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Introduction

Groundwater resources are of the utmost importance in French Guiana for water supply because the use of untreated river water for drinking by the inland population induces important health impacts. Since French Guiana belongs to the Guyana Shield, sustainable water management can be expected to depend increasingly on water from fissured aquifers, e.g. mainly hard rocks (crystalline, metamorphic and volcanic rocks). The exploitation of such fissured (heterogeneous and anisotropic) systems has to be linked to the characterisation of aquifer structure and functioning, aquifer heterogeneities and relationships with surface water [START_REF] Ph | Geochemistry of the Maroni River (French Guyana) during low water stage: Implications for water rock interaction and groundwater characteristics[END_REF][START_REF] Ph | Boron isotope signatures in the coastal groundwaters of French Guiana[END_REF].

Present day research has to focus on increasing use of existing geochemical tools (such as Sr-Nd isotopes as well as lead isotopes) dedicated to elucidate the structure and functioning of the different compartments of hard rock aquifers, i.e. overlying sediments, when they do exist, weathered cover alterites, weathered-fissured zone, fractured hard rock [START_REF] Steinmann | Rare earth element transport and fractionation in small streams of a mixed basaltic-granitic catchment basin (Massif Central, France)[END_REF][START_REF] Ph | Water-granite interaction: clues from strontium, neodymium and rare earth elements in saprolite, sediments, soils, surface and mineralized waters[END_REF]. In particular, research will have to deal with the identification of the relative signature of groundwater circulations in the alterites and in the underlying weathered-fissured zone. This zone, with efficient porosities ranging from 3 to 20% in the alterites and from 0.5 to 2% in the weathered-fissured zone, may contain most of the groundwater reserve (since the efficient porosity of fresh bedrock is often less than 0.01%). This will also help to identify the role of these different hydrogeological compartments, both under natural and pumping conditions, and in the framework of surfacegroundwater relationships. These methods give better understanding of the alterites and underlying weatheredfissured zone as hydrogeophysics, e.g. use of advanced geophysical methods to understand the interaction between geology and fluid flow in the subsurface, did [START_REF] Auken | An integrated study of the hydrogeology of volcanic islands using airborne transient electromagnetic: Application in the Galapagos Archipelago[END_REF][START_REF] Sailhac | Characterizing the vadose zone and a perched aquifer near the Vosges ridge at the La Soutte experimental site, Obernai, France[END_REF].

Since a sufficient number of boreholes have been drilled in French Guiana (Fig. 1), ongoing research is now focusing on the geochemistry of ground waters for which the database will serve to build up a referential for this region and will be valorised in conjunction with geologic, hydrodynamic, etc. data, as one main objective will be to better define the functioning of French Guiana hard rock aquifers.

General conditions in French Guiana

French Guiana covers 10% of the Guyana Shield, which represents the northern extension of the Amazonian Platform [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana shield in Venezuela[END_REF][START_REF] Deckart | Geochemistry and Sr, Nd, Pb isotopic composition of the Central Atlantic Magmatic Province (CAMP) in Guyana and Guinea[END_REF]. The Guyana Shield comprises three rock complexes: the Imataca Archaen gneiss (3.4-2.7 Ga), the Lower Proterozoic volcano-sedimentary terrains and granite-gneiss rocks (2.3-1.9 Ga), and the Middle Proterozoic continental deposits and magmatic rocks (1.9-1.5 Ga). With regard to its weathered substratum, which is composed only of Lower Proterozoic (2.5-1.9 Ga) igneous and metamorphic rocks, French Guiana is similar to the Guyana Shield drained by the Orinoco [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana shield in Venezuela[END_REF]. The geology of French Guiana can be summarized as four different units [START_REF] Gruau | Rb-Sr and Sm-Nd geochronology of lower Proterozoic granite-greenstone terrains in French Guiana, South America[END_REF][START_REF] Deckart | Geochemistry and Sr, Nd, Pb isotopic composition of the Central Atlantic Magmatic Province (CAMP) in Guyana and Guinea[END_REF] with the Cayenne Island series, the Lower Paramaca (hereafter referred to as unit P) of mainly metavolcanic rocks and rare sediments, the Upper Paramaca (hereafter referred to as unit S) and Orapu comprising schists, mica schists, quartzites, conglomerates, metagraywackes, metasiltites and rare metavolcanic rocks and finally plutonic intrusions of gabbro-diorite, granite and granodiorite from the "Guyana plutonism", and granitoid, granodiorite and tonalite from the "Caribbean plutonism".

The climatic and geodynamic conditions over the Guyana Shield since the Cretaceous have induced the extensive development of 50 to 100 m thick alterites masking the substratum [START_REF] Driscoll | Flexural deformation due to Amazon fan loading: a feedback mechanism affecting sediment delivery to margins[END_REF]. The climate is humid tropical, with two rainy seasons and two dry seasons and the total annual effective rainfall is around 1000 mm.y -1 . Most of the groundwater resource is located in the crystalline bedrock, typical of those of tropical hard rock settings. The alluvia have high clay content, mainly due to the nature of the sediments in tropical settings and also due to local weathering, they are relatively thin (mainly less than 5 m) and are of reduced lateral extent; they therefore account for only a small volume of groundwater. The alterites, which constitute the upper compartment of the bedrock aquifers, have an effective porosity of a few percent and thus a water storage function.

