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List of abbreviations

, " : Cartesian coordinates with center of recharge basin as origin (L)
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Introduction

Despite their low yields and complexity [START_REF] Roques | High-yielding aquifers in crystalline basement: insights about the role of fault zones, exemplified by Armorican Massif, France[END_REF], many regions in the world depend on fractured crystalline aquifers as the only source of freshwater (UNESCO, 1999), particularly in arid and semi-arid regions like India. Crystalline rocks cover about 70% of India's geographical area [START_REF] Saha | Isotope-based investigation on the groundwater flow and recharge mechanism in a hard-rock aquifer system: the case of Ranchi urban area, India[END_REF]. Furthermore, India has seen an unprecedented development of groundwater exploitation within the last 50 to 60 years. Irrigation potential increased from 6.5 M ha to 45.7 M ha [START_REF] Sharma | Groundwater Research and Management: Integrating Science into Management Decisions[END_REF], out of which it is estimated crystalline rock aquifer groundwater represents more than 50%, especially in South India (Planning Commission, 2011).

The advent of this "Green Revolution", aimed towards increasing agricultural output and achieving food security, has also brought on a number of water scarcity and groundwater quality degradation issues [START_REF] Pingali | Green Revolution: Impacts, limits, and the path ahead[END_REF][START_REF] Pinstrup-Andersen | The impact of the Green Revolution and prospects for the future[END_REF][START_REF] Singh | Environmental consequences of agricultural development: a case study from the Green Revolution state of Haryana, India[END_REF]. Natural replenishment of groundwater reservoirs has become insufficient to keep pace with the excessive continued exploitation of groundwater resources in many regions, leading to a long-term drop of groundwater levels (Central Ground Water Board, 2013).

In this context, the government has set out to remediate water table depletion by increasing aquifer recharge from 9% of total rainfall under natural conditions to 15% by 2020 (Government of Andhra Pradesh, 2003) through the development of large-scale managed aquifer recharge (MAR) schemes. The Central Ground Water Board has proposed the building of 11 million MAR structures nation-wide, as well as the reparation, renovation and restoration of the already existing structures, the total costs tallying up to over 12bn USD (Central Ground Water Board, 2013). A wide spectrum of MAR techniques may be implemented to recharge the groundwater reservoir, and these are selected mainly in terms of the hydrogeological framework. For example, infiltration methods (such as percolation tanks) are prioritized in relatively permeable environments, such as alluvial formations, while recharge shafts are preferred when the aquifer is overlain by poorly permeable strata; injection wells are used if the aquifer is confined. In India, and in the state of Telangana, underlain mainly by hard rock, the most prevalent recharge structures are percolation tanks and infiltration basins (Central Ground Water Board, 2013). It was estimated in the latest census of Minor Irrigation Sources that there are 46,531 percolation tanks, all of which the Department of Irrigation has set out to restore by 2020 (Irrigation & CAD Department, 2015).
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MAR can be used to address a wide range of water management issues, including: reducing seawater intrusion or land subsidence (e.g. [START_REF] Masciopinto | Management of aquifer recharge in Lebanon by removing seawater intrusion from coastal aquifers[END_REF], smoothing out supply and demand fluctuations (e.g. [START_REF] Palma | Managed Aquifer Recharge As a Key Element in Sonora River Basin Management, Mexico[END_REF], protecting groundwater-dependent ecosystems (e.g. [START_REF] Ward | Principles to coordinate managed aquifer recharge with natural resource management policies in Australia[END_REF], and improving water quality through filtration and chemical and biological processes (e.g. [START_REF] Hamadeh | Comparative assessment of managed aquifer recharge versus constructed wetlands in managing chemical and microbial risks during wastewater reuse: a review[END_REF]. In this particular case, however, MAR is only expected to remediate groundwater exploitation, and water quality is not managed [START_REF] Jakeman | Integrated Groundwater Management[END_REF].

Overall, common belief is that MAR initiatives are a viable and suitable solution to water scarcity issues.

However, there is little consensus within published studies about their efficiency and impact, especially in hard rock context. At small scales (a few square meters to a few square kilometers), results often point towards increased groundwater resources and predominantly positive impacts of artificial recharge [START_REF] Massuel | Managed aquifer recharge in South India: What to expect from small percolation tanks in hard rock[END_REF][START_REF] Srivastava | Rainwater Management for Smallholder Irrigation and its Impact on Crop Yields in Eastern India[END_REF], which benefit only landholders closest to the recharge facilities (Boisson et al., 2015b;[START_REF] Dillon | Managing aquifer recharge and discharge to sustain irrigation livelihoods under water scarcity and climate change[END_REF]. Larger-scale studies (at the watershed scale or bigger) are less common (e.g. [START_REF] Glendenning | Balancing watershed and local scale impacts of rain water harvesting in India-A review[END_REF], on one hand, because of the difficulty in obtaining relevant data [START_REF] De Marsily | Dealing with spatial heterogeneity[END_REF], and on the other on the complexity associated with groundwater reservoirs in crystalline rock. Further, many of these studies are limited to water budget analysis and do not focus on hydrodynamic processes (e.g. [START_REF] Scanlon | Groundwater depletion and sustainability of irrigation in the US High Plains and Central Valley[END_REF]Boisson et al., 2015b). While water budgets can provide useful guidelines for groundwater exploitation, many authors have pointed out their insufficiency in providing accurate estimates of safe yield and sustainability, highlighting the need to understand dynamic processes [START_REF] Bredehoeft | The Water Budget Myth Revisited: Why Hydrogeologists Model[END_REF][START_REF] Zhou | A critical review of groundwater budget myth, safe yield and sustainability[END_REF].

Information on dynamic processes is further necessary to make out the spatial distribution of artificial recharge.

Weathered crystalline rock aquifers are characterized by highly variable hydraulic properties [START_REF] Acworth | The development of crystalline basement aquifers in a tropical environment[END_REF][START_REF] Chilton | Hydrogeological Characterisation And Water-Supply Potential Of Basement Aquifers In Tropical Africa[END_REF][START_REF] Dewandel | Upscaling and regionalizing hydraulic conductivity and effective porosity at watershed scale in deeply weathered crystalline aquifers[END_REF][START_REF] Maréchal | Use of hydraulic tests at different scales to characterize fracture network properties in the weathered-fractured layer of a hard rock aquifer[END_REF] which result in a complex combination of diffuse recharge and preferential flows [START_REF] Alazard | Investigation of recharge dynamics and flow paths in a fractured crystalline aquifer in semi-arid India using borehole logs: implications for managed aquifer recharge[END_REF][START_REF] Reddy | Understanding hydrological processes in a highly stressed granitic aquifer in southern India[END_REF][START_REF] Sukhija | Recharge processes: piston flow vs preferential flow in semi-arid aquifers of India[END_REF], where the latter have often been shown to dominate groundwater recharge processes [START_REF] Cuthbert | The importance of preferential flow in controlling groundwater recharge in tropical Africa and implications for modelling the impact of climate change on groundwater resources[END_REF][START_REF] Gleeson | Extremely rapid and localized recharge to a fractured rock aquifer[END_REF][START_REF] Sukhija | Recharge processes: piston flow vs preferential flow in semi-arid aquifers of India[END_REF]. In the aquifer, horizontal preferential flows take place in the most transmissive zones of the aquifer, which consist of the main open fractures and most importantly the bedrock weathering interface at the limit between the upper weathered layer (saprolite) and the fractured granite; this 6/35 has been recognized by many authors (e.g. [START_REF] Acworth | The development of crystalline basement aquifers in a tropical environment[END_REF][START_REF] Chilton | Hydrogeological Characterisation And Water-Supply Potential Of Basement Aquifers In Tropical Africa[END_REF][START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF]Boisson et al., 2015a). The presence of these zones leads to a vertical anisotropy of permeability [START_REF] Maréchal | Use of hydraulic tests at different scales to characterize fracture network properties in the weathered-fractured layer of a hard rock aquifer[END_REF][START_REF] Maréchal | Anisotropie verticale de la perméabilité de l'horizon fissuré des aquifères de socle : concordance avec la structure géologique des profils d'altération[END_REF]. Since the bedrock weathering interface is in general hilly, its relief may control groundwater flows, leading to aquifer compartmentalization, where exchanges between compartments depend on water levels relative to interface topography [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. The exact nature of the relationship between the bedrock weathering interface relief and recharge is not yet clearly understood. While this study focuses on fractured crystalline rock, it should be noted that the existence of sub-horizontal preferential flow pathways originating from sharp vertical contrasts in transmissivity exists in other type of media as well, such as stratified aquifers [START_REF] Nimmo | Preferential flow, diffuse flow, and perching in an interbedded fractured-rock unsaturated zone[END_REF], and that the observations outlined in this paper may be applicable in these environments as well.

