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Assessment of the quantitative and qualitative buffer function of an alluvial wetland: hydrological modelling of a large floodplain (Garonne River, France)
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For 2 years, water flow-patterns in the Garonne floodplain of south-western France were studied in the field and through hydrodynamic modelling (MARTHE Hydrodynamic Software developed by BRGM). Water flow-paths and the transport of dissolved elements between river and aquifer have been investigated and modelled. In order to quantify the buffer function of the alluvial floodplain, we focused our work on the effect of a major flood on the water flowdirection, and on nitrate transport. Thus, we showed that the effect of a large flood in the river was rapidly lost with increasing distance from the river. During the observation period, a hydrologically active strip only 300 m wide on either side of the riverbed played a buffering role in absorbing the flood crest. It was also found that meanders favour the exchange between river and alluvial aquifer, shown by the creation of bypasses between the upstream and downstream parts of meanders. This, in turn, contributes to a dilution of nitrates in the phreatic aquifer, which here has higher nitrate content than the surface water; such dilution may result in an overestimation of the denitrification process in the wooded riverbanks. The coupling of chemical measurements-especially of chlorides and nitrate-with modelling of the dissolved-element transport allows us to establish the water balance for the riparian wetland, and to separate the effect of dilution and denitrification on nitrate concentration. This indicated the existence of areas in the riparian wetlands where denitrification is particularly strong, leading to reductions in nitrate concentrations of 10 to 30 mg/l NO 3 during the flood.

INTRODUCTION

Wooded banks of major rivers are interface areas between surface water and groundwater; as such, they play a determining role in regulating the flow of water and any matter dissolved within it [START_REF] Gibert | Surface water/ groundwater ecotones[END_REF][START_REF] Mitsch | Wetlands[END_REF][START_REF] Tajjar | Modélisation de l'hydrodynamique des échanges nappe-rivière, simulation d'une lâchure expérimentale en Seine en période d'étiage[END_REF][START_REF] Fustec | Fonctions et valeurs des zones humides[END_REF][START_REF] Weng | Fonctionnement hydrologique d'une zone humide alluviale, relations avec l'aquifère sous-jacent et les rivières. Exemple de la Seine moyenne[END_REF]. The capacity of such interfaces for retaining diffuse contamination of an agricultural origin in both longitudinal and transverse directions (river-to-aquifer), has been indicated by several studies [START_REF] Pinay | The role of riparian woods in regulating nitrogen fluxes between the alluvial aquifer and surface water: a conceptual model[END_REF][START_REF] Cooper | Nitrate depletion in the riparian zone and stream channel of a small headwater catchment[END_REF][START_REF] Gregory | An ecosystem perspective of riparian zones[END_REF]Sanchez-Pérez et al., 1991a,b;[START_REF] Correll | Nutrient flux in a landscape: effects of coastal land use and terrestrial community mosaic on nutrient transport to coastal waters[END_REF]Sanchez-Pérez andTrémolières, 1997, 2003;[START_REF] Pinay | Change in groundwater nitrate concentration in a large river floodplain: denitrification, uptake, or mixing?[END_REF].

Some of these wooded areas are subject to flooding, generally with water that is highly charged in contaminants, both by submersion from the river and by an upward rise of the water table [START_REF] Bendjoudi | Riparian wetlands of the middle reach of the Seine river (France): historical development, investigation and present hydrologic functioning. A case study[END_REF]. Outside these flooding episodes, water and contaminants can pass directly into the groundwater through the riverbed or its bank [START_REF] Gunten | Infiltration of inorganic compounds from the Glatt river, Switzerland, into a groundwater aquifer[END_REF][START_REF] Laszlo | Qualität bei der Gewinnung von uferfiltriertem Grundwasser in Ungarn[END_REF][START_REF] Trémolières | The exchange process between river and groundwater on the central Alsace floodplain (eastern France): I. The case of the canalised River Rhine[END_REF][START_REF] Trémolières | Surface water-groundwater forest alluvial ecosystems: functioning of interfaces. The case of the Rhine floodplain in Alsace (France)[END_REF], or can flow in from agricultural areas located upstream [START_REF] Lowrance | Waterborne nutrient budgets for the riparian zone of an agricultural watershed[END_REF][START_REF] Correll | Nutrient flux in a landscape: effects of coastal land use and terrestrial community mosaic on nutrient transport to coastal waters[END_REF][START_REF] Weng | Groundwater circulations between alluvial aquifer and underlying Senonian Chalk in the Seine valley[END_REF]. Among such contaminants, nitrates have been studied thoroughly by the scientific community. This has shown that nitrates can be produced within the ecosystem, either because of the normal functioning of an ecosystem liable to flooding, as strong variations in the groundwater table favour nitrification or because forestry activities such as clear-cutting also can cause major nitrification [START_REF] Lepistö | Influence of catchment characteristics, forestry activities and deposition on nitrogen export from small forested catchments[END_REF]. Many have studied the nitrate-elimination processes of denitrification and root absorption: the consensus seems to be that denitrification is the main process, some authors even suggesting that nitrate assimilation by plants is negligible when compared with the intensity of denitrification [START_REF] Haycock | Nitrate reduction in grass and poplar vegetated riparian buffer strips during the winter[END_REF]. In addition, soil denitrification is well quantified in terms of substrate types under different climates [START_REF] Cooper | Nitrate depletion in the riparian zone and stream channel of a small headwater catchment[END_REF][START_REF] Pinay | Nitrogen cycling in two riparian forest soils under different geomorphic conditions[END_REF], whereby the denitrification capacity of soil varies between 20 and 1600 kg N/ha/year [START_REF] Brüsh | Nitrate transformation and water movement in a wetland area[END_REF].