Sampling procedures and analytical methods

Groundwater samples (Fig. 1) were collected 1) along the coastal area bordering the Atlantic Ocean from shallow drill holes in the extensive sandy-argillaceous terrane, mainly Holocene in age, (GWA/alt-sed in Table 1), which is the only densely populated area in French Guiana [START_REF] Ph | Boron isotope signatures in the coastal groundwaters of French Guiana[END_REF], 2) along the Maroni and Oyapock

River catchments [START_REF] Ph | Geochemistry of the Maroni River (French Guyana) during low water stage: Implications for water rock interaction and groundwater characteristics[END_REF] from shallow wells in the alluvia (GWA/alt-sed in Table 1).

Groundwater samples were also collected from deep wells in the basement (Fig. 1), MM4, CAR1 and MKT2

around Cayenne (GWA/bas in Table 1) from which groundwater is pumped from bedrock fractures, deep wells (GWA/bas in Table 1) in the basement along the two main rivers Maroni and Oyapock (F1, 2, M1, 3bis, 4, 5, L1bis, 2, CR1, 2) and more inland (Ni5).

Groundwater were filtered on site through 0.2 µm acetate cellulose filters and stored in pre-cleaned polypropylene bottles. The samples for cation and isotope measurements were acidified to pH 2 with ultrapure HNO 3 , and one bottle of each sample (not acidified) was kept for anion determination. Electrical conductivity, water temperature and pH were measured in the field with a conductivity meter standardized to 20 °C and with a combined electrode and a pH-meter regularly calibrated using two standard buffers. Chemical analysis of the water samples was carried out by capillary ion electrophoresis for major cations and anions, by ICP-MS for Sr, Sm and Nd and HCl titration and Gran's method for the total alkalinity. Precision ranged between ± 5 and 10%

for the determination of major and trace elements measurements. Classical methods for the separation by exchange column (cation for Sr, cation and HDEHP reverse chromatography for Nd) and isotope analysis (Finnigan MAT 262 multiple collector mass spectrometer) were used for Sr and Nd isotope measurements [START_REF] Ph | Caractérisation chimique et isotopique des pluies de Cayenne (Guyane Francaise)[END_REF][START_REF] Ph | Geochemistry of the Maroni River (French Guyana) during low water stage: Implications for water rock interaction and groundwater characteristics[END_REF]. The reproducibility of 87 Sr/ 86 Sr measurement was tested by duplicate analyses of the NBS 987 standard (mean value 0.710227 ± 17.10 -6 , 2σ, n = 70) of the La Jolla international standard for Nd ( 143 Nd/ 144 Nd of 0.511826 ± 11.10 -6 , 2σ, n = 33). The 143 Nd/ 144 Nd ratios are expressed as εNd(0), which represents the deviation in parts per 10 4 (ε unit) from 143 Nd/ 144 Nd in a chondritic reservoir with a present day CHUR value of 0.512636. Data are presented in Table 2.

Results and Discussion

Chemical characterisation of waters

The Total Dissolved Solids (TDS) fluctuates from 10 up to 166 mg.L -1 in the groundwater from the extensive sandy-argillaceous terrane and from the alluvia (hereafter referred to as GWA/alt-sed) and from 46 to 218 mg.L -1 in the groundwater from the basement (hereafter referred to as GWA/bas). The water chemistry shows a large variation in major element contents (Table 2). Chloride content in the GWA/alt-sed groundwater ranges from 50 to 4241 µmol.L -1 and from 45 to 457 µmol.L -1 in the GWA/bas groundwater. Though Cl -ions do not have any significant lithological origin, since French Guiana is evaporite free, Cl -ions in groundwater may originate mainly from rainfall recharge (sea salts, [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF], and to a lesser extent from human activity (domestic sewage, fertilisers, etc). Chloride often behaves conservatively through the hydrological cycle and is used as an atmospheric-input reference element in many hydrosystems [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF]. Like Cl -, Na +

shows a wide range of contents and, when compared to Cl -in Figure 2a, Na concentrations in most surface and ground waters plot above the seawater dilution line (SWDL), indicating Na + excess. Most of the surface and ground waters from the GWA/alt-sed plot between the SWDL and the line with a molar Cl/Na ratio of around 0.5. Three GWA/bas ground waters (CR1, CR2 and F1-oct-98) plot with a molar Cl/Na ratio of 0.7, the hydrogeological data suggest that the alterite compartment contributes significantly to the well flow rate. The remaining GWA/bas ground waters plot with a molar Cl/Na ratio of 0.2. This divergence from the seawater dilution line reflects a large Na enrichment that is mainly related to water-rock interaction. Ca 2+ concentrations show a large range in groundwater from about 5-10 to 999 µmol.L -1 and fluctuate also largely in rain-and surface waters when compared to Cl -in Figure 2b (all samples plot above the SWDL, with a Cl/Ca ratio of 1.42

for the surface waters indicative of a Ca 2+ excess). The groundwater from the GWA/alt-sed also display a Ca 2+ excess and plot with a molar Cl/Ca ratio ranging between that of SWDL and the ratio 1.42, four of them plot with a molar Cl/Ca ratio higher than 1.42. The GWA/bas groundwater plot with a molar Cl/Ca ratio ranging between 1.42 and 0.05, reflecting the larger Ca 2+ excess. Some of them plot with a molar Cl/Ca ratio of around 1.42, close to the groundwater from the GWA/alt-sed, reflecting the fact that water partly originates from the alterite compartment. Similarly, K + , Mg 2+ and Sr 2+ excess are observed when plotted versus Cl -, (not shown), reflecting the weathering of aluminosilicates.

