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This study reports analyses of Ra isotopes in a Mediterranean stream, the Vidourle river, whose upper course drains the granitic and metamorphic basement of the SE part of the French Massif Central (Cévennes) and then flows through the karstified carbonates of Jurassic and Cretaceous ages. In these low-Ra waters ( 226 Ra activities range from 1.5 to 4.9 mBq/L), all four Ra isotopes were successfully analyzed through gamma spectrometry during a single analysis. 226 Ra activities and ( 228 Ra/ 226 Ra) ratios are distinctly higher in waters draining the Variscan basement than in waters affected by dissolution of Mesozoic carbonates, in agreement with U contents and Th/U ratios of both rock types. This results in a general N-S decrease, which parallels the evolution of the 87 Sr/ 86 Sr ratios. ( 228 Ra/ 226 Ra) ratios reported vs 1/( 226 Ra) display linear relationships suggesting mixing of several water components related to the lithology. Ra might thus have a more conservative behavior than usually assumed, possibly because of the high water/rock ratio and flow rate in karst environment. Short-lived Ra isotopes ( 224 Ra and 223 Ra) are often in excess compared to their equilibrium values, due to their supply through alpha-recoil processes. 223 Ra activities in a Vidourle tributary can be explained by mixing of two water components, with a negligible radioactive decay of 223 Ra during underground water flow. The calculated minimum flow rates (40-60 m/h) are in agreement with those deduced from artificial tracer experiments.

3 Introduction

Ra isotopes have long been used as geochemical tracers in water studies: surface or groundwaters in continental areas, coastal and oceanic waters. A range of applications of Ra isotopes in aquatic systems can be found in several reviews (e.g., [START_REF] Porcelli | The behavior of U-and Th-series nuclides in groundwater[END_REF][START_REF] Krishnaswami | U-Th series nuclides in aquatic systems[END_REF]. One of the main applications concerns the process of submarine groundwater discharge (SGD), where Ra isotopes are used to trace the input of groundwater into coastal areas and constrain its flux and mixing proportion with marine waters, following the pioneering work of [START_REF] Moore | Large groundwater inputs to coastal waters revealed by 226 Ra enrichments[END_REF] (e.g., [START_REF] Lamontagne | Submarine groundwater discharge from the South Australian Limestone Coast region estimated using radium and salinity[END_REF][START_REF] Rodellas | Using the radium quartet to quantify submarine groundwater discharge and porewater exchange[END_REF]. This approach has also been applied to trace the influx of sinkhole vent waters in continental lakes [START_REF] Baskaran | Tracing the seepage of subsurface sinkhole vent waters into lake Huron using radium and stable isotopes of oxygen and hydrogen[END_REF].

In waters with a relatively high salinity (e.g., [START_REF] Sturchio | Radium isotope geochemistry of thermal waters, Yellowstone National Park, Wyoming, USA[END_REF][START_REF] Elliot | Dissolved uranium, radium and radon evolution in the Continental Intercalaire aquifer, Algeria and Tunisia[END_REF]), Ra has a low affinity for particles, in contrast with its behavior in continental freshwaters, where Ra is assumed to be readily adsorbed onto mineral surfaces (especially onto clay minerals or Fe, Mn oxides/hydroxides; e.g., [START_REF] Krishnaswami | Radium, thorium and radioactive lead isotopes in groundwaters: application to the in situ determination of adsorption desorption rate constants and retardation factors[END_REF][START_REF] Porcelli | Properties of radium[END_REF]. As a result, whereas the ratio of the long-lived Ra isotopes ( 228 Ra/ 226 Ra) can be used to trace water sources (e.g., [START_REF] Guerrero | U-isotopes and 226 Ra as tracers of hydrogeochemical processes in carbonated karst aquifers from arid areas[END_REF][START_REF] Kraemer | Applications of uranium-and thorium-series radionuclides in catchment hydrology studies[END_REF][START_REF] Vinson | Implications of carbonate-like geochemical signatures in a sandstone aquifer: radium and strontium isotopes in the Cambrian Jordan aquifer (Minnesota, USA)[END_REF][START_REF] Vinson | Radium isotope response to aquifer storage and recovery in a sandstone aquifer[END_REF], in a similar way as the 87 Sr/ 86 Sr ratio (e.g., Luís et al. 2019;[START_REF] Négrel | A strontium isotopic study of mineral and surface waters from the Cezallier (Massif Central, France): implications for mixing processes in areas of disseminated emergences of mineral waters[END_REF][START_REF] Shand | Sr isotopes in natural waters: applications to source characterisation and water-rock interaction in contrasting landscapes[END_REF], Ra activities can rarely provide the relative contributions of source waters [START_REF] Chabaux | U-Th-Ra fractionation during weathering and river transport[END_REF]. In some cases, however, Ra has been used to calculate the relative proportions of different surface waters (e.g., [START_REF] Kraemer | Radium isotopes in Cayuga Lake, New York: indicators of inflow and mixing processes[END_REF]. Our previous study of the Lez karstic spring in the South of France (Molina-Porras et al. 2017b) has also shown that Ra can indeed behave as a conservative element over the relevant transport timescales.

In order to check the potential use for tracing water sources and mixing of both the longlived ( 226 Ra, in the 238 U decay series with a half-life t 1/2 of 1600 y, and 228 Ra, in the 232 Th decay series, t 1/2 = 5.75 y), and short-lived ( 223 Ra, t 1/2 = 11.4 d in the 235 U decay series and 224 Ra, t 1/2 = 3.66 d, in the 232 Th decay series) Ra isotopes, we have extended our previous study to another Mediterranean river, the Vidourle, flowing through a region of contrasted geology and hydrologic conditions (surface vs groundwater flow in a karstic network). The aim of this study was (1) to check the potential of the ( 228 Ra/ 226 Ra) ratios for distinguishing water sources from different rock reservoirs, and to test if these ratios, in conjunction with the 226 Ra activities, could be used to infer and quantify water mixing. (2) To compare the evolution of ( 228 Ra/ 226 Ra) ratios with 87 Sr/ 86 Sr ratios previously measured in earlier campaigns. And (3) to see if short-lived Ra isotopes ( 223 Ra and/or 224 Ra) could put constraints on water transfer time in the karst. Note that, throughout the paper, parentheses denote activities or activity ratios.