Because of this, and faced with a growing interest of public authorities in wetlands, floodplains have been studied increasingly, although little work has been done on quantifying the buffering role of the alluvial environment. Such work should cover two aspects: (i) quantification and dynamics of the water volumes exchanged between alluvial wetland and river and (ii) quantification of the contaminant dilution processes.

In riparian areas, the mixing of river water and groundwater can cause a drop in nitrate concentrations [START_REF] Pinay | Change in groundwater nitrate concentration in a large river floodplain: denitrification, uptake, or mixing?[END_REF], thus complicating the quantification of biological denitrification processes; 15 N methods help in highlighting the natural denitrification of groundwater [START_REF] Mariotti | La dénitrification dans les eaux souterraines, principes et méthodes de son identification: une revue[END_REF], but such methods are expensive and difficult to implement.

Thus, understanding the buffer role of such wetlands presupposes an understanding of the overall hydrological functioning of the floodplain. This includes an understanding of how the groundwater level relates to the river level, as well as of groundwater flow-patterns, of the water exchange between river and aquifer, and of the hydrological budget. For example, [START_REF] Bates | Investigating two-dimensional, finite element predictions of floodplain inundation using fractal generated topography[END_REF] pointed out that the groundwater ridge that develops in the floodplain during floods is able to switch off hillslope inputs to the riparian wetlands. Moreover [START_REF] Burt | Water table fluctuations within the floodplain of the River Severn, England[END_REF] showed that pre-flooding conditions, local rainfall and runoff, and flood stage act to complicate those basic patterns. In a floodplain, water sampling strategies are of great importance to understand the buffer role of wetlands on water quality. [START_REF] Steward | Modelling the spatial variability in floodplain soil contamination during flood events to improve chemical mass balance estimates[END_REF] present a distributed model of floodplain pollution transport that predicts the spatial distribution of deposited and infiltrated pollutants during floods.

In addition, the concept of potential, effective and efficient wetlands as defined by [START_REF] Mérot | TY-PHON Typologie fonctionnelle des zones humides de fonds de vallée en vue de la régulation de la pollution diffuse[END_REF], is perfectly suited to floodplains, which are true mosaics of humid environments. For instance, although the main bed of a river is a potential wetland, only part of it will be an effective wetland as only part of the major bed is regularly flooded. Within this effective wetland, certain parts are efficient wetlands in terms of a specific function, such as water storage or the elimination of pollutants such as nitrate.

We carried out a field study and groundwater modelling of the floodplain of the Garonne in southwestern France, in an area that was the scene of several recent research projects. This earlier work highlighted the filtering role of riparian wetlands for nitrate pollution in groundwater: [START_REF] Pinay | Change in groundwater nitrate concentration in a large river floodplain: denitrification, uptake, or mixing?[END_REF] attributed the nitrate loss to root absorption; [START_REF] Vervier | Fonctionnalités de zones humides de vallées fluviales anthropisées et systèmes d'action et de décision: la Garonne entre Toulouse et la confluence avec le Tarn[END_REF] suggested that the groundwater denitrification rate, which strongly depends upon hydrological conditions, might be regulated by the input of dissolved organic carbon transported from river to aquifer. However, the biochemical functioning of such riparian wetlands can be explained only when their hydrological functioning is understood. For this reason, the objectives of this paper are: (i) to identify the effective wetland; (ii) to show that the hydrological functioning controls the pollutant-transfer dynamics within the riparian wetland; (iii) to estimate nitrate loss through biological processes in the riparian wetland, on the basis of a quantification of dilution processes.