Artificial recharge may be affected by preferential flow paths in contrasting ways. Their existence could enhance recharge, allowing an efficient and rapid lateral transfer of percolation throughout the aquifer. On the other hand, the compartmentalization associated with these environments highlighted by previous studies, could possibly slow or stop the progression of infiltration fronts leading to focused recharge in specific areas.

Monitoring of MAR infiltration front progression is therefore necessary to better understand the role of preferential flow paths on the efficiency of recharge processes in crystalline rock aquifers, not only from a quantitative standpoint but also in regards to water quality and pollution propagation issues.

The aim of this study is to characterize artificial recharge processes in weathered crystalline rock and analyze the complex flow dynamics of recharge inputs through the main flow paths, namely the relief of the saprolite/bedrock interface. To do so, we monitored an artificial recharge basin that has been set up in an experimental site equipped with a network of observation borewells. A water balance and simple infiltration equations were used to quantify the inputs of the recharge basin and their temporal evolution, as well as the vertical hydraulic properties. Then, the lateral progression of the infiltration front in the underlying hard rock reservoir was analyzed. Analytical solutions were used to infer the lateral hydrodynamic properties of the media, while numerical modeling allowed us to quantify the effects of basement relief on recharge in order to explain the particularities of the observed recharge process.

Study site
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The infiltration basin is situated within the Experimental Hydrogeological Park (EHP), which is a hydrological observatory located near the Choutuppal village in the Nalgonda district (Telangana state since 2014), 60 km to the south-east of Hyderabad (Latitude: 17°17'47"N; Longitude: 78°55'12"E), in South India (Fig. 1). The site has been developed by the French Geological Survey (BRGM) in partnership with the Indian National Geophysical

Research Institute (NGRI) and is part of the H+ Observatory network. Most data used in this study can be downloaded from the H+ database (http://hplus.ore.fr/en).

Geological setting

The site is located in an Archean granite setting, which represents over 80% of the total surface of the Telangana state. This granitic formation is intruded locally by geological discontinuities such as dikes or quartz

reefs, but none are present on the EHP [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. The fracturing of the granite is mainly characterized by sub-horizontal fractures, which can display a lateral extension of tens of meters [START_REF] Guihéneuf | Inde du Sud)[END_REF]. The typical geological profile in the EHP was obtained through analysis of drilling cuttings, and generally follows the description provided in [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF], namely:

-A thin red soil layer (a few centimeters).

-A sandy regolith layer 0-2 m thick, made up of a sandy-clay composition with quartz grains [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF].

-A laminated saprolite layer of variable thickness (ranging from 0 to 20m), derived from in-situ weathering of granite. It presents a millimeter-spaced horizontal laminated structure and coarse sand-size clasts and a few preserved conductive fractures [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF]. Due to its composition, the saprolite layer can reach a quite high porosity (bulk porosities are mainly between 5% and 30%), depending on the lithology of the parent rock and the degree of weathering [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF].

-Granite mainly consisting of quartz, potassium feldspars and biotite [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF]. The few first meters of the granite, in contact with the laminated saprolite (i.e. the saprolite/granite interface), are highly weathered and fractured. The fracture density rapidly decreases with depth, although local transmissive fractures may be encountered up to 60 meters deep [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF] . The effective 8/35 porosity of this layer is relatively low, of about 1%, and in mainly ensured by the fissure zones [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF].

Hydrological setting

The climate of this region is semi-arid and controlled by the periodicity of monsoons. Mean annual temperature is 28°C with high temperatures of about 45°C during the dry season. The rainy season occurs from June to November for a yearly average of about 800 mm. Ephemeral streams may be present during the monsoon but are most of the time absent. Intra-seasonal water level variations depend on groundwater recharge but are generally comprised between 10 and 20 m below ground surface (m bgs) (Fig. 2). There is no apparent straightforward relation between rainfall episodes and water level variations, and some intense rainfall episodes do not elicit a groundwater response (like in 2012, 765 mm of rain, Fig. 2).

Within the framework of the previously cited state-wise MAR project, an infiltration basin was dug on the EHP during 2015 to meet the demands of farmers in the area facing water scarcity. Land use in the vicinity of the observatory consists mostly of cotton fields, some rice paddies and a few orchards, although it is assumed pumping for irrigation does not impact water levels on the site as most pumped borewells are downstream from the site. The basin was dug using an excavator; its approximate dimensions are 120 m by 40 m, with a depth of about 2 m, effectively removing the regolith layer and extending into the saprolite. Debris was piled around the basin to create a bund and avoid spillovers. The basin is mainly supplied by a canal which deviates water from the Musi River, downstream the state capital, Hyderabad (Fig. 1). The distance traveled by the canal between the Musi River and our study site is of about 40 km. Over this distance, the canal branches out into several smaller canals, which supply a network of infiltration basins throughout the region. The water thus used to recharge aquifers is river water directly rerouted into the subsurface without any treatment whatsoever. Unfortunately, despite several attempts by various governments, the river Musi is the eighth Recharge basin was first filled by the end of 2015 (black arrow). The horizontal gray line illustrates the limit between the saprolite and the granite determined from borehole cuttings. For information relating to technical specificities of the well, refer to [START_REF] Guihéneuf | Inde du Sud)[END_REF] 9/35 most polluted river in India, receiving nearly 645 million liters per day of sewage water [START_REF] Nilesh | Hyderabad: Pollutants in Musi rise, river becomes sewage[END_REF], as well as industrial effluents let out by pharmaceutical and bulk drug companies [START_REF] Cheepi | Musi River Pollution Its Impact on Health and Economic Conditions of Down Stream Villages-A Study[END_REF][START_REF] Nitin | A looming health threat in Hyd? How polluted Musi water finds its way back to the city. The News Minute[END_REF].

The basin was initially filled by the end of 2015 (black arrow, Fig. 2), but this period was not yet monitored. The continuous monitoring of the basin began during the following filling episode which took place in July 2016.