Geological and Hydrogeological Contexts

The studied area extends from the SE border of the French Massif Central (Cévennes), with granitic and metamorphic rocks (Cévennes granites and schists) of the Variscan basement. This basement is overlain to the South by southwards-dipping Mesozoic sediments extending from Trias to Lower Cretaceous. Numerous NE-SW faults affect the region, among them the "Cévennes fault-network" near Saint-Hippolyte-du-Fort (Fig. 1), and the "Les Matelles-Corconne" fault, further SE. These faults were already present during late 1 3

Variscan times and controlled the evolution of the SE sedimentary Basin of France. They were reactivated during the Pyrenean orogeny (Upper Eocene), with left-lateral strikeslip displacements, and during the Oligocene extension as normal faults with downwards movements of the SE compartments. The studied part of the Vidourle watershed drains the whole geologic formations, from the Variscan basement to Mesozoic formations. Further South, the Vidourle hydrosystem shares a common watershed zone with the Lez hydrosystem, previously studied (Molina-Porras et al. 2017b). In this area, surface water feeds the Vidourle river, whereas water infiltrated at depth contributes to the Lez karst system.

The Vidourle river reaches the Mediterranean Sea, after a 95-km-long course (SAN-DRE 2012). Its whole watershed has an area of 800 km 2 . Only the upper course of the Vidourle river, upstream of the town of Quissac, has been investigated in this work. The Vidourle spring is located at 500 m a.s.l, on the northern slope of La Fage Mountain. This E-W elongated ridge exposes a part of the Mesozoic series, from Triassic formations at the base (sandstone, dolomitic layers and clays) lying unconformably on the Variscan basement to Liassic dolomites and siliceous limestones at the top (931 m a.s.l.). The north-western part of the watershed (left riverside of the Vidourle) corresponds to a non-karstic sub-watershed (36 km 2 ), draining waters from fractured granitic and metamorphic rocks of the Variscan basement.

One of the main Vidourle tributaries in this zone is the Esclafar creek (VE in Fig. 1). During dry periods (low-water table), the surface flow of the Vidourle river is interrupted about 1.5 km downstream of the Cros bridge (V1), due to a sinkhole, when the river crosses a fault separating the Cévennes schists and karstified Liassic dolomites. The Vidourle resumes its surface flow at the Baumel spring (V2), around 2.5 km downstream [START_REF] Drogue | Contribution à l'étude quantitative des systèmes hydrologiques karstiques d'après l'exemple de quelques karsts périméditerranéens[END_REF]. Between these points, the underground flow is through formations composed of Triassic evaporites and clays with dolomitic and marly intercalations, and Liassic limestones and dolomites. From the Baumel spring, the Vidourle river continues to flow at the surface until Saint-Hippolyte-du-Fort (V4). When it leaves this town, the Vidourle again flows underground for about 8 km, due to another sinkhole/outlet system between Saint-Hippolyte-du-Fort (V4) and the Sauve spring (V6). Groundwater circulation in this zone is through a conduit system in massive and highly karstified limestones and marly limestones (Upper Jurassic and Lower Cretaceous). This groundwater circulation is the main recharge source (up to 65%) of the Upper Vidourle karst aquifer [START_REF] Vaute | Relations between the structure of storage and the transport of chemical compounds in karstic aquifers[END_REF]).

This karstic system is thus fed through both allogenic (via rapid transfer in the karst through the Saint Hippolyte-Sauve sinkhole/outlet system) and autogenic (via diffuse infiltration through the Sauve karstic area) recharge. Downstream of the Sauve spring, the Vidourle river keeps flowing at the surface until it reaches the Mediterranean Sea. One particular subsystem of the Vidourle upper-watershed is the Valestalière stream (Fig. 1), that rises in the granitic zone and, during low-water periods, takes an underground course, when it leaves the Cévennes schist zone (VA) and reaches the Liassic dolomites. The confluence of the Valestalière stream with the Vidourle river is 1 km downstream of the Baumel spring (near V3 in Fig. 1). However, during low-water periods, the Valestalière surface-discharge is negligible compared to the Vidourle flow rate.

Sampling and Analytical Methods

Major Element Contents

Temperature (± 0.1 °C), pH (± 0.1 pH unit) and electrical conductivity (± 1.5%, T ref = 25 °C) were measured directly in the field with a pH meter and a conductometer, both of the WTW 3210 series. Total alkalinity (± 20 mg/L or ± 0.33 mmol/L of HCO 3 -) was measured by HCl titration with a G20 Compact Titrator (Mettler-Toledo). Major cations and anions were analyzed from 0.22 µm filtered samples using a Dionex™ ICS 1000 ionic chromatography apparatus at HydroSciences Montpellier laboratory, with uncertainties of 2.4% for Ca 2+ , 3.0% for Mg 2+ , 2.5% for Na + , 7.4% for K + , 2.6% for Cl -and 4.4% for SO 4 2-. Saturation indexes were calculated with the Diagrammes software, version 6.48 [START_REF] Simler | Software diagrammes (V6.48). Laboratoire d'Hydrologie d[END_REF], using the Debye-Hückel approximation for the ion activity coefficient estimation.
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Radium Isotopes

Vidourle samples for Ra isotope analysis were taken, from May 2015 to March 2016, during low-water periods, when there is no water circulation in the Vidourle riverbed between V1 and V2, and from V4 to V6 (Fig. 1).