The positive correlation between HCO 3 and the sum of cations in groundwater samples (Σ + , r 2 = 0.55, n = 38)

clearly indicates that the cations released by weathering are balanced by the alkalinity, in good agreement with observations in other South American basins influenced by similar climatic conditions [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF][START_REF] Freyssinet | Geochemical mass balance and weathering rates of ultramafic schists in Amazonia[END_REF]. The bicarbonate increase during weathering originates from the atmospheric/soil CO 2 , which implies a positive correlation between HCO 3 and pH in groundwater samples (r 2 = 0.66, n = 38) related to the water-rock interaction.

Investigating groundwater recharge through δ 2 H and δ 18 O isotopic signature

Variations in the stable-isotope composition in a catchment's water balance are mainly caused by natural variations in the isotopic composition of rainfall and through mixing with pre-existing water and the influence of evaporation [START_REF] Kendall | Isotope Tracers in Catchment Hydrology[END_REF]. The stable isotopes δ 2 H and δ 18 O of all rain samples collected in French Guiana [START_REF] Ph | Caractérisation chimique et isotopique des pluies de Cayenne (Guyane Francaise)[END_REF] defines the local meteoric water line (LMWL), as illustrated in Figure 3a.

The δ 18 O and δ 2 Η in GWA/alt-sed ground waters fall in the range -2.1 to -3.7‰ for δ 18 O and -7.9 to -19.2‰ for δ 2 H and in the range -2.9 to -4.0‰ for δ 18 O and -12.3 to -18.4‰ for δ 2 H for the GWA/bas ground waters, in close agreement with the range of surface water (Négrel and Lachassagne 2000).

The δ 18 O and δ 2 Η relationships are illustrated in Figure 3a and b for rainwater (regression line and 95% confidence range), global meteoric water line (GMWL; δ 2 Η = 8 δ 18 O + 10, [START_REF] Craig | Isotopic variations in meteoric water[END_REF], surface waters and groundwater. Surface waters plot close to the LMWL in Figure 3b and, as demonstrated by [START_REF] Ph | Geochemistry of the Maroni River (French Guyana) during low water stage: Implications for water rock interaction and groundwater characteristics[END_REF], most show a significant shift (close to 1.4‰) to the right of this line as result of evaporation processes. Most of the ground waters from GWA/alt-sed clearly plot close to the local and global lines. Some of these ground waters are displaced below the LMWL. This could be due either to evaporation prior or during infiltration or, as suggested by [START_REF] Boronina | Study of stable isotopes in the Kouris catchment (Cyprus) for the description of the regional groundwater flow[END_REF], because of partial evaporation from soils and dilution by subsequent recharge. GWA/bas groundwater also plot close to the LMWL and GMWL, reflecting a meteoric origin and a lack of significant evaporation during recharge or oxygen isotope exchanges between water and the rock matrix.

Infiltrating rainwater shows a mean weighted signatures for δ 18 O and δ 2 H of -4.51‰ and -24.23‰ respectively, corresponding to 1790.4 mm of rainfall [START_REF] Ph | Caractérisation chimique et isotopique des pluies de Cayenne (Guyane Francaise)[END_REF]. However, mean rainwater δ-values cannot explain groundwater recharge as less negative values occur in many samples (Fig. 3b). and -20.89‰, respectively. This period of rain and thus recharge may explain the most negative δ-values in the groundwater samples. This suggests different stages of groundwater recharge with isotope signatures in close connection with the range in rainwater.

87 Sr/ 86 Sr as a proxy of weathering processes

Sr isotope studies of rivers and lakes have shown that variations in 87 Sr/ 86 Sr and Sr contents are caused by mixing waters with different 87 Sr/ 86 Sr ratios and Sr contents, each of them reflecting water-rock interaction with different rock types [START_REF] Oliver | Silicate weathering rates decoupled from the 87 Sr/ 86 Sr ratio of the dissolved load during Himalayan erosion[END_REF][START_REF] Grove | Application of strontium isotopes to understanding the hydrology and paleohydrology of the Altiplano, Bolivia-Peru[END_REF][START_REF] Chung | Weathering sources in the Gaoping (Kaoping) river catchments, southwestern Taiwan: Insights from major elements, Sr isotopes, and rare earth elements[END_REF].

All the surface-and groundwater samples from French Guiana are plotted in a 87 Sr/ 86 Sr vs. 1/Sr diagram (Fig. 4a), which is classically used to evaluate two-component mixing and end-member water compositions.