MATERIALS AND METHODS

Description of the site and the equipment used

The study site is located in southwestern France, in the Garonne floodplain about 40 km downstream from Toulouse (Figure 1). The breadth of the Garonne River is about 100 m and the total floodplain is 3 km wide in the area of the study site. Mean annual flow rate is 200 m 3 /s, but this rate varies from 50 m 3 /s in late summer to 4000 m 3 /s during floods. Between 4 and 7 m of Quaternary sand and gravel overlie impermeable molasse deposits in the floodplain. The phreatic aquifer in the alluvium is located at a depth that varies from 2 to 5 m in low-water periods, but can rise rapidly up to the soil surface during floods.

The floodplain is heavily cultivated (maize, sunflowers, sorghum, etc.), leading to major nitrate influx into the groundwater: concentrations of 100 mg/l NO 3 are common. Within the floodplain, we delimited an area close to the river within which we studied the changes in nitrate concentration. This riparian wetland area covers a surface of about 49 ha, being located within a meander of the Garonne (Figure 1). Vegetation is formed by willows (Salix alba), ash trees (Fraxinus excelsior) and a stand of young poplars (Populus alba).

In 1994, the site was equipped with a network of 20 observation wells along the banks of the Garonne river. In 1999, we complemented this with a further 27 observation wells sited throughout the floodplain (Figure 1). The wells intersected the alluvium down into the impermeable substratum and are entirely screened. Eight of the piezometers (P9, P15, P19, P22, P23, P26, P27 and P30) were equipped with continuous water-level recorders (Orphimèdes Ott, France) that provide hourly water-level measurements in the alluvium. The water levels in all wells are recorded 'manually' every week.

Water levels are measured in the Garonne itself, at two points close to the study site (Figure 1). There is also a gauging station 2 km upstream of the study site, at Verdun-sur-Garonne, where water level and water flow rates are recorded. Data on river levels and river flow rates where used to run, calibrate and validate the hydrological modelling of the floodplain system.

Hydrodynamic modelling: description MARTHE software package. All data collected were used for groundwater modelling of the study site with the MARTHE software package developed by BRGM [START_REF] Thiery | Logiciel MARTHE. Modélisation d'Aquifère par un maillage Rectangulaire en régime Transitoire pour un calcul Hydrodynamique des Ecoulements-version 4[END_REF](Thiery, , 1993a,b;,b;[START_REF] Thiery | Hydrological modelling of the Saone basin sensitivity to the soil model[END_REF]. MARTHE is a hydrodynamic software that processes three-dimensional flow by solving a discretized form of Darcy's equation (Darcy, 1856) in a saturated environment or Richards' equation [START_REF] Richards | Capillary conduction of liquids through porous mediums[END_REF] in an unsaturated environment.

The hydrodynamic calculations are carried out using the finite-difference method with an implicit scheme-here we used the matricial resolution method through conjugated gradients with Choleski preconditioning. Convergence of the calculations is checked using several criteria such as difference of hydraulic head between two successive iterations, residual error flow, etc.

This software also has modules for the coupling of a drainage network, for mass-transport simulation, and for processing the effects of density and temperature in the aquifer.

Model meshes. The model consists of 1200 square cells with 100-m sides that cover a total surface of about 4 km by 3 km of the floodplain (Figure 2). Here, the calculation code was used in two dimensions representing the alluvial plain, and the thickness of each cell was based on that of the alluvium, measured in situ when drilling the observation wells, and interpolated by triangulation method on the whole modelled area.

