig. 1. Water samples were taken in several acid streams rising in the vicinity of former mining areas and in the mainstream of the Tinto and Odiel Rivers. Three samples (TP-1, TP-2, TP-3) were taken in what is generally considered as the source region of the Tinto River. TP-2 was taken immediately (less than 1 m) below the outlet of the pyrite tailings stock. TP-1 was taken in another branch of the river at a few hundred meters approximately from the source and has already undergone geochemical modification relative to the source water. TP-3 was sampled downstream from the junction of the TP-1 and TP-2 streams.

Solid samples representing the major types of iron-rich material found in the Tinto and Odiel basins were also collected. Ferruginous solids from old river terraces were taken near Nerva, and at stations ISL and PC (Fig. 1); samples of pyrite were collected in the Tharsis mining district, and from Peña del Hierro mine (Rio Tinto mining district), and Gossan samples were collected in the Tharsis mining district. Different facies of recent sedimentslaminated concretions, ferruginous crust and gel-like precipitateswere sampled in the effluents flowing from mine galleries or spoil heaps, and in the mainstream of the Tinto and Odiel Rivers. 

Determination of physicochemical parameters of the water and solids

The pH, temperature and the redox potential (Eh) were measured in the field with an Ultrameter™, Model 6P (Myron L Company, Camlab, Cambridge) equipped with a pH sensor. Dissolved oxygen (O2d) was measured with CHEMets® tests (CHEMetrics, Calverton, USA) based on colorimetric detection after reaction of O2d with indigo carmine for the range 0-12 μg g -1 and with rhodazine D for 0-1 μg g -1 .

Water samples were filtered in the field through 0.22 μm Millipore membranes mounted on Sartorius polycarbonate filter holders. One aliquot was immediately acidified to pH 1 with HNO3 (14.5 M) and stored at 4 °C for the determination of total dissolved Fe (FeT). Another aliquot was taken for determination of Fe(II). It was buffered to pH 4.5 with an ammonium acetate/acetic acid buffer immediately after filtration and Fe(II) was complexed by adding 1 ml of a 0.5% (w/w) 1,10-phenanthrolinium chloride solution to 10 ml of sample [START_REF] Rodier | L'analyse de l'eau[END_REF]. Fe(II) was analysed using spectrophotometry at 510 nm. The detection limit was 0.2 mg l -1 and precision was better than 5%.

FeT was determined by Flame Atomic Absorption Spectrometry (FAAS). Dissolved Fe(III) was calculated by difference between FeT and Fe(II).

The main mineralogy of solid samples was determined at the Central Research Services of the University of Huelva using a Bruker D8 Advance X-ray diffractometer. The pulverized samples were irradiated with CuKα radiation at 40 kV and 30 mA, scanning between 2° and 70° with a step interval of 0.05 (2θ).

Isotope measurements

In the first step, solid samples were completely dissolved with HCl/ HF (5:1) on a hot plate (80 °C, 24 h) followed by HNO3/H2O2 (5:1) (80 °C, 24 h), evaporated to dryness and resuspended in 10 ml of HNO3 (3%). The purification procedure used for water and dissolved solids is similar to that described by Balci et al. (2006). After oxidation with a The Fe isotope composition of pyrite, which is the main primary source of Fe in the system, ranged from -0.56 ± 0.08‰ to 0.25 ± 0.10‰. As shown in Fig. 5, the range of Fe isotopic compositions reported in the literature for pyrite is quite large. The values observed in this study compare well with those reported for the massive volcanogenic sulfide deposit of the Grasberg Igneous Complex [START_REF] Graham | Tracing Cu and Fe from source to porphyry: in situ determination of Cu and Fe isotopes ratios in sulfides from the Grasberg Cu-Au deposit[END_REF].

The river precipitates displayed the largest range of isotopic composition with δ 56 Fe values ranging from -1.98 ± 0.10‰ (station O4) to 1.57 ± 0.08‰ (station O52-2). Comparatively narrow variations in δ 56 Fe values were encountered in their fossil analogues from river terraces (-0.18 ± 0.08‰ to + 0.21 ± 0.14‰) and in the iron oxides from the Gossan (-0.36 ± 0.12‰ to 0.82 ± 0.07‰). These values are within the ranges observed for Fe-oxides from BIFs (Johnson et al., 2003;[START_REF] Rouxel | Iron isotope constraints on the Archean and Paleoproterozoic ocean redox state[END_REF]. The range of δ 56 Fe in gel-like sediments (-1.98 ± 0.1‰ to 0.68 ± 0.1‰) was slightly larger than in laminated concretions (-0.98 ± 0.1‰ to 1.57 ± 0.08‰). The data from the CM station showed that at the same location, the three different sediment facies can have significantly different isotope compositions. However, the whole data set did not provide any evidence for systematic variation in the isotopic composition in relation to the sediment facies.