Groundwater levels significantly increased following the filling of the basin, reaching the highest levels ever monitored on-site (Fig. 2). Note that in many countries, regulations state the need for an infiltration basin and the underlying aquifer to remain hydraulically disconnected [START_REF] Bouwer | Artificial recharge of groundwater: hydrogeology and engineering[END_REF][START_REF] Carleton | Simulation of Groundwater Mounding Beneath Hypothetical Stormwater Infiltration Basins[END_REF][START_REF] Réfloch | Compréhension expérimentale et numérique des chemins de l'eau sur le champ captant de la Métropole de Lyon[END_REF].

This allows preservation of an unsaturated zone below the basin, which is necessary to allow aerobic processes to take place to partly prevent the propagation of contaminants. This criterion was not met during this study because the water supply relied on the sporadic opening of an upstream floodgate managed by a third party entity.

Previous works (e.g. [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]Boisson et al., 2015a), during which a series of hydraulic tests were performed on-site, have allowed the estimation of the media's hydrodynamic properties (Fig. 3), namely the transmissivity ( , m

) and storativity ( ). The upper fractured granite and the fractures within the granite were shown to be the most conductive with a good storativity (Fig. 3, Boisson et al., 2015a). On the other hand, the saprolite layer was characterized as poorly transmissive. It must be noted, however, that several authors have suggested the potential of preserved fractures within the weathered saprolite to contribute to preferential flow [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF][START_REF] Perrin | The effects of geological heterogeneities and piezometric fluctuations on groundwater flow and chemistry in a hard-rock aquifer, southern India[END_REF], and that overall knowledge on saprolite properties is currently limited.

In sum, the most transmissive zones of the aquifer are the upper fractured zone also known as the weathering interface, laterally well connected, and some permeable fractures encountered at greater depths, which conversely have a limited extension and continuity. Because the weathering interface has a variable depth [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF]St. Clair et al., 2015), groundwater flow dynamics shift depending on water table

Fig. 3: Conceptual model of transmissivity ( ) and storativity ( ) profiles by depth extrapolated from several hydraulic tests performed on-site by from Boisson et al. (2015) and schematic representation of geological log (adapted from Boisson et al., 2015a). Storativity measurements end at the top of the fissured bedrock because they could not be measured within the saprolite at the time of the study as the boreholes are fully cased down to the contact between saprolite and fissured bedrock 10/35 elevation [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. In the 2014 paper by Guihéneuf et al., hydraulic tests performed under different water level conditions (high water levels and low water levels), in combination with observations on piezometric variations, revealed how aquifer compartmentalization causes this contrasting behavior. Under high-level conditions, the well-connected permeable upper granite/saprolite zone allows regional flows to take place, more specifically towards the northeast of the site [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. Contrariwise, because fracture density and therefore connectivity decreases with depth, low water levels lead to a lateral compartmentalization of the aquifer. The system then shifts to an independent local flow system [START_REF] Guihéneuf | Inde du Sud)[END_REF].

The site is equipped with 30 borewells of different depths (Fig. 1), all of which are equipped with a casing extending into the saprolite, screened or open at the contact zone between the saprolite and the fractured granite. Tab. 1 features the technical characteristics of the site boreholes which were used for this study, and the hydraulic properties at each of these wells may be found in [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. Note that the saprolite thickness, which ranges from 14 m to 24 m, is very variable (Tab. 1). 8 boreholes were continuously equipped with pressure and temperature sensors measuring piezometric levels and temperature during the time of this study. An additional probe was installed in the infiltration basin to monitor water levels in the basin. At the time-scales considered, the fracture system within the fractured granite and the overlying saprolite are assumed to be at equilibrium, meaning there is no significant pressure difference between the unconsolidated saprolite and the fractures in the underlying granite. This was later confirmed when superficial wells (<15 m)

were dug only in the saprolite near the CH01 and CH02 boreholes (Fig. 1f) which featured virtually the same hydraulic head variations as the deeper wells. This is consistent with the unconfined response (high storativity, Fig. 3) of the interface to pumping tests under packers which confirms the role of vertical fractures in connecting overlying saprolite with underlying fractures.
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Tab. 1: Boreholes characteristics of the Experimental Hydrogeological Park in Choutuppal (Andhra Pradesh, Southern India) from [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]. Boreholes location is provided in the UTM projected coordinate system. Borehole depth and casing depth are given in meters below ground surface.

Water level variations in response to recharge

The filling of the artificial recharge basin caused water levels to rise significantly (Fig. 4). The basin remained flooded for most of the observation period, although levels in the basin varied widely from a few cm up to almost 3 m depending on the sporadic canal inputs. Each filling episode was followed by a recession period ranging from a few days to a few months, becoming longer towards the end of the observation period.

Borewells can be divided into two groups relative to their groundwater level variations. The first, composed of CH01 and CH02, is the cluster closest to the basin. The second comprises the boreholes in the cluster farthest from the basin (CH03 to CH24), out of which only 3 are shown along the AB profile (Fig. 4) for clarity purposes.

The two groups are characterized by different patterns of water level variations but have similarities between them. There are three identifiable phases for both clusters depending on the time, t, of observation, starting from t=0, which is the beginning of the monitoring period (July 5 th 2016): ₋ P2 60 < < 80 days (approx.

₋ P1 0 < <
). An abrupt increase in water levels, of about 15 m, is observed for neighboring boreholes (CH01 and CH02), while the basin water levels vary between 1 and 2 meters.

During this period, hydraulic head reaches near-surface levels (CH02 is at 366.3 m asl and CH01 at 365.7 m asl). Such variations suggest that the basin and the aquifer are becoming hydraulically connected. The increase in remote water levels (CH03 to CH24) is much weaker but shows a clear response. This phase ends at around 80 days, where an important inflection point can be observed (Fig. 4) marking a change in dynamics.

₋ P3 > 80 days. For this period of time, water levels in the closest boreholes (CH01 and CH02) are very high, close to ground surface levels suggesting that the basin remains connected to the water table.

Remote boreholes appear to increase strongly during the first 40 days where water levels reach a depth of only a few meters below ground. Interestingly, remote borehole levels appear to evolve in sync with very similar hydraulic heads measured in all boreholes.

These observations suggest that P2 is a transition phase between the disconnected phase P1 and the fully connected phase P3 during which the basin fills the whole aquifer. Accordingly, the hydraulic response for remote boreholes is delayed in relation to neighboring boreholes. When levels in the near vicinity reach a pseudo-steady-state, remote water levels begin increasing simultaneously. This indicates a sort of tipping point mechanism: the attenuation of water level increase in the near vicinity of the basin is related to the progression of the pressure front laterally.

Methods

The methodology applied aims to characterize the hydraulic properties controlling infiltration and its lateral transmission throughout the aquifer, as well as the effects of bedrock topography on the transient aquifer response. This was done through a combination of analytical and numerical modeling using water levels in the basin, meteorological data (rainfall and potential evapotranspiration) and the observed water level response in the observation boreholes. Daily rainfall was measured on-site using an automatic weather station, and daily

13/35 open pan evaporation was measured and made available by ICRISAT (International Crops Research Institute for the Semi-Arid Tropics, about 80 km away from our site).