This figure indicates the existence of at least three end-members. The surface waters from the Maroni catchment, reported from Négrel and Lachassagne, 2000, plot along the mixing trend between the end-members corresponding to the drainage of the Unit P metavolcanic rocks (low 87 Sr/ 86 Sr ratio, highest [Sr]) and that of the Unit S meta-sedimentary lithology (highest 87 Sr/ 86 Sr ratio, intermediate [Sr]). The low 87 Sr/ 86 Sr ratio would reflect the weathering of rocks such as basalt and amphibolite that are known to impart a low 87 Sr/ 86 Sr ratio to the waters [START_REF] Louvat | Present denudation rates on the island of Reunion determined by river geochemistry: basalt weathering and mass budget between chemical and mechanical erosions[END_REF][START_REF] Dessert | Erosion of Deccan Traps determined by river geochemistry: impact on the global climate and the 87 Sr/ 86 Sr ratio of seawater[END_REF] while the high 87 Sr/ 86 Sr ratio would be related to the weathering of schists and micaschists, which deliver higher 87 Sr/ 86 Sr ratios to the water [START_REF] Aubert | Evidence of hydrological control of Sr behavior in stream water (Strengbach catchment, Vosges mountains, France)[END_REF].

This compares to the results obtained on rivers draining "undifferentiated Proterozoic rocks" of the Guyana Shield [START_REF] Edmond | The fluvial geochemistry and denudation rate of the Guayana shield in Venezuela[END_REF], which also lie on the mixing trend between the S and P end-members. The third end-member (intermediate 87 Sr/ 86 Sr ratio, low [Sr]) could correspond to the drainage of plutonic granitoid intrusions (δη). In the Maroni catchment, the shift of some surface waters to the right of the mixing trend between S and P end-members could reflect the input into the main stream of tributaries draining weathered granitoids. This is also illustrated by some rivers from the GWA/alt-sed [START_REF] Ph | Boron isotope signatures in the coastal groundwaters of French Guiana[END_REF] that plot in the field δη in the Figure 4a. Some ground waters from the same area plot very close to the mixing trend between S and P end-members but most of them plot with a low 87 Sr/ 86 Sr ratio, reflecting the influence of the drainage of volcanic rocks of the Lower Paramaca (Unit P). It is worth noting that some points of groundwater are shifted with a higher 1/Sr ratio agreeing with the rainwater samples. Therefore it may be concluded that the shift reflects a large rainwater input for the Sr budget compared to the Sr released by water-rock interaction.

The GWA/bas groundwaters lie on the straight line corresponding to a mixing between waters that have interacted with rocks from Unit P and S. Most ground waters display the lowest 87 Sr/ 86 Sr ratio, reflecting the interaction with rocks having a low Sr isotopic ratio. However, the location of the deep ground waters from Grand Santi (F1, F2) is not consistent with an interaction with volcanic rocks of the Unit P because the boreholes were drilled within granitoids. One way to explain the similarity between the drainage of volcanic rocks (Unit P)

and ground waters that have interacted with granitoids is to consider that the latter are influenced by the weathering of low Rb-rich Sr phases, which would impart a low 87 Sr/ 86 Sr ratio to the waters. Weathering of low Rb-rich Sr phases and more constraints on the 87 Sr/ 86 Sr ratio variations may be tested through a diagram 87 Sr/ 86 Sr versus Ca/Na ratio (Fig. 4b). The use of a cation ratio rather than absolute concentrations alone, avoids variations due to dilution or concentration effects [START_REF] Benothmann | Geochemistry and water dynamics: application to short timescale flood phenomena in a small Mediterranean catchment. I. Alkalis, alkali-earth and Sr isotopes[END_REF][START_REF] Chung | Weathering sources in the Gaoping (Kaoping) river catchments, southwestern Taiwan: Insights from major elements, Sr isotopes, and rare earth elements[END_REF]. As previously detailed, when Ca is compared to Cl content (Fig. 2b), all ground waters are indicative of a Ca 2+ excess, more marked in the ground waters from the basement, as well as for Mg, while the Na enrichment is less. Thus, Ca/Na appears to be a good indicator of weathering processes in waters from French Guiana. The surface water from the Maroni catchment does not define a clear hyperbola that binary mixing should lead to [START_REF] Langmuir | A general mixing equation with application to Icelandic basalts[END_REF]. They appear rather to be scattered along a main trend showing a large fluctuation in the 87 Sr/ 86 Sr ratio with a weak Ca/Na range. This makes possible to define a first water-rock interaction process that corresponds to surficial weathering of unit P and S. Surficial weathering of Unit S shows a larger 87 Sr/ 86 Sr ratio without changes in the Ca/Na ratio. Rainwater field (RW in Fig. 4) shows a low Ca/Na ratio and a 87 Sr/ 86 Sr ratio around 0.710.

Two other trends can be defined with a weak fluctuation in the 87 Sr/ 86 Sr ratio within a change of the Ca/Na ratio.

The first trend corresponds to a water-rock interaction process from the surficial to the deep weathering of granitoids. The deeper weathering of granitoids reflected in this trend implies that the weathering of Ca-bearing phases (e.g. plagioclases and/or calcite, Pett-Ridge et al., 2009) is greater in sample MM4 than in sample CRM2.