In water, δ 56 Fe ranged from -1.76 ± 0.1‰ to 0.43 ± 0.05‰. The values were generally negative except at the TP-2 station.

When plotted as a function of the logarithm of the Fe(II) fraction in solution (Log[Fe(II)]/ FeT), the distribution of isotopic ratios was somewhat scattered. Nevertheless, general trends can be distinguished in the evolution of δ 56 Fe values. In both water and sediments, the Fe isotope ratios tend to decrease with an increase in the Fe(II) fraction in water (Fig. 6). Significant fractionation (up to 2.25‰) between the sediments and the water, favouring the heavier isotope in the solid, was observed generally in Fe(III) dominated water (Log[Fe(II)]/ FeT b-1, Fig. 6). The isotopic composition at the TP-2 station located at the outlet of the tailing stock (less than 1 m downstream) can be used to assess Fe fractionation during the generation of AMD in the mine tailings. AMD formation is mainly driven by the oxidation process of sulfidecontaining solids amongst which pyrite is the most abundant at the study site. The overall reaction for the oxidation of pyrite has the following form:

Discussion

4FeS2 + 15O2 + 10H2O→4FeOOH(s) + 8SO 2-+ 16H + (2)
In this form, the reaction does not reflect the importance of Fe(III) that has been shown to be a much more efficient electron acceptor than oxygen [START_REF] Moses | Aqueous pyrite oxidation by dissolved oxygen and by ferric iron[END_REF]. Indeed the reaction proceeds stepwise according to:

FeS2(s)+ 14Fe 3+ + 8H2O→15Fe 2+ + 2SO 2-+ 16H + (3) Fe 2+ + 0.25O2 + H + →Fe 3+ + 0.5H2O (4) 
At low pH, abiotic oxidation of Fe is slow [START_REF] Stumm | Aquatic chemistry: an introduction emphasizing chemical equilibria in natural waters[END_REF], and reaction (4), which is the rate-limiting step determining the availability of Fe(III) [START_REF] Evangelou | Pyrite oxidation and its control[END_REF], requires mediation that is generally ensured by acidophilic bacteria that play a central role in the process of pyrite degradation through the oxidation of Fe 2+ [START_REF] Johnson | The microbiology of acidic mine waters[END_REF].

Eventually, Fe(III) can precipitate according to:

3+ + 2H2O→FeOOH(s) + 3H + (5)
The data of [START_REF] Polyakov | Equilibrium fractionation factors of minerals: reevaluation from data of nuclear inelastic resonant X-ray scattering and Mössbauer spectroscopy[END_REF] for pyrite, and of Anbar et al. (2005) In our system, the large range of fractionation may be attributed to Fe-mineral discrimination. To confirm this hypothesis further studies of Fe(III) fractionation during the precipitation of pure Fe(III) oxyhydroxysulphates solids including both crystallized phases such as jarosite and schwertmannite and amorphous phases are necessary.

The isotopic composition of the fossil stromatolites is coherent with that of their modern analogues (Fig. 6). Nevertheless, the wide range of isotopic composition encountered in the modern Fe(III) precipitates does not enable accurate assessment of the physicochemical conditions that prevailed in the water when the fossil stromatolites formed.

Conclusion

This study investigated the isotopic fractionations in an acidic (1.4 b pH b 3.2) Fe-and sulphur rich system, the Tinto-Odiel River basin.

The isotopic composition of pyrite-rich solids, which are the ultimate source of Fe in the system, ranges from -0.56 ± 0.08‰ in the Tharsis massive sulphide deposit to 0.25 ± 0.1‰ in the Rio Tinto massive sulphide deposit. The isotopic composition of the Fe-oxides from the Gossan ranged from -0.29 ± 0.02‰ to 0.82 ± 0.07‰.

The fractionation factor between pyrite and oxidized Fe either as aqueous Fe(III) or in the mineral (goethite or hematite) from the Gossan appears to be systematically lower than what would be expected from theoretical values. for [Fe(H2O) 3+ ], yields a theoretical fractionation factor Δ of The δ 56 Fe values in the Fe-rich oxides that precipitate from the river 1.95‰ at 25 °C, pyrite being isotopically heavier. Significantly lower values (-0.18‰ in 2004 and 0.48‰ in 2006) were obtained at the TP-2 station from the isotopic composition of pyrite (P-py, Table 3), and water. The difference can be explained by the presence of an iron source depleted in 56 Fe compared to pyrite. Alternatively, the precipitation of Fe oxides according to Eq. ( 5) could favour the enrichment of the aqueous phase in the heavy isotope as suggested by the Fe(III) precipitation experiments of Balci et al. (2006) in an acidic sulphates-rich medium or those of [START_REF] Skulan | Kinetic and equilibrium fractionation between aqueous Fe(III) and hematite[END_REF] showing that rapid precipitation of hematite from Fe(III) results in an increase in the δ 56 Fe of Fe(III).