Estimating infiltration rates and vertical hydraulic conductivity

Infiltration ( ) from the basin into the aquifer was quantified to characterize recharge, and to be used as inputs to the analytical and numerical aquifer response models posteriorly described. To do so, a volume balance approach (VBA) was applied in parallel to infiltration equations that will be described hereafter.

The VBA approach requires knowledge of all of the water balance components: canal inflow , rainfall , evaporation , and basin stock variations ( , all of which are in mm/day:

= + --( (1) 
It was assumed that the runoff component, considering the small impluvium surface (<1ha), was negligible.

Because it was not possible to measure canal inflow directly for technical reasons, the VBA approach was only applied to recession periods, where is assumed to be null. ( was deduced from the water levels measured continuously in the basin ( ) where ( = , -,-. . was assumed to be equal to open pan potential evaporation measurements. The equation was applied at a daily time step. The VBA approach is the most complete as it accounts for all inputs and outputs to the system although it is not applicable during basin filling periods.

In the absence of rainfall and neglecting evaporation, one also expects infiltration rates to be simply related to water levels in the basin, with greater water levels leading to greater infiltration. To examine such relationships, infiltration rates from basin water level variations during recession periods were compared to the corresponding water levels in the basin. Thus, the relationship = × (with as the coefficient of proportionality) was evaluated empirically. If a satisfactory relationship is obtained during recession periods, such relationship may be extrapolated to all times, including infilling periods. Comparison to VBA infiltration ensured that neglecting and is not too strong of an assumption. Finally, with infiltration roughly deduced from basin water levels, the canal inflow can be calculated during infilling periods as the remnant of Eq. 1.
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Note that these relationships can generally be described by Darcy-type equations, directly linking infiltration to water levels based on knowledge of saturated thickness and hydraulic conductivity [START_REF] Bouwer | Artificial recharge of groundwater: hydrogeology and engineering[END_REF]. It was not possible to estimate hydraulic conductivity during the initial phases (P1 and P2) because the depth of the wetting front and the apparent hydraulic conductivity are poorly constrained in partially saturated environments.

When there is a full hydraulic connection between the basin and the aquifer (P3), one may assume that the system may be equated to a falling head permeameter during the recession periods. Flows are assumed to be mainly vertical within the saprolite before reaching the weathering interface, which is assumed to be an a priori much more conductive zone. It therefore is assumed that flows are mainly controlled by the saprolite's properties, which offer the greater resistance to flow, and the head gradient over the saprolite's thickness. The hydraulic head at the bottom of the saprolite may be given by the hydraulic head in the closest boreholes, which are very close to ground level. Thus, the head gradient may be roughly estimated equal to / , i.e. the difference in hydraulic head between the top of the saprolite ( + ) and the bottom of the saprolite ( ), with the thickness of the saprolite. The vertical flow can be thus described using the Darcy equation:

= 1 2 (2)
where is the vertical hydraulic conductivity (L.T -1

). Knowing that ≈ - . This yields:

1 1 : = < => 6 ? , (3) 
To check the consistency of the above equation, observed water levels were plotted for each recession posterior to hydraulic connection (P3 phase). When verified, a linear regression allows estimating of -5 6

2

, and with known hydraulic conductivity can be deduced. Finally, having estimated during recession period allows estimating infiltration also for the infilling periods using Eq. 2.

15/35

Modeling the aquifer response to infiltration

In a second step, we calibrated an analytical solution modeling groundwater level variations against observations to provide an estimate of the hydrodynamic parameters controlling lateral flow. The effects of the transmissive interface's relief on flow, however, were ascertained using simple numerical modeling since no analytical solution was available for this purpose. To do so, different scenarios were tested where bedrock relief and hydrodynamic properties were varied to assess the changes in groundwater response, and the overall likeness to the dynamics observed on the experimental site.

Analytical solutions

Calibration of simple analytical solutions against observed groundwater levels can allow a first-order estimation of the horizontal hydraulic conductivity and storativity controlling groundwater flow.

Groundwater mechanisms are described by different mathematical models depending whether there is a hydraulic connection between the basin and the water table or not (Fig. 5). The most common analytical solutions for groundwater mounding are valid only in situations where the water table is assumed to be hydraulically disconnected from the bottom of the groundwater infiltration basin. Conversely, analytical modeling of mounds that are fully connected to any recharge structure is relatively rare and most often concerns streams or canals (e.g. [START_REF] Dillon | An ephemeral stream-aquifer interaction model[END_REF][START_REF] Spanoudaki | Analytical Solution to the Stream-Aquifer Interaction Problem: A Critical Review[END_REF]; modeling of connected recharge basins or lagoons (e.g. [START_REF] Kacimov | Modeling of transient water table response to managed aquifer recharge: a lagoon in Muscat, Oman[END_REF] is much rarer. Further, if the mechanisms in place deviate from standard conditions assuming homogeneous media, then fully realistic descriptions of these processes are said to be beyond any simple analytical solutions [START_REF] Alderwish | Induced recharge at new dam sites-Sana'a Basin, Yemen[END_REF]. In this context, it was decided to use analytical modeling only in the initial phase of wetting and mounding (P1), when the recharge basin is clearly disconnected from the aquifer and thus flow conditions remain relatively simple and respect the initial conditions required. Because remote boreholes (CH03 to CH24) show little to no response during this phase, analytical modeling was only calibrated against observations in neighboring boreholes (CH01 and CH02), which show a clear response to basin infilling even during the initial phase of wetting and mounding (P1). We used Hantush's solution for rectangular basins [START_REF] Hantush | Growth and decay of groundwater-mounds in response to uniform percolation[END_REF].

16/35

Hantush's solution for rectangular basins

In general, analytical solutions to predict the rate of growth and shape of a recharge mound solve the governing partial differential equation describing the flow of groundwater as given by the linearized Boussinesq equation [START_REF] Warner | Mathematical analysis of artificial recharge from basins[END_REF]:

9 A B C AD B + A B C AE B ; + = AC A, (4) 
where the different variables and parameters are defined in Fig. 5. The solution developed by Hantush [START_REF] Hantush | Growth and decay of groundwater-mounds in response to uniform percolation[END_REF] simulates groundwater mound growth and decay in response to percolation, and is valid when the top of the groundwater mound is disconnected from the bottom of the recharge basin:

F = G HI J Kerf K ? O B PD √RST U + erf K ? O B -D √RST UU * Kerf K W O B PE √RST U + erf K W O B -E √RST UU , 7 (X (5) 
where F = ℎ H -H , Y is a simplifying term with Y = / and X = Z -[ \, the time during which percolation takes place. Initial conditions assume a horizontal water table and the boundary conditions of zero slope of the mound profile at the center of the basin and at infinity.

In Eq. 5, recharge from infiltration is assumed to be constant. However, infiltration was found to vary significantly in time. To get around this issue the approach was modified: rather than directly integrating Eq. 5

by Gauss quadrature, a convolution of the impulse response of the aquifer to = 1 and the daily infiltration time-series was made, so that at a given time :

FZ \ = ∑ F _-. + F`Za\ * Z -a\ , _b. (6) 
where F` is the impulse response and is the recharge rate assumed equal to daily infiltration. This solution was applied and calibrated at each borehole for which hydraulic head measurements are available, where , ", , and were set to match the borehole's position and initial water table conditions. Hydraulic conductivity ( ) and storativity ( ) were obtained by optimizing the analytical models' performance, i.e. minimizing the root mean square error (RMSE) between ℎ (simulated water table elevation) and ℎ (observed water table elevation). The 2D parameter space was thus explored in order to reach a parameter set for which the error was minimal and which fit realistic standards. The resulting 2D RMSE matrix was then analyzed to assess whether the model converged towards a unique solution, as opposed to a situation where there is equifinality of parameters, which implies there are several acceptable sets of parameters that cannot easily be dismissed and should be considered in the evaluation of uncertainty [START_REF] Beven | A manifesto for the equifinality thesis[END_REF].