The second trend corresponds to a water-rock interaction process from the surficial to the deep weathering of the unit P with a weak fluctuation of the 87 Sr/ 86 Sr ratio (around 0.704) associated with a large increase in the Ca/Na ratio. As for the first water-rock interaction processes, the shift towards a relatively high Ca/Na ratios can be explained by more extensive weathering of Ca-bearing phases with a low 87 Sr/ 86 Sr ratio, such as plagioclase and/or calcite. High Ca/Na ratios generally relate to carbonate weathering [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF], which is also accompanied by increase in the Mg/Sr and Ca/Sr ratios [START_REF] Rengarajan | Strontium isotopes and major ion chemistry in the Chambal River system, India: Implications to silicate erosion rates of the Ganga[END_REF]. The increase in the Ca/Na ratios during the weathering of the unit P is accompanied by an increase of the Ca/Sr ratios (up to 500)

notwithstanding that this value is the lowermost value of carbonate weathering [START_REF] Meybeck | Composition chimique des ruisseaux non pollués de France[END_REF]. On the other hand, large Ca/Na ratios were observed during basalt weathering (up to 3, Dessert et al.2001;[START_REF] Raiber | Strontium isotopes as tracers to delineate aquifer interactions and the influence of rainfall in the basalt plains of southeastern Australia[END_REF][START_REF] Rengarajan | Strontium isotopes and major ion chemistry in the Chambal River system, India: Implications to silicate erosion rates of the Ganga[END_REF]. Such large Ca/Na ratios were accompanied by Ca/Sr ratio around 500 (Dessert et al.2001). Thus we can conclude that the trend in the GWA/bas ground waters from the unit P may reflect a more intense weathering of Ca-bearing phases like plagioclases as no evidence of calcite has been reported in basalts.

Using the 87 Sr/ 86 Sr and Ca/Na ratios of the extreme samples of the surficial and deep weathering of the unit P, which can be considered as end-members, a mixing line was calculated and reported in Figure 4b. The first endmember corresponds to the surficial weathering with a 87 Sr/ 86 Sr and Ca/Na ratios of around 0.703 and 0.4. The latter represents the value classically used for the weathering of silicate rocks [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF][START_REF] Louvat | Present denudation rates on the island of Reunion determined by river geochemistry: basalt weathering and mass budget between chemical and mechanical erosions[END_REF][START_REF] Rengarajan | Strontium isotopes and major ion chemistry in the Chambal River system, India: Implications to silicate erosion rates of the Ganga[END_REF]. The second end-member shows a slightly higher 87 Sr/ 86 Sr ratio (i.e. 0.705) and a greater Ca/Na ratio (i.e. 5). The calculation led to a divergence from the surficial weathering endmember of around 10% for F5, 25% for F2 and M4 and 50-60% for L1bis and L2.

Nd contents and Nd isotopes: implications for water-rock interactions

Since the development of the method by ICP-MS to determine the dissolved REE concentrations [START_REF] Stetzenbach | Testing the limits of ICP-MS: Determination of trace elements in groundwater at the pert-per-trillion level[END_REF][START_REF] Johannesson | Rare earth element geochemistry of Colour Lake, an acidic freshwater lake on Axel Heiberg Island, Nothwest Territories, Canada[END_REF], many studies deal with the behaviour of the REE in continental waters [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF][START_REF] Viers | Major and trace element abundances, and strontium isotopes in the Nyong basin rivers (Cameroon): constraints on chemical weathering processes and elements transport mechanisms in humid tropical environments[END_REF][START_REF] Andersson | The isotopic composition of Nd in a boreal river: A reflection of selective weathering and colloidal transport[END_REF][START_REF] Janssen | Geochemistry of some rare earth elements in groundwater, Vierlingsbeek, The Netherlands[END_REF] and references therein) but, in contrast, neodymium isotopes have not been extensively used in hydrogeological studies. Some data are available on the compositions of river water [START_REF] Goldstein | The Nd and Sr Isotopic systematics of river-water dissolved material: implications for the sources of Nd and Sr in seawater[END_REF][START_REF] Tricca | Rare earth elements and Sr and Nd isotopic compositions of dissolved and suspended loads from small river systems in the Vosges mountains (France), the river Rhine and groundwater[END_REF][START_REF] Andersson | The isotopic composition of Nd in a boreal river: A reflection of selective weathering and colloidal transport[END_REF][START_REF] Steinmann | Rare earth element transport and fractionation in small streams of a mixed basaltic-granitic catchment basin (Massif Central, France)[END_REF] and very little information is available for saline waters [START_REF] Ph | Water-granite interaction: clues from strontium, neodymium and rare earth elements in saprolite, sediments, soils, surface and mineralized waters[END_REF]) and ground waters [START_REF] Tricca | Rare earth elements and Sr and Nd isotopic compositions of dissolved and suspended loads from small river systems in the Vosges mountains (France), the river Rhine and groundwater[END_REF][START_REF] Viers | Behavior of Sm and Nd in a lateritic soil profile[END_REF]. The contents of Sm and Nd, as well as for the other dissolved REEs vary greatly. The dissolved Nd content in the surface waters varies from 20 to 102 ng.L -1 with a low TDS (10-20 mg.L -1 ), in agreement with values reported by other studies (Amazon, [START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF]Cameroon, Viers et al., 2000, Viers and[START_REF] Viers | Behavior of Sm and Nd in a lateritic soil profile[END_REF]) but broadly independent of other parameters such as total dissolved solids and pH. In the groundwater from the GWA/alt-sed, the dissolved Nd content varies from 39 to 752 ng.L -1 together with a broad range in the TDS (10 up to 166 mg.L -1 ). In the GWA/bas groundwater, the dissolved Nd contents are lower and vary from 3 to 63 ng.L -1 with TDS values ranging from 46 to 218 mg.L -1 . These ranges agree with other studies in groundwater [START_REF] Oliva | The effect of organic matter on chemical weathering: study of a small tropical watershed: Nsimi-Zoétélé site, Cameroon[END_REF][START_REF] Viers | Behavior of Sm and Nd in a lateritic soil profile[END_REF]. As usually stated in terrestrial surface processes and in granite-gneiss rocks, Sm displays similar behaviour to Nd (Nd = 4.9 x Sm + 6.5, r 2 = 0.98, n = 30), because of the similarity in their physical and chemical properties [START_REF] Goldstein | The Nd and Sr Isotopic systematics of river-water dissolved material: implications for the sources of Nd and Sr in seawater[END_REF][START_REF] Gaillardet | Chemical and physical denudation in the Amazon river basin[END_REF][START_REF] Viers | Behavior of Sm and Nd in a lateritic soil profile[END_REF]. The isotopic composition of dissolved Nd in surface and ground waters from French Guiana ranges from 143 Nd/ 144 Nd = 0.511377 ± 9.10 -6 to 0.512162 ± 8.10 -6 corresponding to a range of εNd(0) from -9.2 to -24.6. The lowest εNd(0) are observed in the GWA/alt-sed groundwater whereas the highest are for the GWA/bas groundwater.