Boundary conditions. On this study site, field expertise showed that the impermeable substratum of the high terraces is placed above the topographic surface of the main riverbed, so there is no groundwater flow coming from the edges. More than that, in case of runoff from the higher terraces, water is collected in the Tauris stream (Figure 1) which has no hydraulic connection with the groundwater, as shown in [START_REF] Vervier | Fonctionnalités de zones humides de vallées fluviales anthropisées et systèmes d'action et de décision: la Garonne entre Toulouse et la confluence avec le Tarn[END_REF]. We thus imposed a 'no flow condition' on the north-eastern and south-western boundaries of the mesh, which follow the limits of the main riverbed (Figure 2). The south-eastern and north-western boundaries are prescribed heads that correspond to the in situ groundwater-level measurements. This potential showed very little variation with time, except close to the river. In the groundwater modelling, the prescribed heads are Hydraulic conductivity and efficient porosity. The hydraulic conductivity values (Figure 3) assigned to each cell derive from values measured on site during pumping tests and slug tests: the values thus obtained vary from 10 2 to 10 5 m/s. The first modelling step was the automatic calibration of hydraulic conductivity values with the inverse method, cell by cell and in a steady state, in order to simulate the hydraulic heads measured in the field for an average and stable Garonne flow rate of 200 m 3 /s. The objective function was to minimize the difference between simulated and measured hydraulic heads, and the constraint was to impose the measured hydraulic conductivity in each cell that corresponds to a pumping test, i.e. each cell in which there is a piezometer. The zoning thus obtained reflects the geomorphological units identified in the field from geomorphological observations [START_REF] Steiger | Les ajustements morphologiques du lit mineur de la Garonne, France, et leurs effets sur l'hydrosystème fluvial[END_REF], this means that the spatial variability of hydraulic 1.70 10 -2 -2.31 10 -2 1.25 10 -2 -1.70 10 -2 9.24 10 -3 -1.25 10 -2 6.81 10 -3 -9.24 10 -3 5.01 10 -3 -6.81 10 -3 3.69 10 -3 -5.01 10 -3 2.72 10 -3 -3.69 10 -3 2.00 10 -3 -2.72 10 -3 1.48 10 -3 -2.00 10 -3 1.09 10 -3 -1.48 10 -3 8.02 10 -4 -1.09 10 -3 5.91 10 -4 -8.02 10 -4 4.35 10 -4 -5.91 10 -4 3.21 10 -4 -4.35 10 -4 2.36 10 -4 -3.21 10 -4 1.74 10 -4 -2. conductivity shows areas that form coherent morphological units, such as old channels (Figure 3b). Efficientporosity values assigned to the meshes vary from 5 to 15% and were distributed based on the earlier identified hydraulic conductivity units and on pumping tests when available.

Modelling procedure. Subsequently, the model was used in the unsteady state at daily time-steps, to simulate the effect of a passing flood on water circulation in the floodplain. The modelling consisted of 27 time-steps, corresponding to the period of 12 February 2000 (step 1), to 9 March 2000 (step 27). During the simulation, we modified only the position of the Garonne stream-water surface. We used a daily time step in the groundwater model, which was enough to capture the transient effects of this kind of flood, which lasted about 8 days For the purpose of another research programme for which the topic was to simulate the water flow in the Garonne on a larger scale (120 km), a hydraulic transient modelling based on Saint-Venant equations was developed. This model showed good accuracy for reproducing water levels both for high and low water flow rates, and was reported in Siméoni- [START_REF] Siméoni-Sauvage | Modélisation hydrobiogéochimique de la Garonne à l'étiage estival: cas de l'azote entre Toulouse et Agen (120 kilomètres[END_REF] and Sauvage et al. (in press).

Passing the water level variable between the surface model and the groundwater model of the floodplain we then completed a loose coupling of those calculation codes. Thus, the consequences of a flood in the Garonne River on groundwater flow-direction, on the volumes of water exchanged between river and aquifer, and on the transport of dissolved elements have been investigated.

RESULTS

Hydrological functioning

Piezometric map of the site. The hydraulic heads measured in situ as well as the river-level measurements provided the data for an initial piezometric map of the site (Figure 4) for a flow rate of 200 m 3 /s (corresponding to the Garonne's mean annual flow). Groundwater flow in the floodplain here is roughly from south-east to north-west, in a direction parallel to the plain, with an average gradient of 1Ð5 10 3 mÐm 1 . The river drains the floodplain over a large part of the study area. Near the stream and especially on the inside of the meanders, aquifer-river exchange can be reversed and flow lines then show bypass phenomena (Figure 4). The area above the wetlands is partly supplied with river water that infiltrates through its banks, whereas downstream the wetlands resupply the river. Present spatial organization of sediment in the alluvial plain is linked to the sediment deposits and also to the meandering of the main channel during previous years. For example, on Figure 3b it can be seen that ancient channels from 1830 and 1860 are crossing the meander currently being studied. This sediment architecture can thus explain the preferential flow that takes place through the wetland. Because of strong rainfall in the upstream part of the watershed, a flood passed the site in mid-February 2000. This flood was not accompanied by rainfall at the study site itself. Flow rates in the Garonne changed from 100 m 3 /s to 1600 m 3 /s in 4 days; the subsequent water-level fall took about 20 days, whereafter river flow stabilized at 140 m 3 /s (Figure 5). This flood corresponded to a 5-year return period event.