Because this solution simulates how recharge inputs move laterally throughout the aquifer, and considering the important vertical anisotropy of hydraulic conductivity in fractured crystalline aquifers [START_REF] Maréchal | Use of hydraulic tests at different scales to characterize fracture network properties in the weathered-fractured layer of a hard rock aquifer[END_REF][START_REF] Maréchal | Anisotropie verticale de la perméabilité de l'horizon fissuré des aquifères de socle : concordance avec la structure géologique des profils d'altération[END_REF], is assimilated to horizontal hydraulic conductivity.

Numerical modeling for connected basin

While analytical solutions are easily and straightforwardly applied, they do not account for the geometry of the aquifer and specific boundary conditions. Under these circumstances, we tested the effect of bedrock relief on drawup, i.e. the increase of water level due to basin infiltration, using MODFLOW and its BCF2 package (which allows wetting of previously dry cells) [START_REF] Harbaugh | MODFLOW-2005 , The U . S . Geological Survey Modular Ground-Water Model -the Ground-Water Flow Process[END_REF]. MODFLOW is a US Geological Survey block-centered finite-difference modular flow model, and the source code is free public domain software. The model was run using FloPy [START_REF] Bakker | Scripting MODFLOW Model Development Using Python and FloPy[END_REF], a Python package for creating, running and post-processing MODFLOW-based models.

The numerical simulations were based on very simple conceptual models. First, a synthetic scenario with constant recharge was tested in order to analyze the causal relationship between the boundary conditions imposed by the bedrock relief and the groundwater response to recharge. Synthetic results were roughly compared to field results. At this stage however the objective was not to attempt to perfectly match the observed groundwater response to infiltration. Then, in a second step aimed at better reproducing the recharge dynamics, actual estimated infiltration rates were used as inputs to the model.

The conceptual models tested all consist of a rectangular, unconfined aquifer overlain by a thick unsaturated zone with an infiltration basin in its central part (Fig. 6). The infiltration basin covers 6400 m² and recharges the ) for the synthetic tests, or at a transient rate determined by previously calculated infiltration for the final applied scenario. Recharge is applied to the highest active cell (which is automatically determined), meaning there is no retardation or storage of water in the unsaturated zone. This is equivalent to simulating a partially or fully hydraulically connected environment, i.e. P2 and P3.

The initial phase P1 was not simulated due to poorly constrained boundary conditions during this unsaturated phase, and because the MODLFOW model does not accurately accommodate transient unsaturated flow.

Hydraulic parameters and were varied over one and an half and two orders of magnitude respectively (1 × 10 -3

< < 5 × 10 -2 and 1 × 10 -5

< < 1× 10 -3 m.s -1

) to test the sensitivity of the model to these parameters while remaining in a realistic range and were later fixed respectively at 1 × 10 -2 and 1 × 10 -4 m.s -1 to match the first-order estimation of parameters from the analytical model for the synthetic tests, or more precise values for the applied scenario. The ratio of vertical to horizontal conductivity was fixed at 1/10 according to [START_REF] Maréchal | Use of hydraulic tests at different scales to characterize fracture network properties in the weathered-fractured layer of a hard rock aquifer[END_REF] results.

We only simulate one quadrant of the aquifer (Fig. 6a) because all four quadrants are symmetrical (therefore there is no flow between quadrants). The hydrological system was simulated using a grid of 100 rows and columns with a 20 m spacing (for a total model size of 2000×2000 m, size at which it was estimated the outer boundary conditions did not affect the results for the simulated duration) and six 5 m thick layers (necessary to model stability) (Fig. 6b). To ensure that the grid size and disposition were stable tests were performed where the size of the model and of the grid cells were varied to ensure water levels near the boundary remained stable. Initially, layers 1-5 are dry, head is 5 m and only the deepest layer is saturated. The evolution of the groundwater mound over time was modeled using a transient simulation, which was run for one stress period of 300 days with a one day time step using the PCG2 solver.

Two scenarios were tested using two model configurations: a reference scenario, in which there is no compartmentalization, and a compartmentalized scenario where an impervious boundary was added (Fig. 6c).

The reference scenario was used to simulate water table mounding resulting from local recharge in homogeneous conditions with a sub-horizontal bedrock. The other scenario accounted for the more complex -20 ) layer covering the bottom of the aquifer except at the center where the compartment is located (Fig. 6). We tested different compartment widths (ranging from 100 m to 1000 m with a 100 m interval) and heights (from 5 m to 25 m with a 5 m interval) to test their causal relationship to groundwater drawup dynamics.

Finally, a simulation was run using the site's actual infiltration estimations from 3.1 as inputs to account for the observed variability of inputs over time and fit the model to observations. Hydraulic parameters were set equal to those obtained with the analytical solution, only the compartment size was adjusted to fit the simulation to the observed data. This allowed us to test the model's ability to simulate the observed groundwater variations by assuming a heterogeneous basement elevation.

Results

Infiltration estimation and relative contributions

Estimating infiltration from the VBA (Eq. 1) or from water levels in the basin (Eq. 2) was almost equivalent.

Rainfall and evaporation do not have a strong effect on stock variations, relative to canal inflow and infiltration.

In total, it was estimated canal inflow accounted for 97% of inputs to the basin, and infiltration for 95% of outputs (Tab. 2): they are the main drivers of stock variations. Note that infiltration from recession periods was obtained using a volume balance approach, and then linked to water levels in the basin to obtain relationships that could be extrapolated to filling periods. These relationships were indeed found to be linear and are shown in full below. As explained in the previous section, canal inputs were estimated as the remnants of Eq. 1 with known infiltration. Fig. 7 : Infiltration and canal inflow estimated for the observation period. Inflow is episodic and short-lived as it is controlled by the opening and closing of an upstream floodgate managed by a third-party entity.
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Inputs from the canal are quite high (Fig. 7), and concentrated into short periods of time. Infiltration takes place more homogeneously throughout the observation period, but there are still non-negligible variations that mimic but do not follow perfectly water level variations (Fig. 7). Interestingly, when the recharge mound reaches the base of the aquifer, between 55 and 65 days approximately, infiltration reaches its maximum value around 350 mm/day for a water level in the basin close to 2.6 meters. Regardless of the large amounts of water brought on afterward, and similar basin water levels, recharge remains bounded, reaching at most about 150 mm/day suggesting a decrease in the recharge potential. Another way to show this evolution is to investigate the evolution of the relationship between daily infiltration and water levels in the basin (Fig. 8a) for each recession period.