Radium sampling and measurement were performed as described in Molina-Porras et al. (2017a) using a portable sampling system. Ra was pre-concentrated from 100 to 300 L water samples directly in the field. Water was first pumped using a 12 V submersible pump (Comet Ocean™), filtered through 25 µm and 5 µm particle filters and poured into a 300 L graduated PE tank. The pump was then recovered and used to drive the water (at a flow rate less than 2 L/min) from the tank through an acrylic fiber cartridge and another cartridge filled with 6.5 g of Mn fiber (provided by Scientific Computer Instrument©). Quantitative retention of Ra was previously checked by the analysis of a second Mn fiber inserted downstream of the first one. Back in the laboratory, the Mnfiber samples were dried overnight (60-80 °C) and then reduced to ashes at 600 °C for 6 h. The finely crushed Mn-oxide residues (0.7-0.9 g) were compacted in a polyethylene (PE) tube for analysis in a CANBERRA™ Ge-well gamma detector, at Géosciences Montpellier laboratory.

The following gamma rays were used for the measurement of Ra isotopes: the 186.2 keV ray for 226 Ra, the 338.3 keV and 911.2 keV rays of 228 Ac for 228 Ra, the 238.6 keV ray of 212 Pb and 583.2 keV ray of 208 Tl for 224 Ra, the composite peak around 270 keV (269.5 keV ray of 223 Ra and 271.2 keV ray of 219 Rn) for 223 Ra. Ra isotope activities were calculated by comparison with in-house standards that were prepared from 0.7 to 0.9 g of Mn-oxide powders, obtained by ashing of virgin Mn fiber. The Mnoxide powders were poured into PE tubes and impregnated with U or Th solutions of known activities and both in secular radioactive equilibrium, then dried and compacted to obtain the same geometry as that of the samples. Details on the procedure and calculations, including decay and interference corrections, are described in Molina-Porras et al. (2017a) and [START_REF] Condomines | Determination of the four natural Ra isotopes in thermal waters by gamma-ray spectrometry[END_REF].

The typical relative standard combined uncertainties (1σ) for these analyses were 2-3% for 226 Ra, 228 Ra and 224 Ra; and less than 10% for 223 Ra. While early determinations through gamma spectrometry of Ra isotopes extracted from large volumes of water often required an independent measurement of the 226 Ra activity [START_REF] Baskaran | A method for rapid in situ extraction and laboratory determination of Th, Pb, and Ra isotopes from large volumes of seawater[END_REF], the quantitative extraction of Ra with our procedure (Molina Porras et al. 2017a) allowed measurement of the activities of all Ra isotopes in a single analysis.

Strontium Isotopes

Vidourle waters analyzed for Sr isotopes were sampled from October 2008 to May 2013, during various hydrological conditions. 60 mL of water was filtered to 0.22 μm, and Sr was separated using standard ion exchange procedures. For samples analyzed before 2013, measurements of 87 Sr/ 86 Sr ratios were carried out using a thermal ionization mass spectrometer (TIMS) at Geosciences laboratory, Rennes, France. The average value of the NBS 987 standard was 0.710262 ± 0.000013. For 2013 samples, measurements of 87 Sr/ 86 Sr ratios were carried out by TIMS, with an average relative uncertainty of 0.02‰, at the Service d'Analyse des Roches et des Minéraux (SARM) of the Centre de Recherches Pétrographiques et Géochimiques (CRPG) in Nancy, France.

3 4 Results and Discussion

Chemical composition and physical parameters of the sampled waters are reported in Table 1, and Ra isotope activities and activity ratios in Table 2. In both tables, samples are listed according to their location along the Vidourle river, from the closest to the spring to the farthest downstream (VE to V7). The samples were separated into groups corresponding to the lithology of the watershed rocks. Sampling points VE (granites) and VA (granites and schists) are considered as representative of waters draining the Variscan basement, while samples of the Vidourle river at Cros (V1) correspond to a mixing of waters of the Variscan basement and Triassic and Liassic rocks from the northern flank of La Fage mountain. V2, V3 and V4 samples are considered as part of Saint-Hippolytedu-Fort waters, corresponding to waters draining Triassic and Liassic terranes (mainly in the Hettangian dolomitic karst), but also influenced by Cros waters, which have infiltrated upstream. V5, V6 and V7 samples represent waters having flowed through the Upper Vidourle karstic systems.

For comparison, we have also reported in Tables 1 and2 the compositions and Ra activities of the main types of Lez spring waters. These waters were classified as diluted (DW), low (LW) and mineralized waters (MW), corresponding to waters diluted by surface water after heavy rain episodes, waters sampled during low-waters periods and mineralized waters of deep origin, respectively, (Molina-Porras et al. 2017b). The reported values are average values for each type of water.

Chemical Composition of Waters

In general, electrical conductivity (EC) values of the Vidourle waters (78-607 µS/cm) are systematically lower than the waters of the Lez spring (680-890 µS/cm), due to their lower contents of Ca, Na, HCO 3 and Cl. Major element compositions clearly distinguish waters flowing through the granitic and metamorphic basement (with relatively high Na/Ca molar ratios) from those flowing through Mesozoic carbonate rocks (with lower Na/Ca ratios). This can be illustrated in a Mg/Ca-Na/Ca diagram (Fig. 2). Additional data from [START_REF] Legeay | Tracking multiple Sr sources through variations in 87 Sr/ 86 Sr ratios of surface waters from the Aljustrel massive sulphide mining area: geological versus anthropogenic inputs[END_REF] extend the range of water compositions to a full hydrologic year. Roughly, two mixing trends are apparent for the Vidourle system: one between a "granitic" water component (G in Fig. 2) and a "carbonate" water component represented by the Baumel spring (V2, water from the Liassic dolomites and limestones, with relatively high Mg/Ca ratios), the other between the mixed St Hippolyte water (V6) and a component typical of Upper Jurassic/Lower Cretaceous limestones (J + C in Fig. 2, with low Na/Ca and Mg/Ca ratios). The latter is the main water mass feeding the karstic systems further South, such as that of the Lez aquifer. The Lez waters themselves define a third mixing trend in Fig. 2 Water draining the Variscan basement are undersaturated with respect to calcite, whereas all other waters affected by carbonate dissolution are close to saturation (V2 and V6) or clearly over-saturated. This is particularly true for surface samples that have 1 3 