The isotopic composition of oxides (hematite or goethite) from the Gossan samples of the Tharsis mine ranged from -0.29‰ to 0.82‰ (Table 3). In all cases these values are higher than those observed at the same site for pyrite (-0.56‰ b δ 56 Feb-0.47‰), which can be considered as the precursor of the Gossan oxides. This observation of higher δ 56 Fe values in oxides compared to pyrite which is ubiquitous in the rock record (Beard and Johnson, 2004) is rather surprising given the pyrite beta values of [START_REF] Polyakov | The use of Mösbauer spectroscopy in stable isotope geochemisty[END_REF] and [START_REF] Polyakov | Equilibrium fractionation factors of minerals: reevaluation from data of nuclear inelastic resonant X-ray scattering and Mössbauer spectroscopy[END_REF] which predict a 56 Fe depletion of oxides relative to pyrite (Δ hematite-pyrite =-3.62‰, Δ goethite-pyrite =-5.69‰ at 25 °C).

The fractionation factors between water and Fe-oxide precipitates vary in a large range (-0.98‰ b Δ 56 Fesolid-water b 2.25‰) as shown in Fig. 6. The observation of negative or slightly positive factors between Fe(III) in the solid and in the solution is not surprising. It corroborates the results of the experimental studies. For example, the fractionations reported by Balci et al. (2006) for the precipitation of Fe(III) from an acidic (pH ≤ 3.54) synthetic solution of Fe(III)-sulphates ranged from -0.04‰ to -1.46‰, favouring the lighter isotope in the solid phase. According to [START_REF] Skulan | Kinetic and equilibrium fractionation between aqueous Fe(III) and hematite[END_REF], the precipitation of hematite from Fe(III) over 12 h yielded a kinetic fractionation factor Δ 56 Fehematite-Fe(III) of -1.3‰ whereas at slow precipitation rates, water ranged from -1.98 ± 0.10‰ to 1.57 ± 0.08‰. In water, the range of δ 56 Fe values (from -1.76 ± 0.10‰ to + 0.43 ± 0.05‰) was smaller.

The fractionation factors between the precipitates and the water vary in a large range (-0.98‰ b Δ 56 Fesolid-water b 2.25‰), the highest values being observed in Fe(III) dominated waters. The large range of fractionation factors may reflect a discrimination due to the formation of different Fe-oxides/sulphates minerals. However, analyses of experimentally and naturally produced Fe-oxyhydroxysulphates solids, including pure minerals phases must be carried out in order to confirm this hypothesis.

An Fe isotope fingerprint in fossil stromatolites was unfortunately not identified which would have enabled us to trace the physicochemical conditions that prevailed at the time of their deposition. equilibrium fractionation were observed. The observation of significantly positive fractionation factors between Fe(III) in the several precipitates from Fe(III) dominated water is more striking. Fractionation factors of the same order of magnitude (1‰) with preferential incorporation of the heavier isotope have been reported by [START_REF] Bergquist | Iron isotopes in the Amazon River system: weathering and transport signatures[END_REF] during the coagulation of Fe(III) colloids in the Amazon estuary but this was in water having very different physicochemical conditions compared to the AMD of this study. geochemistry. Geochim. Cosmochim. Acta 69, 825-837. Amils, R., Gonzales-Toril, E., Fernandez-Remollar, D., Gomez, F., Aguilera, A., Rodriguez, N., Malki, M., Garcia-Moyano, A., Fairen, A., de la Fuente, V., Sanz, J.L., 2007. Extreme environments as Mars terrestrial analogs: the Rio Tinto case. Planet. Space Sci. 55, 370-381. Balci, N., Bullen, T., Witte-Lien, K., Shanks, W., Motelica, M., Mandernack, K., 2006 
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 1 Fig. 1. Map of the study area showing the main mines and the sampling stations in the Tinto and Odiel watersheds.
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 5 Fig. 5. Summary of δ 56 Fe in the system studied and comparison with relevant data from the literature. (1) Pyrite from Black Shales, Rouxel et al. (2005); (2) Diagenetic pyrite from the Baltic Sea, Fehr et al. (2008); (3) BIF (whole rock), Johnson et al. (2002); (4) BIF (pyrite), Dauphas et al. (2004); (5) Hydrothermal sulfides, Sharma et al. (2001); (6) Hydrothermal pyrite, Graham et al. (2004); (7) Fe-oxides from BIF,Johnson et al. (2003),[START_REF] Rouxel | Iron isotope constraints on the Archean and Paleoproterozoic ocean redox state[END_REF].
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 6 Fig. 6. Fe isotope composition (δ 56 Fe) of precipitates and water (a) and fractionation factor between water and precipitates (Δsolid-water) (b) versus the logarithm of the aqueous Fe(II) fraction (Log[Fe(II) / FeT]). The hatched area represents the range of δ 56 Fe values in the fossil laminated concretions.
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