Infiltration is roughly proportional to water levels in the basin, as expected from Eq. 2, but with different relations for the different period of recessions. The coefficient of proportionality, α, decreases strongly with time (Fig. 8b) during phase P2. For times greater than 80 days (P3), no significant changes are observed, however the efficiency of the infiltration seems to be reduced by a factor of 6 from the early times until 80 days. This behavior is expected when connecting the basin with the aquifer [START_REF] Bouwer | Artificial recharge of groundwater: hydrogeology and engineering[END_REF][START_REF] Carleton | Simulation of Groundwater Mounding Beneath Hypothetical Stormwater Infiltration Basins[END_REF] because of the decrease in hydraulic gradient which results from the pore space filling up at the point of hydraulic connection. This further supports the statement that P2 is a transition phase during which the basin becomes hydraulically connected to the aquifer. 

Vertical hydraulic conductivity

Vertical hydraulic conductivity posterior to hydraulic connection was obtained using Eq. 3, from the recession slopes shown in Fig. 9. It was found to vary slightly between each recession slope, ranging from 7.4 × 10 -6 m.s -1 to 9.4 × 10 -6 m.s -1

, averaging 8.1 × 10 -6 m.s -1

. Such values are slightly higher than what is typically expected in the saprolite in this area, but much lower than the most transmissive pathways at the interface between saprolite and the upper fractured granite (Fig. 3, [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF]Boisson, et al., 2015a).

Horizontal hydraulic conductivity and storativity

Calibration of observed groundwater levels to simulated water levels for the disconnected phase (P1) using the Hantush solution resulted in the parameters summed up in Tab. 3. The best model fits can be seen in Fig. 10. ). Model error was satisfactory, c s being weaker than 5%. Averaged to all boreholes hydraulic conductivity was found to be 6.5 × 10 -5 m.s -1 with little variability between both estimates. This estimate is clearly higher than the estimate of the hydraulic conductivity of the saprolite obtained from water level recessions, averaging 8.10 -6 m.s .s -1 and thus l ≈ 10 -5 m.s -1 the interface being a few meters thick). Storativity was found to be around 5×10 -2

, which is higher than the Fig. 3 weathering interface estimate ( ̅ = 9.7 × 10

-3

), denoting a possible Fig. 10: Observed hydraulic head and simulated hydraulic head using analytical modeling in response to infiltration from the recharge basin when it is disconnected from the water table (P1) for the boreholes closest to the basin (CH01 and CH02) 22/35 Fig. 12: Observed hydraulic head and simulated hydraulic head using numerical modeling accounting for compartmentalization in response to infiltration from the recharge basin (gray lines) for the boreholes closes to the basin (CH01 and CH02) influence of the saprolite on the apparent estimated storativity. According to the variations of storativity between CH01 and CH02, it nevertheless seems to weaken as we move away from the basin.

4.4

Effect of bedrock relief (numerical model) ), showed very weak variations and a weak drawup slope (black curve on Fig. 11a andb), which cannot explain observed water level variations from the study site. Recharge dynamics cannot be modeled satisfactorily using these reasonable hydraulic parameters. Sensitivity tests (not shown in Fig. 11) were also performed on and .

variations of one order of magnitude led to a difference lower than 2 m. Decreasing elicited a stronger groundwater response but with a weak drawup slope, again disagreeing with observed data.

The most realistic simulation is obtained when considering a heterogeneous basement, and thus semipenetrating impermeable boundary conditions. The lateral extension of the depression/compartment at the center of the model controls the slope of the drawup. Smaller lateral extensions of the compartment lead to stronger slopes (Fig. 11a), and as the lateral compartment size is progressively increased, drawup dynamics approach that of the reference scenario (i.e. no boundary effect). The vertical extension of the depression does not have an impact of the slope of the drawup. It does however control the amplitude of variations (Fig. 11b),

where a greater difference in altitudes leads to a greater drawup amplitude.

Application to the present field case

The application of the compartmentalized scenario to estimated infiltration inputs proved quite successful in recreating the dynamics of the closest boreholes for phase 2 and 3 (Fig. 12) using the hydraulic parameters obtained from analytical modeling (Tab. 3) and varying only the shape of the basement. We obtained a ), where the lateral extension of the compartment is varied (a) and where the vertical extension is varied (b). Set distance to basin is 100 m. o = 10 -4 m.s -1 and p = 10 23/35 Fig. 13: Schematic representation of hydraulic head variations above the bedrock (gray area) in response to artificial recharge from a recharge basin per phase of infiltration relatively good agreement between the simulated water levels and the observed ones (c = 8.7% and 12.1% for CH01 and CH02 respectively). The strong slope of the drawup is successfully reproduced, and the following stabilization of water levels as well. A lateral extension of about 120 m seems to best recreate the recharge dynamics of the study site with the above cited parameters, although storativity was shown to be somewhat overestimated under the influence of the saprolite values owing to the borehole's proximity to the basin. Decreasing storativity to a value closer to that of the weathering interface ( = 9.7 × 10

-3

) requires increasing the theoretical lateral extension of the compartment to about 200 m to correctly model observations. The calibrated vertical extension was found relatively constant, around 18 m.

There is a slight discrepancy between the model and the simulation, where the simulation under-estimates water levels during the drawup phase and over-estimates them during P3. This is probably because the actual system modeled is in reality much more complex than the model proposed here, as we do not account for flow in fractures, storage effects or matrix effects. The underlying geometry of the interface may also be much more complex than the way it is simulated in the model. We believe this is a testament to the interest this model brings, wherein a very simple numerical model recreated complex dynamics. Note also that it was not possible to simulate remote boreholes using the model as is. Placing the observation point outside of the compartment did recreate the delay in borehole response observed in Fig. 4, but did not allow to simulate the amplitude of the variations correctly. Addressing this issue would imply complexifying the model to account for a much more complex geometry of the weathering interface, which is currently beyond the scope of this paper.

A schematic summary of recharge dynamics is presented in Fig. 13 in a very simplified way. The hydraulically disconnected phase of groundwater mounding (P1) resembles that of a relatively homogeneous environment.

When hydraulic connection begins between the infiltration basin and the aquifer, we observe boundary conditions leading to a rapid increase of water levels because infiltration is focused into a bounded domain.

The hydraulic connection also slows the infiltration process. The final stage P3 is much less subject to boundary effects and a pseudo-steady-state is reached, where levels oscillate around a constant value.

Discussion
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Representativity of hydraulic parameters

Overall infiltration efficiency, i.e. the ratio of infiltration to total inputs, is quite high (96%) in the present case, as opposed to previous studies in similar environments (Boisson et al., 2015b: 56% ;Perrin et al., 2009: 54% ;Singh et al., 2004: 67%), but in agreement with efficiencies recorded by the Central Groundwater Board in 2011 of up to 98% in hard rock environments. A possible explanation of this difference is the age of the infiltration basins. Studies showing low infiltration efficiencies focused on percolation tanks that had not been recently desilted, contrary to the basin studied here (dug in 2015) and those present in the CGWB's case studies.

Further, the way in which the basin is supplied, where large amounts of water are brought in short periods of time, leads to an important water depth in the basin (up to almost 3 m). This could contribute to stronger infiltration rates linked to a higher hydraulic head. This is as opposed to typical percolation tanks, which accumulate a few centimeters of runoff over larger extended areas and thus subject to a higher amount of direct evaporation compared to infiltration. Although overall infiltration efficiency is high, infiltration rates decrease significantly with hydraulic connection because of a decrease in hydraulic gradient. Infiltration is then more spread out in time, which allows more evaporation to take place, although the amount evaporated remains much weaker than the overall infiltrated volume. This is not likely to continue to be the case if significant silting occurs.