The hydraulic heads recorded in the observation wells during this flood episode showed highly contrasting reactions within the floodplain (Figure 5). For instance, the wells equipped with pressure sensors showed that those 500 m or more from the river bed (piezometers 23, 26, 27 and 30; Figure 4) remained globally stable during the flood. The water-level increase of a few centimetres in these wells can be explained by the persistence of a slightly higher flow rate after the flood (140 m 3 /s instead of 100 m 3 /s).

Only one point, piezometer 22, 400 m from the streambed, showed a water-level increase of about 60 cm after the crest of the flood had passed.

Piezometers 9, 15 and 19, located near the streambed, showed strong water-level variations of up to 3 m amplitude, synchronous with water-level variations in the river, which during the flood also reached 3 m. In the field, low-lying areas were flooded because of this rise in the phreatic water level.

During this major flood, only a small part of the floodplain played its buffering role of water storage in the alluvial aquifer. For that reason, we used the groundwater subsurface-flow modelling to improve our understanding of this phenomenon and to locate the hydrologically active area in terms of flood buffering.

Validating the water and mass transport modelling

We compared the hydraulic heads measured in the Garonne floodplain with those simulated with the MARTHE software (Figure 6). Within the wetlands area (P5, P9 and P19), the strong water-level variation caused by the passing flood was correctly simulated, in terms of space as well as time. Farther from the river (P23), where the groundwater-level variation was very slight, the phenomenon was again correctly simulated.

We then simulated conservative chloride transport on the same modelling basis, in order to ascertain that we correctly reproduced the flow transiting through the aquifer, especially in the riparian wetland. As input, we used the chloride values measured at site before the flood, after which we compared the simulated (mass conservative modelling) and measured values for the period when the flood peaked. As chloride concentration comprises between 60 and 95 mg/l, the difference between the simulated and measured values did not exceed 7 mg/l (Cl ), which validated the groundwater model. This modelling was accurate enough for reproducing both hydraulic heads and chloride concentrations without a dispersion effect.

Modification of groundwater-flow directions

During the passage of the flood, groundwater flow-directions were considerably modified, in particular near the Garonne (Figure 7). During the rise of the flood, Garonne water infiltrated the alluvial aquifer over the entire length of the river, leading to the storage of part of this water in the floodplain; during this phase, the bypass through the meanders stopped. For the entire modelled area, the calculation code showed that the volume of water that infiltrates the groundwater through the riverbanks was only about 15 000 m 3 /day during the days of rising flood (time-steps 3 to 6). This volume of water is very low compared with the flow rates of the river (100 to 1600 m 3 /s). During the falling stage, however, the piezometric lines remained connected to the river level, but now showed a reversal in flow direction and drainage of part of the alluvial aquifer into the river. Volume of groundwater flowing to the river decreased progressively from 8000 m 3 /day to about 2000 m 3 /day and then stabilized after time-step 15. Beyond a distance of 400 m from the river, the flow directions apparently did not change during this flood episode. 

Identification of the effective wetland

We used the model for highlighting the active hydrological area of the floodplain, i.e. the area in which the water from this particular flood was temporarily stored. Figure 8 shows the water-level difference in the alluvial aquifer between the flood peak and the initial modelling state. Water-level fluctuations in excess of 1 m are limited to a strip of 150 m on either side of the low-water channel of the Garonne, except on the inside of the meander, where this strip can be 400 m wide. However, it should be noted that the model was validated only on the right bank of the Garonne, as it was not possible to install instruments on the left bank for in situ monitoring. Beyond 400 m of the low-water channel (550 m in the meander), the water-level variation in the alluvial aquifer during the flood episode was less than 15 cm.

In addition, the water volume infiltrating into groundwater in the part of the floodplain considered in the model is very small when compared with Garonne flow rates. Calculated on a daily basis, the infiltrated water volume is at most 0Ð2% of the Garonne flow, as shown during time-steps 3 to 6 during the rise of the flood.

The above indicates that the alluvial wetlands of our study site play a very limited role in buffering the flood. The hydrologically active part of the floodplain thus is an effective wetland of the floodplain as defined by [START_REF] Mérot | TY-PHON Typologie fonctionnelle des zones humides de fonds de vallée en vue de la régulation de la pollution diffuse[END_REF], for a 5-year return flood, and the riparian zone in which we studied nitrate-content variations is part of this effective wetland zone.