226 Ra Activities and ( 228 Ra/ 226 Ra) Ratios

Both 226 Ra activity and ( 228 Ra/ 226 Ra) ratio in water primarily depend on the U content and Th/U ratio of the source rock. U contents and Th/U ratios are usually higher in magmatic rocks, and in detrital sedimentary rocks derived from their erosion, than in carbonate rocks. Indeed, Th and U are both magmaphile (lithophile) elements, which are concentrated in the residual melt during magmatic differentiation [START_REF] Adams | The geochemistry of thorium and uranium[END_REF]. Their concentrations are thus high in the silicic granitic melts. The ( 228 Ra/ 226 Ra) ratio is also high in a granitic rock in radioactive equilibrium, since it is equal to the ( 232 Th/ 238 U) ratio. It should be noted, however, that the ( 228 Ra/ 226 Ra) ratio might not represent exactly the Th/U ratio of the whole rock, since rock dissolution is an incongruent process, because of different dissolution rates of the various minerals present in granitic or metamorphic rocks. But Th and U have very different properties in aqueous environments. While Th is highly insoluble, U in its oxidized form U VI is very soluble, especially in HCO 3 -rich waters such as seawater (e.g., [START_REF] Chen | 238 U, 234 U and 232 Th in seawater[END_REF]). Thus, rocks that result from chemical precipitation in water, like carbonates, do contain significant concentrations of U, and very little Th (low Th/U ratios).

One can thus expect that the water ( 228 Ra/ 226 Ra) ratios will decrease when carbonate dissolution becomes significant. This is indeed what is roughly observed when the water flows downstream along the Vidourle course (Table 2). 226 Ra activities and ( 228 Ra/ 226 Ra) ratios decrease from 3.1 to 4.9 mBq/L and 1.23-1.41, respectively, in waters of the Variscan basement, to 1.5 mBq/L and 0.91 downstream at Quissac, after the Vidourle flowed through the Sauve karstic aquifer. This evolution parallels that of major elements, with an increase in Ca and HCO 3 contents and a decrease in Na/Ca and Mg/Ca ratios (Fig. 2). However, the decrease in 226 Ra activity and ( 228 Ra/ 226 Ra) ratios is not uniform along the Vidourle course. For example, between Baumel (V2) and Saint-Hippolyte-du-Fort (V3), the ( 228 Ra/ 226 Ra) ratio increases from 0.81 to 1.06. As discussed later in Sect. 4.4, we attribute this evolution to the influence of basement water brought to the Vidourle by the underground flow of the Valestalière stream, its tributary on the left bank (VA water). Another example is the case of Les Oules outlet (V5, Table 2), which has higher ( 226 Ra) activity and ( 228 Ra/ 226 Ra) ratio (2.74 mBq/L and 1.00, respectively), compared to the nearby Sauve spring (V6). The water emerging at Les Oules outlet comes mainly from the infiltration of waters of the Crespenou, a small tributary of the Vidourle, which drains Triassic, Jurassic and Cretaceous formations and has a different chemical composition [START_REF] Drogue | Contribution à l'étude quantitative des systèmes hydrologiques karstiques d'après l'exemple de quelques karsts périméditerranéens[END_REF]) compared to Sauve spring. This outlet, however, has a negligible contribution to the chemistry of the main Vidourle river, because of its very low flow rate compared to the Sauve spring [START_REF] Drogue | Contribution à l'étude quantitative des systèmes hydrologiques karstiques d'après l'exemple de quelques karsts périméditerranéens[END_REF].

( 228 Ra/ 226 Ra) activity ratios are reported in Fig. 3 2,3,4,5) 1 3 ( 228 Ra/ 226 Ra) ratios in the Lez spring waters range from 2 to 3 mBq/L and 0.71 to 0.62, respectively. Its field extends toward higher Ra activities and lower ( 228 Ra/ 226 Ra) ratios, far away from the Jurassic/Cretaceous carbonate component, because of the participation of the deep mineralized component, previously described in Sect. 4.1, strongly enriched in 226 Ra and with a low ( 228 Ra/ 226 Ra) ratio (Molina-Porras et al. 2017b). This results in a positive correlation between Ra activity and conductivity in the Lez spring waters, whereas the Vidourle waters display a negative correlation, due to the relative contribution of granitic and carbonate waters.

The diagram of Fig. 3 suggests that 228 Ra and 226 Ra behave relatively conservatively in the Vidourle system, and that Ra can be used to infer mixing proportions of water masses with different ( 228 Ra/ 226 Ra) ratios. For example, the Vidourle water at Quissac (V7) can be considered as a mixture of 43% of water of the Upper Vidourle course near St Hippolyte (V3a), and 57% of water derived from the Jurassic/Cretaceous karst. Such a quantitative approach is further discussed in Sect. 4.4 and applied to the case of mixing of the Valestalière waters with those of the Vidourle, downstream from the Baumel spring, i.e., in the St Hippolyte area.