This study's estimate of vertical permeability ( = 8.1 × 10 -6 m.s -1

), is slightly higher than what Boisson et al. (2015a) obtained at the same site for the upper saprolite layer (9 × 10 -8 to 3 × 10 -7 m.s -1

), but overall in the same range as other studies performed on saprolite (e.g. George, 1992: 7 × 10 -6 m.s -1 ; Cook et al., 1996: 1 × 10 -6 to 1 × 10 -5 m.s -1

) . Boisson et al. (2015a) used falling-head borehole permeameter tests, which render point values, whereas the large horizontal extent of the infiltration basin could allow sampling of otherwise undetectable vertical preferential flow paths (i.e. preserved fractures in the saprolite), and thus lead to an increase in hydraulic conductivity [START_REF] Dewandel | A generalized 3-D geological and hydrogeological conceptual model of granite aquifers controlled by single or multiphase weathering[END_REF].

Horizontal hydraulic properties were found to be in the upper range of values for fractured crystalline rock ( = 6.5 × 10 -5 m.s -1 and = 5.0 × 10 -2 ), rather corresponding to the properties of the weathering interface obtained in Boisson et al., 2015a. The horizontal hydraulic conductivity of the system is thus much higher than the vertical hydraulic conductivity (about 8 times higher). This is consistent with the fact that the vertical 25/35 hydraulic conductivity is controlled by the less transmissive saprolite, and the lateral hydraulic conductivity by the highly transmissive weathering interface acting as a preferential flow path. Overall, analytical modeling highlighted the strong influence of preferential flow in recharge processes.

Comparison to inferred interface relief

Previous acquisition of Electrical resistivity tomography (ERT) profiles [START_REF] Chandra | Establishment of International Hydrogeological Park at Chautuppal , Nalgonda District , Andhra Pradesh Delineation of Aquifer Geometry using Electrical Resistivity Tomography : Phase-I[END_REF] permitted the mapping of the depth of the weathering interface at the EHP site (Fig. 14). The ERT survey was carried out using a Syscal Jr. Switch with 10m electrode spacing across 9 profiles using a Wenner-Schlumberger configuration [START_REF] Chandra | Establishment of International Hydrogeological Park at Chautuppal , Nalgonda District , Andhra Pradesh Delineation of Aquifer Geometry using Electrical Resistivity Tomography : Phase-I[END_REF]. Profiles were analyzed using a routine inversion method and a threshold of about 400

Ohm.m [START_REF] Braun | Regolith mass balance inferred from combined mineralogical, geochemical and geophysical studies: Mule Hole gneissic watershed, South India[END_REF]) was set to delineate the limit between fresh and weathered rock [START_REF] Chandra | Establishment of International Hydrogeological Park at Chautuppal , Nalgonda District , Andhra Pradesh Delineation of Aquifer Geometry using Electrical Resistivity Tomography : Phase-I[END_REF]. Point data was then interpolated using standard kriging techniques.

The obtained interface is significantly hilly, composed of depressions and crests (the protruding areas), where crests delineate a set of sub-drainage basins (Fig. 14a). The hilliness of the interface relief suggests the system is compartmentalized, which supports the observations made in previous works highlighting the existence of compartmentalization in crystalline environments and its effects on groundwater flow and chemistry (e.g. [START_REF] Guihéneuf | Groundwater flows in weathered crystalline rocks: Impact of piezometric variations and depth-dependent fracture connectivity[END_REF][START_REF] Perrin | The effects of geological heterogeneities and piezometric fluctuations on groundwater flow and chemistry in a hard-rock aquifer, southern India[END_REF]. Two main compartments were identified: one east of the site and the other north of the site, extending beyond the site limits. The lowest point of the bedrock topography appears to be north of the profile. The compartment over which the infiltration basin is situated is trefoil-likeshaped, with a diameter of about 500 m, a low point at about 42m depth and summits at about 20 m depth (so a height difference of approximately 20 m). This is similar to the dimensions obtained while fitting the numerical simulation to observed water levels (i.e. a radius of 200 m and a height difference of 18 m).

Using the AB profile outlined in Fig. 4, we traced the relief of the bedrock interface obtained from ERT and replaced observed water levels so as to compare observed data to simulations (Fig. 15). The depth of the interface was very similar to the depth estimated from borehole logs. Neighboring boreholes (CH01 and CH02) 

Artificial recharge modeling

The model most commonly used to explain recharge dynamics was proposed by [START_REF] Bouwer | Artificial recharge of groundwater: hydrogeology and engineering[END_REF]. In this model, two scenarios explain an infiltration basin's dynamics. If the bottom of the basin (the clogging layer) is less conductive than the underlying aquifer then infiltration is controlled by the hydraulic conductivity of the clogging layer. The water within the basin is disconnected from the underlying aquifer, perched over the silting layer. Otherwise, infiltration is controlled by the hydraulic properties of the underlying aquifer. In this case the water table may rise until hydraulic connection takes place, and then the infiltration rate is controlled either solely by gravity and vertical flows (in deep aquifers) or by the slope of the water table mound (in shallow aquifers). This concept was developed assuming homogeneous sedimentary aquifers of infinite lateral extension.

Instances of variable recharge dynamics have been documented in literature, either stemming from progressive and heterogeneous silting (e.g. [START_REF] Racz | Spatial and Temporal Infiltration Dynamics During Managed Aquifer Recharge[END_REF][START_REF] Mawer | Characterizing Heterogeneity in Infiltration Rates During Managed Aquifer Recharge[END_REF], saturation of the vadose zone Fig. 15: Comparison of schematic representation of artificial recharge from an infiltration basin with actual hydraulic head measured on-site and aquifer geometry from ERT data 27/35 [START_REF] Dillon | An ephemeral stream-aquifer interaction model[END_REF] or more rarely structural discontinuities [START_REF] Massuel | Managed aquifer recharge in South India: What to expect from small percolation tanks in hard rock[END_REF]. In most cases, the influence of heterogeneity on flow is limited to qualitative observations. Very few studies actually model processes with consideration of aquifer geometry (e.g. [START_REF] Ronayne | Identifying discrete geologic structures that produce anomalous hydraulic response: An inverse modeling approach[END_REF], probably because it is not easy to image the aquifer's geometry and practically impossible to obtain three-dimensional information about hydraulic properties, especially in hard rock context [START_REF] De Marsily | Dealing with spatial heterogeneity[END_REF]. In this study we successfully quantified the role played by the basement relief (and its associated compartmentalization) on the hydraulic response of the aquifer to recharge, also highlighting the effects of it on recharge propagation and infiltration potentials. This study showed that the relief of the bedrock can produce an effect somehow analogous to the effect of impervious (or semi-impervious) boundaries on drawdown during pumping tests (de Marsily, 1986). In both cases, a change in drawdown slope relative to a situation where no impervious boundary is present is expected. To the best of our knowledge, there are no other instances in literature where this effect was identified during recharge, or as a result of a heterogeneous bedrock relief. Further, because the relief crests are only a semi-penetrating impervious boundary, the increase in drawup slope relative to the reference scenario was shown to provide information on the dimensions of the relief in question, where the larger the depression below the recharge basin the lesser the increase in drawup slope.