The small differences between εNd(0) values for both the dissolved and suspended phases found within the same rivers suggests that the Nd isotopic composition can be used as an indicator of the weathered parent rock (Goldstein andJacobsen, 1987, 1988;[START_REF] Tricca | Rare earth elements and Sr and Nd isotopic compositions of dissolved and suspended loads from small river systems in the Vosges mountains (France), the river Rhine and groundwater[END_REF]. Mixing processes and water-rock interaction have both contributed to the observed εNd(0) (Négrel et al., 2001).

The similarity between the 143 Nd/ 144 Nd ratios in waters and related bedrock can be postulated now according to the recent works by [START_REF] Aubert | REE fractionation during granite weathering and removal by waters and suspended loads: Sr and Nd isotopic evidence[END_REF]. Comparing the Nd and Sr isotopic composition in minerals and waters, they demonstrated that the Sr and Nd isotopic characteristics of the major mineral phases of a granite clearly shows the strong influence of plagioclase and phosphate minerals (e.g. apatite) on the isotopic composition of the spring and stream waters. This was confirmed on other granite massif (France) by [START_REF] Ph | Water-granite interaction: clues from strontium, neodymium and rare earth elements in saprolite, sediments, soils, surface and mineralized waters[END_REF]. Thus, comparison of the εNd(0) values with the corresponding Sm/Nd ratios (e.g. 147 Sm/ 144 Nd ratios represented with the propagate errors) yields more information about the origin of the REE in the waters from French Guiana (Fig. 5). With the exception of the samples GUY99-11 and F1, they are positively correlated (εNd(0) = -43.3 + 233.8 x 147 Sm/ 144 Nd; r 2 = 0.64; n = 16) with low 147 Sm/ 144 Nd ratios for the river water and rather high ratios for the ground waters.

Most of the ground waters have 147 Sm/ 144 Nd ratios significantly higher than the average continental crust value of 0.105 [START_REF] Allègre | Chemical structure and history of the Earth: evidence from global non-linear inversion of isotopic data in a three-box-model[END_REF]. The εNd(0) vs. the 147 Sm/ 144 Nd ratio in the surface water and GWA/bas groundwater, illustrated in Figure 5, are consistent with that of the parent rocks [START_REF] Gruau | Rb-Sr and Sm-Nd geochronology of lower Proterozoic granite-greenstone terrains in French Guiana, South America[END_REF][START_REF] Delor | Carte géologique de la Guyane[END_REF]. If the εNd(0) is mostly controlled by the weathering of plagioclase and phosphate phases, as suggested by [START_REF] Aubert | REE fractionation during granite weathering and removal by waters and suspended loads: Sr and Nd isotopic evidence[END_REF][START_REF] Ph | Water-granite interaction: clues from strontium, neodymium and rare earth elements in saprolite, sediments, soils, surface and mineralized waters[END_REF], they should be shifted towards higher εNd(0) and Sm/Nd ratios and thus would plot on the right of the parent rocks field, which is not observed. The εNd(0) vs. the 147 Sm/ 144 Nd ratio for the groundwater from the GWA/alt-sed plot between the values measured in the parent rocks and that of suspended matter from the Amazon Basin [START_REF] Goldstein | A Sm-Nd isotopic study of atmospheric dusts and particulates from major river systems Earth and Planetery[END_REF][START_REF] Allègre | Sr-Nd-Pb isotopes systematics in Amazon and Congo River systems. Constraints about erosion processes[END_REF]. This suggests for some groundwater a possible influence of sedimentary deposits in the coastal area that originate from the Amazon. The other groundwater from the same area agree with the field of parent rocks, suggesting that Nd originates from the weathering of the bedrock.

Summary and perspectives

We report the dissolved concentrations of major and trace elements, stable isotopes (O and D), strontium ( 87 Sr/ 86 Sr) and neodymium isotopes ( 143 Nd/ 144 Nd) in ground waters and surface waters in French Guiana.

Groundwater samples were collected from (i) shallow drill holes in this coastal area, which is the only densely populated area in French Guiana, and (ii) deeper wells in the basement from which groundwater is pumped from bedrock fractures.