The apparent nearly conservative behavior of 228 Ra and 226 Ra in the studied freshwater environment might seem surprising in view of the commonly held view of a quick Ra adsorption onto mineral surfaces (e.g., [START_REF] Krishnaswami | Radium, thorium and radioactive lead isotopes in groundwaters: application to the in situ determination of adsorption desorption rate constants and retardation factors[END_REF]. However, adsorption depends on many parameters such as the water/rock ratio (i.e., the porosity), the water velocity, the nature and surface area of the minerals in contact with water, and chemical and physical parameters (pH, Eh, major ions), with the possible influence of complexes. Without additional data (e.g., experimental), a detailed discussion is precluded. We can simply emphasize that, in well-established karst systems, the water/rock ratio and the water velocity are high, clay minerals are of relatively minor importance, and that these conditions make Ra adsorption less likely than in low-porosity media for example. 2). The two parallel trends of decreasing isotope ratios downstream illustrate the increasing influence of carbonate dissolution. The dashed line separates the Vidourle and Lez hydrosystems. (For a colored view of the figure, the reader is referred to the web version of this article, same symbols in Figs. 2,3,4 ,5) 1 3 4.3 Regional Variation of ( 228 Ra/ 226 Ra) and 87 Sr/ 86 Sr Ratios 87 Sr/ 86 Sr ratios were measured in the Vidourle hydrosystem and Lez spring during previous sampling campaigns [START_REF] Bicalho | A conceptual model for groundwater circulation using isotopes and geochemical tracers coupled with hydrodynamics: a case study of the Lez karst system[END_REF][START_REF] Legeay | Tracking multiple Sr sources through variations in 87 Sr/ 86 Sr ratios of surface waters from the Aljustrel massive sulphide mining area: geological versus anthropogenic inputs[END_REF]. Their average values and ranges at each sampling point are reported in Table 2, and their spatial variation in Fig. 4b. A general decrease in these ratios is noticeable from the Upper Vidourle course to the Lez spring, which mimics the evolution of the ( 228 Ra/ 226 Ra) ratios shown in Fig. 4a.

The samples of the Variscan basement (VE) have the highest 87 Sr/ 86 Sr values (0.7127 for VE), while the lowest values correspond to the Lez spring water draining the Jurassic and Cretaceous formations. Silicic magmatic and metamorphic rocks of the upper crust have high Rb/Sr ratios, and decay of 87 Rb results in high 87 Sr/ 86 Sr ratios. As for the ( 228 Ra/ 226 Ra) ratio, the 87 Sr/ 86 Sr ratio measured in water does not necessarily represent the ratio of the whole rock, because of the different dissolution rates of mineral phases. For example, preferential dissolution of biotite which has a high 87 Sr/ 86 Sr ratio in a granite (higher than the ratio of the whole rock, dominated by the 87 Sr/ 86 Sr ratio of the Sr-rich plagioclase) can lead to a Sr isotope ratio in water higher than that of the whole rock [START_REF] Blum | 87 Sr/ 86 Sr ratios of Sierra Nevada stream waters: implications for relative mineral weathering rates[END_REF]. In contrast, the 87 Sr/ 86 Sr ratio of marine carbonates represents the seawater ratio and is lower than the ratio of the upper crust. The present seawater value is 0.7092 [START_REF] Farrell | Improved chronostratigraphic reference curve of late Neogene seawater 87Sr/86[END_REF], but this ratio has been lower during most of the Phanerozoic, with large fluctuations reflecting the variable respective contributions of continental erosion, leading to high 87 Sr/ 86 Sr ratios, and oceanic crust alteration leading to low 87 Sr/ 86 Sr ratios. Seawater 87 Sr/ 86 Sr ratios were the lowest at the beginning of the Upper Jurassic (0.7068) and, during Lower Cretaceous, remained lower than 0.7075 [START_REF] Jones | Strontium isotopic variations in jurassic and cretaceous seawater[END_REF], a value close to the ratios measured in the Lez waters (0.7076-0.7079).

However, waters from the Sauve spring that have transited through the same Upper Jurassic/Lower Cretaceous karst reservoir as the Lez waters display ( 228 Ra/ 226 Ra) and 87 Sr/ 86 Sr ratios that are both higher (0.91 and up to 0.7085, respectively) than typical values of the Lez karst spring (Table 2). These data confirm the significant contribution in the Sauve spring of water derived from the upper non-karstic Vidourle river, with higher ( 228 Ra/ 226 Ra) and 87 Sr/ 86 Sr ratios, in agreement with previous studies [START_REF] Drogue | Contribution à l'étude quantitative des systèmes hydrologiques karstiques d'après l'exemple de quelques karsts périméditerranéens[END_REF][START_REF] Vaute | Relations between the structure of storage and the transport of chemical compounds in karstic aquifers[END_REF].

Thus, the general evolution of 87 Sr/ 86 Sr ratios shown in Fig. 4b reflects the transition from waters dominated by interaction with the Variscan basement (Upper Vidourle river) to waters dominated by dissolution of Mesozoic carbonates. The roughly parallel evolution of ( 228 Ra/ 226 Ra) and 87 Sr/ 86 Sr ratios displayed in Fig. 4a, b is simply a consequence of the similar behavior of the Th/U and Rb/Sr ratios in the two main components implied in water-rock interactions: the igneous and metamorphic rocks with high Rb/Sr and Th/U ratios, and carbonates with low Th/U and Rb/Sr ratios.

Short-Lived Ra Isotopes

The ( 224 Ra/ 228 Ra) and ( 223 Ra/ 226 Ra) ratios involving the two short-lived Ra isotopes do not show the same regular evolution as the ( 228 Ra/ 226 Ra) ratios (Table 2). Indeed, while the ( 224 Ra/ 228 Ra) ratios are close to the equilibrium value of 1 in waters from the Upper Vidourle course, they increase in the Saint-Hippolyte-du-Fort area (1.23 to 1.49). A value significantly lower than 1 is found at the Sauve spring (0.76), while this ratio is 0.84 in the Lez karst spring. ( 223 Ra/ 226 Ra) ratios are systematically higher than the expected value at 1 3 equilibrium (0.046, corresponding to the natural ( 235 U/ 238 U) ratio). While long-lived Ra isotopes are mostly influenced by rock dissolution, the short-lived Ra isotopes are also introduced into water by alpha-recoil processes (e.g., [START_REF] Krishnaswami | Radium, thorium and radioactive lead isotopes in groundwaters: application to the in situ determination of adsorption desorption rate constants and retardation factors[END_REF][START_REF] Porcelli | Investigating groundwater processes using U-and Th-series nuclides[END_REF]. Moreover, their activities can be significantly modified by decay if the water transfer times are of the order of days. Interpreting 224 Ra data is further complicated by the fact that its grandparent 228 Ra is present in water, whereas its direct parent 228 Th is assumed to be quickly adsorbed onto suspended particles or the conduit walls. 223 Ra has no highly soluble ascendant in the decay chain and is potentially easier to interpret. It may be significant, however, that both ( 224 Ra/ 228 Ra) and ( 223 Ra/ 226 Ra) ratios have their highest values (1.39 and 0.116, respectively), in waters of the Baumel spring, which corresponds to the Vidourle resurgence after its underground flow in the Hettangian dolomite karstic reservoir. This suggests that both 224 Ra and 223 Ra might be introduced into water by alpha-recoil processes operating in a porous reservoir (e.g., alluvial sand infillings, in the Baumel Hettangian karstic aquifer) with a low-water/rock ratio [START_REF] Porcelli | The behavior of U-and Th-series nuclides in groundwater[END_REF]. In this respect, the presence in surface stream water of 224 Ra and 223 Ra in excess of their equilibrium values is a good indicator of groundwater influx, in the same way as 222 Rn. 222 Rn is commonly used to trace groundwater influx because it is never particle reactive. But it can be efficiently degassed in surface waters, and the Rn signal might disappear rather quickly downstream. For example, the Baumel spring has a relatively high 222 Rn activity of 8.1 Bq/L, but its activity falls to 0.8-0.6 Bq/L near St Hippolyte (Molina-Porras, unpublished results).