Water balance of the wetland inside the meander

For the 27 time-steps corresponding to the flood passage, we established a water balance for the riparian wetland with our model (Figure 9 and Table I). In the calculation, we considered not only the water volume , the model outputs show that part of the meander zone was flooded by a rise in the phreatic water table, i.e. the simulated hydraulic heads were higher than the topographic level. The water volume flooding the area is shown in Table I, but was not taken into account for calculating the hydrological balance. For instance, during time-step 7, 58 320 m 3 flooded the riparian wetland, corresponding to an average water depth of 12 cm over the 49 ha of the wetland.

Exchange dynamics between riparian wetland and river. During the first time-steps and for a river flow of about 100 m 3 /s, river-water infiltration into the riparian wetland was about 260 m 3 /day, whereas drainage of the same area into the river was about 5000 m 3 /day. When Garonne flow increases, the water volume infiltrating from the river into wetland abruptly increases to a peak of 188 000 m 3 /day at the height of the flood. At the same time, all drainage from the wetland into the river stops.

The falling stage entails a rapid inversion of the flow direction; infiltration from the river into the wetland becomes null and drainage from the wetland into the river is reactivated. As soon as the flood peak has passed (time-step 7), the drainage of the wetland rises to 11 000 m 3 /day, after which it progressively decreases to 1000 m 3 /day for the rest of the simulation. River-water infiltration into the study area resumed only after time-step 22 (4 March 2000).

Exchange dynamics between riparian study area and the rest of the alluvial aquifer. For a Garonne flow of 100 to 150 m 3 /s, the water volume contributed by the alluvial aquifer to the riparian study area is 1000 to 1500 m 3 /day, which is much more than that supplied by the river (300 to 500 m 3 /day). However, during a flood the alluvial-aquifer volume decreases to become almost nil. At the same time, the water volume flowing from the wetland into the aquifer increases to around 55 000 m 3 /day. The situation returns to approximately its initial stage after time-step 25, with about 1500 m 3 /day flowing from the alluvial aquifer to the riparian wetland, and about 300 m 3 /day flowing in the other direction.

Water-volume balance within the riparian wetland. Figure 9 shows the variation in the water stock of the riparian area; this stock increases abruptly when the flood arrives, but the decrease after the flood is gradual. In addition, there was a notable difference between the initial and final stocks of the simulation, but the actual stable Garonne flow rates differed too, from about 100 m 3 /s before to 140 m 3 /s after the flood. The water has a relatively long residence time once it has entered the riparian wetland, which favours the development of anoxic and reducing conditions that help the development of denitrification processes.

Modelling the transport of conservative elements

Nitrate contents in the groundwater below the site are very high (80 to 100 mg/l NO 3 ) compared with the nitrate content of the Garonne water (12 mg/l NO 3 ). Infiltration of Garonne water through the banks thus should dilute the nitrates in the groundwater, especially in the riparian wetland near the streambed. We simulated the transport of conservative elements into the floodplain, in order to quantify the dilution of groundwater by Garonne water. As the departure point, we imposed concentration between 80 and 100 mg/l measured in situ in the groundwater and of 12 mg/l in the river water (corresponding to the nitrate contents we wished to simulate, but applicable to any dissolved element). This provided a map of the simulated concentrations for each time-step, shown for the maximum flood level on Figure 10.

Figure 10 shows that the mixing of river water and groundwater is favoured where the Garonne has welldefined meanders. The mixing leads to a drop in nitrate concentrations to below 25 mg/l in the riparian wetland, but also downstream in the next meander bend.

The initial model concentrations indicate river-aquifer exchanges within the riparian wetland that lead to a mixture of about 90% river water and 10% groundwater. However, this rate of dilution rapidly decreases away from the river: about 400 m from the Garonne in the eastern part of the wetland, the mixture is only about 22% river water and 78% groundwater.

DISCUSSION

It was possible to identify an effective wetland using data collected at the experimental site, and through the meshed modelling of groundwater flow with consideration of the surface-drainage network and the transport of dissolved elements. In addition, this work defined the hydrological and biogeochemical capacities.