Major cations show excess due to water-rock interaction. Comparing δ 18 O and δ 2 H reveals that most ground waters agree with both local and global meteoric water lines without evaporation impacts. The 87 Sr/ 86 Sr ratios indicate the existence of at least three end-members that corresponds respectively to the drainage of metavolcanic rocks, meta-sedimentary lithology and plutonic granitoid intrusions. The 87 Sr/ 86 Sr and Ca/Na ratios yield evidence of increase in the weathering of metavolcanic rocks with the larger divergence between surficial and deep weathering of about 60%. The εNd(0) in some ground waters reveals a possible influence of sedimentary deposits in the coastal area that originate from the Amazon and on the other hand, some ground waters plot in agreement with the field of parent rocks, suggesting that Nd originates from the weathering of the bedrock. This geochemical and isotopic approach to the groundwater in French Guiana has allowed the origin and complex relationships between the different compartments of the hard-rock aquifers to be more clearly defined. Ca (en µmol.l -1 ) dans les eaux de surface et souterraines de Guyane. Les données des eaux de pluies sont extraites de Négrel et al. (1997); celles des eaux de surface sont extraites de Négrel et Lachassagne (2000). données des roches totales sont extraites de Gruau at al. (1985); [START_REF] Delor | Carte géologique de la Guyane[END_REF][START_REF] Deckart | Geochemistry and Sr, Nd, Pb isotopic composition of the Central Atlantic Magmatic Province (CAMP) in Guyana and Guinea[END_REF]. Les données des matières en suspensions de l'Amazone sont extraites d [START_REF] Allègre | Sr-Nd-Pb isotopes systematics in Amazon and Congo River systems. Constraints about erosion processes[END_REF].

Table 1. Groundwater typology, well type and lithology in the extensive sandy-argillaceous terrane from the coastal area and from shallow wells in the alluvia along the Maroni and Oyapock River catchments (GWA/altsed) and from deep wells in the basement (GWA/bas). 
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Figure 1 .

 1 Figure 1. Map showing the site locations in French Guiana where groundwaters were sampled and analysed for major ions and isotope systematics.

Figure 1 .

 1 Figure 1. Carte de localisation des sites d'échantillonage des eaux souterraines en Guyane pour analyses des ions majeurs et des isotopes.

Figure 2

 2 Figure 2. a) Cl vs. Na concentrations (in µmol.l -1 ) in surface-and groundwaters from French Guiana. b) vs. Ca concentrations (in µmol.l -1 ) in surface-and groundwaters from French Guiana. Rainwater data are from Négrel et al. (1997) and surface water data are from Négrel and Lachassagne (2000).

Figure 2

 2 Figure 2. a) Concentrations des eaux de surface et souterraines de Guyane en Cl et Na (en µmol.l -1 ). b) Cl vs.

Figure 3 .

 3 Figure 3. Relationships between δ 2 H and δ 18 O (‰ vs. SMOW Standard Mean Ocean Water) in surface-and groundwaters collected from French Guiana (a). Rainwater data, e.g. Local Meteoric Water Line LMWL, i.e. 10 monthly accumulations and 3 individual rain events in Cayenne (Négrel et al., 1997) and 6 rain events in the Maroni catchment (Négrel and Lachassagne 2000) are shown together with the Global Meteoric Water Line (GMWL: Craig, 1961); see text for origin of additional data. The big cross indicates the mean weighted rain input. In the extended view (b), the regression line and error bar envelope are indicated for the LMWL.

Figure 3 .

 3 Figure 3. Relations entre δ 2 H et δ 18 O (‰ vs. SMOW Standard Mean Ocean Water) dans les eaux de surface et souterraines de Guyane (a). Les données des pluies, e.g. droite météorique locale (LMWL, i.e. 10 échantillons mensuels intégrés, 3 pluies individuelles à Cayenne (Négrel et al., 1997) et 6 pluies individuelles dans le bassin versant du Maroni (Négrel and Lachassagne 2000) sont illustrées avec la droite météorique mondiale (Global Meteoric Water Line GMWL: Craig, 1961). Les croix sur le schéma indiquent les valeurs moyennes pondérées des pluies. Dans la vue étendue (b), sont indiquées la droitre de régression et les enveloppes d'incertitudes pour la roite météorique locale LMWL.

Figure 4 .

 4 Figure 4. Relationship between a) 87 Sr/ 86 Sr ratios and 1/Sr and b) 87 Sr/ 86 Sr ratios and Ca/Na ratios in surfaceand groundwaters collected from French Guiana. Rainwater data are from Négrel et al. (1997) and surface water data are from Négrel and Lachassagne (2000). Unit S: schists, micaschists, quartzites, conglomerates, metagrauwackes, metasiltites. Unit P: meta-volcanic rocks (basalt, amphibolite) and rare sediments. δη: gabbrodioritic intrusions, granit and granodiorite.

Figure 4 .

 4 Figure 4. Relation entre a) rapports 87 Sr/ 86 Sr et 1/Sr et b) rapports 87 Sr/ 86 Sr et rapports Ca/Na dans les eaux de surface et souterraines de Guyane. Les données des eaux de pluies sont extraites de Négrel et al. (1997); celles des eaux de surface sont extraites de Négrel et Lachassagne (2000). Unit S: schistes, micaschistes, quartzites, conglomérats, métagrauwackes, métasiltites. Unit P: roches méta-volcaniques (basalte, amphibolite) et rare sédiments. δη: intrusions gabbro-dioritiques, granite et granodiorite.