The activities of all Ra isotopes are lower in the Sauve spring than in the waters of the Vidourle upper course at St Hippolyte and upstream. This is primarily due to the contribution to this spring of the Sauve karstic aquifer in the Upper Jurassic/Lower Cretaceous carbonates. But the low ( 224 Ra/ 228 Ra) ratio of 0.76 (the only one less than 1 in the Vidourle waters) and the ( 223 Ra/ 226 Ra) ratio of 0.061, lower than those measured at St Hippolyte (Table 2), might in part reflect a relatively long transit time (several days) of the Sauve spring waters in their underground course, with significant decay of both 224 Ra and 223 Ra. Note that 224 Ra will decrease more rapidly than 223 Ra because of its shorter half-life.

The evolution of the ( 223 Ra/ 226 Ra) and ( 228 Ra/ 226 Ra) ratios between the Baumel spring (V2) and the Saint-Hippolyte sinkhole (V4) is particularly interesting. While ( 228 Ra/ 226 Ra) ratios increase from 0.81 to 1.06, ( 223 Ra/ 226 Ra) ratios decrease from 0.116 to 0.088. This evolution is likely due to progressive mixing of water derived from the basement, such as the water sampled in the Valestalière stream (VA), which has a high 226 Ra activity of 4.91 mBq/L, a high ( 228 Ra/ 226 Ra) ratio (1.41) and a low ( 223 Ra/ 226 Ra) ratio (0.050). Indeed, when the four samples V2, V3 (V3a and V3b) and V4 are plotted together with the VA water sample, in a ( 223 Ra/ 226 Ra)-( 228 Ra/ 226 Ra) diagram (Fig. 5a), they define a good linear array that suggests mixing of these two types of water (water from the Liassic karst and water from the basement). This is confirmed by the ( 228 Ra/ 226 Ra) versus 1/( 226 Ra) plot (Fig. 5b) which again shows a linear array of the data. Mass balance calculations based on 226 Ra activities suggest that only 10-20% of water from the basement, like the VA water, are needed to explain the data. We propose that the Valestalière river, which has a sinkhole when reaching the Mesozoic formations, contributes to the Vidourle water upstream of Saint-Hippolyte through its underground course. The outlet is most probably located in the Vidourle bed when the river crosses the Cévennes fault and when the Oxfordian marls of the SE compartment act as an impermeable barrier. The small proportion of the Valestalière contribution will have a minor influence on major ion concentrations. The fact that the Ca contents are similar to those of the Baumel spring is due to limestone dissolution during the underground course of the basement water largely undersaturated with respect 1 3 to calcite. The linear relationship between ( 223 Ra/ 226 Ra) and ( 228 Ra/ 226 Ra) ratios (Fig. 5a) suggests that ( 223 Ra/ 226 Ra) ratios have not been affected by radioactive decay of 223 Ra, i.e., that the underground water transfer has taken less than 2-3 days, for an estimated distance of about 3 km. The calculated minimum flow rates (40-60 m/h) are in agreement with those deduced from earlier artificial tracer experiments in this region [START_REF] Drogue | Contribution à l'étude quantitative des systèmes hydrologiques karstiques d'après l'exemple de quelques karsts périméditerranéens[END_REF].

Conclusions

In spite of their very low 226 Ra activities (from 1.5 to 4.9 mBq/L), surface and groundwaters from the Upper Vidourle complex hydrosystem were successfully analyzed for all four natural Ra isotopes through gamma spectrometry. The data are compared to those of the previously studied Lez spring, which corresponds to a purely karstic hydrosystem.

The comparison between waters of the non-karstic (Variscan basement for the Vidourle upper course) and karstic part of the studied area (Mesozoic carbonates in the Vidourle downstream, and Lez spring) shows differences in 226 Ra activities and ( 228 Ra/ 226 Ra) ratios, which are both higher in waters draining the Variscan basement than in waters affected by dissolution of Mesozoic carbonates, in agreement with Th/U ratios of both rock types. ( 228 Ra/ 226 Ra) ratios reported vs 1/( 226 Ra) display linear relationships suggesting mixing of water components represented by the water from the basement (granites and schists), water from the Liassic dolomites and water from the Upper Jurassic/Lower Cretaceous limestones. Further South, the Lez spring waters are influenced by a deep mineralized water component, which could ultimately derive from paleo-seawaters that flooded the deep Mesozoic karst after the Messinian crisis. These mixing relationships based on Ra suggest that this element might have a more conservative behavior in this setting than usually assumed in freshwater, possibly due to the high water/rock ratio and flow rate in karst environment. On a regional scale, ( 228 Ra/ 226 Ra) and 87 Sr/ 86 Sr ratios display a similar spatial distribution linked to the lithology of the drained rocks: a general decrease from North to South, resulting from an increased contribution of Mesozoic limestones toward the South. Our study demonstrates that ( 228 Ra/ 226 Ra) ratios can provide an additional tracer of the origin of underground water masses that is especially useful when a small proportion of water from the basement is involved in the mixing process.