Identification of the effective wetland

The modelling clearly showed a hydrologically active zone within the floodplain (Figure 8). This zone is the locus of major temporal variations in water content of the various soil and other subsurface horizons of the floodplain. These are the characteristics of an effective wetland as defined by [START_REF] Mérot | TY-PHON Typologie fonctionnelle des zones humides de fonds de vallée en vue de la régulation de la pollution diffuse[END_REF]: an area that has the hydrological qualities of a wetland, especially because of its water-content fluctuations, even though its biological capacity cannot express itself because agricultural activity has replaced the natural vegetation. This is an essential tool for territorial management, as it helps to identify areas within which hydrological, biological and biogeochemical processes will induce 'land-use' versus 'water-resource-quality' relationships that are different from other areas of the floodplain.

Hydrological-biogeochemical capacity

At the scale of the floodplain and for a major flood, the buffering function of the plain is only effective over a small part of the plain. If one considers that the hydrological capacity is limited to 15 cm of aquifer reaction to the flood passage, only 30% of the floodplain is active for this flood-buffering function. In addition, the water volume thus stored is very small compared with the volume flowing through the riverbed: over all the model meshes, the stored volume is less than 0Ð2% of the river flow itself.

However, even though the infiltrating river-water volume is small when compared with Garonne flow rates, it confers an important hydrological-biogeochemical activity to the wetland area.

Modification of aquifer-river exchange during a flood event

We pointed out that river water infiltrates in the upstream part of the wetland and drains from its downstream part (Figure 4). With time, the direction and volume of the aquifer-river exchanges can fundamentally change in the riparian area, in particular during a flood event (Figures 4 and7).

During the rise of a flood, infiltration takes place from the river into the upstream and downstream parts of the wetland. After the flood peak, the water drains from the wetlands along the entire contact zone with the river. The flood events, which can occur at any time during the year, thus have a double impact on the wetlands. First, the water saturation of the soil horizons confers an anoxic character to this environment through phreatic rise or submergence, enabling the development of denitrification processes. Second, changes in water-flow directions favour the mixing of river water and groundwater, diluting the latter, which is most heavily charged in nitrates. The previously used approach, which aimed at understanding the effect of riparian wetlands on nitrate concentrations through studying a transect perpendicular to the river (from slope through floodplain to river) thus requires improvement by reconstituting the groundwater flow in space and in time.

Biogeochemical capacity

Field measurements on the experimental site showed nitrate concentration in Garonne water to be generally low and stable (11Ð7 to 13Ð9 mg/l NO 3 ), and that in groundwater to be much higher (about 80 to 100 mg/l). Mixing of the two water types leads to a decrease in nitrate concentrations near the river and especially in the riparian wetlands.

This shows that analysing the nitrate concentrations only within a riparian wetland does not differentiate between the impact of biological processes and of dilution processes on the decrease of nitrate contents in groundwater.

In order to evaluate the impact of biological denitrification processes, but taking account of the dilution effect, the nitrate contents measured in situ during the flood maximum were compared with those obtained from modelling (Figure 11). Values close to zero (e.g. between 5 mg/l and C5 mg/l) indicate simulated nitrate concentrations that are close to measured ones; in this case, dilution sufficiently explains the reduction in nitrate contents.

Denitrification processes are ignored in the modelling; where such processes cause a reduction in nitrate contents, the measured values will be lower than those simulated. In this case, the difference between measured and simulated values will be negative ( 10 to 30 mg/l on Figure 11).

The resulting maps of the riparian wetland show:

1. a zone with major biological activity, corresponding generally to the parts of the riparian zone that lie along the streambed; (ii) Where the difference is strongly negative (between 5 and 30 mg/l), the dilution process does not explain the decrease in nitrate content and processes such as bacterial denitrification or root absorption must be implicated

2. a more central area that seems connected to the downstream part of the meander where dilution processes dominate.

Referring to the mapping of element behaviour at the site, the areas with strong dilution are also areas with a high biological potential. This invokes for the hypothesis that the river strongly supplies this part of the riparian wetlands with the dissolved organic matter that is indispensable for microbiological denitrification processes. The downstream part of the area is also subject to dilution processes, but the organic-matter content may be lower because of its use in the upstream part of the area. We should add take-up by vegetation to these microbiological denitrification processes; such take-up may be more intense in the areas close to the Garonne, as the low-lying topography may cause a greater contact between root systems and groundwater.

The modelling results for the 49 ha of riparian wetland identify 20 ha that are very active from a biological viewpoint, causing a nitrate-concentration reduction of 10 to 30 mg/l NO 3 during a flood. The spatial distribution of this biologically active area seems to control hydrology, topography and land-use. Work is in progress on identifying this spatial heterogeneity of the biological-denitrification function, and in particular on the role played by coupling the hydrology and dynamics of organic matter.