Figure 5 .

 5 Figure 5. Plot of εNd(0) vs. 147 Sm/ 144 Nd in surface-and groundwaters collected from French Guiana. Bedrock whole rocks εNd(0) fields are from Gruau at al. (1985); Delor et al. (2001) and Deckart et al. (2005) and the Amazon suspended matter data are from Allègre et al. (1996).
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 5 Figure 5. Diagramme entre εNd(0) vs. 147 Sm/ 144 Nd dans les eaux de surface et souterraines de Guyane. Les

Table 1 .

 1 Typologie des eaux souterraines, type d'ouvrage et lithologie dans la zone argillo-sableuse de la zone cotière et des aquifères superficiels des bassins versants du Maroni et de l'Oyapock (GWA/alt-sed) et des ouvrages profonds dans la zone de socle (GWA/bas).

	Name	Type	Reference	EC	T	pH	Ca	Na	Mg	K	Cl	SO4	NO3	HCO3	Sr	87 Sr/ 86 Sr	Eps Nd (0) 147 Sm/ 144 Nd	Nd	Sm	δ 2 H	δ 18 O
				µS/cm	°C														ng/l	ng/l		
	Grand Santi	GWA/alt-sed	MAR201	39.5	28.5	5.8	85	170	21	13	70	2	10	391	0.321	0.708130	-	-	-	-	-15.7	-3.5
	Pompidou	GWA/alt-sed	MAR203	46.4	19.7	5.99	65	248	8	21	180	2	31	200	0.142	0.710147	-	-	-	-	-16.8	-3.3
	Grand Santi	GWA/alt-sed	MAR201	46.4	27.8	5	100	152	33	49	149	3	119	300	0.571		-	-	-	-	-16.6	-3.4
	Yaou 3	GWA/alt-sed	Y 3	58	24.3	6.05	78	109	177	24	67.6	14	dl	505	0.231	0.708453	-	-	-	-	-14.5	-3.3
	Dorlin14	GWA/alt-sed	D14	44	23.6	6.94	62	142	116	27	185.9	35	2	205	0.120	0.710646	-	-	-	-	-15.3	-3.3
	Inini	GWA/alt-sed	25	40.7	25.6	5.4	10	157	58	10	197	32	6	38	0.033	0.713692	-	-	-	-	-19.2	-3.7
	Inini	GWA/alt-sed	P8	21.1	30.7	5.13	5	109	8	13	99	7	3	19	0.021	0.709707	-	-	-	-	-14.3	-2.8
	St Eustache	GWA/alt-sed GUY99-03	39	25.7	4.48	20	175	40	12	185	12	28	-	0.029	0.728571	-12.64	0.1342	123	27.3	-12.4	-3.2
	Corossony 1	GWA/alt-sed GUY99-04	113	33.3	6.19	67	396	86	44	254	9	4	770	0.342	0.709466	-12.00	0.1209	130	26	-10.7	-2.4
	Corossony 2	GWA/alt-sed GUY99-05	67	30.3	5.19	16	2009	49	35	4241	10	dl	210	0.072	0.709461	-10.42	0.1321	65	14.2	-7.9	-2.1
	Corossony 14	GWA/alt-sed GUY99-06	298	29.8	7	228	9468	457	95	10174	70	dl	2680	1.335	0.708714	-11.63	0.1205	134	26.7	-14.4	-3.2
	TPS1	GWA/alt-sed GUY99-07	84	27.7	5.63	34	273	112	58	276	25	dl	410	0.215	0.721651	-13.28	0.1358	297	66.7	-14.7	-3.1
	Bellevue	GWA/alt-sed GUY99-08	27	26.7	4.53	10	123	28	16	106	5	10	150	0.042	0.713712	-11.22	0.1354	39	8.7	-12.6	-3
	MAC1	GWA/alt-sed GUY99-09	23	29.2	4.4	10	95	18	9	51	4	3	70	0.027	0.710370	-17.83	0.1048	96	16.7	-14.1	-3.1
	St Jean	GWA/alt-sed GUY99-10	98	26.2	6.31	235	243	50	104	120	21	dl	740	0.566	0.717093	-	-	-	-	-9.9	-2.5
	Javouhey	GWA/alt-sed GUY99-11	166	28.5	6.56	717	106	46	39	175	3	84	1310	0.284	0.707984	-14.71	0.0858	60	8.6	-11.3	-2.8
	SC8	GWA/alt-sed GUY99-12	281	29.4	6.64	139	1886	280	96	457	14	dl	2160	0.612	0.709211	-10.59	0.1182	752	147	-14.4	-3.3
	SC4	GWA/alt-sed GUY99-13	39	29	5.01	23	150	35	23	154	9	dl	110	0.059	0.713286	-9.25	0.1446	62	14.8	-9.7	-2.5

Acknowledgements This work was funded by the BRGM Research Division. Chemical and isotopic analyses were performed in the Geochemistry Laboratory of the BRGM, France. We thank the two anonymous reviewers for providing critical comments that improved this manuscript. We are grateful to Dr. H.M. Kluijver for proofreading and editing the English text.