Short-lived Ra isotopes are often in excess compared to their equilibrium values (with ( 224 Ra/ 228 Ra) and ( 223 Ra/ 226 Ra) ratios reaching 1.4 and 0.12, respectively). Both short-lived nuclides are probably released in underground reservoirs from their insoluble adsorbed parents by alpha-recoil processes, in a similar way as 222 Rn is released from 226 Ra-enriched solid grain surfaces. The presence of significant excesses of 224 Ra and 223 Ra in stream water is a good tracer of groundwater influx, in complement of the use of 222 Rn, which can be affected by degassing.

223

Ra could be used to infer the transfer time of water on a timescale of several days, in the favorable case where the variation of the ( 223 Ra/ 226 Ra) ratio only results from 223 Ra decay, or when the effect of mixing with water having a different Ra-isotope signature can be corrected. Clearly, further detailed studies are needed to test this possibility. Nevertheless, we have shown that the mixing relationship evidenced upstream of St Hippolyte, on the basis of ( 228 Ra/ 226 Ra) ratios and 226 Ra activities, also holds for ( 223 Ra/ 226 Ra) ratios. This suggests the 223 Ra activities have not been modified by radioactive decay, implying minimum flow rates of 40 to 60 m/h during the underground water transit.

Fig. 1

 1 Fig. 1 Simplified geological map of the study area showing the main geological units and hydrological characteristics. The sampling point locations are reported along the Upper Vidourle course, and the Lez spring is indicated on the left map. (For a colored view of the figure, the reader is referred to the web version of this article)

  between this J + C component and a deep mineralized component D(Molina-Porras et al. 2017b). This latter component is assumed to be best represented by a highly mineralized water found at a depth of around 900 m in a borehole reaching Middle Jurassic carbonates in Montpellier, about 13 km South of the Lez spring[START_REF] Batiot-Guilhe | Caractérisation hydrochimique et qualité des eaux de l'aquifère karstique du Lez[END_REF]. It could derive from paleo-seawaters, which flooded the deep Mesozoic karst during the transgression following the Messinian crisis and interacted with Middle Jurassic carbonates.

Fig. 2

 2 Fig. 2 Mg/Ca vs Na/Ca molar ratios of samples in Table 1, showing some typical values of waters from different geological reservoirs. Typical values for the Upper Vidourle hydrosystem are taken from Legeay unpublished data (2013): waters draining granites (red field), granites and schists (green field), waters sampled at Cros (gray field), Saint-Hippolyte-du-Fort (pink field), from the Sauve aquifer (light blue field) and from La Fage Mountain (violet field). Values for the Lez spring (blue field) are taken from Batiot-Guilhe et al. (2013) and Molina Porras et al. (2017b). These fields are both related to the sampling area and to the lithology of the drained rocks. Additional indications: waters draining G (granite), G + S (granite and Cévennes schist), Tr (Triassic evaporites), Dol (Liassic dolomite), J + C (Jurassic and Cretaceous limestones). D represents the deep mineralized water component of the Lez spring. (For a colored view of the figure, the reader is referred to the web version of this article, same symbols in Figs. 2, 3, 4 ,5)

  Fig. 3 Variation of ( 228 Ra/ 226 Ra) with 1/( 226 Ra) of samples in Table 2, suggesting two mixing processes in the Vidourle waters between (i) the Variscan basement (VA) and Baumel (V2) waters (dashed line A), and (ii) the Saint Hippolyte-du-Fort waters (V3, V4) and typical karstic Jurassic/Cretaceous waters (J + C component, as defined by Molina-Porras et al. 2017b) (dashed line B). The Lez data define a third mixing trend (dashed line C) between this J + C component and a "deep" water end-member D (Molina Porras et al. 2017b). See text for further explanation. (For a colored view of the figure, the reader is referred to the web version of this article, same symbols in Figs.2, 3, 4, 5)

Fig. 4

 4 Fig. 4 Geographical variation of a ( 228 Ra/ 226 Ra) ratios and b 87 Sr/ 86 Sr ratios in the Upper Vidourle and Lez hydrosystems. Note that the error bars for ( 228 Ra/ 226 Ra) ratios correspond to the analytical uncertainties, while the bars for 87 Sr/ 86 Sr ratios indicate the range of 87 Sr/ 86 Sr values measured at different dates at the same sampling site (Table2). The two parallel trends of decreasing isotope ratios downstream illustrate the increasing influence of carbonate dissolution. The dashed line separates the Vidourle and Lez hydrosystems. (For a colored view of the figure, the reader is referred to the web version of this article, same symbols inFigs. 2, 3, 4 , 5) 

Fig. 5 a

 5 Fig. 5 a ( 228 Ra/ 226 Ra) versus ( 223 Ra/ 226 Ra) and b ( 228 Ra/ 226 Ra) vs 1/( 226 Ra) in water samples of Baumel-Saint-Hippolyte-du-Fort section of the Vidourle river. The linear correlations are explained by mixing between the Valestalière water (VA), derived from the Variscan basement and the Baumel water (V2) (see text for further explanation). (For a colored view of the figure, the reader is referred to the web version of this article, same symbols in Figs. 2, 3, 4 , 5)

Table 1

 1 Physicochemical parameters, major element concentrations of samples from the Upper Vidourle hydrosystem and typical values for waters of the Lez spring