CONCLUSIONS

Coupling hydrogeological modelling with a surface-drainage network undeniably helps in better understanding the capacities of wetlands in a floodplain. This tool identifies an effective wetland, i.e. the hydrologically active interface area between river and aquifer. The model also helps in identifying areas where biological activity eliminates nitrates without the intervention of dilution, an inescapable process along rivers.

The simulation tool helps in visualizing the strong spatial and temporal heterogeneity of a riparian wetland from hydrological and biogeochemical viewpoints. It was also pointed out that the riparian study area can serve as a site for the biological denitrification of groundwater and for mineralizing the organic matter of surface water.

Our work clearly shows that riparian wetlands cannot be considered as simple filters, through which water flows unilaterally from hillsides to the river. On the contrary, such ecosystems exist in a context of upstream and downstream processes of transport and transformation of the elements circulating in a fluvial hydrosystem.

Figure 1 .

 1 Figure 1. Location of the study site, equipment and delimitation of the modelled area

Figure 2 .

 2 Figure 2. Model mesh, overlain on: (a) topographic map; (b) cross-section of the alluvial aquifer

Figure 3 .

 3 Figure 3. Model mesh: (a) distribution of hydraulic conductivity; (b) evolution of the channel

Figure 4 .

 4 Figure 4. Groundwater flow-patterns for a mean annual river flow of 200 m 3 /s

Figure 5 .Figure 6 .

 56 Figure5. Flood event: river discharge and groundwater level for three observation wells

Figure 7 .

 7 Figure 7. Simulated groundwater flow patterns for: (a) water flow D 400 m 3 /s; (b) water flow D 150 m 3 /s

Figure 8 .Figure 9 .

 89 Figure 8. Simulation of the variation of the hydraulic head during the flood event (5 year return period)

Figure 10 .

 10 Figure 10. Conservative mass transport, example of simulated nitrate concentration within the study site during the flood peak (time-step 7)

Figure 11 .

 11 Figure11. Focus on the meander of the river. The difference between measured and simulated nitrate concentrations in the wetland, where observation-well density is sufficiently high for an interpolation based on scattered data. (i) Where the difference is small (between C5 and 5 mg/l) dilution dominates, as shown by light colours in the centre of the wetland and the downstream part near the river. (ii) Where the difference is strongly negative (between 5 and 30 mg/l), the dilution process does not explain the decrease in nitrate content and processes such as bacterial denitrification or root absorption must be implicated

Table I .

 I Simulated water budget for the riparian zone (values are in m 3 /day 1 except for the cumulative water balance which is in m 3 )

	Time-step	Date	Input from	Output to	Input from	Output to	Phreatic	Cumulated water
	(day)		groundwater	groundwater	river	river	submersion	balance
	1	12th February	1158	552	264	5556	0	4686
	2	13th February	1538	289	0	5910	0	9348
	3	14th February	146	6376	34 733	0	0	19 155
	4	15th February	54	10 800	43 632	0	0	52 041
	5	16th February	24	11 923	39 658	0	0	79 800
	6	17th February	1	52 272	18 8352	0	0	215 881
	7	18th February	200	10 541	23 414	11 146	58 320	217 809
	8	19th February	392	5028	10 109	6523	19 613	216 759
	9	20th February	2445	942	0	21 859	9331	196 403
	10	21th February	4225	445	0	26 698	0	173 485
	11	22th February	3879	307	0	19 958	0	157 100
	12	23th February	4035	193	0	18 835	0	142 107
	13	24th February	3266	167	0	12 701	0	132 505
	14	25th February	2644	181	0	8986	0	125 982
	15	26th February	2704	127	0	9590	0	118 969
	16	27th February	2462	131	0	7595	0	113 705
	17	28th February	2074	206	0	5046	0	110 526
	18	29th February	4035	21	0	17 366	0	97 174
	19	1st March	2938	67	0	7016	0	93 029
	20	2nd March	2411	112	0	4977	0	90 351
	21	3rd March	2134	165	0	3888	0	88 432
	22	4th March	1944	200	2	3171	0	87 008
	23	5th March	1788	226	28	2687	0	85 911
	24	6th March	1668	245	81	2367	0	85 047
	25	7th March	1572	261	123	2117	0	84 365
	26	8th March	1401	291	144	1542	0	84 078
	27	9th March	1261	314	177	1108	0	84 094
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