The in-depth analysis of the transient aquifer response to recharge in a heterogeneous environment can be used to improve MAR management in crystalline rock. The requirements to perform this type of analysis are (i)

an approximation of the aquifer's hydraulic properties, (ii) a map of the contact zone between the saprolite and the granite, and (iii) knowledge on the (actual or desired) water volumes to be stored in the aquifer. The most challenging aspect of this methodology is obtaining a map of the subsurface, although geophysical methods are becoming increasingly accurate and accessible. One can, for example, cite the development of airborne electromagnetic methods, which allow large-scale high resolution mapping of the subsurface [START_REF] Sørensen | SkyTEM -a new high-resolution helicopter transient electromagnetic system[END_REF]. However, if bedrock relief data is unobtainable, we also showed how monitoring groundwater levels in the vicinity of the basin can provide valuable information on bedrock topography and on the storage potentials of the aquifer. As such, not only should the infiltration basin be monitored, but also, if possible, groundwater levels around the basin. Extrapolation of our simple method could improve present-day forward models used for MAR management in such geological environments, and possibly be extended into predictive modeling. From a quantitative standpoint, consideration of the effects of boundary conditions would be useful 28/35 to regulate inputs in order to limit evaporation losses. If the bedrock topography is known, decision-makers can gain a greater awareness of the extent to which recharge will propagate throughout the aquifer, and choose whether to prioritize a strong localized reaction, which may be easier to retrieve at later times, or a weaker reaction over larger areas depending on the density and extent of the settlements affected by groundwater depletion and which stand to benefit from the augmentation of groundwater resources. Further, implications on water quality are also non-negligible. We highlighted the importance of preferential flow, which implies contaminant attenuation is not likely to take place rapidly enough to mitigate the negative effects of injecting wastewater into the aquifer. The dominance of advective processes over diffusive processes in hard rock [START_REF] Guihéneuf | Insights 33/35 about transport mechanisms and fracture flow channeling from multi-scale observations of tracer dispersion in shallow fractured crystalline rock[END_REF] will likely aggravate this issue. It is essential this be taken into consideration by decision-makers: the water currently used to feed the network of MAR structures state-wise originates directly from the Musi River downstream of Hyderabad and is highly polluted both by domestic and industrial effluents.

Another element of risk that was identified in this study is that of hydraulic connection between the infiltration basin and the water table, to which fractured crystalline environments are particularly susceptible due to their low transmissivities and variable saprolite thickness. The best way to infer hydraulic connection is through groundwater level observation, but it is still possible to infer that hydraulic connection has taken place when infiltration rates decrease significantly (which may lead the basin to overflow or water levels in the basin to stagnate). Additionally to the loss of infiltration potentials, which may dampen the efficiency of this water stress remediation method and lead to important losses by ET, hydraulic connection may amplify the risk of groundwater contamination. If no unsaturated zone exists below the infiltration basin, aerobic processes and sorption of contaminants which play an important part in retaining and degrading contaminants, and that depend on residence times, may be impeded.

Conclusions

Our study of artificial recharge processes in a fractured crystalline environment highlighted the role the heterogeneity of the horizontal weathering interface depth plays on recharge. During the initial stages of wetting, when the recharge mound is disconnected from the bottom of the basin, infiltration is governed by the vertical properties of the relatively homogeneous and poorly conductive saprolite. The lateral transmission of infiltration inputs reaching the aquifer is ensured mainly by the weathering interface, thus foregrounding the 29/35 importance of preferential flows. Once hydraulic connection between the infiltration basin and the aquifer takes place, which is relatively rapidly due to the shallowness of the aquifer, two simultaneous phenomena are observed: infiltration potential decreases, and water levels increase strongly and rapidly. It was shown from numerical simulations that this can be interpreted as resulting from the control by the weathering interface relief, where summits act as semi-impervious boundaries, which delimit a set of hydrogeological compartments. The advancement of the infiltration front is thus impeded until the crest separating the east and north hydrogeological compartments is exceeded and the compartment is filled, which focuses infiltration inputs into smaller volumes, explaining the strong and sudden local water level increase. Once the summits are overpassed, the different hydrogeological compartments are connected, and the no-flow boundary effect becomes less critical.

It has yet to be confirmed if the simple analytical and numerical approach used here can be applied more generally in crystalline rock environments, but we believe this is a first step in better understanding the propagation of infiltration fronts in heterogeneous aquifers. This in turn could provide useful information for the aquifer properties and for the management of MAR structures in regards to placement, optimization, and water quality.
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Fig. 1 :

 1 Fig. 1: Study site location and position relative to Hyderabad (a, b), the Musi River and the supply channel (c); borewell position within EHP site (d, e, f), orange points are those equipped with pressure sensors.

Fig. 2 :

 2 Fig.2: Hydraulic head variations in the CH03 borewell (longest on-site observed time series) and rainfall. Recharge basin was first filled by the end of 2015 (black arrow). The horizontal gray line illustrates the limit between the saprolite and the granite determined from borehole cuttings. For information relating to technical specificities of the well, refer to[START_REF] Guihéneuf | Inde du Sud)[END_REF] 

Fig. 4 :

 4 Fig. 4: Basin water level variations (gray curve) and associated hydraulic head variations in site boreholes shown in Fig. 1. Only 3 boreholes are shown for clarity purposes, as variations between neighboring boreholes was very similar.

  the boundary conditions of this problem are = 7 at = 0. If we integrate ( / on the left hand side from 7 to and the right hand side from 0 to , then

Fig. 5 :

 5 Fig.5: Schematic representation of water level variations in response to artificial recharge from an infiltration basin featuring parameters used in analytical modeling of artificial recharge (adapted from[START_REF] Warner | Mathematical analysis of artificial recharge from basins[END_REF] 

Fig. 6 :

 6 Fig. 6 : Model grid (a) and layer (b) configuration used for numerical modeling (adapted from Chiang & Kinzelbach, 1992) with a conceptual 3D representation of the model's two scenarios (c)

Fig. 8 :

 8 Fig. 8 : Infiltration relative to water levels in the basin for each phase of infiltration (a) and proportionality coefficients between infiltration and basin water levels plotted as a function of time. Proportionality coefficients are obtained for each individual recession period following the equation = × (b).

  Hydraulic properties obtained from calibration of analytical simulations to observed hydraulic head RMSE was normalized by the range of variation (c = GdIe C fgh -C ijk

  close to what Boisson et al. (2015a) and Guihéneuf et al. (2014) obtained for the weathering interface (Fig. 3, = 1

Fig. 9 :

 9 Fig. 9 : Recession slopes when the basin is fully connected to the aquifer (P3) at an hourly time-step plotted on a semi-log axis where the slope is equal to -5 6 2 (a), and close-up of the shorter recession slopes (b). Each line corresponds to a different recession slope; five different recessions are shown.

4. 4 . 1

 41 Synthetic scenarios Synthetic results obtained from numerical simulations are shown in Fig. 11. The reference model, with parameters in the range of those obtained from analytical simulations (

Fig. 11 :

 11 Fig. 11: Simulated hydraulic head for the reference and compartmentalized scenario under constant recharge (n = 10 -6 m.s -1

Fig. 14 :

 14 Fig. 14: Depth of the upper fissured layer from ERT surveys (a) and inferred 3D conceptual model of structure (b). Hypothetical compartment delimitation is the thin black lines. For clarity purposes only the wells shown in Fig. 4 are shown here.
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