	NO 3 (mmol/L)		< DL	0.072				0.010		0.017		0.023			0.020			0.019				0.003		0.048	0.035	
	SO 4 (mmol/L)		0.048	0.313				0.336		0.295		0.286			0.329			0.322				0.169		0.294	0.237	
	Cl	(mmol/L)		0.111	0.193				0.146		0.154		0.161			0.168			0.166				0.150		0.200	0.180	
	HCO 3 (mmol/L)		0.59	1.51				2.31		3.70		3.82			3.64			3.85				6.46		4.08	5.58	
	K	(mmol/L)		0.014	0.032				0.026		0.023		0.023			0.025			0.024				0.014		0.030	0.025	
	Na	(mmol/L)		0.179	0.334				0.214		0.190		0.210			0.223			0.216				0.154		0.238	0.188	
	Mg	(mmol/L)		0.114	0.356				0.532		0.706		0.681			0.723			0.697				0.250		0.597	0.437	
	pH SI a calc Ca (mmol/L)		7.3 -1.74 0.17	7.9 -0.43 0.61				8.4 0.38 0.782		7.5 -0.06 1.27		8.1 0.53 1.38			8.3 0.73 1.38			8.5 0.97 1.35				7.9 0.80 2.77		7.5 0.07 1.71	7.9 0.75 2.43	
	Site Sample Sampling EC (µS/ Temp	code date cm) (°C)	Upper Vidourle: Variscan basement	L'Esclafar b VE 18/05/2015 77.5 14.9	Valestalière VA 10/02/2016 235 8.2	creek:	before sinkhole b	Upper Vidourle: Vidourle river at Cros	Cros bridge V1 25/11/2015 281 8.1	Upper Vidourle: Vidourle at Saint-Hippolyte-du-Fort	Baumel V2 25/11/2015 388 12.1	spring	St.-Hip-V3a 10/03/2016 406 10.5	polyte	upstream	St.-Hip-V3b 21/03/2016 405 12.8	polyte	upstream	St.-Hippol-V4 21/03/2016 402 12.7	yte down-	stream	Upper Vidourle: Sauve aquifer	Vidourle: V5 01/12/2015 561 7.5	Les Oules	Sauve spring b V6 09/12/2015 456 13.3	Vidourle: V7 10/02/2016 543 12.1	Quissac

Table 2

 2 Ra isotope activities and activity ratios and Sr isotope ratios a Data from[START_REF] Legeay | Tracking multiple Sr sources through variations in 87 Sr/ 86 Sr ratios of surface waters from the Aljustrel massive sulphide mining area: geological versus anthropogenic inputs[END_REF] for the Vidourle system and from[START_REF] Bicalho | A conceptual model for groundwater circulation using isotopes and geochemical tracers coupled with hydrodynamics: a case study of the Lez karst system[END_REF] for the Lez spring

	Sample code 226 Ra (mBq/L) 228 Ra (mBq/L) 224 Ra (mBq/L) 223 Ra (mBq/L) ( 228 Ra/ 226 Ra) ( 224 Ra/ 228 Ra) ( 223 Ra/ 226 Ra) Representative 87 Sr/ 86 Sr values for each sampling point a	Mean Min Max n	Upper Vidourle: Variscan basement (VB)	VE 3.10 ± 0.07 3.83 ± 0.07 3.78 ± 0.08 0.28 ± 0.02 1.23 ± 0.04 0.99 ± 0.03 0.090 ± 0.005 0.71272 0.71266 0.71278 2	VA 4.91 ± 0.11 6.91 ± 0.11 6.72 ± 0.14 0.24 ± 0.02 1.41 ± 0.04 0.97 ± 0.03 0.050 ± 0.004 NA	Upper Vidourle: Vidourle river at Cros	V1 2.88 ± 0.07 3.38 ± 0.06 3.42 ± 0.07 0.18 ± 0.02 1.17 ± 0.04 1.01 ± 0.03 0.064 ± 0.006 0.70946 0.70872 0.71057 6	Upper Vidourle: Vidourle at Saint-Hippolyte-du-Fort	V2 2.09 ± 0.06 1.68 ± 0.03 2.35 ± 0.05 0.24 ± 0.02 0.81 ± 0.03 1.39 ± 0.04 0.116 ± 0.008 0.70933 0.70909 0.71011 6	V3a 2.28 ± 0.06 2.13 ± 0.04 2.82 ± 0.06 0.23 ± 0.01 0.93 ± 0.03 1.32 ± 0.04 0.100 ± 0.007 NA	V3b 2.40 ± 0.08 2.37 ± 0.05 2.93 ± 0.06 0.23 ± 0.02 0.99 ± 0.04 1.23 ± 0.04 0.095 ± 0.008 NA	V4 2.42 ± 0.06 2.56 ± 0.05 3.23 ± 0.07 0.21 ± 0.02 1.06 ± 0.03 1.26 ± 0.04 0.088 ± 0.008 0.70883 0.70816 0.70920 4	Upper Vidourle: Sauve aquifer	V5 2.74 ± 0.07 2.75 ± 0.05 3.58 ± 0.08 0.21 ± 0.02 1.00 ± 0.03 1.30 ± 0.04 0.075 ± 0.007 NA	V6 1.89 ± 0.04 1.72 ± 0.03 1.30 ± 0.03 0.11 ± 0.01 0.91 ± 0.03 0.76 ± 0.02 0.061 ± 0.005 0.70821 0.70781 0.70854 7	V7 1.50 ± 0.05 1.36 ± 0.03 1.52 ± 0.04 0.12 ± 0.01 0.91 ± 0.04 1.12 ± 0.03 0.077 ± 0.010 NA	Lez: Average representative values of Lez spring	LZ (DW) 2.05 ± 0.13 1.46 ± 0.10 NA NA 0.71 ± 0.05 NA NA 0.70761 0.70757 0.70764 4	LZ (LW) 2.73 ± 0.16 1.84 ± 0.09 1.49 ± 0.03 0.15 ± 0.01 0.67 ± 0.04 0.84 ± 0.02 0.061 ± 0.005 0.70786 0.70786 0.70787 2	LZ (MW) 3.05 ± 0.09 1.90 ± 0.05 1.57 ± 0.06 0.21 ± 0.02 0.62 ± 0.02 0.83 ± 0.04 0.069 ± 0.006 0.70792 0.70788 0.70796 2

degassed part of their dissolved CO 2 , as indicated by their high pH, as in St Hippolyte samples (V3 and V4).
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